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Introduction: Lipoprotein(a) (Lp(a)) is an LDL-like particle with an additional apolipoprotein (apo)(a) covalently attached. Elevated levels of circulating Lp(a) are a risk factor for atherosclerosis. A proinflammatory role for Lp(a) has been proposed, but its molecular details are incompletely defined.



Methods and results: To explore the effect of Lp(a) on human macrophages we performed RNA sequencing on THP-1 macrophages treated with Lp(a) or recombinant apo(a), which showed that especially Lp(a) induces potent inflammatory responses. Thus, we stimulated THP-1 macrophages with serum containing various Lp(a) levels to investigate their correlations with cytokines highlighted by the RNAseq, showing significant correlations with caspase-1 activity and secretion of IL-1β and IL-18. We further isolated both Lp(a) and LDL particles from three donors and then compared their atheroinflammatory potentials together with recombinant apo(a) in primary and THP-1 derived macrophages. Compared with LDL, Lp(a) induced a robust and dose-dependent caspase-1 activation and release of IL-1β and IL-18 in both macrophage types. Recombinant apo(a) strongly induced caspase-1 activation and IL-1β release in THP-1 macrophages but yielded weak responses in primary macrophages. Structural analysis of these particles revealed that the Lp(a) proteome was enriched in proteins associated with complement activation and coagulation, and its lipidome was relatively deficient in polyunsaturated fatty acids and had a high n-6/n-3 ratio promoting inflammation.



Discussion: Our data show that Lp(a) particles induce the expression of inflammatory genes, and Lp(a) and to a lesser extent apo(a) induce caspase-1 activation and IL-1 signaling. Major differences in the molecular profiles between Lp(a) and LDL contribute to Lp(a) being more atheroinflammatory.
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1. Introduction

Atherosclerotic cardiovascular diseases (ASCVDs) are the major causes of death in the Western and westernized world and are caused by the accumulation of plasma lipoproteins in the arterial wall (1). Circulating plasma lipoproteins are spherical particles which contain a hydrophobic core and an amphiphilic surface. The core contains cholesteryl esters (CE) and triacylglycerols (TAG), while the surface is composed of a monolayer of phospholipids, in which apolipoproteins are embedded. Such molecular particle architecture allows the hydrophobic lipids to be carried in the bloodstream as isolated packages in a metabolically regulated way. Lipoproteins containing apolipoprotein (apo) B are mainly low-density lipoprotein (LDL) particles. Increased plasma levels of the particles lead to their increased entry into the intimal areas of atherosclerosis-prone arterial segments. The intimal accumulation of cholesterol and the ensuing local inflammatory reaction leads to the formation of atherosclerotic lesions, which ultimately may be transformed into vulnerable plaques susceptible to rupture and atherothrombotic clinical complications (2, 3).

Lipoprotein (a) (Lp(a)) is an unconventional cholesterol-rich lipoprotein that resembles LDL, but where the apoB is covalently bound to apo(a) (4). It was first described as a polymorphic form of LDL (5), but since then it has become evident that elevated levels of Lp(a) (>50 mg/dl) are an independent and causal risk factor for ASCVD (6–8). The prevalence of Lp(a) levels >50 mg/dl varies amongst populations but is overall estimated to be 20% globally (9). The details of the biosynthesis, function, and catabolism of this particle are not fully understood. What is known is that Lp(a) promotes inflammation in the vessel wall in various ways (10, 11). It induces endothelial dysfunction through apo(a) by increasing endothelial cell contraction and permeability (12), and by stimulating the expression of pro-inflammatory factors (13). Potent reduction of Lp(a) has been shown to alter the inflammatory signatures of circulating monocytes at the transcriptome level (14). Macrophages play a crucial role in different stages of atherogenesis (15–18), and they are the most populous group of cells in atherosclerotic plaques (19). Lp(a) activates macrophages and promotes the pro-inﬂammatory, M1-type phenotype which in turn secretes interleukin-8 (IL-8) (20, 21) and induces apoptosis in ER-stressed macrophages in advanced atheromas (22).

There is a body of evidence suggesting that oxidized phospholipids (OxPLs) that are preferentially carried by Lp(a) signiﬁcantly contribute to, or even primarily account for, the atherogenicity of the particle and the increased risk it confers for ASCVD (23). OxPLs are able to boost inflammation by inducing a “hypermetabolic” state in phagocytes that amplifies the production of IL-1β (24). It has been estimated that the covalently- and noncovalently-associated oxPLs associated with Lp(a) are present in roughly equal proportions and together represent approximately 85% of the oxPL carried in plasma (25). One OxPL, 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine (POVPC) has been shown to upregulate cytokine genes, when added in amounts of 10 µM to macrophages (26).

In the present study, we evaluated changes in the transcriptome of THP-1 macrophages induced by Lp(a) and recombinant apo(a). We then analyzed correlations between serum Lp(a) levels with the secretion of a subset of IL-10-related cytokines by incubating human serum samples containing various Lp(a) levels with THP-1 macrophages. We further isolated Lp(a) and LDL from three volunteer donors with elevated circulating levels of Lp(a) and analyzed their molecular composition and pro-inflammatory potential when added to cultured primary or THP-1-derived macrophages. Our multifaceted approach allowed us to uncover differences between Lp(a) and LDL in a setting of an identical genetic and lifestyle background.



2. Materials and methods


2.1. Lp(a) and apo(a) isoform determination

Fasting blood samples were obtained from subjects who provided written informed consent. The study was approved by the Research Ethics Boards of the University of Western Ontario and the Medical Ethical Committee of the Helsinki and Uusimaa hospital district.

Plasma levels of total cholesterol, HDL-cholesterol, and TAG were determined by enzymatic analyses (Indiko and Konelab System Cholesterol Reagents, Thermo Scientific) and LDL-cholesterol was calculated by the Friedewald formula. ApoB and apoA-I were determined by nuclear magnetic resonance spectroscopy from fresh frozen EDTA blood samples (Nightingale Health Plc, Helsinki, Finland) as previously described (27). Plasma Lp(a) levels were determined using an ELISA kit (Mercodia, 10-1106-01). Apo(a) isoforms were determined by SDS-agarose gel electrophoresis followed by western blot analysis as previously described (28) with the following modifications: 10 µl of undiluted plasma was loaded in each lane; the blots were calibrated using purified recombinant apo(a) variants ranging from 12 to 33 KIV repeats (29); the primary antibody was a mouse monoclonal antibody raised in-house against 17 K recombinant apo(a) and recognizing KIV type 2; the secondary antibody was a sheep polyclonal anti-mouse IgG conjugated to horseradish peroxidase (Cytiva); and immunoreactive bands were visualized by enhanced chemiluminescence (SuperSignal West Femto, Pierce Biochemicals) on a BioRad ChemiDoc Plus imager. For the three, whose LDL and Lp(a) particles were isolated, the apo(a) structure was determined: donor A had the 16-kringle apo(a) isoform with no second isoform detected; donor B had the 17-kringle and 27-kringle apo(a) species, each at similar abundance; and donor C had a single isoform of 17-kringle species.



2.2. Protein/lipoprotein isolation and verification

Recombinant 17-kringle apo(a) was expressed in HEK293 cells (RRID:CVCL_0045) and purified from the conditioned medium from these cells by lysine-Sepharose affinity chromatography as previously described (30, 31). For the isolation of LDL and Lp(a), blood was collected from the antecubital vein of healthy volunteers into BD Vacutainer blood collection tubes containing sodium polyanethol sulfonate and acid citrate dextrose. Plasma was obtained through centrifugation of whole blood at 3,000×g for 15 min at 4°C. Phenylmethylsufonyl fluoride (PMSF) was added to a final concentration of 0.1 mM and the plasma was rotated at 4°C for 15 min. The plasma was adjusted to a density of 1.063 g/ml with solid sodium bromide and centrifuged at 45,000×g for 24 h at 6°C. The top fraction was removed and the infranatant was adjusted to a density of 1.21 g/ml with solid sodium bromide. The sample was centrifuged at 45,000×g for 24 h at 6°C and the top layer was isolated and extensively dialyzed against 20 mM Tris-HCl, pH 7.4, containing 150 mM NaCl, 0.01% NaN3, and 0.01% EDTA (Buffer A). The sample was then loaded onto a DEAE-Sepharose Fast Flow (Pharmacia) ion exchange column (2.5 cm × 12 cm column). Lipoproteins were eluted in a stepwise NaCl concentration gradient (50–300 mM NaCl in 20 mM Tris-HCl, pH 7.4). LDL- and Lp(a)-containing fractions (from 110 mM NaCl and 250 mM NaCl elutions, respectively) were pooled and dialyzed against HEPES-buffered saline (HBS; 20 mM HEPES pH 7.4, 150 mM NaCl). Concentration was determined by bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Scientific, 23225) using BSA as a standard. The integrity of the purified lipoproteins was assessed by SDS-PAGE under non-reducing and reducing conditions followed by staining with Imperial Stain (Sigma). Importantly, there was no cross-contamination of the Lp(a) and LDL preparations.



2.3. Cell culture

THP-1 monocytes (ATCC® TIB­202™, RRID:CVCL_0006) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM Glutamax, 100 U/ml penicillin, 100 µg/ml streptomycin, and 25 mM HEPES at 37°C in 5% CO2. To induce differentiation of the monocytes into macrophages, 100 nM phorbol 12-myristate 13-acetate (PMA) was added to the media, and the cells were incubated for 72 h (32).

For primary macrophages, peripheral blood mononuclear cells (PBMCs) from three donors per experiment were isolated from buffy coats and differentiated into macrophages as described previously (33). Buffy coats separated from the blood of healthy human donors were obtained from the Finnish Red Cross Blood Service, Helsinki, Finland (supplied under permit no. 21/2020). In total, 1.5 × 106 monocytes were seeded per well on 24-well plates. The monocytes were cultured in serum-free macrophage media (Macrophage-SFM, Gibco, Thermo Fisher Scientific) supplemented with 10 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) (ImmunoTools) and 50 units/ml penicillin/streptomycin (Lonza, Basel, Switzerland) at 37°C and 5% CO2 for 6 days to polarize the monocytes into macrophages of the pro-inflammatory M1-phenotype. On day six, the cells were washed with PBS, supplied with fresh RPMI 1640 medium (Gibco) supplemented with l-glutamate and antibiotics, and primed with 1 µg/ml LPS (Sigma, L3012) for 4 h before stimulation.



