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Proprotein convertase subtilisin/kexin type 9 (PCSK9) secreted by tumors was reported as a deleterious factor that led to the reduction of lymphocyte infiltration and the poorer efficacy of ICIs in vivo. This study aimed to explore whether PCSK9 expression in tumor tissue could predict the response of advanced non-small cell lung cancer (NSCLC) to anti-PD-1 immunotherapy and the synergistic antitumor effect of the combination of the PCSK9 inhibitor with the anti-CD137 agonist. One hundred fifteen advanced NSCLC patients who received anti-PD-1 immunotherapy were retrospectively studied with PCSK9 expression in baseline NSCLC tissues detected by immunohistochemistry (IHC). The mPFS of the PCSK9lo group was significantly longer than that of the PCSK9hi group [8.1 vs. 3.6 months, hazard ratio (HR): 3.450; 95% confidence interval (CI), 2.166-5.496]. A higher objective response rate (ORR) and a higher disease control rate (DCR) were observed in the PCSK9lo group than in the PCSK9hi group (54.4% vs. 34.5%, 94.7% vs. 65.5%). Reduction and marginal distribution of CD8+ T cells were observed in PCSK9hi NSCLC tissues. Tumor growth was retarded by the PCSK9 inhibitor and the anti-CD137 agonist alone in the Lewis lung carcinoma (LLC) mice model and further retarded by the PCSK9 inhibitor in combination with the CD137 agonist with long-term survival of the host mice with noticeable increases of CD8+ and GzmB+ CD8+ T cells and reduction of Tregs. Together, these results suggested that high PCSK9 expression in baseline tumor tissue was a deleterious factor for the efficacy of anti-PD-1 immunotherapy in advanced NSCLC patients. The PCSK9 inhibitor in combination with the anti-CD137 agonist could not only enhance the recruitment of CD8+ and GzmB+ CD8+ T cells but also deplete Tregs, which may be a novel therapeutic strategy for future research and clinical practice.
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Introduction

Treatment with immune checkpoint inhibitors (ICIs) has revolutionized the field of cancer therapy as a therapeutic strategy to improve the prognosis of several solid cancers. However, unlike targeted therapy, there are no perfect biomarkers predicting the efficacy of ICIs and the prognosis of patients. The disappointing response rate also restricted current immunotherapies. Antitumor immunity is influenced by various factors, and it is of critical importance to identify novel and effective therapeutic biomarkers.

Proprotein convertase subtilisin/kexin type 9 (PCSK9), mainly synthesized by hepatocytes and one of the key enzymes in lipid transport, was correlated with an expanded risk for hypercholesterolemia and coronary artery disease (1). It was also identified as a potential factor in the apoptosis, metastasis, and invasion of tumor cells in several cancer types (2–5). From a standpoint of cell biology, the study of Xu et al. (6) reported that PCSK9 small interfering (si)RNA might exert its antitumor activity by inducing mitochondrial dysfunction and ERS-associated cell death in A549 cells. From a standpoint of immunity, Liu et al. (7) demonstrated that PCSK9 could affect the infiltration of lymphocytes, particularly CD8+ T cells, in tumor tissues by interfering with the major histocompatibility complex class I (MHC I) recycling pathway in the tumor cell membrane. In lung cancer, a pilot study has shown that serum PCSK9 levels at the second nivolumab cycle could predict overall survival (OS) in elderly patients with non-small cell lung cancer (NSCLC): low levels of circulating PCSK9 predicted better OS in elderly patients with advanced, pretreated NSCLC (8). Furthermore, it was reported that low baseline plasma PCSK9 level was associated with good clinical outcomes of ICIs in advanced NSCLC (9). The PCSK9 protein distributed in tumor tissue may have a more direct impact on the efficacy of ICIs (7), but no research was conducted discussing the association between efficacy and PCSK9 expression in tumor tissue in advanced NSCLC.

Based on this background, we retrospectively studied the clinical data of a cohort of advanced NSCLC patients who received anti-PD-1 immunotherapy and detected PCSK9 expression by immunohistochemistry (IHC) in baseline NSCLC tissues collected before treatment with ICIs, to identify whether PCSK9 expression in NSCLC tissues was associated with more or less response to anti-PD-1 immunotherapy. Next, multiplexed IHC was used to explore the density and spatial distribution of CD8+ T cells with tumor cells in NSCLC tissues with different PCSK9 expression levels. In parallel, considering the process of T-cell activation and the effect of PCSK9 inhibition and CD137 agonist on it, a series of experiments using immunocompetent syngeneic mice were conducted to explore the synergistic antitumor effect of PCSK9 inhibition with CD137 costimulation.





