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Targeting PCSK9 reduces cancer cell
stemness and enhances antitumor immunity
in head and neck cancer

Qi-Chao Yang,1 Shuo Wang,1 Yuan-Tong Liu,1 An Song,1 Zhi-Zhong Wu,1 Shu-Cheng Wan,1 Hui-Min Li,1,*

and Zhi-Jun Sun1,2,3,*

SUMMARY

Proprotein convertase subtilisin/kexin type 9 (PCSK9) has been demonstrated to
play a critical role in regulating cholesterol homeostasis and T cell antitumor im-
munity. However, the expression, function, and therapeutic value of PCSK9 in
head and neck squamous cell carcinoma (HNSCC) remain largely unexplored.
Here, we found that the expression of PCSK9 was upregulated in HNSCC tissues,
and higher PCSK9 expression indicated poorer prognosis in HNSCC patients. We
further found that pharmacological inhibition or siRNA downregulating PCSK9
expression suppressed the stemness-like phenotype of cancer cells in an LDLR-
dependent manner. Moreover, PCSK9 inhibition enhanced the infiltration of
CD8+ T cells and reduced the myeloid-derived suppressor cells (MDSCs) in a
4MOSC1 syngeneic tumor-bearing mouse model, and it also enhanced the anti-
tumor effect of anti-PD-1 immune checkpoint blockade (ICB) therapy. Together,
these results indicated that PCSK9, a traditional hypercholesterolemia target,
may be a novel biomarker and therapeutic target to enhance ICB therapy in
HNSCC.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the most common malignancy originating from mu-

cosa epithelia in the oral cavity, pharynx, and larynx, with risk factors including smoking, drinking, and hu-

man papillomavirus (HPV) infection.1,2 Surgery, radiotherapy, and chemotherapy are the principal and

traditional therapeutic modalities of HNSCC.1 In recent years, although new promising therapeutic modal-

ities, including oncolytic therapy and immunotherapy, have been approved for HNSCC,3 the five-year sur-

vival rate of patients has improved modestly due to recurrence or metastasis.4,5 Therefore, exploring new

potential therapeutic targets and better understanding their function in tumorigenesis would be helpful to

improve HNSCC patient survival.

Studies have shown that alterations in cholesterol metabolism homeostasis occur frequently in tumorigen-

esis and development.6–9 Furthermore, preclinical studies have indicated that targeting cholesterol meta-

bolism-associated molecules effectively inhibits tumor growth, reprograms the tumor immune microenvi-

ronment, and reinvigorates antitumor immunity.8,10,11 Proprotein convertase subtilisin/kexin type 9

(PCSK9), as a pivotal molecule in regulating cholesterol metabolism homeostasis, promotes the lysosomal

degradation of low-density lipoprotein receptor (LDLR), which contributes to the elevation of plasma lipid

profiles.12 PCSK9 antibodies (evolocumab and alirocumab) have been approved for patients with hyper-

cholesterolemia by the Food and Drug Administration.13–16 In the past several years, PCSK9 has also

been reported to be overexpressed in many cancer types and to play an important role in tumorigenesis

and development, which could promote cancer cell proliferation, inhibit apoptosis, and contribute to tu-

mor recurrence or therapeutic resistance.17–19 Furthermore, studies have also found that PCSK9 expression

in tumors reduces themajor histocompatibility protein class I (MHC-I) expression in tumor cells or mediates

T cell receptor degradation.20,21 PCSK9 inhibition promotes the intratumoral infiltration of cytotoxic T cells

and enhances the antitumor effect of immunotherapy.20,22 However, the expression, function and potential

therapeutic value of PCSK9 in HNSCC remain largely unexplored. More importantly, studies have shown

that obesity and associated genes are associated with unfavorable prognosis in early stage HNSCC pa-

tients and that a high-fat diet promotes tumorigenesis by recruiting myeloid-derived suppressor cells

1The State Key Laboratory
Breeding Base of Basic
Science of Stomatology
(Hubei-MOST) & Key
Laboratory of Oral
Biomedicine Ministry of
Education, School & Hospital
of Stomatology, Wuhan
University, Wuhan, China

2Department of Oral and
Maxillofacial Head Neck
Oncology, School & Hospital
of Stomatology, Wuhan
University, Wuhan, China

3Lead contact

*Correspondence:
lhmby@whu.edu.cn (H.-M.L.),
sunzj@whu.edu.cn (Z.-J.S.)

https://doi.org/10.1016/j.isci.
2023.106916

iScience 26, 106916, June 16, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:lhmby@whu.edu.cn
mailto:sunzj@whu.edu.cn
https://doi.org/10.1016/j.isci.2023.106916
https://doi.org/10.1016/j.isci.2023.106916
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106916&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


(MDSCs) in an HNSCCmouse model.23 Therefore, it is important to explore the potential therapeutic value

of this approved lipid-lowering target in HNSCC.

In this study, we found that PCSK9 was upregulated in HNSCC compared to dysplasia or normal mucosa,

and that higher expression level of PCSK9 is associated with poorer prognosis or patients with chemo-

therapy or recurrence. Functionally, the reduction in PCSK9 expression levels dampened the stemness-

like phenotype of cancer cells and rescued the impairment of CD8+ T cell function. Furthermore, we found

that inhibition of PCSK9 significantly delayed tumor growth and enhanced CD8+ T cell infiltration and func-

tion, and it also potentiated the antitumor effect of anti-PD-1 immune checkpoint blockade (ICB) therapy in

an HNSCC 4MOSC1 tumor-bearing mouse model. These findings demonstrated that PCSK9 is a key regu-

lator in cancer cell stemness and highlighted the potential therapeutic value of PCSK9 inhibitors in HNSCC.