2.4. RNA sequencing of macrophages stimulated with Lp(a) or apo(a)

THP-1 macrophages were grown in PMA-supplemented medium which was refreshed after 36 h. After a further 36 h, this medium was replaced with serum-free complete medium and incubated for 16 h. Following starvation, the medium was replaced with fresh serum-free medium supplemented with Lp(a), 17 K apo(a), or vehicle for 6 h; we used equimolar concentrations of Lp(a) and 17 K apo(a) (250 nmol/L, or 191 and 62.5 µg/ml protein, respectively). Each of the treatments was performed in the absence or presence of 200 mM ε-aminocaproic acid (to inhibit lysine binding) for a total of six treatment groups, performed in duplicate. This represented a single biological replicate for each treatment. Cells were incubated with the treatments for 6 h, after which total RNA was isolated using the QIAGEN RNeasy Mini Kit according to the manufacturer's protocol. The RNA was submitted to the London Regional Genomics Centre (LRGC) for analysis using the Illumina NextSeq 500 (Illumina Inc.). Total RNA samples were quantified using the Qubit 2.0 Fluorometer (ThermoFisher Scientific). Quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies Inc.) and the RNA 6000 Nano kit (Caliper Life Sciences). Samples were then processed using the Vazyme VAHTS Total RNA-seq (H/M/R) Library Prep Kit for Illumina (Vazyme) which includes ribosomal RNA reduction. Samples were depleted and fragmented prior to cDNA synthesis, then cDNA was indexed, cleaned-up and amplified via polymerase chain reaction. Biological replicate libraries were pooled into one library per treatment. The pooled library size distribution was assessed on an Agilent High Sensitivity DNA Bioanalyzer chip (Agilent Technologies Inc.) and quantified using the Qubit 2.0 Fluorometer. The library was sequenced as a single end run, 1 × 76 bp, using a High Output v2 kit (75 cycles). Fastq data files were downloaded from BaseSpace and analyzed using Partek Flow. After importation, data were aligned to hg19 using STAR 2.5.3a and annotated using RefSeq Transcripts 90. Features with more than five reads were normalized using counts per million (CPM), then the -fold changes and p-values were determined using Partek Flow's Gene Specific Analysis (GSA). To visualize physical and functional interactions between the transcripts and to determine enriched pathways within the transcript set we used the STRING (“Search Tool for Retrieval of Interacting Genes/Proteins”) version 11.5 (34, 35) (https://string-db.org/) and only relationships with the highest confidence score (0.9) were considered, unconnected nodes were removed from the network.



2.5. Cell stimulations and cytokine assays

Activity of caspase-1 was measured using the Caspase-Glo® 1 Inflammasome Assay (Promega Corporation, WI, USA) following the manufacturer's instructions. In brief, macrophages were incubated with Lp(a), LDL, 10% v/v serum, recombinant apo(a), nigericin, or corresponding volume of PBS for 3 h, then the luminogenic caspase-1 substrate was added to the supernatant, and the luminescence resulting from cleavage by active caspase-1 was recorded. The accuracy of the Glo assay was confirmed using the Human Caspase-1/ICE Quantikine ELISA Kit (R&D systems) in selected samples of all experiments. To measure the cellular release of cytokines by macrophages which had been incubated with the indicated amounts of Lp(a), LDL, serum, recombinant 17 K apo(a), or PBS for 3 h, or nigericin for 1 h, the incubation media were collected, and the concentration of IL-1β was measured by ELISA assay (Human DuoSet ELISA for IL-1β). IL-18 was measured by ELISA (Human Total IL-18 DuoSet ELISA for IL-18) or Luminex, the concentrations for IL-1α, IL-6, IL-8, IL-10, IFN-γ, TNF-α, MIF, and TRAIL were determined by Luminex assay (Bio-Rad Bio-Plex Express) according to the manufacturer's instructions.

For inhibitor studies, the caspase inhibitor Z-YVAD-fmk (R&D Systems, 25 µM) or NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome inhibitor MCC950 (Sigma-Aldrich, 1 µM) were added in serum-free medium to the cells 1 h prior to stimulation.



2.6. Protein preparation, LC-MS analysis, proteomic data and bioinformatic analysis

To analyze the protein content of isolated Lp(a) and LDL particles, the samples were prepared for MS analysis using the filter-assisted sample preparation protocol (36). For each of the three technical replicates per sample 300 ng of digested proteins was used in the nano-LC-HD-MSE analysis as previously described (37). Briefly, protein digests were analyzed using a nano-LC-Thermo Q Exactive Plus. The peptides were separated by the Easy-nLC system (Thermo Scientific) equipped with a reverse-phase trapping column Acclaim PepMapTM 100 (C18, 75 µm × 20 mm, 3 µm particles, 100 Å pores; Thermo Scientific), followed by an analytical Acclaim PepMapTM 100 RSLC reversed-phase column (C18, 75 µm × 250 mm, 2 µm particles, 100 Å; Thermo Scientific). The injected peptides were trapped at a flow rate of 2 µl min-1 in 100% of solution A (0.1% formic acid). After trapping, the peptides were separated with a linear gradient of 120 min comprising 96 min from 3% to 30% of solution B (0.1% formic acid/80% acetonitrile), 7 min from 30% to 40% of solution B, and 4 min from 40% to 95% of solution B. Each sample run was followed by two empty runs to reduce the sample carryover from previous runs.

LC-MS acquisition data was done with the mass spectrometer settings as follows: The resolution was set to 140,000 for MS scans, and 17,500 for the MS/MS scans. Full MS was acquired from 350 to 1,400 m/z, and the 10 most abundant precursor ions were selected for fragmentation with 30 s dynamic exclusion time. Ions with 2+, 3+, and 4 + charges were selected for MS/MS analysis. Secondary ions were isolated with a window of 1.2 m/z. The MS AGC target was set to 3 × 106 counts, whereas the MS/MS AGC target was set to 1 × 105. Dynamic exclusion was set with a duration of 20 s. The NCE collision energy stepped was set to 28 kJ mol–1.

Following LC-MS/MS acquisition, the raw data files of each set were qualitatively analyzed by Proteome Discoverer (PD), version 2.4 (Thermo Scientific, USA). The identification of proteins by PD was performed against the UniProt Human protein database (UniProt release 2020_02 downloaded on May 29, 2020, with 20,365 entries) using the built-in SEQUEST HT engine. The following parameters were used: 10 ppm and 0.02 Da were tolerance values set for MS and MS/MS, respectively. Trypsin was used as the digesting enzyme, and two missed cleavages were allowed. Carbamidomethylation of cysteines was set as a fixed modification, while the oxidation of methionine and deamidation of asparagine and glutamine were set as variable modifications. The false discovery rate was set to less than 0.01 and a peptide minimum length of six amino acids. For relative quantitation, apoB-100 was set to 1 as both Lp(a) and LDL contain exactly one copy. Known contaminants, such as keratins, were removed from the data set.

To visualize physical and functional interactions between the proteins and to determine enriched pathways within the protein set we used the STRING (“Search Tool for Retrieval of Interacting Genes/Proteins”) version 11.0 (34) (https://string-db.org/). The program integrates protein-protein interaction data and functional classification systems of various sources and computes confidence scores for protein interactions. We searched for protein-protein interactions in our dataset using only connections with high confidence using the minimum required interaction score (0.7) and searched within these interactions for clusters of functional interactions. The enriched pathways were found in the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (38), a knowledge base for gene and gene product function systems that connect genomic information and high-level functional information.



2.7. Lipid extraction and lipidomics

Semiquantitative lipidomics was carried out to assess the lipid compositions of LDL and Lp(a). To this end, a lipoprotein sample corresponding to 20 µg total protein was spiked with a mixture of internal lipid standards and for lipidomics, the lipids were extracted by a modified Bligh and Dyer extraction method (39). After evaporation of the solvents, the lipids were reconstituted in methanol/chloroform (2:1, v/v) and stored at −20°C.

The lipids were identified and quantified using LC-MS essentially as described previously (40). Chromatographic separation was carried out in gradient mode using a Waters Acquity Ultra Performance LC system equipped with an Acquity BEH C18 1.0 mm × 150 mm (130 Å, 1.7 µM) column. The column temperature was held at 50°C and the flow rate at 0.13 ml/min. Solvent A was acetonitrile/H2O (60:40) containing 10 mM ammonium formate and 250 mM ammonium hydroxide; solvent B consisted of isopropanol/acetonitrile (90:10) containing 10 mM ammonium formate and 250 mM ammonium hydroxide. The gradient started from 40% B, changed linearly to 70% B in 10 min, and then linearly to 100% B in 4 min. After 2 min at 100%, B changed to 40% in 3 min, and was retained there for 3 min prior the next injection. The column eluent was directed to the ESI source of a Waters Quattro Premier triple quadrupole mass spectrometer operated in positive ion mode. Phosphatidylcholine (PC) and sphingomyelin (SM) species were detected by MS/MS by scanning for precursors of m/z 184 and steryl esters (SE) by scanning for precursors of m/z 369. Since the vast majority of SEs in lipoproteins are esters of cholesterol, we will refer to them as cholesteryl esters (CE) throughout the manuscript. Diacylglycerols (DAG) were detected by selected reaction monitoring (SRM) using transitions relating to a neutral loss of a fatty acyl moiety from the [M + NH4]+ precursor. Ceramides were detected by SRM using transitions from the [M + H]+ precursor to m/z 264/282. TAGs were detected as [M + NH4]+ ions from the full MS scan. The lipids were identified, the ion chromatograms integrated, and the quantities of the individual lipid species calculated using the QuanLynx software (Waters) using curated custom target list.



2.8. Fatty acid analysis

For the fatty acid (FA) analysis, lipids were extracted by the Folch method (41). After evaporation of the solvents, the lipids were reconstituted in methanol/chloroform (2:1, v/v) and stored at −20°C.

The FA composition of the particles was analyzed by gas chromatography according to previously published procedures (42). In brief, the extracted lipids were transmethylated by heating with 1% H2SO4 in methanol under nitrogen atmosphere, and the formed FA methyl esters (including dimethyl acetals DMA, derived from phospholipid alkenyl chains) were extracted with hexane, dried, and concentrated. They were then injected into a GC-2010 Plus gas chromatograph (Shimadzu Scientific Instruments, Kyoto, Japan) with flame-ionization detector for quantification of the FAs. Identification of the FAs was performed using a GCMS-QP2010 Ultra (Shimadzu Scientific Instruments, Kyoto, Japan) with mass selective detector (MSD). Both systems were equipped with Zebron ZB-wax capillary columns (30 m, 0.25 mm ID and film thickness 0.25 µm; Phenomenex, Torrence CA, USA). The FA compositions were expressed as mol% profiles.



2.9. Statistical analysis

Normality of the data was analyzed using the Shapiro–Wilk test. Normally distributed data were analyzed by two-tailed unpaired Student's t-test for two-group comparisons and one-way ANOVA for comparison of multiple groups with Dunnett's multiple comparisons tests using GraphPad, Prism (version 8.4.3; GraphPad Software, La Jolla, CA). Non-normally distributed data were analyzed by Friedman test or Kruskal-Wallis test with Dunn's post hoc test. Correlations were investigated by calculation of the Pearson coefficient and its p-value. p < 0.05 was considered to be statistically significant.