Materials and methods




Patients and tissue specimens

This study was approved by the Clinical Research Ethics Committee of Beijing Chest Hospital, Capital Medical University, Beijing, China (YJS-2021-020). Patients enrolled in this retrospective study received anti-PD-1 immunotherapy from February 2016 to September 2021, and tissue specimens were obtained through core needle biopsies under CT guidance or bronchoscopy before immunotherapy. The specimens were routinely paraffin wax-embedded and diagnosed with lung adenocarcinoma or squamous cell carcinoma by immunohistochemistry (hematoxylin–eosin staining, TTF-1, napsin A, CK5/6, and p63). PD-L1 expression (tumor proportion score, TPS) was determined using the Dako PD-L1 IHC 22C3 pharmDx assay (PD-L1 negative: TPS < 1%; PD-L1 low: TPS < 50%; PD-L1 high: TPS ≥ 50%). All the patients (ages 18-85 years) were confirmed to be at stage IIIB–IV and to have an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0-2 with clinical imaging of baseline and follow-up time points. Patients with multiple tumor types and autoimmune disease or who discontinued treatment were excluded.





Efficacy evaluation

A CT screen was used to monitor the efficacy of immunotherapy during treatment per 2 cycles. These imaging data were reviewed according to RECIST version 1.1 by two independent senior clinical oncologists blinded to the histopathologic results. Progression-free survival (PFS) was defined as the time from the date of initiation of systemic immunotherapy to the date of first documented radiologically confirmed progressive disease or death of any cause. OS was defined as the time from the date of initiation of systemic immunotherapy to the date of death of any cause. Objective response rate (ORR) was defined as the proportion of patients with complete response and partial response, and disease control rate (DCR) was defined as the proportion of patients with complete response, partial response, and stable disease. The patients were followed up until 30 April 2022.





Immunohistochemistry

Histological sections were deparaffinized and subjected to antigen retrieval with citric acid antigen repair buffer, pH 6.0 (E673002, Sangon Biotech, Shanghai, China). Sections were incubated with rabbit anti-PCSK9 antibody (55206-1-AP, 1:2,000, Proteintech, Chicago, IL, USA) as the primary antibody and with polyclonal anti-rabbit IgG (PV-9001, ZSGB-BIO, Beijing, China) as the secondary antibody. Immunocomplexes were detected using 3,3′-diaminobenzidine (DAB; ZLI-9018, ZSGB-BIO, Beijing, China). All images were acquired using the same microscope and camera set with a visible-light microscope (×200 magnification) of DS-Ri1 (Nikon, Japan). The intensity of positive staining in the cytoplasm of tumor cells was measured by mean integrated optical density (mean IOD) calculated using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, USA): mean IOD = IOD/area of the tumor section. X-tile (10) was used to find a proper cutoff on mean IOD.





Multiplexed immunofluorescent staining

Please refer to reference (11) for further details of the method and the antibodies used.




Mice model and treatment

All animal experiments were approved by the Animal Use and Care Committee of Beijing Chest Hospital (2021-003). Eight-week-old syngeneic female C57BL/6J mice, purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd., were inoculated subcutaneously with Lewis lung carcinoma (LLC) cells (1.0 × 106 per mouse). Five micrograms of anti-PCSK9 monoclonal antibody (evolocumab, Amgen, CA, USA) was intratumorally injected on days 5, 7, 9, and 11 in the PCSK9i group and the doublet group. Three micrograms of anti-CD137 agonist (a rat anti-mouse CD137 agonist, 1D8, US patent #7,754,209 B2, SEQ ID Nos. 101 and 103, mIgG2a isotype) was intratumorally injected on days 9, 11, and 13 in the aCD137 group and the doublet group. Tumor size was measured using a caliper and calculated using the formula—volume = (length)(width)2/2—every 2 days afterward. Body weights were also monitored every 2 days. The endpoint was defined as the time in which a progressively growing tumor reached 15 mm in its longest dimension or 2,000 mm3 in diameter. Mice were also euthanized when they experienced open skin lesions, were dead, or failed to thrive.