RESULTS

Higher expression of PCSK9 is correlated with poorer prognosis of HNSCC patients

To investigate the expression, clinicopathological and prognostic significance of PCSK9 in HNSCC, we uti-

lized the HNSCC tissue microarray for immunohistochemistry and analysis. As shown in Figures 1A and 1B,

PCSK9 expression was significantly upregulated in HNSCC tissues compared to dysplasia and normal mu-

cosa, which was consistent with PCSK9 RNA expression results in the HNSCC cohort in The Cancer Genome

Atlas (TCGA) database (Figure S1A). Furthermore, we also detected the expression of PCSK9 in human

HNSCC tumor tissues and cell lines (SCC9, SCC4, SCC25, and CAL27) by Western blot analysis, and the

results also showed that PCSK9 expression was upregulated in HNSCC tumor tissues or cell lines compared

to normal oral mucosa tissues or cell lines (Figures 1C and 1D). We further analyzed the relationship be-

tween PCSK9 expression and clinicopathological parameters. As shown in Figures 1A and 1E, the expres-

sion of PCSK9 was positively correlated with the pathological grade, while patients with higher patholog-

ical grades tended to have higher PCSK9 expression. Moreover, patients with recurrence or patients

treated with TPF chemotherapy (Taxol, platinum and 5-fluorouracil) tended to have higher PCSK9 expres-

sion than primary HNSCC patients (Figures 1F and 1G). However, lymph nodemetastasis, tumor stage, HPV

infection, smoking and drinking status did not influence PCSK9 expression in HNSCC (Figures S1B–S1F).

Finally, we evaluated the prognostic value of PCSK9 expression in HNSCC, and Kaplan-Meier survival anal-

ysis indicated that patients with higher PCSK9 expression tended to have a poorer prognosis (Figure 1H).

Furthermore, multivariate survival analysis, which included parameters, such as PCSK9 expression, tumor

stage, pathological grade, lymph node metastasis, smoking, drinking, and HPV infection status, also iden-

tified that PCSK9 expression function as an independent prognostic indicator in HNSCC patients (Table 1).

Given the important role in regulating cholesterol metabolism homeostasis of PCSK9,12 we also explored

the relationship between clinicopathological parameters and lipid profiles. As shown in Figures S2A–S2C,

the results indicated that the levels of lipid profiles have no correlation with pathological grade, lymph

node metastasis, and tumor stages in HNSCC patients. Interestingly, we found patients with a higher level

of total cholesterol (TC) or LDL-C tend to have a higher expression of PCSK9 in tumors than patients with a

normal level of TC or LDL-C (Figure S2D), indicating that HNSCC patients with hypercholesterolemia may

be more sensitive to PCSK9 inhibitor treatment.

PCSK9 inhibition reduce the stemness-like phenotype of HNSCC cell lines in a LDLR-

dependent manner

Studies have shown that cancer stem cells are associated with recurrence and chemoresistance in

HNSCC.24,25 Given that PCSK9 expression was closely related to recurrence and chemotherapy, we further

explored whether PCSK9 influences the stem-like phenotype of HNSCC. First, we analyzed the relationship

between PCSK9 and proteins associated with the stem-like phenotype by a human HNSCC tissue micro-

array. The results indicated that PCSK9 expression was closely and positively correlated with cancer

stem cell markers, including Bmi1, ALDHA1, CD44, CD133, and SOX2 (Figures 2A, S3A, S3B, and S3C).

We then used a highly selective inhibitor of PCSK9 translocation (PF-06446846) to explore the influence

of downregulating PCSK9 expression on the stem-like phenotype of cancer cells. As shown in Figure S3D,

dual-color immunofluorescence staining of PCSK9 and cancer stem cell marker CD44 in SCC4 cells showed

that the PCSK9 inhibitor significantly downregulated the expression of PCSK9 and CD44. Furthermore,

Western blot analysis also demonstrated that PCSK9 inhibition in SCC4 cells significantly reduced the

expression of CD44 and Bmi1 (Figure 2B). We also found that PCSK9 expression was elevated in spheroids

(Figure 2C). The sphere formation ability of SCC7 cells was significantly reduced after treatment with the

PCSK9 inhibitor (Figure 2D), indicating the important role of PCSK9 in maintaining the stemness phenotype
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of cancer cells. We further utilized a specific siRNA targeting PCSK9 to identify the influence of PCSK9 on

the stemness-like phenotype of cancer cells (Figure 2E). Consistently, the results indicated that PCSK9

downregulation significantly reduced the stemness properties of cancer cells (Figure 2F). To further

Figure 1. Higher expression of PCSK9 is correlated with poorer prognosis of HNSCC patients

(A) Representative images of PCSK9 immunostaining in HNSCC (grades I, II, and III), dysplasia (DYS), and normal mucosa

(MUC).

(B) Quantification of PCSK9 staining in HNSCC (n = 210), DYS (n = 69), and MUC (n = 42).

(C) Protein expression levels of PCSK9 in HNSCC cell lines (SCC9, SCC4, SCC25, and CAL27) and human immortalized oral

epithelial cell (HIOEC) or HNSCC tumor tissues (T) and normal oral mucosa (N).

(D) Semiquantitative analysis of PCSK9 expression levels in HNSCC tumor tissues (T) and normal oral mucosa (N) (n = 3).

(E) Quantification of PCSK9 staining quantification in HNSCC (grades I, II, and III) (I, n = 53; II, n = 121; III, n = 36).

(F) Representative images of PCSK9 immunostaining in primary HNSCC, recurrence and TPF chemotherapy.

(G) Quantification of PCSK9 staining in primary HNSCC (n = 210), recurrence (n = 25) and TPF chemotherapy (n = 20).

