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            Abstract
Cardiovascular disease (CVD) is the leading cause of mortality in the world, with most CVD-related deaths resulting from myocardial infarction or stroke. The main underlying cause of thrombosis and cardiovascular events is atherosclerosis, an inflammatory disease that can remain asymptomatic for long periods. There is an urgent need for therapeutic and diagnostic options in this area. Atherosclerotic plaques contain autoantibodies1,2, and there is a connection between atherosclerosis and autoimmunity3. However, the immunogenic trigger and the effects of the autoantibody response during atherosclerosis are not well understood3,4,5. Here we performed high-throughput single-cell analysis of the atherosclerosis-associated antibody repertoire. Antibody gene sequencing of more than 1,700 B cells from atherogenic Ldlr−/− and control mice identified 56 antibodies expressed by in-vivo-expanded clones of B lymphocytes in the context of atherosclerosis. One-third of the expanded antibodies were reactive against atherosclerotic plaques, indicating that various antigens in the lesion can trigger antibody responses. Deep proteomics analysis identified ALDH4A1, a mitochondrial dehydrogenase involved in proline metabolism, as a target antigen of one of these autoantibodies, A12. ALDH4A1 distribution is altered during atherosclerosis, and circulating ALDH4A1 is increased in mice and humans with atherosclerosis, supporting the potential use of ALDH4A1 as a disease biomarker. Infusion of A12 antibodies into Ldlr−/− mice delayed plaque formation and reduced circulating free cholesterol and LDL, suggesting that anti-ALDH4A1 antibodies can protect against atherosclerosis progression and might have therapeutic potential in CVD.
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                    Fig. 1: The antibody immune response during atherosclerosis.[image: ]


Fig. 2: Antibodies cloned from atherosclerotic mice show plaque reactivity.[image: ]


Fig. 3: ALDH4A1 is a B cell auto-antigen in atherosclerosis.[image: ]


Fig. 4: A12 infusion delays atherosclerosis progression in Ldlr−/− HFD mice.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Flow cytometry analysis of the humoral response associated with atherosclerosis development.
a, Representative flow cytometry plots showing the gating strategy used to analyse the humoral response associated to atherosclerosis in the spleen of Ldlr−/− mice. b, Quantification of the absolute number of germinal centre B cells (Fas+GL7+, gated on B220+) (n = 10 Ldlr−/− ND, n = 11 Ldlr−/− HFD mice), T follicular helper (Tfh) cells (CXCR5+PD-1+, gated on CD4+) (n = 10 mice), memory B cells (PD-L2+, gated on B220+) (n = 10 mice), plasma cells (CD138+Igκ+) (n = 9 Ldlr−/− ND, n = 10 Ldlr−/− HFD mice), and class-switched B cells (IgG2b (n = 5 mice), IgG2c (n = 5 mice), IgG1 (n = 7 mice)) in spleens of mice from the indicated groups. Statistical analysis was done with two-tailed unpaired Student’s t-test.
Source Data


Extended Data Fig. 2 Germinal centre response and antibody production during atherosclerosis.
Ldlr−/− or Ldlr+/+ mice were fed either a normal diet (ND) or a high-fat diet (HFD), and the germinal centre response in the spleen was assessed by flow cytometry. a, b, Analysis of the germinal centre B cells (Fas+GL7+, gated on B220+) in spleen from Ldlr−/− ND and Ldlr−/− HFD at 4 weeks (n = 3 mice), 8 weeks (n = 3 mice), 12 weeks (n = 3 mice), 16 weeks (n = 3 mice) and 20 weeks (n = 2 mice) of diet treatment. Representative plots (a) and their quantification (b) are shown. Data are presented as mean values +/− s.d. Statistical analysis was done with two-way ANOVA. c, B cells expressing class-switched immunoglobulins (IgG2b (n = 5 mice), IgG2c (n = 5 mice), and IgG1 (n = 8 Ldlr−/− ND, n = 7 Ldlr−/− HFD mice) after 16 weeks of ND/HFD treatment. Statistical analysis was done with two-tailed unpaired Student’s t-test. d, Plasma from Ldlr−/− mice fed the ND (n = 8) or HFD (n = 8) was collected at different time points (0 and 16 weeks), and total IgM and IgG levels were determined by ELISA. e, Plasma from Ldlr−/− mice fed the ND or HFD was collected at different time points (0, 4, 8, 12, 16 weeks), and IgM antibody titres specific for MDA-LDL (n = 4 Ldlr−/− ND, n = 8 Ldlr−/− HFD mice), LDL (n = 4 Ldlr−/− ND, n = 8 Ldlr−/− HFD mice), and Hsp60 (n = 9 Ldlr−/− ND, n = 7 Ldlr−/− HFD mice) were determined by ELISA. (d, e) Data correspond to the relative absorbance at 450 nm. Statistical analysis was done with two-way ANOVA.
Source Data