Analysis of T-cell subsets

Tumors and spleens were harvested on day 21 after inoculation. Single-cell suspensions were prepared by cutting fresh tumor tissues and spleens into small pieces (2-4 mm) using a tumor dissociation kit (130-096-730; mouse, Miltenyi Biotec, Germany) and gentleMACS device according to the manufacturers’ instructions. The single-cell suspensions were washed and erythrocytes (RBCs) were lysed for 3 min. The obtained single-cell suspensions were washed, minced on a 70-μm nylon mesh cell strainer, and incubated for 10 min with anti-mouse CD16/32 (156603, BioLegend, CA, USA) and for 25 min with a set of antibodies, including BV510-anti-CD45 (103188, BioLegend, CA, USA), PerCP/Cyanine5.5-anti-CD3ϵ (100328, BioLegend, CA, USA), FITC-anti-CD4 (100509, BioLegend, CA, USA), APC/FireTN750-anti-CD8a (100766, BioLegend, CA, USA), and BV421-anti-CD137 (740033, BD Biosciences, NJ, USA). After being stained for 10 min with Fixable Viability Stain 440UV (BD Biosciences, NJ, USA), fixed for 50 min with Transcription Factor Buffer (562574, BD Biosciences, NJ, USA) at 4°C, and washed by 1X Perm/Wash buffer (BD Biosciences, NJ, USA), the stained cells were incubated for 50 min with Alexa Flour 647 anti-mouse FOXP3 (126408, BioLegend, CA, USA) and PE anti-human/mouse Granzyme B Recombinant (396406, BioLegend, CA, USA) at 4°C and then washed twice prior to analysis with an LSRFortessa flow cytometer (BD Biosciences, NJ, USA).





Analysis of serum ALT, TG, TC, and LDL-C levels by ELISA

The plasma of mice was harvested on day 21 after inoculation and converted to serum at 4°C for clotting, and the clot was removed by low-speed centrifugation. Alanine aminotransferase (ALT/GPT) activity and the levels of triglyceride (TG), total cholesterol (T-CHO), and low-density lipoprotein cholesterol (LDL-C) were measured with an assay kit (Jiancheng Bioengineering Institute, Nanjing, China) according to the kit’s manual.





Statistical analysis

Data analyses were performed using GraphPad Prism 8.0 and SPSS 22.0. The Mann–Whitney test was used to compare non-normally distributed data, and the unpaired t-test with Welch’s correction was used to compare normally distributed data with unequal variances between the two groups. Distributions of clinicopathological characteristics were compared via the chi-square test or Fisher’s exact test. Survival outcomes were evaluated with the Kaplan–Meier survival estimates, log-rank tests, and univariate and multivariate Cox proportional hazards analyses. Two-way ANOVA was used for multiple comparisons in tumor growth delay experiments and body weight changes. P-value <0.05 was considered significant.






Results




Association of baseline levels of PCSK9 in tumor tissue with clinicopathologic features in advanced NSCLC patients

A total of 115 patients met the inclusion criteria and were included in this retrospective analysis. The expression of PCSK9 measured by immunohistochemistry was different in N status, while it was not associated with other clinicopathologic features (P > 0.05) (Supplementary Figure 1; Figure 1A). The median PFS was 8.1 months in the low PCSK9 group (n = 57) which was longer than that of 3.6 months in the high PCSK9 group (n = 58) (P < 0.0001) (Figure 1B). The expression level of PCSK9 in different NSCLC patient tissues varied greatly (Figure 1C). There were no statistically significant differences between the two groups for all the clinicopathological characteristics and other factors, including immunotherapy protocols and the number of treatment lines (Table 1).




Figure 1 | Immunohistochemistry of proprotein convertase subtilisin/kexin type 9 (PCSK9) in advanced non-small cell lung cancer (NSCLC) tissues. (A) PCSK9 expression in NSCLC tissues was associated with the N status of advanced NSCLC patients. (B) Kaplan–Meier estimate for PFS of the PCSK9hi and PCSK9lo groups by a proper cutoff of mean IOD of PCSK9 expression. The data cutoff was 30 April 2022. (C) Immunohistochemistry staining for PCSK9 of NSCLC tissues from advanced NSCLC patients before receiving anti-PD-1 immunotherapy. *ns, No significant difference, *P < 0.05, **P < 0.01.