(H) Kaplan-Meier survival curve of patients with higher PCSK9 expression or lower PCSK9 expression (cutoff = median

histoscore of PCSK9). *, p < 0.05; **, p < 0.01; ***, p < 0.001. All error bars represent the SEM. Unpaired t test was used for

statistical significance analysis in Figures 1D and 1G.One-way ANOVA followedby Tukey’smultiple comparisonswas used for

statistical significance analysis in Figures 1B and 1E. Log rank test was used for statistical significance analysis in Figure 1H.
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investigate whether the effect of PCSK9 on cancer cell stemness dependent on LDLR expression, we used a

siRNA to reduce the expression of LDLR (Figure 2G). We found that PCSK9 inhibitor could effectively

elevate LDLR expression and reduce Bmi1 expression in SCC7 cells, and siRNA downregulating LDLR abol-

ished the effect of PCSK9 inhibitor on Bmi1 and LDLR expression, which indicates that the effect of PCSK9

on cancer cell stemness may dependent on LDLR expression (Figure 2H). Taken together, these results sug-

gested that PCSK9 may play a pivotal role in maintaining the stemness-like phenotype of HNSCC.

PCSK9 is correlated with CD8+ T cell exclusion in HNSCC

As a key target in regulating cholesterol homeostasis, PCSK9 has recently been found to play an important

role in regulating T cell antitumor immunity in a metabolism-independent manner.20,21 Herein, we also

explored the role of PCSK9 in T cell antitumor immunity in HNSCC. First, we analyzed the correlations be-

tween PCSK9 RNA expression and several T cell infiltration and functional molecules from the HNSCC

TCGA database. As shown in Figures 3A–3D and S3E, PCSK9 RNA expression was negatively correlated

with RNA expression of T cell markers (CD3E and CD8A) and functional markers (GZMB, PRF1, and

IFNG). We further found that patients with higher PCSK9 expression tend to have a lower CD8+ T cell infil-

tration and that the expression of PCSK9 was negatively correlated with CD8 expression in the human

HNSCC tissue microarray (Figures 3E and 3F). Consistently, multiplexed immunohistochemistry images

also indicated that higher expression of PCSK9 was often accompanied by lower CD8+ T cell infiltration

(Figure 3G). To further identify the function of PCSK9 in T cell regulation, we created a tumor coculture sys-

tem with T cells. Interestingly, we found that tumor cells cocultured with CD8+ T cells impaired the function

of CD8+ T cells (GZMB+CD8+ T and IFN-g+TNF-a+CD8+ T) and that tumor cells pretreated with PCSK9 in-

hibitor could partly rescue the impairment of CD8+ T cell function (Figures 3H and 3I). However, we did not

find significant changes in PD-1+Tim3+ T cells in different groups (Figure S3F). The T cells-mediated tumor

killing assay also indicated that CD8+ T cells isolated from 4MOSC1-bearing tumor tissues were able to kill

more tumor cells (white arrow pointed) pretreated with PCSK9 inhibitor (Figure S3G). Collectively, these

results indicated that PCSK9 expression is negatively associated with CD8+ T cell infiltration and function

in HNSCC.

PCSK9 inhibition delays the tumor growth and enhances the CD8+ T cell infiltration and

function in 4MOSC1 tumor-bearing mice

To investigate the effect of PCSK9 on HNSCC tumor growth and the immune microenvironment, we uti-

lized the syngeneic HNSCC 4MOSC1 tumor-bearing mouse model for further study.26 The therapeutic

strategy is shown in Figure 4A, and the PCSK9 inhibitor was intraperitoneally inoculated every two days

Table 1. Multivariate analysis for overall survival in primary HNSCC patients

Parameters HR 95%CI p value

Smoking 0.792 0.410–1.530 0.488

HPV 1.548 0.499–4.803 0.449

Drinking 0.913 0.462–1.804 0.793

Grade

II vs. I 2.968 1.001–8.801 0.050

III vs. I 2.035 0.620–6.680 0.242

Tumor size

T2 vs. T1 1.079 0.460–2.533 0.861

T3 vs. T1 1.706 0.664–4.379 0.267

T4 vs. T1 2.037 0.693–5.984 0.196

Node stage

N1 vs. N0 0.663 0.310–1.419 0.290

N2 vs. N0 2.220 1.113–4.430 0.024a

PCSK9 expression 4.210 2.087–8.491 0.000a

Cox proportional hazards regression model.

HR, hazard ration, 95% CI, 95% confidence interval.
aP < 0.05.
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Figure 2. PCSK9 inhibition reduce the stemness-like phenotype of HNSCC cell lines in a LDLR-dependent manner

(A) Correlation between PCSK9 expression and cancer stem cell markers (Bmi1, ALDHA1, and CD44) in a human HNSCC

tissue microarray by using Spearman’s correlation coefficient test (n = 116).

(B) Inhibition of PCSK9 with a PCSK9 inhibitor reduced the Bmi1 and CD44 expression.

(C) Expression of PCSK9 and Bmi1 in spheroids and adherent cells.

(D) PCSK9 inhibition reduced the sphere formation ability of SCC7 cells.

(E) siRNA downregulating PCSK9 expression in SCC7 and 4MOSC1 cells as detected by Western blotting.

(F) siRNA downregulating PCSK9 expression reduced cancer stem cell markers (Bmi1 and Sox2).

(G) siRNA downregulating LDLR in SCC7 cell lines.

(H) Inhibition of PCSK9 with a PCSK9 inhibitor in SCC7 cell lines with siLDLR-1 or not. *, p < 0.05; ***, p < 0.001. All error bar

values represent the SEM. Pearson correlation test was used for Figure 2A. Unpaired t test was used for statistical

significance analysis in Figure 2D. One-way ANOVA followed by Tukey’s multiple comparisons was used for statistical

significance analysis in Figures 2F and 2H.
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for a total of four times. As shown in Figure 4B, the tumor growth curve indicated that PCSK9 inhibition

significantly delayed tumor growth comparted to the control group, and the tumor image also identified

that PCSK9 inhibition reduced the tumor sizes on mouse tongues (Figures 4B and 4C). Furthermore, as

Figure 3. PCSK9 is correlated with CD8+ T cell exclusion in HNSCC

(A–D) Correlation between PCSK9 and T cell associated gene (CD3E, CD8A, granzyme B (GZMB), and IFNG) mRNA

expression in the HNSCC TCGA database (n = 502).

(E) Representative images indicate that patients with higher PCSK9 expression tended to have lower CD8 T cell

infiltration.