3. Results


3.1. Lp(a), and to a lesser extent apo(a), induces transcription of inflammation-associated genes with two clusters around interferon I signaling and IL-10 signaling

To achieve a global overview of the effect of Lp(a) on inflammatory gene expression in macrophages, we used purified Lp(a) and 17 K recombinant apo(a), and an RNA-seq approach. RNA was harvested and subjected to RNA-seq. The datasets were filtered to contain only genes whose expression, relative to vehicle control, changed at least two-fold. Stimulation with Lp(a) lead to the differential expression of 2,003 genes, of which 659 were upregulated and 1,344 downregulated, and stimulation with apo(a) lead to the differential expression of 392 genes of which 253 were upregulated and 193 downregulated; the data sets overlapped in 246 genes (Figures 1A–C). The 10 most upregulated genes for treatment with Lp(a) were all protein-encoding genes, the top 10 most downregulated genes included protein-encoding genes as well as RNA-encoding and long-non-coding RNA genes (Figure 1D). The top 10 upregulated genes after treatment with recombinant 17 K apo(a) were also all protein-encoding, and the 10 most downregulated genes included RNA-encoding genes, long non-coding RNA genes, as well as pseudogenes (Figure 1E). To visualize physical and functional interactions between the transcripts and to determine enriched pathways within the gene set we used the STRING (“Search Tool for Retrieval of Interacting Genes/Proteins”) version 11.5 and only relationships with the highest confidence score (0.9) were considered, with unconnected nodes removed from the network. STRING integrates protein-protein interaction data and functional classification systems of various sources such as computational prediction, from knowledge transfer between organisms, and from interactions aggregated from other (primary) databases. Based on these data STRING computes confidence scores for protein interactions. Visualization of these interactions for the Lp(a) dataset showed two clusters of upregulated genes (Figure 1F), which were annotated to belong to the reactome (43) pathway “Interferon alpha/beta signaling” (R-HSA-909733) in blue and “Interleukin-10 signaling” (R-HSA-6783783) in red. The whole graphic can be seen in Supplementary Figure SI.
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FIGURE 1
RNA sequencing shows Lp(a) induces inflammatory response in THP-1 macrophages. THP-1 macrophages were starved in serum-free complete medium for 16 h, followed by replacing of the medium with fresh serum-free medium supplemented with equimolar concentrations of Lp(a) and 17 K apo(a) (250 nmol/L, or 191 and 62.5 µg/ml protein, respectively), or no supplement for 6 h. RNA was extracted, and RNA sequencing was performed. The dataset was filtered to contain only genes which have a fold change of at least 2 compared to controls and an Anova score of p ≤ 0.05. (A) The datasets for differentially expressed genes of Lp(a) and apo(a) overlapped by 246 genes. (B) For treatment with Lp(a), 2003 genes were expressed differentially, with 659 upregulated and 1,344 downregulated genes. (C) Treatment with apo(a) lead to the differential expression of 392 genes of which 253 were upregulated and 193 downregulated. (D) The top 10 most downregulated genes for Lp(a) were [protein-encoding genes ZBED9 (Zinc Finger BED-Type Containing 9) and P2RY11 (Purinergic Receptor P2Y11), RNA-encoding SNORA86 (Small Nucleolar RNA, H/ACA Box 86), protein-encoding genes DLX3 (Distal-Less Homeobox 3), ZNF280A (Zinc Finger Protein 280A), and TSGA10IP (Testis Specific 10 Interacting Protein), long non-coding RNA gene LOC101929748 (Uncharacterized LOC101929748), protein-encoding genes AGAP5 (ArfGAP With GTPase Domain, Ankyrin Repeat And PH Domain 5), and XKR5 (XK Related 5), and long non-coding RNA gene LOC105370401 (Uncharacterized LOC105370401). The 10 most upregulated genes are protein-encoding GPR31 (G Protein-Coupled Receptor 31), SELE (Selectin E), IL27 (Interleukin 27), APOBEC3A (Apolipoprotein B MRNA Editing Enzyme Catalytic Subunit 3A), SPDYE5 (Speedy/RINGO Cell Cycle Regulator Family Member E5), IFIT1B (Interferon Induced Protein With Tetratricopeptide Repeats 1B), IFNB1 (Interferon Beta 1), ACOD1 (Aconitate Decarboxylase 1), IDO1 (Indoleamine 2,3-Dioxygenase 1), and IL6 (Interleukin 6). (E) For apo(a) the most upregulated genes were protein-encoding SELE (Selectin E), SPDYE5 (Speedy/RINGO Cell Cycle Regulator Family Member E5), TMPRSS2 (Transmembrane Serine Protease 2), EXOC3L4 (Exocyst Complex Component 3 Like 4), KCNB2 (Potassium Voltage-Gated Channel Subfamily B Member 2), GPR37L1 (G Protein-Coupled Receptor 37 Like 1), OLFM2 (Olfactomedin 2), CSF3 (Colony Stimulating Factor 3), IL6 (Interleukin-6), and CYP3A5 (Cytochrome P450 Family 3 Subfamily A Member 5). The 10 most downregulated genes were RNA-encoding genes SNORA86 (Small Nucleolar RNA, H/ACA Box 86), and CHKB-CPT1B [CHKB-CPT1B Readthrough (NMD Candidate)], protein-encoding gene LGALS9B (Galectin 9B), long non-coding RNA gene LOC105370401 (Uncharacterized LOC105370401), protein-encoding genes DMBX1 (Diencephalon/Mesencephalon Homeobox 1), and RDH12 (Retinol Dehydrogenase 12), and long non-coding genes LINC01220 (Long Intergenic Non-Protein Coding RNA 1220), LINC01802 (Long Intergenic Non-Protein Coding RNA 1802), and LINC02099 (Long Intergenic Non-Protein Coding RNA 2099), and pseudogene LOC100129138 (THAP Domain Containing 3 Pseudogene). The up- and downregulation of the genes are expressed as fold change between Lp(a) or apo(a) and control. (F) String protein-protein interaction network for the 659 upregulated genes after stimulation with Lp(a) in the RNAseq experiment. The blue cluster comprises proteins belonging to the reactome pathway “Interferon alpha/beta signaling” (R-HSA-909733) and the red clusters belong to “Interleukin-10 signaling” (R-HSA-6783783).




3.2. Serum containing Lp(a) induces caspase-1 mediated IL-1 signaling in macrophages in a dose-dependent manner

The RNA sequencing data indicated an involvement of IL-10 signaling and we were curious to see whether this effect can be seen also in THP-1 macrophages treated with serum containing Lp(a). For this purpose, we incubated THP-1-derived macrophages with 10% v/v serum of donors having different levels of circulating Lp(a) (Table 1) as well as the known NLRP3 inflammasome activator nigericin as a positive control. After 3 h of incubation, the conditioned media were collected, and we determined the concentrations of several cytokines belonging to the IL-10 signaling pathway as defined by reactome, namely IL-10, IL-1α, IL-1β, IL-6, IL-8, IL-18, and tumor-necrosis-factor α, (TNF-α). We also measured cytokines related to the IL-10 pathway but not belonging to it such as macrophage migration inhibitory factor (MIF), TNF-related apoptosis-inducing ligand (TRAIL), and IFN-γ, and we determined the activation of caspase-1, which processes IL-1β and IL-18 to their mature secretable forms. We compared these cellular responses with the serum concentrations of Lp(a) as well as other lipid values by Pearson correlation (Figure 2 and Supplementary Figure SII). Lp(a) levels of the sera correlated significantly with caspase-1 activity (r = 0.555), as well as the release of IL-1β (r = 0.483) and IL-18 (r = 0.564) from the macrophages, but not with IL-10, IL-1α, IL-6, IL-8, IL-10, IFN-γ, TNF-α, MIF, or TRAIL (Supplementary Figure II). Serum TAG concentrations correlated with caspase-1 activation and subsequent release of IL-1β, while serum LDL cholesterol (LDL-C) concentrations showed no correlation with any cytokines measured (Figure 2 and Supplementary Figure SII).
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FIGURE 2
Serum containing Lp(a) induces IL-1 signaling in macrophages. Serum containing various levels of Lp(a) was incubated with THP-1 macrophages for 3 h at 10% v/v, with untreated cells and cells incubated with 4 µM nigericin for 1 h as controls. (A–C) The media were collected, and the activity of caspase-1 was determined by GLO-assay, the concentrations of IL-1β and IL-18 were determined by ELISA. These data represent three biological replicates. (D) Pearson correlation matrix of the serum values of Lp(a), total cholesterol (TC), LDL-cholesterol (LDL-C), HDL-Cholesterol (HDL-C), triacylglycerols (TAG), ApoB, Apo-AI, as well as the caspase-1 activity and amount of cytokine secretion elicited from the macrophages after incubation with the serum. Significant correlations (p-value ≤0.05) are marked with a star, the color gradient visualizes the Pearson correlation coefficients, blue denotes a positive, red a negative correlation.



TABLE 1 Overview of the clinical parameters of the healthy volunteer donors.
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3.3. Lp(a) activates caspase-1 and the subsequent secretion of IL-1 cytokines in macrophages

Next, we tested whether the correlations observed between serum Lp(a) concentrations and the upregulation of IL-1 processing could be recapitulated with isolated Lp(a). We thus compared caspase-1 activation in PMA-differentiated THP-1 macrophages treated with LDL or Lp(a) isolated from three different donors as well as recombinant 17 K apo(a) by measuring the activity of caspase-1, as well as the amounts of two of its substrates, IL-1β and IL-18, in the media. As a positive control for NLRP3 inflammasome and thus caspase-1 activation we included 4 µM nigericin for 1 h in all experiments. Both caspase-1 activity and cytokine release responded to a three-hour incubation with LDL, Lp(a), or apo(a) in a dose-dependent manner in THP-1 macrophages, and Lp(a) induced a significantly stronger response than LDL (caspase-1 activity, p = 0.0085; IL-1β secretion, p = 0.0089; IL-18 secretion p = <0.001) (Figures 3A–C). Apo(a) induced an extraordinarily strong caspase-1 activity and secretion of IL-1β even at low concentrations but did not induce secretion of IL-18.
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FIGURE 3
Lp(a) particles and recombinant apo(a) induce caspase-1 activation in macrophages. (A–C) THP-1-derived macrophages were incubated in the presence of the indicated concentrations of LDL, Lp(a), or recombinant apo(a) for 3 h. Caspase-1 activity was measured by GLO-assay, IL-18 and IL-1β were measured in the cell culture media by ELISA or Luminex assay. Turquoise is representing the average LDL, pink the average of Lp(a), and black the average of apo(a). The dashed line shows the average of the positive control of the inflammasome activation, 4 µM nigericin for 1 h. The experiment was performed 10 times with 5 paired preparations of the lipoproteins from three different donors and 2 different preparations of apo(a); errors are presented as +/− SEM. (D–F) LPS-primed PBMC-derived human macrophages were incubated in the presence of LDL, Lp(a), or apo(a) for 16 h. Caspase-1 activity was measured by GLO-assay, IL-18 and IL-1β were measured from the cell culture media by ELISA or Luminex assay. The dashed line is the average of the inflammasome activation control, 4 µM nigericin for 1 h. The experiments were conducted in cells from 5 individual blood donors and included paired lipoproteins from 3 donors, errors are presented as +/− SEM.