Table 1 | Clinicopathological characteristics and factors of advanced NSCLC patients in the PCSK9lo and PCSK9hi groups.







High expression of PCSK9 in NSCLC tissues correlated with poor efficacy in advanced NSCLC patients treated with anti-PD-1 immunotherapy

One of the 57 patients in the low PCSK9 group achieved a complete response (CR), while no patients in the high PCSK9 group reached CR. In contrast with the higher progressive disease (PD) rate (20/58, 34.5%) of the high PCSK9 group, 31 of the 57 patients in the low PCSK9 group achieved a response (CR, n = 1; PR, n = 30) and 23 additional patients had stable disease (SD) with an ORR of 54.4% and a DCR of 94.7%, which were statistically significant with the ORR (34.5%, P = 0.03) and DCR (65.5%, P < 0.001) of the high PCSK9 group (Table 2; Figures 2A–C). Univariate analysis showed that PFS was associated with stage (P = 0.038), mutation (P = 0.028), low/high PD-L1 expression (P = 0.037), negative/positive PD-L1 expression (P = 0.005), the number of treatment lines (P < 0.001), and PCSK9 expression (P < 0.001). Multivariate analysis was used to adjust for the confounders of these factors, which indicated that PFS was associated with stage (HR, 2.219; 95% CI, 1.139–4.321; P = 0.019), the number of treatment lines (HR, 2.631; 95% CI, 1.622–4.267; P < 0.001), and PCSK9 expression (HR, 3.450; 95% CI, 2.166–5.496; P < 0.001) (Figure 2D). Subgroup analysis of PFS also showed that there was an increased risk of progression with PCSK9hi in almost all the subgroups except ECOG PS = 2, stage IIIB/IIIC, and first-line treatment (Supplementary Figure 2). OS was associated with ECOG performance status (P = 0.011), immunotherapy protocols (P = 0.029), and PCSK9 expression (P = 0.009) in the univariate analysis, while the multivariate analysis showed that OS was only associated with PCSK9 expression in all these factors (21.4 vs. NR months; HR, 2.164; 95% CI, 1.190–3.935; P = 0.011) (Supplementary Figure 3). Nonetheless, a limitation should be considered for this OS result where 60% of the patients (69) did not reach the endpoint (42.3% of the patients were still alive and 17.4% were lost to follow-up), and a longer follow-up time for OS was required to confirm this result. In summary, high PCSK9 expression in NSCLC tissue was related to a worse response to these treatments, which was also an independent risk factor for both PFS and OS in advanced NSCLC patients with anti-PD-1 immunotherapy.


Table 2 | Best response of advanced NSCLC patients in the PCSK9lo and PCSK9hi groups to anti-PD-1 immunotherapy.






Figure 2 | High expression of PCSK9 in NSCLC tissues was associated with poorer efficacy of anti-PD-1 immunotherapy in advanced NSCLC. (A) Best response of the PCSK9hi and PCSK9lo groups. (B) ORR of the PCSK9hi and PCSK9lo groups. (C) DCR of the PCSK9hi and PCSK9lo groups. (D) Univariate and multivariate analyses of factors associated with PFS. PD-L1 negative, TPS < 1%; PD-L1 low, TPS < 50%; PD-L1 high, TPS ≥ 50%.







High expression of PCSK9 correlated with poor lymphocyte infiltration

As previously reported by Liu et al. (7), PCSK9 caused a decrease in surface MHC I levels, which had a strong influence on MHC I presentation of peptide antigens, thus leading to attenuation of intratumoral T-cell infiltration (notably CD8+ T cells) in vivo and in vitro. To further confirm whether this relationship existed in NSCLC tissue between PCSK9 expression with density and distribution of intratumoral CD8+ T cells, we examined tumor cells and CD8+ T cells in PCSK9hi and PCSK9lo NSCLC tissues by multiplexed immunofluorescent staining (Figure 3). There was a greater increase of CD8+ T cells in PCSK9lo tissue than in PCSK9hi tissue. Furthermore, a trend was observed that a large proportion of CD8+ T cells moved into tumor-cell-rich areas in PCSK9lo tissue, while they stayed in the margin of tumor areas in PCSK9hi tissue.