(F) Correlation between PCSK9 and CD8 protein expression in a human HNSCC tissue microarray using Spearman’s

correlation coefficient test (n = 90).

(G) Representative images of multiplexed immunohistochemistry indicated that higher PCSK9 expression was

accompanied by lower CD8+ T cell infiltration.

(H and I) 4MOSC1 cells pretreated with PCSK9 inhibitor reduced the impairment of CD8+ T cells function (GZMB+CD8+ T

and IFN-g+TNF-a+CD8+ T) when cocultured with CD8+ T cells. *, p < 0.05; **, p < 0.01; ***, p < 0.001. All error bars

represent the SEM. Pearson correlation test was used for Figures 3A–3D and 3F. One-way ANOVA followed by Tukey’s

multiple comparisons was used for statistical significance analysis in Figures 3H and 3I.
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Figure 4. PCSK9 inhibition delays the tumor growth and enhances the CD8+ T cell infiltration and function

(A) Scheme illustrating the therapeutic strategy of PCSK9 in 4MOSC1 tumor-bearing mice.

(B) Tumor volume growth curve of mice treated with PCSK9 inhibitor (5 mg/kg) or PBS.

(C) Representative tumor images in different groups (n = 5).

(D) Representative immunohistochemical staining of Bmi1 and CD8 in different groups.

(E) Representative flow cytometry images and statistical graph of GZMB+CD8+ T cells in different groups (n = 4).

(F) Statistical analysis of PD-1+CD8+ T cells in different groups (n = 4).

(G) Scheme illustrating the therapeutic strategy of PCSK9 and aPD-1 immunotherapy in 4MOSC1 tumor-bearing mice.

(H) Tumor volume growth curve of mice treated with PBS, PCSK9 inhibitor (5 mg/kg), aPD-1 immunotherapy, (5 mg/kg) or

PCSK9 inhibitor + aPD-1 immunotherapy (n = 5).

(I) Representative tumor images in different groups (n = 5).

(J) Representative HE images of tumors in the tongue in different groups. *, p < 0.05; **, p < 0.01; ***, p < 0.001. All error

bars represent the SEM. Unpaired t test was used for statistical significance analysis in Figure 4E. Two-way ANOVA was

used for statistical significance analysis in Figures 4B and 4H.
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PCSK9 plays a pivotal role in regulating cholesterol homeostasis,27,28 we also detected the change of total

cholesterol and serum circulating PCSK9 levels. Interestingly, we found that PCSK9 inhibition not only

effectively reduced the total cholesterol and circulating PCSK9 levels in serum plasma, but also decreased

the total cholesterol levels and the expression of Ki-67 in tumor tissues (Figures S3H, S3I, S3J, and S3K).

Moreover, consistent with above mentioned results, we found that PCSK9 inhibition remarkably reduced

the expression of Bmi1 and enhanced the CD8+ T cells infiltration in tumor tissues (Figure 4D). We also

found that the proportion of granzyme B+CD8+ T cells significantly increased in PCSK9 inhibitor treatment

group compared to control group, but the proportion of exhausted T (PD-1+Tim3+ T) cells did not exhibit

an obvious decrease (Figures 4E and 4F). Together, these data indicated PCSK9 inhibition effectively de-

lays tumor growth and enhances CD8+ T cell infiltration and function in HNSCC.

Figure 5. PCSK9 inhibition combined with aPD-1 immunotherapy enhances CD8+ T cell infiltration and function

(A) Representative flow cytometry images of CD4+ T and CD8+ T cells in draining lymph nodes (DLNs) and tumors in

different groups.

(B) Statistical analysis of CD4+ T and CD8+ T cells in different groups (n = 5).

(C) Representative flow cytometry images of Tim3+PD-1+ T cells in tumors in different groups.

(D) Statistical analysis of Tim3+PD-1+ T cells in tumors in different groups (n = 5).

(E) Representative immunohistochemical staining and statistical analysis of CD8 and granzyme B (GZMB) in different

groups. *, p < 0.05; ***, p < 0.001. All error bars represent the SEM. One-way ANOVA followed by Tukey’s multiple

comparisons was used for statistical significance analysis in Figures 5B, 5D, and 5E.
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PCSK9 inhibition enhances the antitumor effect of anti-PD-1 (aPD-1) immunotherapy in

4MOSC1 tumor-bearing mice

Encouraged by the enhanced CD8+ T cell infiltration, we further explored the potential of combining a

PCSK9 inhibitor with T cell-based immunotherapy. The combinational therapeutic strategy of PCSK9 inhib-

itor and aPD-1 immunotherapy is shown in Figure 4G. Consistent with our expectations, the tumor volume

in the PCSK9 inhibitor + aPD-1 group was significantly decreased compared to that in the PCSK9 inhibitor

treatment group or aPD-1 immunotherapy group (Figures 4H and S4A). Furthermore, the tumor images

and hematoxylin and eosin (HE) sections of the tongue with tumors also demonstrated that the combina-

tion group had a smaller tumor size than the monotherapy group (Figures 4I and 4J). To identify the influ-

ence of PCSK9 inhibition on tumor, we also took immunochemical staining of LDLR, PCSK9, and rate-

limiting enzymes of cholesterol biosynthesis 3-hydroxy-3-methylglutaryl coenzyme A reductase

(HMGCR) and sterol regulatory element binding protein-2 (SREBP2) in tumor tissues.29,30 As shown in Fig-

ure S4B, PCSK9 inhibition significantly reduced expression of PCSK9 and consequently elevated low-den-

sity lipoprotein receptor (LDLR) expression in tumors, while aPD-1 immunotherapy has no influence on

PCSK9 and LDLR. Consistent with the result from previous report,31 the expression of HMGCR and mature

SREBP2 (nuclear expression) in tumor tissues also decreased in the PCSK9 inhibition group, which indi-

cated the reduction of cholesterol biosynthesis and maybe associated with the increased expression of

LDLR, a receptor for transporting cholesterol to intracellular.18,30 We then explored the influence of com-

bination therapy on the immune microenvironment by flow cytometry. As expected, the proportion of

CD8+ T cells in draining lymph nodes and tumor tissues was significantly increased in the combination

group compared to control group (Figures 5A and 5B). Although we did not observe an obvious increase

of CD8+ T cells in the combination treatment group compared to the monotherapy group, the exhausted

T cells (PD-1+Tim3+ T) in the PCSK9 inhibitor + aPD-1 group were significantly decreased in comparison

with the monotherapy group, especially for the PCSK9 inhibitor treatment group (Figures 5C and 5D).