We then examined these trends in primed PBMC-derived macrophages by treating them with LDL, Lp(a), or apo(a) for 16 h with the indicated concentrations (Figures 3D–F). In PBMC-derived macrophages, incubation with the recombinant proteins showed a trend towards induction of caspase-1 activity, but little to no effect on IL-1β or IL-18 secretion. However, Lp(a) showed a slightly stronger induction of caspase-1 activity than LDL, and a very potent induction of IL-1β and IL-18 secretion (Figures 3D–F).

Introduction of caspase-1 inhibitor Z-YVAD-fmk one hour before adding the stimuli resulted in a clear attenuation of caspase-1 activity induction and cytokine release in PBMC-derived macrophages (Supplementary Figure SIII). We also saw an attenuation of the cell response in PBMC-derived macrophages after pre-treatment of the cells with the NLRP3 inflammasome inhibitor MCC950 (Supplementary Figure SIII).



3.4. Inflammation-related proteins are enriched in Lp(a) over LDL

To elucidate whether Lp(a) contains, in addition to apo(a), other proteins that have the potential to induce inflammasome activation in macrophages, LDL and Lp(a) were isolated from the same three donors on two separate occasions, and both sets of preparations were analyzed and relatively quantified using LC-MS/MS (Figure 4A). After removing known contaminants commonly found in proteomics samples such as keratins, proteins identified with a confidence p-value >0.05, and proteins not identified in all three donors, the first set yielded 110 and the second 39 proteins (Supplementary Table SI). These were normalized setting apoB to be 1, as both LDL and Lp(a) contain exactly one copy (Supplementary Table SI). For robustness, only the 11 proteins that were identified in both sets were further analyzed. Of these, apoA4 (log2FC = −0.91), apoC1 (log2FC = −4.00), and apoC4 (log2FC = −3.30) were enriched in LDL, and apoC2 (log2FC = 3.21), apoC3 (log2FC = 3.92), apoE (log2FC = 2.49), complement C3 (C3, log2FC = 2.67), complement C4A (C4A, log2FC = 4.33), apo(a) (LPA, log2FC = 4.2), serum paraoxonase/arylesterase 1 (PON1, log2FC = 6.76), and alpha-1-antitrypsin (SERPINA1, log2FC = 2.1) were enriched in Lp(a) (Figure 4B). String analysis showed two clusters in this dataset, belonging to the KEGG (38) pathway “Cholesterol metabolism” (ApoA4, apoC1, apoC3, apoE, apo(a)), and “Complement and coagulation cascades” (C3, C4A, SERPINA1) (Figure 4C). Proteins belonging to the complement and coagulation cascades are highly enriched in Lp(a).
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FIGURE 4
Lp(a) is enriched in proteins associated with cholesterol metabolism and immune response. LDL and Lp(a) were isolated from the same 3 donors at 2 different time points and both sets were analyzed and relatively quantified using LC-MS/MS. After removing known contaminants, proteins identified with a confidence p-value > 0.05, and proteins not identified in all 3 donors, the first isolation yielded 110 proteins and the second 39 proteins. For robustness, only the 11 proteins that were identified in both sets were further analyzed. (A) The fold differences were calculated as ratio of the average peak intensities of a protein in Lp(a) over that in LDL from the same donor and are presented as log2 of the fold differences. A log2 value higher than 1 means the protein was at least 2-fold more abundant in Lp(a) than in LDL of the same donor, a value smaller than -1 means the protein was at least 2-fold more abundant in LDL than in Lp(a). (B) Visualization of protein-protein interaction clusters of the 11 proteins by String analysis using only connections with high confidence (minimum required interaction score: 0.7). Red nodes belong to the KEGG pathway “Cholesterol metabolism” (hsa04979), blue nodes to the KEGG pathway “ Complement and coagulation cascades” (hsa04610). [ApoA4 (APOA4), apoC1 (APOC1), apoC2 (APOC2), apoC3 (APOC3), apoC4 (APOC4), apoE (APOE), complement C3 (C3), complement C4-A (C4A), apo(a) (LPA), serum paraoxonase/arylesterase 1 (PON1), alpha-1-antitrypsin (SERPINA1)].




3.5. Lp(a) is relatively deficient in polyunsaturated fatty acids (PUFAs)

We next analyzed and compared the lipid class and species compositions of Lp(a) and LDL of the three donors using LC-MS. The proportions of different lipid classes of Lp(a) and LDL were similar, with CEs, PCs, SMs, and TAGs dominating the lipid profile (Figure 5A and Supplementary Table SII). Nevertheless, the PC content of Lp(a) particles was lower than in LDL. The contents of SM in Lp(a) and LDL particles did not differ from each other. As proinflammatory OxPLs have been suggested to be major contributors to the atherogenicity of Lp(a) (44, 45), we were interested to compare those between Lp(a) and LDL samples. We detected multiple low-abundance signals that, based on their m/z-value, retention time and fragmentation properties, could correlate to oxidized PCs. Such species were increased 3-fold in Lp(a) vs. LDL (Figure 5A).
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FIGURE 5
When compared to LDL, Lp(a) is depleted of PUFAs which also have higher n-6/n-3 ratio. LDL and Lp(a) were isolated from the same 3 donors and analyzed using LC-MS. (A) Global lipid class profiles (values are pmol/µg protein). The classes are ceramides (CER), diacylglycerols (DAG), lysophosphatidylcholines (LPC), phosphatidylcholines (PC), oxidized phosphatidylcholines (PC-Ox), ether-linked phosphatidylcholines (PC-O), steryl esters (mainly cholesteryl esters, CE), sphingomyelins (SM), and triacylglycerols (TAG). (B) Differences between Lp(a) and LDL as the average log2 of the fold difference for structural categories of the fatty acid and alkenyl chains in the total lipids. The categories are saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA), very long chain highly unsaturated (VLCHUFA, ≥20 carbons and ≥4 double bonds) and alkenyl chains (DMA, detected as dimethyl acetal derivatives). The PUFAs and VLCHUFAs were divided into the n-6 and n-3 structural families based on the double bond positions in the chain, and additionally, the n-6/n-3 ratios were calculated. (C) A comparison of relative lipid abundances (mol% per lipid class) in Lp(a) and LDL particles from each individual donor was carried out. The average log 2 of the fold difference is plotted for each lipid class against the number of double bonds in the lipid acyl chains. A negative value signifies an enrichment in LDL, and a positive value an enrichment in Lp(a).


When looking at the individual lipid species comprising the different lipid classes, remarkable and consistent differences between the two particle types emerged. Out of 184 measured lipid species, 18 were significantly different between the particles. Most of these species were polyunsaturated PC molecules, which were depleted in Lp(a). Furthermore, a pairwise comparison of LDL and Lp(a) particles from the same donors revealed a systematic underrepresentation of lipid species with 3–12 double bonds in Lp(a) particles indicating that Lp(a) is generally poor in PUFA, when compared to LDL (Figure 5C and Supplementary Table III).

To further characterize the observed differences, we analyzed the total FA profiles of Lp(a) and LDL using gas chromatography and then assessed the n-6/n-3 ratios. Clearly, while Lp(a) was relatively depleted in PUFAs, especially the n-3 PUFAs, it had a much higher n-6/n-3 PUFA ratio than LDL (Figure 5B). We repeated the analyses with another set of isolated lipoproteins from all three donors and the trend of relative PUFA depletion of Lp(a) remained robust (data not shown).




4. Discussion

In this study we investigated the effects of Lp(a) and apo(a) on macrophage gene expression using RNA sequencing and contrasted the potential of isolated Lp(a) vs. LDL in inducing inflammation in macrophages. We also characterized by proteomic and lipidomic analysis the molecular profile of Lp(a) and LDL particles isolated from the same three donors with elevated Lp(a) levels. These unprecedented studies provide novel insights into the molecular basis of Lp(a) pathogenicity while underscoring the unique metabolic origins and characteristics of Lp(a).

In the first step we performed RNA sequencing on THP-1 derived macrophages stimulated with Lp(a) and recombinant apo(a) to gain an overview of the induced processes. Both Lp(a) and recombinant apo(a) induced the upregulation of genes belonging to the reactome IL-10 signaling pathway. We analyzed the secretion of a set of members of this pathway together with related cytokines from macrophages treated with serum from donors with varying levels of plasma Lp(a). All the study participants were relatively young and healthy and not under any medication that would influence inflammation, such as statins, showing that Lp(a) is pro-inflammatory already in young healthy individuals without confounding effects of existing ASCVD.

To our surprise it was not IL-10, but IL-1β, IL-18, and their processing enzyme caspase-1 that all showed a significant correlation with the Lp(a) level in the serum (Figure 2 and Supplementary Figure SII). The fact that the THP-1 macrophages are to some degree primed after PMA differentiation and have induced expression of genes involved in IL-1 family signaling including IL-1β might have masked the true induction of these genes by Lp(a) and apo(a) in the RNA sequencing experiment (46); however, expression of IL-1β was markedly upregulated (13.4-fold upregulated after stimulation with Lp(a) and 5.7-fold upregulated after stimulation with recombinant apo(a)), but components of the NLRP3 inflammasome and IL18 were not induced as expected in primed macrophages.

Serum TAG concentrations correlated with caspase-1 activation and subsequent release of IL-1β which has been shown before (47), and as a novel finding they also significantly correlated with release of IL-18. The release of IL-8 was less pronounced as expected based on previous literature (21, 48), however the RNA-seq data showed that CXCL8 mRNA was increased ∼18-fold by Lp(a) and ∼5-fold by 17 K apo(a). In the stimulation with plasmas containing Lp(a) we observed a slight trend towards increased expression of IL-8 but note the variability in the response to different plasmas, that may have obscured an increase. The plasmas may also have contained factors that impact the ability of Lp(a) to regulate expression of CXCL8.