Figure 3 | CD8+ T cells increased and moved into the tumor-cell-rich areas in PCSK9lo tissue, while they stayed in the margin of tumor areas in PCSK9hi tissue. (A, B) Multiplexed immunofluorescent staining of CK, CD8, and DAPI in the tumor microenvironment (bottom left panel and right panel, ×200 original magnification) of PCSK9lo (A) or PCSK9hi (B) tissue adjudicated by immunohistochemistry (upper left panel, ×200 magnification). (C) Typical views of other tumors from the PCSK9lo or PCSK9hi groups (×200 magnification). (D) Quantitative estimates of the density of CD8+ T cells: proportion of CD8 = CD8 number/DAPI number. **P < 0.01.







Tumor growth was attenuated with PCSK9 inhibition in combination with CD137 costimulation in syngeneic mice

To evaluate the synergistic effect of PCSK9 inhibition and CD137 costimulation in tumor growth, syngeneic mouse models were created by generating subcutaneous LLC cells for tumor growth delay experiments with the PCSK9 neutralizing antibody evolocumab and the anti-mouse CD137 agonist antibody 1D8 (Figure 4A). The PCSK9 inhibitor and the anti-CD137 agonist alone delayed the growth of tumors. Moreover, tumor growth was further delayed by the PCSK9 inhibitor in combination with the CD137 agonist with long-term survival of the host mice in the doublet group (Figures 4B–D). The combination of the PCSK9 inhibitor with the anti-CD137 agonist led to greater tumor volume control at 21 days after inoculation from day 5 (baseline prior to antibody injection) compared with the two single groups (Figures 4E, F).




Figure 4 | Tumor growth was attenuated with PCSK9 inhibition in combination with CD137 costimulation in syngeneic mice. (A) Experimental protocol. n = 5 mice per group. Intratumoral. (B) Tumor growth curve of each group (P-value was calculated by two-way ANOVA). (C) Overall survival (log-rank test). (D) Tumor growth curve of each mouse. (E) Percent change in tumor volume on day 21 compared with day 5 (baseline) after inoculation (unpaired t-test). (F) Tumors harvested on day 21. Data shown as mean ± SEM. *P < 0.05, **P < 0.01. LLC, Lewis lung carcinoma cells; PCSK9i, PCSK9 inhibitor; aCD137, anti-CD137 agonist; Doublet, the group treated with the PCSK9 inhibitor and the anti-CD137 agonist.



To determine whether this combination was synergistic with the change in immune cell infiltration, we performed additional analyses of TIL variation by flow cytometry on day 21 after inoculation. No noticeable change in CD3+CD45+ T cells was observed, but the proportion of CD4+ and CD8+ T cells varied widely (Figures 5A, B). The percentage of CD8+ T cells increased significantly in the PCSK9i group than in the control group, and it was the highest in the doublet group (Figure 5C). More importantly, similar trends were observed for granzyme B+ (GzmB+) CD8+ T cells (Figure 5D). The percentage of CD4+ T cells and Tregs decreased significantly in the aCD137 group and the doublet group than in the control group (Figures 5E, F). The fraction of CD137+CD8+ T cells was significantly elevated in the PCSK9i group (Figure 5G). No similar trends of the percentage of CD4+, CD8+, and GzmB+ CD8+ T cells were observed in the spleens of the host mice (Figures 5H–J).




Figure 5 | The proportion of CD8+ and GzmB+ CD8+ T cells increased significantly in the tumors of the doublet group with a reduction of Tregs. (A) Frequency of tumor-infiltrating CD4+ and CD8+ T cells of CD3+CD45+ leukocytes in LLC tumors of each group on day 21 (n = 3 per group). (B–G) Quantitative estimate of various immune effector cells in 1 * 106 immune cells of tissue in each group determined by flow cytometry. n = 3 tumors per group (P-value was calculated by unpaired t-test or the Mann–Whitney test). (H–J) Quantitative estimate of CD4+, CD8+, and GzmB+ CD8+ T cells in 0.1 * 106 immune cells of the spleen in each group determined by flow cytometry. n = 3 tumors per group (P-value was calculated by unpaired t-test or the Mann–Whitney test). *ns, No significant difference, *P < 0.05, **P < 0.01.