Figure 6. PCSK9 inhibition combined with aPD-1 immunotherapy improves immunosuppressive tumor

microenvironment

(A) Representative flow cytometry images and statistical analysis of CD11b+MHC-II- and Ly6GhighLy6Clow cell populations

in different groups (n = 5).

(B) Representative immunohistochemical staining and statistical analysis of Arginase 1 (Arg1) and Foxp3 in different

groups (n = 3). *, p < 0.05; **, p < 0.01. All error bars represent the SEM. One-way ANOVA followed by Tukey’s multiple

comparisons was used for statistical significance analysis in Figures 6A and 6B.
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Immunohistochemical staining of CD8 and granzyme B also identified that the combination of PCSK9 in-

hibitor and aPD-1 immunotherapy effectively promoted the infiltration and enhanced the function of

CD8+ T cells (Figure 5E). Moreover, we also detected changes in immunosuppressive cell populations in

different treatment groups. Surprisingly, we found that both PCSK9 inhibitor and aPD-1 immunotherapy

reduced the proportion of CD11b+MHC-II- cells and MDSCs (Ly6GhighLy6Clow) in tumors, and the combi-

nation of PCSK9 inhibitor with aPD-1 immunotherapy exhibited a more marked tendency (Figure 6A).

Immunohistochemical staining of arginase 1 (Arg1) also indicated that the PCSK9 inhibitor + aPD-1 group

had lighter staining than the monotherapy, which implied a weakened immunosuppressive function of

MDSCs (Figure 6B). Furthermore, immunohistochemical staining of Foxp3, a marker of regulatory T

(Treg) cells, showed that aPD-1 immunotherapy enhanced the intratumoral infiltration of Tregs and that

the PCSK9 inhibitor effectively reduced the Tregs in tumors (Figure 6B). Overall, our results showed that

PCSK9 inhibition effectively enhances the antitumor effect and improves antitumor immunity of aPD-1

immunotherapy in 4MOSC1 tumor-bearing mice.

DISCUSSION

PCSK9 is a traditional target in treating hypercholesterolemia due to its function to promote LDLR degra-

dation. In the past several years, studies have shown that PCSK9 also plays an important role in regulating

tumor development and antitumor immunity.17,20,21,32–35 However, the expression and function of PCSK9 in

HNSCC remain largely unexplored. In this study, we found PCSK9 expression was upregulated, and higher

expression of PCSK9 indicated a poorer prognosis in HNSCC patients. Furthermore, we found patients

with a higher level of TC or LDL-C tend to have a higher expression of PCSK9 in tumor thanpatients with

a normal level of TC or LDL-C. By analyzing PCSK9 expression with clinicopathological information, we

also found that PCSK9 expression was positively correlated with pathological grade, while patients with

recurrence or patients with chemotherapy tended to have lower PCSK9 expression. PCSK9 was further

identified to play a pivotal role in maintaining the stemness-like phenotype of HNSCC.Moreover, we found

PCSK9 inhibition reduced total cholesterol level and the proportion of MDSCs and Tregs in tumor tissues as

well as enhanced CD8+ T cell infiltration and function, and we also demonstrated that PCSK9 inhibition syn-

ergistically enhanced the antitumor effect of aPD-1 immunotherapy in a syngeneic HNSCC 4MOSC1 tu-

mor-bearing mice model.

Despite great advances in treatment, HNSCC patients are still confronted with an unsatisfactory five-year

survival rate,4,36 especially for patients with recurrence or metastasis.36 Therefore, exploring newmolecular

targets and better understanding their function in tumorigenesis would be helpful for improving HNSCC

patient survival. Herein, we found that PCSK9 expression was upregulated in HNSCC compared to normal

mucosa or dysplasia, and higher PCSK9 expression indicated a worse pathological grade and a poorer

prognosis in HNSCC. As a classical hyperlipidemia-associated molecule, PCSK9 is known for its function

in degrading LDLR and elevating cholesterol in serum.12,37 However, recent studies have also found that

intratumoral PCSK9 is highly expressed in several tumors and associated with patients’ poor prog-

nosis.17,21,38,39 Additionally, studies have demonstrated that the deregulation of the Janus kinase (JAK)/

STAT3 signaling pathway in a chronic inflammatory environment may result in the upregulation of

PCSK9.40,41 As a result, it is speculated that the chronic inflammatory milieu present in tumors may also

be responsible for the elevated expression of PCSK9 in tumors. Furthermore, PCSK9 has also been found

to promote cancer cell proliferation, inhibit apoptosis, induce oncogenesis and mediate sorafenib resis-

tance in cancer.31,38,42 Together, combining our results, we consider that PCSK9 may be a therapeutic

target and prognostic marker in HNSCC.