Lp(a) has been shown to induce IL-8 (21), IL-6 and TNF (44), but it has not been shown to directly induce caspase-1 mediated IL-1 family signaling in vitro. We next incubated THP-1 macrophages with isolated Lp(a) particles in amounts up to 50 µg/ml [5 mg/dl; well under the pathophysiological levels of 30–50 mg/dl (49)], which induced caspase-1 activation in a dose-dependent manner that was significantly higher than for LDL isolated from the same donors at the same time (Figures 3A–C). This clarifies that Lp(a), and not other serum components from patients with Lp(a) hyperlipidemia, is responsible for inducing caspase-1-mediated inflammasome activation in macrophages. Lp(a) also induced a similar, albeit lower, response in primary macrophages, in line with a lower response to the positive control (Figures 3D–F). We confirmed in primary macrophages the caspase-1 activation using both the caspase-1 inhibitor Z-YVAD-fmk as well as upstream the NLRP3 inflammasome inhibitor MCC950 (Supplementary Figure SIII). Also, recombinant 17 K apo(a) activated caspase-1 and IL-1β secretion even at low concentrations in THP-1 macrophages, but not in PBMC-derived macrophages, and it did not induce secretion of IL-18 (Figure 3). There are distinct regulatory mechanisms controlling proinflammatory cytokines IL-18 and IL-1β [Reviewed in (50)]; IL-18 is additionally activated via interferon signaling, which is abundant in atherosclerosis (51–53) and is prominent as a cluster in the RNA sequencing data (Figure 1F). The difference in the magnitude of the inflammatory potential of Lp(a) in THP-1 and PBMC-derived macrophages is most likely due to THP-1 macrophages being much more M1-like, while PBMC-derived macrophages represent a more varied pool of macrophage polarizations (54, 55).

The above-discussed results indicate strong pro-inflammatory properties of Lp(a) in terms of caspase-1-activation and IL-1β and IL-18 secretion. This pathway involves the activation and assembly of the NLRP3 inflammasome and subsequent activation of caspaes-1. Activated caspase-1 facilitates the cleavage and secretion of pro-inflammatory IL-1 family cytokines such as IL-1β and IL-18 (50). Our results are in line with the plethora of data implicating IL-1 signaling in atherogenesis [reviewed in (50)]. For one, CANTOS (Canakinumab Anti-Inflammatory Thrombosis Outcomes Study) demonstrated the importance of this pathway and the therapeutic potential of addressing IL-1β secretion (56). The NLRP3 inflammasome is strongly expressed in atherosclerotic lesions (57), and is activated by cholesterol crystals (32, 58) as well as various forms of modified LDL, such as oxidized LDL (59), oxidized LDL-immune complexes (60), or electronegative LDL (61). Importantly, apoB-containing lipoproteins isolated from human carotid atherosclerotic plaques induce inflammasome and caspase-1 activation (62). The exact molecular triggers for inflammasome and subsequent caspase-1 activation by different modified LDL species are not yet fully understood, but it is thought that unesterified cholesterol derived from phagocytosed LDL particles form cholesterol crystals, which in turn activate the NLRP3 inflammasome (63). Inflammasome activation subsequently contributes to foam cell formation, a hallmark of atherosclerosis (2, 64, 65). Our data raise the possibility that Lp(a) in its native circulating form that harbors oxPL also serves to activate the NLRP3 inflammasome.

To elucidate the cause of the pro-inflammatory effects of Lp(a) we performed structural analyses of the particles compared with LDL isolated from the same donors at the same time. Proteomics analysis of LDL and Lp(a) derived simultaneously from the same three donors at two individual time points identified 11 proteins that are robustly found in lipoprotein isolations of the three donors. Of these, apoC2, apoC3, apoE, complement C3, complement C4A, apo(a), serum paraoxonase/arylesterase 1, and alpha-1-antitrypsin were more abundant in Lp(a) than in LDL (Figure 4B). The proteins belonged to two clusters; proteins associated with inflammation were α-1 antitrypsin and complement components C3 and C4A. Of these, α-1 antitrypsin has been implicated in atherosclerosis, but in a protective function (66), and complement C3 products and their cell receptors have been detected by immunohistochemistry in areas with atherosclerotic lesions of different severity in human arteries (67–69). The second cluster with proteins belonging to cholesterol metabolism includes apolipoproteins as well as serum paraoxonase/arylesterase 1. ApoA4, apoC1, and apoC4 were the only proteins more abundant in LDL particles which was surprising as all three have been considered to be enriched in Lp(a) in studies by another group, albeit not all within the same study (70, 71). ApoA4 is considered to be anti-atherogenic; it is required for efficient activation of lipoprotein lipase by apoC2 (72) and is a potent activator of the lecithin:cholesterol acyltransferase (73, 74). ApoC1 is an inhibitor of lipoprotein binding to their respective receptors, and it downregulates lipoprotein lipase, hepatic lipase, phospholipase A2, cholesteryl ester transfer protein, and activates lecithin:cholesterol acyltransferase (74, 75). It further binds free FAs and reduces their intracellular esterification. Not much is known about apoC4, but human apoC4 transgenic mice were shown to be hypertriglyceridemic compared to non-transgenic controls, however, the plasma triglycerides were present mainly in VLDL, not in LDL (76).

PUFAs are precursors to various lipid mediators: n-3 PUFAs, including eicosapentaenoic acid and docosahexaenoic acid, serve as precursors to a range of metabolites which are considered anti-inflammatory or pro-resolving, while n-6 PUFAs, including arachidonic acid, yield pro-inflammatory mediators (77). Lipidomic comparison of Lp(a) and LDL revealed that PUFA content was clearly lower in all lipid classes of Lp(a) (Figure 5B), and due to their low total n-3 PUFA content, the n-6/n-3 PUFA-ratio was markedly higher than that of LDL (Figure 5C), suggesting that lipids in these particles are derived from different lipid pools. This in turn suggests that Lp(a) particle biogenesis is distinct from that of LDL. This is supported by recent studies indicating different mechanisms for the formation of Lp(a)-apoB and LDL-apoB (78–80), as well as an intracellular interaction between apo(a) and apoB that controls the rate of Lp(a) biogenesis (81). On the other hand, it is possible that the apo(a) modulates interactions with lipoprotein-modifying proteins such as lipoprotein lipase, phospholipid transfer protein or cholesteryl ester transfer protein, resulting in the observed differences. Indeed, a substantial portion of the CEs in LDL arise from reverse cholesterol transport, further underscoring the distinct metabolism of Lp(a). Nevertheless, the implications of Lp(a) lipid composition on its inflammatory potential remain obscure at present. However, the fact that Lp(a) had relatively higher content of pro-inflammatory n-6 PUFA with a reduction of anti-inflammatory or pro-resolving n-3 PUFAs could contribute to the pro-inflammatory nature of Lp(a) (82–84).

When comparing the overall lipid levels of Lp(a) and LDL, the ratio of surface lipids (phospholipids and SM) to core lipids (cholesteryl esters and TAGs) is lower in Lp(a) than in LDL. This suggests that Lp(a) particles are slightly larger than LDL particles. In addition to the potential difference in particle size, the proportion of SM in Lp(a) was much higher than in LDL. These differences could play a role in the different effect of Lp(a) and LDL on macrophages.

We also detected MS-signals potentially attributable to various oxPLs, including POVPC, in Lp(a) samples, but not in LDL from the same donors. These signals were present in low abundance, and likely correspond to oxPL non-covalently associated with apo(a), apoB, or the lipid moiety of the particle. Notably, these signals would not correspond to the oxPL which has been found to be covalently associated with KIV type 10 in apo(a) (21, 85), as the latter species would not be extracted from the particle under these conditions. POVPC, when added to macrophages to yield at a final concentration of 10 µM, has been shown to upregulate cytokine genes (26). When administered to cultured mouse macrophages to reach a final concentration of >5 mg/dl (>8.4 mM) levels, POVPC has been shown to directly induce NLRP3 inflammasome activation (86). POVPC and other oxPLs likely contribute to the inflammatory nature of Lp(a), an idea underscored by the markedly enhanced pro-inflammatory potency of Lp(a) compared to apo(a) alone revealed by our RNA-seq data. It is therefore imperative to further characterize these lipid mediators.

The main question remaining is the exact mechanism in which Lp(a) induces pro-inflammatory responses from macrophages and other cells. Previous we found that Lp(a) and apo(a) stimulated β-catenin nuclear translocation in endothelial cells through a pathway involving Akt as well as Src and Rho/Rho kinase (13). In that study, the apo(a) variant lacking the KIV10 strong lysine binding site—and thus bound oxPL—had no effect on this pathway, implicating either the oxPL or the strong LBS in activating this pathway. In another study, we found that stimulation of CXCL8 (IL-8) gene expression by Lp(a) was associated with NFκB activation through CD36 and TLR2 receptors acting through MAP kinases, Jun N-terminal kinase and ERK1/2 (21). These receptors are known targets of oxPL, again implicating the oxPLs as a major component in Lp(a) pathogenicity. Potentially, the NFκB activation coincidentally leads to activation of IL-1 signaling as this is the result of the priming signal in the IL-1 pathway, leading to the expression of NLRP3 inflammasome components as well as pro-IL-1β (50).

In conclusion, we have documented that, compared to LDL, Lp(a) more strongly induces inflammatory responses in macrophages, both as the isolated particle and within human serum. These observations likely arise from the presence of proteins with inherent pro-inflammatory properties, as well as a distinct lipid composition that features a lower abundance of PUFAs yet a higher ratio of pro-inflammatory n-6 PUFAs to n-3 PUFAs. Our findings warrant extending our analysis to include a larger pool of donors to further evaluate all these differences. Such analyses may identify Lp(a)-associated biomarkers that amplify the risk associated with Lp(a).


4.1. Limitations of the study

The main limitation of the study is the sample size, we would have preferred a larger cohort of healthy individuals with varying Lp(a) plasma levels, and ideally would have had the means to isolate LDL and Lp(a) at the same time from a large number of individuals with elevated Lp(a).

The isolated particles were not tested for LPS as it has never been found, however, such a contamination would be found in both LDL and Lp(a) fractions.



4.2. Translational perspective of findings

Our findings implicate a role of IL-1 signaling in Lp(a)-driven vascular inflammation. However, this additional novel information is not sufficient alone to support antiatherogenic interventions via IL-1β inhibition, as the CANTOS trial indicated that a general reduction of IL-1β also carries the risk of potentially fatal infections (87). Yet, it is important to know which inflammatory pathways are involved in the Lp(a)-driven disease pathology. Targeting residual inflammatory risks in atherosclerotic cardiovascular diseases is currently being investigated in several trials (88, 89). Another aspect, and maybe a safer approach, is to strengthen the resolution of inflammation in cardiovascular diseases (2). Together with the general lowering of the inflammation-inducing lipoproteins, among them the Lp(a) (90), an increased resolution of IL-1β-mediated vascular inflammation would allow an additional tool when attempting to reduce the risk of cardiovascular disease in people with an elevated level of Lp(a).




Data availability statement

The proteomics and lipidomics data can be found as tables in the supplemental materials. The RNAseq data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (91) and are accessible through GEO Series accession number GSE226759 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226759).



Ethics statement

The studies involving human participants were reviewed and approved by Research Ethics Boards of the University of Western Ontario Medical Ethical Committee of the Helsinki and Uusimaa hospital district. The patients/participants provided their written informed consent to participate in this study.