Considering the toxicity of the CD137 agonist antibody, the body weights of mice were monitored throughout the treatment period. Although no weight loss was observed in each mouse during treatment, the weight of mice in the anti-CD137 group increased slowly compared with the other groups (Figure 6A). Additionally, the levels of serum ALT (also known as serum glutamic-pyruvic transaminase) were increased in the anti-CD137 group and the doublet group. However, remarkably, the levels of serum ALT were lower in the doublet group than in the aCD137 group, which were within the normal range (Figure 6B). Furthermore, there was no significance in serum triglyceride, total cholesterol, and LDL-C (Figures 6C–E).




Figure 6 | Body weight and serological changes of the mouse models after the treatments. (A) Body weight change of mice in each group (n = 5 per group, two-way ANOVA). (B–E) Serum ALT, TG, TCHO, and LDL-C levels of mice in each group on day 21 (n = 5 per group, unpaired t-test or the Mann–Whitney test). *ns, No significant difference, *P < 0.05, **P < 0.01.








Discussion

In our work, we investigated PCSK9 expression by immunohistochemistry in tumor tissue from advanced NSCLC patients before receiving anti-PD-1 immunotherapy. Our work demonstrated that aside from being related to poor response, high PCSK9 expression in baseline NSCLC tissues was also an independent risk factor for both PFS and OS in advanced NSCLC patients with anti-PD-1 immunotherapy.

In a study by Liu et al. (7) published in Nature, PCSK9 promotes lysosome-mediated degradation of MHC I in tumor cells. The recycling process of MHC I back to the membrane was inhibited, thereby resulting in the evasion of cytotoxic T-cell (CTL) surveillance and finally leading to the reduction of lymphocyte infiltration and tumor immune evasion. CD8+ CTLs were identified as the most critical for the antitumor effect of PCSK9 deficiency in the trial with immunodeficient mice. The type, density, and location of immune cells within the tumor microenvironment (TME) were reported to affect the efficacy of anti-PD-1/PD-L1-based immunotherapy, which led to a concept called “hot” (highly infiltrated) and “cold” (poorly infiltrated) immune tumors, an unofficial classification of tumors that has been increasingly advocated (12). A tumor with a “hot” TME was associated with an increased response to anti-PD1/PD-L1-based immunotherapy (13, 14). Conversely, a “cold” tumor was characterized with features such as a low presence of T cells and an immunosuppressive tumor infiltrate which would support tumor growth and cause a limited response to a checkpoint blockade (15, 16). Additionally, low expression of antigen presentation machinery makers such as MHC I also contributed to the formation of “cold” tumors (17). Altogether, reduced CD8+ T-cell infiltration—caused by PCSK9-mediated deficiency of the tumor antigen peptide–MHC that could be targets for cytotoxic T-cell recognition—might be one of the reasons why patients with PCSK9lo tumor tissue were more likely to benefit from ICIs compared with those with PCSK9hi tumor under advanced NSCLC treatment.

To confirm whether this phenomenon existed in NSCLC tumor tissue between different PCSK9 expression levels and CD8+ T cells, we next performed multiplexed immunofluorescent staining to show tumor cells and CD8+ T cells in NSCLC tissue with different PCSK9 expression levels. A trend was observed that CD8+ T cells were reduced and almost located in the margin of tumor areas in the PCSK9hi tissue, while they were more concentrated in the tumor-center areas with an increased number in PCSK9lo tissue, which was in agreement with the conclusion of a previous research by Liu et al. (7) using PCSK9 depletion.

Given the negative regulation of PCSK9 on T-cell recruitment and activation, the value of PCSK9 as a potential target for antitumor combination therapeutics was worth further exploring. Liu et al. (7) showed that the response to anti-PD-1 treatment in vivo was enhanced by PCSK9 deletion and inhibition by evolocumab and alirocumab, two PCSK9-neutralizing antibodies. Considering the trigger function of MHC I antigen presentation in T-cell activation, there might be other therapeutic combination strategies with PCSK9 inhibition based on the process of T-cell activation. Three signals were required in the process of T-cell activation: antigen peptide MHC–T-cell receptor (TCR) signaling, costimulatory signaling, and cytokine support (18, 19). PCSK9 disturbed the antigen peptide MHC–TCR signaling, the “first signal” required in the initiation of specific T-cell activation. Costimulatory signaling, the “second signal,” was required in the following process of T-cell activation, which could regulate T-cell differentiation, effector function, survival, and memory formation (20–22). The function of costimulatory signals also largely depended on antigen recognition and TCR signaling (23). Next, we explored the potential synergistic antitumor effect by PCSK9 inhibition with CD137 costimulation.