The stemness phenotype of cancer cells accounts for the recurrence and chemoresistance of HNSCC,43–45

and exploring the molecules associated with the stemness phenotype would be helpful for addressing tu-

mor recurrence and chemoresistance.46,47 Herein, we found that PCSK9 expression was upregulated in pa-

tients with recurrence and TPF chemotherapy. Furthermore, PCSK9 expression was closely and positively

correlated with cancer stem cell markers, and PCSK9 inhibition effectively reduced the stemness-like

phenotype of HNSCC in an LDLR-dependent manner. Studies have also found that PCSK9 is highly

expressed in undifferentiated stem cells48 and that it regulates cancer recurrence and metastasis.49,50

Moreover, our results also indicated that PCSK9 inhibition could reduce the expression of the rate-limiting

enzymes of cholesterol biosynthesis HMGCR and mature SREBP2 by elevating LDLR expression, which are

essential for cancer stem cell propagation.51,52 Together, we speculate that PCSK9 inhibition could

reduce the stemness-like phenotype of HNSCC cell lines by inhibiting cholesterol biosynthesis in an
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LDLR-dependent manner and that targeting PCSK9 may efficaciously prevent cancer recurrence or over-

come chemoresistance. Although we are the first to report that PCSK9 may function as a therapeutic target

to reduce the stemness of cancer cells, the actual mechanisms of PCSK9 regulating the stemness of cancer

cells are still unknown, and solid evidence for targeting PCSK9 to regulate cancer recurrence or chemore-

sistance in HNSCC is still awaiting further study.

Enriched cholesterol in the tumor microenvironment has been reported to induce CD8+ T cell exhaus-

tion.53,54 Furthermore, a recent study has also reported that a high-fat diet promotes the incidence of

HNSCC and confers an immunosuppressive tumor microenvironment.23 As a key regulator of cholesterol

metabolism, PCSK9 has also been reported to play an important role in regulating CD8+ T antitumor im-

munity by reducing MHC-I expression in tumor cells or mediating T cell receptor degradation.20,21 Consis-

tently, we found that PCSK9 expression was upregulated and positively associated with CD8+ T cell exclu-

sion and dysfunction in HNSCC. Moreover, PCSK9 inhibition also reduced the cholesterol level and

enhanced CD8+ T cell infiltration and function in 4MOSC1 tumor microenvironment. However, previous

studies have shown that CD8+ T cell metabolic changes and produces more lactate during activation

involving a switch from oxidative phosphorylation to aerobic glycolysis.55 And the metabolic changes in

CD8+ T cells after PCSK9 inhibition in tumor may need further exploration. Interestingly, we also found

that inhibition of PCSK9 in 4MOSC1 tumor-bearing mice also reduced the immunosuppressive cell popu-

lations of MDSCs and Tregs in the tumor microenvironment, which may be associated with the reduced

cholesterol level in tumor microenvironment.22,23,56,57 The immunosuppressive tumor microenvironment

and insufficient CD8+ T cells infiltration are the main reasons for the unexpected therapeutic effect of

immunotherapy in cancer.58,59 We found that PCSK9 inhibition effectively improved the therapeutic effect

of aPD-1 immunotherapy, which may be attributed to the alleviated immunosuppressive cells and elevated

CD8+ T cells in the tumor microenvironment after PCSK9 inhibition. Furthermore, we found though aPD-1

immunotherapy could reduce MDSCs, another immunosuppressive cell population Tregs was elevated in

tumors. This may also provide evidence for combining PCSK9 inhibitor with aPD-1 immunotherapy in

HNSCC. However, the detailed mechanism by which PCSK9 inhibition regulates immunosuppressive cell

populations MDSCs and Tregs was not investigated in the present study.

In summary, the present results demonstrated that PCSK9 expression functions as an independent prog-

nostic marker and may play a pivotal role in maintaining the stemness-like phenotype of HNSCC. Further-

more, PCSK9 inhibition could effectively enhance CD8+ T cell infiltration and reduce the number of immu-

nosuppressive cells MDSCs and Tregs in HNSCC. More importantly, we provided a rationale for combining

a new lipid-lowering PCSK9 inhibitor and aPD-1 immunotherapy to enhance antitumor effects in HNSCC.

Overall, we found that in addition to lowering blood lipids, PCSK9 inhibitors also reduce the stemness-like

phenotype of cancer cells and enhance the therapeutic effect of aPD-1 immunotherapy in HNSCC.

Limitations of the study

In this study, we identified that PCSK9 reduces the stemness-like phenotype of cancer cells and enhances

the therapeutic effect of aPD-1 immunotherapy in HNSCC. Although we identified that PCSK9 influences

the stemness-like phenotype of HNSCC, the actual mechanism of PCSK9 regulating cancer cell stemness

was not investigated. And solid evidence for targeting PCSK9 to regulate cancer recurrence or chemore-

sistance in HNSCC is still awaiting further study. We also found that PCSK9 inhibition could reduce the

MDSCs in tumor microenvironment, but whether it was associated with reduced cholesterol in tumor re-

mains unclear. Furthermore, the concentration of serum PCSK9 and total cholesterol was detected only

in three animals for each group, which may contribute to the deviations of results.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d The transcriptomic data for HNSCC samples used for correlation analysis is publicly available from TCGA

database (https://portal.gdc.cancer.gov/). All data has been included in main figures or supplementary

information.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal experiment

6-8 weeks female C57 BL/6J mice were housed in the Center for Animal Experiment of Wuhan University.

And the experiments were approved by the Institutional Animal Care and Use Committee of Wuhan Uni-

versity Center for Animal Experiment (WP20210558).

For the tumor growth studies, l3106 4MOSC1 cells (30 ml) were inoculated to the tongue of C57 BL/6J

mouse to establish the syngeneic HNSCC 4MOSC1 tumor-bearing model. Each group contained five

mice. Tumor volume and body weight were calculated every two days. All mice were euthanized on day

16, and tumor and draining lymph node were dissected for further study.

Cell lines

SCC4, SCC9, SCC25 and CAL27 were obtained from ATCC during 2014-2019. And SCC4, SCC9 and SCC25

were cultured in DMEM/F12mediumwith 400 ng/ml hydrocortisone and that CAL27 was cultured in DMEM

medium. The human immortalized oral epithelial cell (HIOEC) was cultured in KGM-Gold serum-free ker-

atinocyte medium. The mouse HNSCC cell lines SCC7 (gifted by Qian-Ming Chen, Sichuan university) and

4MOSC1(gifted by J. Silvio Gutkind from University of California, San Diego with materials transfer agree-

ment, MTA: sd-2017-202) were separately cultured in RPMI 1640 medium and KSFM serum-free keratino-

cyte medium. And all cell lines were tested annually for mycoplasma contamination by PCR Detection Kit

(C0301S, Beyotime, China).