Author contributions

MBL: Conceptualization, Methodology, Validation, Formal analysis, Investigation, Writing—Original Draft, Writing—Review & Editing, Visualization; AY: Investigation, Resources; LÄ: Investigation, Resources; MB: Investigation, Resources; JMA: Investigation; MH: Methodology, Investigation, Writing—Review & Editing; AK: Investigation; HR: Methodology, Investigation, Writing—Review & Editing; MR: Investigation; SM: Writing—Review & Editing; PTK: Writing—Review & Editing; RK: Methodology, Writing—Review & Editing; MBB: Conceptualization, Writing—Review & Editing, Supervision, Funding acquisition; MLK: Conceptualization, Writing—Review & Editing, Supervision, Funding acquisition; KÖ: Conceptualization, Formal analysis, Writing—Review & Editing, Supervision, Project administration, Funding acquisition. All authors contributed to the article and approved the submitted version



Funding

Wihuri Research Institute is funded by Jenny and Antti Wihuri Foundation. The study was supported by grants from the Academy of Finland (#332564 to KÖ), Finnish Foundation for Cardiovascular Research (ML and KÖ), Aarne Koskelo Foundation (ML and KÖ), Sigrid Jusélius Foundation (to KÖ) and Novo Nordisk Fonden (NNF19OC005714 to KÖ). MK and MB were supported by a grant from the Heart and Stroke Foundation of Canada (#G-17-0018740). The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



Acknowledgments

We want to thank Maija Atuegwu for her excellent technical assistance, Feven Tigistu-Sahle, and Sanna P. Sihvo for their help with lipidomics, as well as Jarno Honkanen and Linnea Hartwall for the help with the Luminex reader. We thank David Carter, London Regional Genomics Centre, for performing the RNA sequencing and for assisting with data analysis. The graphics were created with BioRender.com.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1130162/full#supplementary-material.



References

1. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, et al. Heart disease and stroke statistics-2017 update: a report from the American heart association. Circulation. (2017) 135(10):e146–603. doi: 10.1161/CIR.0000000000000485

2. Bäck M, Yurdagul A, Tabas I, Öörni K, Kovanen PT. Inflammation and its resolution in atherosclerosis: mediators and therapeutic opportunities. Nat Rev Cardiol. (2019) 16(7):389–406. doi: 10.1038/s41569-019-0169-2

3. Libby P, Schoenbeck U, Mach F, Selwyn AP, Ganz P. Current concepts in cardiovascular pathology: the role of LDL cholesterol in plaque rupture and stabilization. Am J Med. (1998) 104(2):14S–8S. doi: 10.1016/S0002-9343(98)00041-2

4. Schmidt K, Noureen A, Kronenberg F, Utermann G. Structure, function, and genetics of lipoprotein (a). J Lipid Res. (2016) 57(8):1339–59. doi: 10.1194/jlr.R067314

5. Berg K. A new Serum type system in man—the Lp system. Acta Pathol Microbiol Scand. (1963) 59(3):369–82. doi: 10.1111/j.1699-0463.1963.tb01808.x

6. Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L, et al. 2019 ESC/EAS guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk: the task force for the management of dyslipidaemias of the European society of cardiology (ESC) and European atherosclerosis society (EAS). Eur Heart J. (2019) 41(1):111–88. doi: 10.1093/eurheartj/ehz455

7. Kostner KM, Kostner GM, Wierzbicki AS. Is Lp(a) ready for prime time use in the clinic? A pros-and-cons debate. Atherosclerosis. (2018) 274:16–22. doi: 10.1016/j.atherosclerosis.2018.04.032

8. Nordestgaard BG, Chapman MJ, Ray K, Borén J, Andreotti F, Watts GF, et al. Lipoprotein(a) as a cardiovascular risk factor: current status. Eur Heart J. (2010) 31(23):2844–53. doi: 10.1093/eurheartj/ehq386

9. Tsimikas S, Fazio S, Ferdinand KC, Ginsberg HN, Koschinsky ML, Marcovina SM, et al. NHLBI working group recommendations to reduce lipoprotein(a)-mediated risk of cardiovascular disease and aortic stenosis. J Am Coll Cardiol. (2018) 71(2):177–92. doi: 10.1016/j.jacc.2017.11.014

10. Orsó E, Schmitz G. Lipoprotein(a) and its role in inflammation, atherosclerosis and malignancies. Clin Res Cardiol Suppl. (2017) 12(Suppl 1):31–7. doi: 10.1007/s11789-017-0084-1

11. Schnitzler JG, Hoogeveen RM, Ali L, Prange KHM, Waissi F, van Weeghel M, et al. Atherogenic lipoprotein(a) increases vascular glycolysis, thereby facilitating inflammation and leukocyte extravasation. Circ Res. (2020) 126(10):1346–59. doi: 10.1161/CIRCRESAHA.119.316206

12. Cho T, Jung Y, Koschinsky ML. Apolipoprotein(a), through its strong lysine-binding site in KIV10, mediates increased endothelial cell contraction and permeability via a rho/rho kinase/MYPT1-dependent pathway. J Biol Chem. (2008) 283(45):30503–12. doi: 10.1074/jbc.M802648200

13. Cho T, Romagnuolo R, Scipione C, Boffa MB, Koschinsky ML. Apolipoprotein(a) stimulates nuclear translocation of β-catenin: a novel pathogenic mechanism for lipoprotein(a). Mol Biol Cell. (2013) 24(3):210–21. doi: 10.1091/mbc.e12-08-0637

14. Stiekema LCA, Prange KHM, Hoogeveen RM, Verweij SL, Kroon J, Schnitzler JG, et al. Potent lipoprotein(a) lowering following apolipoprotein(a) antisense treatment reduces the pro-inflammatory activation of circulating monocytes in patients with elevated lipoprotein(a). Eur Heart J. (2020) 41(24):2262–71. doi: 10.1093/eurheartj/ehaa171

15. Tabas I, Bornfeldt KE. Macrophage phenotype and function in different stages of atherosclerosis. Circ Res. (2016) 118(4):653–67. doi: 10.1161/CIRCRESAHA.115.306256

16. Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage phenotypes in atherosclerosis. Immunol Rev. (2014) 262(1):153–66. doi: 10.1111/imr.12218

17. Adamson S, Leitinger N. Phenotypic modulation of macrophages in response to plaque lipids. Curr Opin Lipidol. (2011) 22(5):335–42. doi: 10.1097/MOL.0b013e32834a97e4

18. Moore Kathryn J, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell. (2011) 145(3):341–55. doi: 10.1016/j.cell.2011.04.005

19. Winkels H, Ehinger E, Ghosheh Y, Wolf D, Ley K. Atherosclerosis in the single-cell era. Curr Opin Lipidol. (2018) 29(5):389–96. doi: 10.1097/MOL.0000000000000537

20. Schmitz G, Orsó E. Lipoprotein(a) hyperlipidemia as cardiovascular risk factor: pathophysiological aspects. Clin Res Cardiol Suppl. (2015) 10(1):21–5. doi: 10.1007/s11789-015-0074-0

21. Scipione CA, Sayegh SE, Romagnuolo R, Tsimikas S, Marcovina SM, Boffa MB, et al. Mechanistic insights into Lp(a)-induced IL-8 expression: a role for oxidized phospholipid modification of apo(a). J Lipid Res. (2015) 56(12):2273–85. doi: 10.1194/jlr.M060210

22. Seimon TA, Nadolski MJ, Liao X, Magallon J, Nguyen M, Feric NT, et al. Atherogenic lipids and lipoproteins trigger CD36-TLR2-dependent apoptosis in macrophages undergoing endoplasmic reticulum stress. Cell Metab. (2010) 12(5):467–82. doi: 10.1016/j.cmet.2010.09.010

23. Tselepis AD. Oxidized phospholipids and lipoprotein-associated phospholipase A(2) as important determinants of Lp(a) functionality and pathophysiological role. J Biomed Res. (2016) 31(1):13–22. doi: 10.7555/JBR.31.20160009

24. Di Gioia M, Spreafico R, Springstead JR, Mendelson MM, Joehanes R, Levy D, et al. Endogenous oxidized phospholipids reprogram cellular metabolism and boost hyperinflammation. Nat Immunol. (2020) 21:42–53. doi: 10.1038/s41590-019-0539-2

25. Bergmark C, Dewan A, Orsoni A, Merki E, Miller ER, Shin M-J, et al. A novel function of lipoprotein [a] as a preferential carrier of oxidized phospholipids in human plasma. J Lipid Res. (2008) 49(10):2230–9. doi: 10.1194/jlr.M800174-JLR200

26. Vladykovskaya E, Ozhegov E, Hoetker JD, Xie Z, Ahmed Y, Suttles J, et al. Reductive metabolism increases the proinflammatory activity of aldehyde phospholipids. J Lipid Res. (2011) 52(12):2209–25. doi: 10.1194/jlr.M013854

27. Tikkanen E, Jägerroos V, Holmes MV, Sattar N, Ala-Korpela M, Jousilahti P, et al. Metabolic biomarker discovery for risk of peripheral artery disease compared with coronary artery disease: lipoprotein and metabolite profiling of 31 657 individuals from 5 prospective cohorts. J Am Heart Assoc. (2021) 10(23):e021995. doi: 10.1161/JAHA.121.021995

28. Marcovina SM, Zhang ZH, Gaur VP, Albers JJ. Identification of 34 apolipoprotein(a) isoforms: differential expression of apolipoprotein(a) alleles between American blacks and whites. Biochem Biophys Res Commun. (1993) 191(3):1192–6. doi: 10.1006/bbrc.1993.1343

29. Feric NT, Boffa MB, Johnston SM, Koschinsky ML. Apolipoprotein(a) inhibits the conversion of glu-plasminogen to lys-plasminogen: a novel mechanism for lipoprotein(a)-mediated inhibition of plasminogen activation. J Thromb Haemost. (2008) 6(12):2113–20. doi: 10.1111/j.1538-7836.2008.03183.x

30. Hancock MA, Boffa MB, Marcovina SM, Nesheim ME, Koschinsky ML. Inhibition of plasminogen activation by lipoprotein(a): critical domains in apolipoprotein(a) and mechanism of inhibition on fibrin and degraded fibrin surfaces. J Biol Chem. (2003) 278(26):23260–9. doi: 10.1074/jbc.M302780200

31. Romagnuolo R, Marcovina SM, Boffa MB, Koschinsky ML. Inhibition of plasminogen activation by apo(a): role of carboxyl-terminal lysines and identification of inhibitory domains in apo(a). J Lipid Res. (2014) 55(4):625–34. doi: 10.1194/jlr.M036566

32. Rajamäki K, Lappalainen J, Öörni K, Välimäki E, Matikainen S, Kovanen PT, et al. Cholesterol crystals activate the NLRP3 inflammasome in human macrophages: a novel link between cholesterol metabolism and inflammation. PLoS One. (2010) 5(7):e11765. doi: 10.1371/journal.pone.0011765