Syngeneic mouse models were built in our research. In consensus with previous reports (7, 24), tumor growth delay was observed with the PCSK9 inhibitor evolocumab and the anti-CD137 agonist 1D8 alone. Moreover, in our research, tumor growth was further delayed by PCSK9 inhibition in combination with the CD137 agonist with long-term survival of the host mice in the doublet group. Further analysis of TILs showed that 1) the proportion of CD8+ and GzmB+ CD8+ T cells was remarkably elevated in the doublet group. These results suggested the synergistic effect on T-cell activation from the two signals caused by PCSK9 inhibition and CD137 costimulation. PCSK9 inhibition represented a mechanism to preserve antigen presentation by positive regulation of MHC I, which might provide robust TCR signals for the following costimulatory signals triggered by the anti-CD137 agonist. CD137 expression was highly antigen-induced, especially in the subset of CD8+ T cells, which was reported in previous studies (25, 26). The combined application with the CD137 agonist effectively increased the number of tumor-related CD8+ T cells and exerted its antitumor effect. 2) Elimination of Tregs was observed in the doublet group, similar to the aCD137 group, which was also reported by Freeman et al. (27) and our previous study (11). The reduction of Tregs was probably because of the antibody-mediated cell-dependent phagocytosis (ADCP) of Tregs, mediated by the activation of macrophages by IgG-Fc (28–30). The loss of Tregs caused by CD137 mAb could reverse the immunosuppressive environment and simultaneously affect CD8+ T cells in the tumor while also allowing new CD8+ T cells to infiltrate the TME (27). Altogether, these results demonstrated that PCSK9 inhibition enhanced immunogenicity and T-cell recruitment. The use of the CD137 agonist could further promote CD8+ T-cell expansion and activation and also relieve the immunosuppressive effects from Tregs, resulting in a synergistic antitumor effect. Similar combination strategies with the CD137 agonist to enhance efficacy have received considerable attention since the early discovery of the CD137 agonist (31–33), such as chemotherapy (34, 35), radiotherapy (36, 37), or cancer vaccines (38, 39), possibly through the enhanced immunogenicity with more tumor antigen cross-presentation to improve the efficacy of the immune checkpoint inhibitors (40).

Urelumab, a CD137 agonist antibody, showed treatment-related severe adverse effects in the form of liver inflammation during phase I and II trials (41). Hepatotoxicity has been a concern in all studies conducted on the CD137 agonist antibody. At present, several strategies have been used in previous studies to reduce toxicity: a CD137-based antibody engaged with other specific molecule which specifically brings CD137 agonism to the tumor tissue microenvironment (42), an antibody with Fc lacking trimeric CD137 constructs to avoid FcɣR binding-mediated liver toxicity (43), intratumoral injections of low doses of CD137 mAb (44), and dose reduction with a combination of other immune-modulating agents (45). In our work, although a low-dose intratumoral injection was performed, weight growth stunting and an increase in ALT were still observed in the anti-CD137 group. Although the levels of ALT were still higher in the doublet group than those in the control group, the levels reduced to a normal range. It was reported that both serum ALT and AST were attenuated by PCSK9 inhibition therapy in alcoholic liver disease and non-alcoholic fatty liver disease (NAFLD) (46, 47), but no previous studies reported the attenuation of aminotransferase by PCSK9 inhibitors in tumor treatment-related hepatotoxicity. PCSK9 inhibitors have shown a neutral effect on liver function (48), which was one of the reasons why we chose the combination of the PCSK9 inhibitor and the anti-CD137 agonist in our work aside from the possible synergy on T-cell activation mentioned above. The therapeutic strategy of PCSK9 inhibition with CD137 costimulation would have potential implications for future research and clinical practice.

The change in serum lipids was not observed in the treatment groups in our work probably because of intratumoral injections and low doses of evolocumab which were not enough to affect the lipid metabolism of the host mice.