METHOD DETAILS

Human samples and tissue microarray construction

The collection of human HNSCC tissue samples and construction of tissue microarrays were described as

previously reported.60 All patients signed the informed consent and that human studies were approved by

Medical Ethics Committee of the Hospital of Stomatology, Wuhan University (2016LUNSHENZI62). The

human tissue microarrays include 210 primary HNSCC samples, 69 dysplasia and 42 normal mucosae.

The tissue microarrays also include 25 recurrent HNSCC samples, 20 HNSCC samples with a history of

TPF chemotherapy (Taxol, platinum and 5-fluorouracil) and 15 HNSCC samples with a radiotherapy history.

Furthermore, the lipid profiles information of 184 HNSCC patients was acquired from their clinical record.

The lipid profiles information included 46 patients with higher concentration of serum triglyceride

(TG > 1.71 mmol/L), 36 patients with higher concentration of serum total cholesterol (TC > 5.23 mmol/

L), 40 patients with lower concentration of serum high density lipoprotein cholesterol (HDL-

C < 0.91 mmol/L), 24 patients with higher concentration of serum low density lipoprotein cholesterol

(LDL-C > 3.36 mmol/L) and 91 patients with normal lipid profiles. The clinical follow-up was continuously

ongoing until death of the patients or the end of the study and 9 patients were lost during follow-up.

Immunohistochemistry and quantification

The 4-mmparaffin-embedded tissue sections were baked at 60 �C for 2 h, and then deparaffinized in xylene

for 30 min. After rehydrated in an alcohol gradient and subjected to antigen retrieval, the sections were

blocked with 3% hydrogen peroxide for 20 min and 10% serum for 30 min. Then, the sections were incu-

bated with indicated antibodies and isotype-matched IgG controls at 4 �C for 12 h and then washed

with PBS for 3 times. Thereafter, the sections were successively incubated with a secondary biotinylated
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IgG and an avidin–biotin–peroxidase reagent at 37 �C for 20 min, and then, 3,30-diaminobenzidine tetra-

chloride was added to detect the binding of these antibodies with their specific antigens. The sections

were scanned with 3D HISTECH Pannoramic MIDI and analyzed with CaseViewer software.

Western blot

After incubation with indicated treatment, the cells were collected and lysed with lysis buffer (RIPA, 1mM

PMSF) for 20 min, and then centrifuged at 12,000 g for 5 min. The supernatant was collected and the con-

centration of proteins weremeasured with BCA Protein Assay Kit (Beyotime Biotechnology, Wuhan, China).

After denaturation, equal amounts of proteins were fractionated by 10% SDS-polyacrylamide gel electro-

phoresis and transferred to polyvinylidene fluoride (PVDF) membranes (Roche Diagnostics GmbH, Man-

nheim, Germany). The membranes were then blocked with 5% milk for 1 h and incubated with primary an-

tibodies at 4 �C for 12 h. After incubation with the appropriate secondary antibody, the protein blots were

treated with chemiluminescent substrates visualized using a chemiluminescent (ECL) detection apparatus

to show the expression levels of proteins.

siRNA transfection assay

The PCSK9 siRNA and LDLR siRNA was designed and synthesized by GenePharma (GenePharma, China).

SCC7 or 4MOSC1 cells (23105) were seeded in 6-well plates and cultured at 37 �C for 24 h. When cell den-

sity reached 50%, the PCSK9 siRNAs or LDLR siRNA (20 nM), Lipofectamine 3000 transfection reagent and

Opti-MEM were mixed and incubated for 10 min. After that, the mixture was added to the culture medium

and cells were transfected for 6 h. The sequences of PCSK9 siRNA and LDLR siRNA were as follows: siRNA

PCSK9-1: 5’-GGAGGUGUAUCUCUUAGAUTT-3’, siRNA PCSK9-2: 5’-GGUAUAGCCGCAUCCUCAATT-3’,

siRNA PCSK9-3: 5’-CCAACUGCAGCAUCCACAATT-3’, siLDLR-1: 5’-GAGGUGACCAACAAUAGAATT-3’,

siLDLR-2: 5’-AACAUCUACUGGACAGAUUTT-3’.

Sphere formation assay

SCC7 cells (13103) were seeded in 6-well Ultra-Low Attachment Microplates (Costar, Corning, USA) in

sphere culture medium (DMEM/F12 + 1% N2 supplement + 1% B27 + 20 ng/ml bFGF + 20 ng/ml EGF)

with PCSK9 inhibitor (5 mg/ml) or not. After cultured for 14 days, we used the invert microscope to take pic-

tures and calculate the number of spheroids larger than 100 mm.

Multiplex immunohistochemistry

An Opal Multiplex Immunohistochemical Detection Kit was utilized in this experiment. The 4-mm paraffin-

embedded tissue sections were baked at 60 �C for 2 h, and then deparaffinized in xylene for 30 min. After

rehydrated in an alcohol gradient and subjected to antigen retrieval, the tissue sections were incubated

with blocker to block the non-specific binding. Then primary antibodies, Opal polymer horseradish perox-

idase (HRP) and tyramide signal amplification (TSA) were sequentially added to the tissue sections. After

antibody stripping with heat microwave, the sections were subjected to the blocker, primary antibodies,

Opal polymer HRP and TSA repeatedly until the last antibody incubation. Finally, the sections were stained

with DAPI for nuclear counterstaining. The sections were scanned with a PerkinElmer Vectra.

Dual-color immunofluorescence

After treatment with PCSK9 inhibitor (5 mg/ml), the adherent SCC4 cells were washed with cold PBS for

3 times. Then, cells were fixed with 4% paraformaldehyde for 15 min and subsequently washed with PBS

for 3 times. After treated with 0.5% Triton-X100 for rupturing membranes, primary antibody and appro-

priate fluorescent secondary antibody were sequentially incubated with cells. Then the steps above

were repeated for another primary antibody from different species. Finally, the cells were stained with

DAPI for nuclear counterstaining. Inverted fluorescence microscope was used to observe the cells and cap-

ture images.