33. Pirhonen J, Sareneva T, Kurimoto M, Julkunen I, Matikainen S. Virus infection activates IL-1β and IL-18 production in human macrophages by a caspase-1-dependent pathway. J Immunol. (1999) 162(12):7322–9. doi: 10.4049/jimmunol.162.12.7322

34. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, et al. STRING V11: protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. (2019) 47(D1):D607–13. doi: 10.1093/nar/gky1131

35. Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The STRING database in 2021: customizable protein-protein networks, and functional characterization of user-uploaded gene/measurement sets. Nucleic Acids Res. (2021) 49(D1):D605–12. doi: 10.1093/nar/gkaa1074

36. Scifo E, Szwajda A, Soliymani R, Pezzini F, Bianchi M, Dapkunas A, et al. Quantitative analysis of PPT1 interactome in human neuroblastoma cells. Data Brief. (2015) 4:207–16. doi: 10.1016/j.dib.2015.05.016

37. Laakkonen EK, Soliymani R, Karvinen S, Kaprio J, Kujala UM, Baumann M, et al. Estrogenic regulation of skeletal muscle proteome: a study of premenopausal women and postmenopausal MZ cotwins discordant for hormonal therapy. Aging Cell. (2017) 16(6):1276–87. doi: 10.1111/acel.12661

38. Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. (2017) 45(D1):D353–61. doi: 10.1093/nar/gkw1092

39. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol. (1959) 37(8):911–7. doi: 10.1139/o59-099

40. Hermansson M, Hänninen S, Hokynar K, Somerharju P. The PNPLA-family phospholipases involved in glycerophospholipid homeostasis of HeLa cells. Biochim Biophys Acta. (2016) 1861(9 Pt A):1058–65. doi: 10.1016/j.bbalip.2016.06.007

41. Folch J, Lees M, Stanley GHS. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem. (1957) 226(1):497–509. doi: 10.1016/S0021-9258(18)64849-5

42. Käkelä R, Käkelä A, Kahle S, Becker P, Kelly A, Furness R. Fatty acid signatures in plasma of captive herring gulls as indicators of demersal or pelagic fish diet. Mar Ecol Prog Ser. (2005) 293:191–200. doi: 10.3354/meps293191

43. Gillespie M, Jassal B, Stephan R, Milacic M, Rothfels K, Senff-Ribeiro A, et al. The reactome pathway knowledgebase 2022. Nucleic Acids Res. (2021) 50(D1):D687–92. doi: 10.1093/nar/gkab1028

44. van der Valk FM, Bekkering S, Kroon J, Yeang C, van den Bossche J, van Buul JD, et al. Oxidized phospholipids on lipoprotein(a) elicit arterial wall inflammation and an inflammatory monocyte response in humans. Circulation. (2016) 134(8):611–24. doi: 10.1161/CIRCULATIONAHA.116.020838

45. Que X, Hung M-Y, Yeang C, Gonen A, Prohaska TA, Sun X, et al. Oxidized phospholipids are proinflammatory and proatherogenic in hypercholesterolaemic mice. Nature. (2018) 558(7709):301–6. doi: 10.1038/s41586-018-0198-8

46. Park EK, Jung HS, Yang HI, Yoo MC, Kim C, Kim KS. Optimized THP-1 differentiation is required for the detection of responses to weak stimuli. Inflamm Res. (2007) 56(1):45–50. doi: 10.1007/s00011-007-6115-5

47. Son SJ, Rhee KJ, Lim J, Kim TU, Kim TJ, Kim YS. Triglyceride-induced macrophage cell death is triggered by caspase-1. Biol Pharm Bull. (2013) 36(1):108–13. doi: 10.1248/bpb.b12-00571

48. Klezovitch O, Edelstein C, Scanu AM. Stimulation of interleukin-8 production in human THP-1 macrophages by apolipoprotein(a). evidence for a critical involvement of elements in its C-terminal domain. J Biol Chem. (2001) 276(50):46864–9. doi: 10.1074/jbc.M107943200

49. Smith EB. Transport, interactions and retention of plasma proteins in the intima: the barrier function of the internal elastic lamina. Eur Heart J. (1990) 11(Suppl E):72–81. doi: 10.1093/eurheartj/11.suppl_E.72

50. Grebe A, Hoss F, Latz E. NLRP3 inflammasome and the IL-1 pathway in atherosclerosis. Circ Res. (2018) 122(12):1722–40. doi: 10.1161/CIRCRESAHA.118.311362

51. Zhu Q, Kanneganti T-D. Cutting edge: distinct regulatory mechanisms control proinflammatory cytokines IL-18 and IL-1β. J Immunol. (2017) 198(11):4210–5. doi: 10.4049/jimmunol.1700352

52. Boshuizen MCS, de Winther MPJ. Interferons as essential modulators of atherosclerosis. Arterioscler Thromb Vasc Biol. (2015) 35(7):1579–88. doi: 10.1161/ATVBAHA.115.305464

53. Formanowicz D, Gutowska K, Formanowicz P. Theoretical studies on the engagement of interleukin 18 in the immuno-inflammatory processes underlying atherosclerosis. Int J Mol Sci. (2018) 19(11):3476. doi: 10.3390/ijms19113476

54. Shiratori H, Feinweber C, Luckhardt S, Linke B, Resch E, Geisslinger G, et al. THP-1 and human peripheral blood mononuclear cell-derived macrophages differ in their capacity to polarize in vitro. Mol Immunol. (2017) 88:58–68. doi: 10.1016/j.molimm.2017.05.027

55. Lappalainen J, Yeung N, Nguyen SD, Jauhiainen M, Kovanen PT, Lee-Rueckert M. Cholesterol loading suppresses the atheroinflammatory gene polarization of human macrophages induced by colony stimulating factors. Sci Rep. (2021) 11(1):4923. doi: 10.1038/s41598-021-84249-y

56. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N Engl J Med. (2017) 377(12):1119–31. doi: 10.1056/NEJMoa1707914

57. Zheng F, Xing S, Gong Z, Xing Q. NLRP3 inflammasomes show high expression in aorta of patients with atherosclerosis. Heart Lung Circ. (2013) 22(9):746–50. doi: 10.1016/j.hlc.2013.01.012

58. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al. NLRP3 inflamasomes are required for atherogenesis and activated by cholesterol crystals that form early in disease. Nature. (2010) 464(7293):1357–61. doi: 10.1038/nature08938

59. Sheedy FJ, Grebe A, Rayner KJ, Kalantari P, Ramkhelawon B, Carpenter SB, et al. CD36 coordinates NLRP3 inflammasome activation by facilitating intracellular nucleation of soluble ligands into particulate ligands in sterile inflammation. Nat Immunol. (2013) 14(8):812–20. doi: 10.1038/ni.2639

60. Rhoads JP, Lukens JR, Wilhelm AJ, Moore JL, Mendez-Fernandez Y, Kanneganti T-D, et al. Oxidized low-density lipoprotein immune complex priming of the Nlrp3 inflammasome involves TLR and FcγR cooperation and is dependent on CARD9. J Immunol. (2017) 198(5):2105–14. doi: 10.4049/jimmunol.1601563

61. Estruch M, Rajamäki K, Sanchez-Quesada JL, Kovanen PT, Öörni K, Benitez S, et al. Electronegative LDL induces priming and inflammasome activation leading to IL-1β release in human monocytes and macrophages. Biochim Biophys Acta. (2015) 1851(11):1442–9. doi: 10.1016/j.bbalip.2015.08.009

62. Lehti S, Nguyen SD, Belevich I, Vihinen H, Heikkilä HM, Soliymani R, et al. Extracellular lipids accumulate in human carotid arteries as distinct three-dimensional structures and have proinflammatory properties. Am J Pathol. (2018) 188(2):525–38. doi: 10.1016/j.ajpath.2017.09.019

63. Williams JW, Huang L-H, Randolph GJ. Cytokine circuits in cardiovascular disease. Immunity. (2019) 50(4):941–54. doi: 10.1016/j.immuni.2019.03.007

64. Tabas I. Macrophage death and defective inflammation resolution in atherosclerosis. Nat Rev Immunol. (2010) 10(1):36–46. doi: 10.1038/nri2675

65. Li X, Zhang Y, Xia M, Gulbins E, Boini KM, Li P-L. Activation of Nlrp3 inflammasomes enhances macrophage lipid-deposition and migration: implication of a novel role of inflammasome in atherogenesis. PLoS One. (2014) 9(1):e87552. doi: 10.1371/journal.pone.0087552

66. Soehnlein O. Multiple roles for neutrophils in atherosclerosis. Circ Res. (2012) 110(6):875–88. doi: 10.1161/CIRCRESAHA.111.257535

67. Ge X, Xu C, Liu Y, Zhu K, Zeng H, Su J, et al. Complement activation in the arteries of patients with severe atherosclerosis. Int J Clin Exp Pathol. (2018) 11(1):1–9.31938082;6957963

68. Garcia-Arguinzonis M, Diaz-Riera E, Peña E, Escate R, Juan-Babot O, Mata P, et al. Alternative C3 complement system: lipids and atherosclerosis. Int J Mol Sci. (2021) 22(10):5122. doi: 10.3390/ijms22105122

69. Hansson GK, Holm J, Kral JG. Accumulation of IgG and complement factor C3 in human arterial endothelium and atherosclerotic lesions. Acta Pathol Microbiol Scand A. (1984) 92A(1–6):429–35. doi: 10.1111/j.1699-0463.1984.tb04424.x

70. von Zychlinski A, Kleffmann T. Dissecting the proteome of lipoproteins: new biomarkers for cardiovascular diseases? Transl Proteom. (2015) 7:30–9. doi: 10.1016/j.trprot.2014.12.001

71. von Zychlinski A, Kleffmann T, Williams MJA, McCormick SP. Proteomics of lipoprotein(a) identifies a protein complement associated with response to wounding. J Proteomics. (2011) 74(12):2881–91. doi: 10.1016/j.jprot.2011.07.008

72. Goldberg IJ, Scheraldi CA, Yacoub LK, Saxena U, Bisgaier CL. Lipoprotein ApoC-II activation of lipoprotein lipase. modulation by apolipoprotein A-IV. J Biol Chem. (1990) 265(8):4266–72. doi: 10.1016/S0021-9258(19)39557-2

73. Steinmetz A, Utermann G. Activation of lecithin: cholesterol acyltransferase by human apolipoprotein A-IV. J Biol Chem. (1985) 260(4):2258–64. doi: 10.1016/S0021-9258(18)89547-3

74. Fuior EV, Gafencu AV. Apolipoprotein C1: its pleiotropic effects in lipid metabolism and beyond. Int J Mol Sci. (2019) 20(23):5939. doi: 10.3390/ijms20235939

75. Shachter NS. Apolipoproteins C-I and C-III as important modulators of lipoprotein metabolism. Curr Opin Lipidol. (2001) 12(3):297–304. doi: 10.1097/00041433-200106000-00009