Our research has limitations. First, although our research obtained some preclinical findings, prospective studies are still needed to confirm the value of PCSK9 as a predictive marker. Second, some outcomes might show bias in subgroups with small numbers of patients, such as in the subgroup with ECOG PS = 2 and in EGFR-positive patients. A larger population is needed to further verify this conclusion. Third, although the current results have shown a trend that high PCSK9 expression was an independent risk factor for OS, it still requires a further follow-up and an update on OS data because 69 patients (49 were still alive and 20 were lost to follow-up) did not meet the events for OS at the end of the follow-up period. Fourth, based on the mechanism of PCSK9 regulation on MHC I and the importance of protein level information in clinical decision-making, our research was committed to exploring the value of PCSK9 as an immunohistochemical marker at the protein level by IHC. However, some methods, such as RNA sequencing, could be more sensitive. Verification of multiple tests is necessary in future studies. Finally, within the context of local regulation of PCSK9 and reduced toxicity of CD137 local agonism mentioned above, intratumoral injection was used in our animal experiment to explore the synergistic mechanism in the local tumor area. This might be a limitation for clinical practice from a translational perspective because systemic medication was a major strategy in advanced NSCLC treatments. The methods for drug use and trials for dose and dosage form should be explored in future research from a practical standpoint.

To conclude, our study demonstrated that high PCSK9 expression in baseline tumor tissue could be a deleterious factor in advanced NSCLC patients receiving ICIs with poorer efficacy. Additionally, the PCSK9 inhibitor combined with CD137 costimulation could slow tumor growth with enhanced recruitment of CD8+ and GzmB+ CD8+ T cells and reduction of Tregs in a syngeneic mouse model, providing a novel perspective of therapeutic strategies for future research and clinical practice.
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Factors PCSK9® (n

Age, years (%)

<65 33 (57.9%) 28 (48.3%)
>65 24 (42.1%) 30 (51.7%)
Median (range) 63 (47-81) 66 (34-80)

Gender, no. (%) 0.860
Male 45 (78.9%) 45 (77.6%)
Female 12 (21.1%) 13 (22.4%)

Smoking status, no. (%) ‘ 0.892
Never 18 (31.6%) 19 (32.8%)
Ever 39 (68.4%) 39 (67.2%)

ECOG performance status, no. (%) 07172
0-1 54 (94.7%) 53 (91.4%)
2 3 (5.3%) 5 (8.6%)

Stage at entry, no. (%) 0.497
TIB/IIC 9 (15.8%) 12 (20.7%)
v 48 (84.2%) 46 (79.3%)

Tumor histology, no. (%) 0.506
Squamous cell carcinoma 24 (42.1%) 28 (48.3%)
Adenocarcinoma 33 (57.9%) 30 (51.7%)

Mutation, no. (%) 0.823
Negative/KRAS 49 (76.0%) 49 (84.5%)
EGFR 8 (14.0%) 9 (15.5%)

PD-L1 expression, no. (%) 0.878
TPS < 1% 20 (35.1%) 23 (39.7%)
1% < TPS < 50% 14 (24.6%) 13 (22.4%)
TPS = 50% 23 (40.3%) 22 (37.9%)

Remote metastases, no. (%) 0.299
No 23 (24.6%) 29 (50.0%)
Yes 34 (59.6%) 29 (50.0%)

Immunotherapy protocols, no. (%) ‘ 0.872
Monotherapy 14 (24.6%) 15 (25.9%)
Combination therapy 43 (75.4%) 43 (74.1%)

Number of treatment lines, no. (%) 0512
First line | 26 (45.6%) 1 30 (51.7%) ‘
Second line or more 31 (544%) 28 (48.3%)

no., number; ECOG, Eastern Cooperative Oncology Group.
“The Fisher’s exact test was used.





OEBPS/Images/fimmu.2023.1142428_cover.jpg
& frontiers | Frontiers in Immunology

PCSK9 regulates the efficacy of immune
checkpoint therapy in lung cancer





OEBPS/Images/fimmu-14-1142428-g003.jpg
Q o )
® « -

a (%) s120 1 ,8@D j0 uonsodoid

(]
¥4
7]
3]
o
o |
ol
8
%)
z

IHC for PCSK9

dnoib o6¥sOd WOl dnoiB 6HSOd woly
siouny siowny