Cell coculture assay

We first acquired lymphocytes from mouse lymph nodes by grinding and filtering under asepsis condition

and then obtained CD8+ T cells by flow cytometry (Moflo XDP, Beckman Coulter, USA). 96-well U-bottom

plate was coated with an anti-mouse CD3e (10 mg/ml) (BD Bioscience, 553238) at 4 �C for 12 h and washed

3 times with PBS to remove the non-bound soluble antibody. Subsequently, 13105 Lymphocytes mixed

with 23104 4MOSC1 cells pretreated with PCSK9 inhibitor (10 mg/ml) or not were added to the 96-well plate
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and cultured with anti-mouse CD28 (2 mg/ml) and rIL-2 (30 IU/ml) in RPMI 1640 medium. After cultured for

3 days, fresh culturemediumwith 13Cell Stimulation Cocktail (plus protein transport inhibitors) was added

to the plate for cytokine detection. And 6 h later, flow cytometry was applied to detect the activation of

T cells.

T cells-mediated tumor killing assay

The detailed procedure for T cells-mediated tumor killing assay referred this article.26 First, 43104 4MOSC1

cells were seeded in 24-well plate and cultured for 24 h with PCSK9 inhibitor (10 mg/ml) or not. We then

acquired CD8+ T cells from tumor infiltrated lymphocytes by flow cytometry sorting and added 43105

CD8+ T cells to the 24-well plate. After cocultured for 12 h, Fura-2 acetoxymethyl ester (AM) and propidium

iodide (PI) were added for live/dead-cell staining.

Antitumor effects of PF-06446846 in vivo

l3106 4MOSC1 cells (30 ml) were inoculated to the tongue of C57 BL/6J mouse to establish the syngeneic

HNSCC 4MOSC1 tumor-bearing model. Six days later, when the tumor volume was notable, the mice were

randomly divided into two groups: PBS and PF-06446846 (5mg/kg, i.p.). The PCSK9 inhibitor was injected

every two days and that the tumor volume and body weight were recorded every two days.

To explore the synergic antitumor effect of PF-06446846 with aPD-1 immunotherapy, syngeneic HNSCC

4MOSC1 tumor-bearing mouse model was established. Six days later, the mice were randomly divided

into two groups: PBS, PF-06446846 (5mg/kg, i.p.), aPD-1 (5mg/kg, i.p.) and PF-06446846+aPD-1 (equiva-

lent dose of PF-06446846 and aPD-1). Tumor volume was calculated by the following formula: (V,

mm3) = 1/23 (tumor length)3 (tumor width).2 All mice were euthanized on day 16, and tumor and draining

lymph node were dissected for further study.

Flow cytometry

The dissected tumor was processed by a gentle MACS Dissociator (Miltenyl Biotec, Germany) and lymph

nodes were ground through a filter to obtain single cell suspension. Then, Lymphoprep (Stemcell, 07801)

was applied to separate mononuclear cell from the obtained single cell suspension from tumor. Subse-

quently, the obtained single cell suspension was dispensed in 96-well U-bottom plate and stained with

associated antibodies according to the manufacturer’s protocols. Samples were analyzed by CytoFLEX S

(Beckman Coulter, USA), and flow cytometry data was analyzed flowjo V10 software (flowjo LLC, USA).

The gating strategy for immune cells was shown in Figures S5 and S6.

Total cholesterol detection assay

The Total Cholesterol Detection Kit was applied in this experiment. Excised tumor mixed with extracting

solution (0.1g/1mL) was homogenized by ultrasonic at 4 �C, and subsequently centrifugated at 10000 g

for 10 min. Then, 20 mL extracted supernatant was used to detect the cholesterol level by the manufac-

turer’s protocols. Finally, the standard curve was established and the total cholesterol level was calculated

by the following formula: Total cholesterol = sample concentration3 volume of extracted supernatant/Tu-

mor weight.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 9.0 was utilized to analyze the data. Unpaired T test was utilized to analyze the statistically

significant differences between two groups. One-way analysis of variance (ANOVA) followed by Tukey’s

multiple comparisons and two-way ANOVA followed by Tukey’s multiple comparisons was used to analyze

statistically significant differences between more than two groups. We used Kaplan–Meier method to plot

survival curve, and log-rank test was used to analyze the statistical significance of survival difference. The

results are presented as the mean G standard error of the mean, and statistical significance was deter-

mined as p < 0.05 (* P < 0.05, ** P < 0.01, *** P < 0.001).

ll
OPEN ACCESS

iScience 26, 106916, June 16, 2023 19

iScience
Article


	ISCI106916_proof_v26i6.pdf
	Targeting PCSK9 reduces cancer cell stemness and enhances antitumor immunity in head and neck cancer
	Introduction
	Results
	Higher expression of PCSK9 is correlated with poorer prognosis of HNSCC patients
	PCSK9 inhibition reduce the stemness-like phenotype of HNSCC cell lines in a LDLR-dependent manner
	PCSK9 is correlated with CD8+ T cell exclusion in HNSCC
	PCSK9 inhibition delays the tumor growth and enhances the CD8+ T cell infiltration and function in 4MOSC1 tumor-bearing mice
	PCSK9 inhibition enhances the antitumor effect of anti-PD-1 (αPD-1) immunotherapy in 4MOSC1 tumor-bearing mice

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animal experiment
	Cell lines

	Method details
	Human samples and tissue microarray construction
	Immunohistochemistry and quantification
	Western blot
	siRNA transfection assay
	Sphere formation assay
	Multiplex immunohistochemistry
	Dual-color immunofluorescence
	Cell coculture assay
	T cells-mediated tumor killing assay
	Antitumor effects of PF-06446846 in vivo
	Flow cytometry
	Total cholesterol detection assay

	Quantification and statistical analysis