76. Allan CM, Taylor JM. Expression of a novel human apolipoprotein (apoC-IV) causes hypertriglyceridemia in transgenic mice. J Lipid Res. (1996) 37(7):1510–8. doi: 10.1016/S0022-2275(20)39135-5

77. Ménégaut L, Jalil A, Thomas C, Masson D. Macrophage fatty acid metabolism and atherosclerosis: the rise of PUFAs. Atherosclerosis. (2019) 291:52–61. doi: 10.1016/j.atherosclerosis.2019.10.002

78. Reyes-Soffer G, Ginsberg HN, Ramakrishnan R. The metabolism of lipoprotein (a): an ever-evolving story. J Lipid Res. (2017) 58(9):1756–64. doi: 10.1194/jlr.R077693

79. Diffenderfer MR, Lamon-Fava S, Marcovina SM, Barrett PHR, Lel J, Dolnikowski GG, et al. Distinct metabolism of apolipoproteins (a) and B-100 within plasma lipoprotein(a). Metab Clin Exp. (2016) 65(4):381–90. doi: 10.1016/j.metabol.2015.10.031

80. Jawi MM, Frohlich J, Chan SY. Lipoprotein(a) the insurgent: a new insight into the structure, function, metabolism, pathogenicity, and medications affecting lipoprotein(a) molecule. J Lipids. (2020) 2020:3491764. doi: 10.1155/2020/3491764

81. Youssef A, Clark JR, Marcovina SM, Boffa MB, Koschinsky ML. Apo(a) and ApoB interact noncovalently within hepatocytes: implications for regulation of Lp(a) levels by modulation of ApoB secretion. Arterioscler Thromb Vasc Biol. (2022) 42(3):289–304. doi: 10.1161/ATVBAHA.121.317335

82. Buckley CD, Gilroy DW, Serhan CN. Proresolving lipid mediators and mechanisms in the resolution of acute inflammation. Immunity. (2014) 40(3):315–27. doi: 10.1016/j.immuni.2014.02.009

83. Dennis EA, Norris PC. Eicosanoid storm in infection and inflammation. Nat Rev Immunol. (2015) 15(8):511–23. doi: 10.1038/nri3859

84. Serhan CN, Chiang N, Dalli J, Levy BD. Lipid mediators in the resolution of inflammation. Cold Spring Harbor Perspect Biol. (2014) 7(2):a016311. doi: 10.1101/cshperspect.a016311

85. Leibundgut G, Scipione C, Yin H, Schneider M, Boffa MB, Green S, et al. Determinants of binding of oxidized phospholipids on apolipoprotein (a) and lipoprotein (a). J Lipid Res. (2013) 54(10):2815–30. doi: 10.1194/jlr.M040733

86. Yeon SH, Yang G, Lee HE, Lee JY. Oxidized phosphatidylcholine induces the activation of NLRP3 inflammasome in macrophages. J Leukocyte Biol. (2017) 101(1):205–15. doi: 10.1189/jlb.3VMA1215-579RR

87. Baylis RA, Gomez D, Mallat Z, Pasterkamp G, Owens GK. The CANTOS trial: one important step for clinical cardiology but a giant leap for vascular biology. Arterioscler Thromb Vasc Biol. (2017) 37(11):e174–7. doi: 10.1161/ATVBAHA.117.310097

88. Aday AW, Ridker PM. Targeting residual inflammatory risk: a shifting paradigm for atherosclerotic disease. Front Cardiovasc Med. (2019) 6:16. doi: 10.3389/fcvm.2019.00016

89. Strandberg TE, Libby P, Kovanen PT. A tale of two therapies lipid-lowering vs. anti-inflammatory therapy: a false dichotomy? Eur Heart J Cardiovasc Pharmacother. (2021) 7(3):238–41. doi: 10.1093/ehjcvp/pvaa131

90. Kronenberg F, Mora S, Stroes ESG, Ference BA, Arsenault BJ, Berglund L, et al. Lipoprotein(a) in atherosclerotic cardiovascular disease and aortic stenosis: a European atherosclerosis society consensus statement. Eur Heart J. (2022) 43(39):3925–46. doi: 10.1093/eurheartj/ehac361

91. Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI gene expression and hybridization array data repository. Nucleic Acids Res. (2002) 30(1):207–10. doi: 10.1093/nar/30.1.207



OPS/images/fcvm-10-1130162-g002.jpg
Caspase-1-activity [RLU]

IL-18 [pg/mL]

200

@
3

3
S

p=0.009

50 100 150
Lp(a) [mg/dL]

p=0.010

50 100 150
Lp(a) [mg/dL]

IL-1B [pg/mL]

200

Lp(a)
TC|
LDL-C
HDL-C
TAG]
apoB
ApoA-I|
Caspase-1
IL-1p
IL-18
IL-10]

200

Caspase-1-mediated

cytokine release

2500
p=0.027
2000
1500 o
1000
.
500 e .

0 50 100 150

Lp(a) [mg/dL]

3

-~ 99 I8
fogagdis
525228238

IL1p
IL-18
L1

200

05





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Lipoprotein(a) induces caspase-1 activation and IL-1 signaling in human macrophages

		1. Introduction



		2. Materials and methods



		2.1. Lp(a) and apo(a) isoform determination



		2.2. Protein/lipoprotein isolation and verification



		2.3. Cell culture



		2.4. RNA sequencing of macrophages stimulated with Lp(a) or apo(a)



		2.5. Cell stimulations and cytokine assays



		2.6. Protein preparation, LC-MS analysis, proteomic data and bioinformatic analysis



		2.7. Lipid extraction and lipidomics



		2.8. Fatty acid analysis



		2.9. Statistical analysis











		3. Results



		3.1. Lp(a), and to a lesser extent apo(a), induces transcription of inflammation-associated genes with two clusters around interferon I signaling and IL-10 signaling



		3.2. Serum containing Lp(a) induces caspase-1 mediated IL-1 signaling in macrophages in a dose-dependent manner



		3.3. Lp(a) activates caspase-1 and the subsequent secretion of IL-1 cytokines in macrophages



		3.4. Inflammation-related proteins are enriched in Lp(a) over LDL



		3.5. Lp(a) is relatively deficient in polyunsaturated fatty acids (PUFAs)











		4. Discussion



		4.1. Limitations of the study



		4.2. Translational perspective of findings











		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

Lipoprotein(a) induces caspase-1
activation and IL-1 signaling in
human macrophages





OPS/images/fcvm-10-1130162-g001.jpg
2z8ED9
P2RY11
SNORAS6+
DLX3
ZNF280A-]
101P
LOC101929748
A

XKRS5+
LOC105370401
L6

‘ Apo(a) _,’

D E

Ro(a)

Lp(a) vs. Vehicle
3

Total=200:

mm 659 upregulated
31 1344 downregulated

SNORAS6-]

CHKB-CPT1B+

LGALS9B-]

LOC105370401-
DM

RDH12+]
LINC01220-]
LINC01802-]
LINC02099-]

LOC100129138
CYP3A5

{Parbase soguence quallty

sy

Postonn e )

2IPA

Apofa) vs. Vehicle
Total=392

== 253 upregulated
=3 139 downregulated

S PSS S S S
Fold change Apo(a) vs. Vehicle






OPS/images/fcvm-10-1130162-g004.jpg
£ l c3-
APOE-]

SERPINA1-

APOA4-

APOC4-

APOC1+
= 7 — =
1A‘ B‘ C‘ Isolation 1 %‘%
Wﬁ% Isolation 2 Ta

- 1510 -5 0 5 10

Log2 FC
enriched in LDL <-> enriched in Lp(a)

/N
N ' //‘ SERPINAL
il
e San \ PONL

C4A
Cholesterol metabolism ﬁ Complement
and coagulation
cascade





OPS/images/fcvm-10-1130162-g003.jpg
(i
Caspase-1-mediated
cytokine release LDL Lp(a)

@ &

7 N

A D
-e- LDL -+ Lp(a) -+ apo(a) -e- LDL -& Lp(a) -+ apo(a)
— 10000 — 800
=) 2
E g
Z 8000 £ soo]
2 6000 ]
] $ 400
< 4000 -
] ]
2 2000 g 2009
a @
8 3]
T T T
) 20 40 60 [} 20 40 60
[ng/mL] [ng/mL]
B E
-o- LDL -& Lp(a) -+ apo(a) -e- LDL -4 Lp(a) -+ apo(a)
5000 600
. 4000-] .
2 E 400
5, 3000-] >
Z i R
= 2000-] =
3 5, 200
1000
T 0
0 20 40 60 0
[ng/mL] [ng/mL]
C o DL + Lp@@) -+ apo(a) F e oL = Lp@) - apo@
500 50
400
5, 3004 B
& &
@ 200 e
2 2
100
o
0

[ug/mL] [ng/mL]







OPS/images/fcvm-10-1130162-t001.jpg
N

23

Age, median (25%-75%) 29 (25-43)
Gender, % female 65

BMI, median (25%-75%) 238 (21.8-26.2)
TC (mmol/L), mean (SD) 41(0.71)
LDL-C (mmol/L), mean (SD) 23 (0.79)
HDL-C (mmol/L), mean (SD) 14 (0.44)
TAG (mmol/L), mean (SD) 0.97 (0.64)

Lp(a) (mg/dl), median (25%-75%)

27.3 (161-72.6)

HDL-C, HDL

LDL-C; LDL

TAG, TC, total
R






OPS/images/fcvm-10-1130162-g005.jpg
A . C LoL . |
A
. VVV ‘VL

Lp(a) ol
E==2== E g
A B C |
10 =i
Average Lipid class Lipid class
[pmolipg protein]
| to Le@ g -l |
CER 75 41 0 Foo =
DAG 127 27+23 o
LPC 51 41 0
PC 732463 46326 1 Bool— mEE= B
PC O- 3114 20+5 L | N |
PC Ox 8:4 2943
SE 1729+ 635 1406 + 88 o5
SM 192+9 179+ 21 2 §.m_—---- -
TAG 116 £9 161+ 68 os
B L os
3 f- 00 — [ T—
SFAH 3 s .
MUFA-]
PUFA- o 05
n-6 HUFA- w4 Hoo —
n-3 HUFA- B = os = = .
n-6 PUFA-] 2
n-3 PUFA-] 2 o0
n-6 VLCHUFA-] 35 §oo — =
n-3 VLCHUFA-{ a = os . - .
DMA-
n-6/n-3 HUFA-{ o0
n-6/n-3 PUFA-{ 6 Foo _—
n-6/n-3 VLCHUFA-] ~os . - . .
2 4 0 1 2 L os .
log2(AFold) 7 fa -
enriched in LDL <-> enriched in Lp(a) =45 .

®
Log2Fd

Log2rd

12

=
05

CER DAG LPC PC PCO- SE SM TAG






OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