Extended Data Fig. 3 Identification of atherosclerosis-associated antibodies by single-cell sequencing and cloning of immunoglobulin genes.
a, Frequency of germinal centre B cells (Fas+GL7+, gated on B220+) (n = 10 Ldlr+/+ ND, n = 11 Ldlr+/+ HFD, n = 16 Ldlr−/− ND/HFD mice), T follicular helper (Tfh) cells (CXCR5+PD-1+, gated on CD4+) (n = 8 Ldlr+/+ ND/HFD, n = 15 Ldlr−/− ND/HFD mice), and B cells expressing class-switched immunoglobulins (IgG2b (n = 10 Ldlr+/+ ND, n = 11 Ldlr+/+ HFD, n = 10 Ldlr−/− ND/HFD mice), IgG1 (n = 10 Ldlr+/+ ND, n = 11 Ldlr+/+ HFD, n = 13 Ldlr−/− ND, n = 12 Ldlr−/− HFD mice)) in the spleen of Ldlr+/+ and Ldlr−/− mice after 16 weeks of ND/HFD treatment. Statistical analysis was done with one-way ANOVA. b, Representative Oil-Red-stained en face aortas from Ldlr+/+ or Ldlr−/− mice fed with ND or HFD for 16 weeks. c, Cell isolation and antibody expression-cloning strategy. Individual spleen germinal centre B cells and plasma cells from Ldlr+/+ ND (n = 2, purple), Ldlr+/+ HFD (n = 3, orange), Ldlr−/− ND (n = 6, grey), and Ldlr−/− HFD (n = 6, green) were isolated by single-cell sorting. IgH and IgL cDNAs from sorted cells were then PCR amplified and sequenced. Successful paired (IgH + IgL) sequences were obtained for a total of 1727 individual cells. 56 antibodies representative of expanded B cell clones (clusters) from atherogenic mice (Ldlr−/− HFD) were cloned into expression vectors containing the human IgG1 constant region for IgH and the kappa constant region for IgL, as described37. Expression vectors were transfected in eukaryotic cells, and antibodies were harvested from supernatants for further analysis. As controls, 25 antibodies from Ldlr+/+ ND mice were cloned and expressed in eukaryotic cells. d, Left Distribution of the 1727 events in the four groups of mice. Right Number of events per mouse. e, Left Overall proportion of germinal centre B cells and plasma cells in the sequenced events. Right Proportion of germinal centre B cells and plasma cells in each mouse group. f–h, Data summarize the Igh and Igl gene sequence analysis from single germinal centre B cells and plasma cells from Ldlr+/+ ND mice (138 antibodies) and Ldlr−/− HFD mice (805 antibodies). Igh and Igl V gene family (f) and J gene usage (g). h, IgH and IgL CDR3 amino acid number of the antibodies from Ldlr+/+ ND (n = 138 antibodies) and Ldlr−/− HFD (n = 805 antibodies) mice. Statistical analysis was done with two-sided Fisher exact test.
Source Data


Extended Data Fig. 4 Analysis of clonally related B cell clusters.
a, Circos plot representation of the molecular features of the identified expanded clonally related cells. b, Cluster summary. Bars show cluster size (number of antibodies). Checked boxes underneath indicate the population or origin (PC/germinal centre), the presence of CSR and SHM, and the number of mice sharing the cluster. Green-checked boxes indicate the antibodies cloned for subsequent analysis. c, Antibodies cloned from control mice (n = 25) and atherogenic mice (n = 56) were tested by ELISA for their reactivity against MDA-LDL, native LDL, and Hsp60. The charts show OD405 values at 4 μg/ml antibody and at three consecutive 1:4 dilutions. Red lines represent the non-reactive negative control antibody mGO5339. The proportion of antibodies showing reactivity is shown below each graph. d, Antibodies were tested for polyreactivity with insulin, dsDNA, and LPS. As controls, we used the highly polyreactive ED38 antibody (green lines), low-polyreactive JB40 antibody (purple lines), and non-polyreactive mGO53 antibody (red lines)39.
Source Data


Extended Data Fig. 5 Plaque reactivity of antibodies cloned from Ldlr−/− HFD mice.
a, Representative staining of aortic sinus cryosections from Ldlr−/− HFD mice with the 18 plaque reactive antibodies from Ldlr−/− HFD mice. The left panel of each image pair shows merged antibody staining (red) and Dapi (blue). The right panels show the antibody signal alone (white). 40x magnification; scale bar = 50 μm. b, Sections stained with B1.8 and mGO53 control antibodies. 10x magnification; scale bar = 200 μm. a, b, Maximum intensity Z-projection images are shown.


Extended Data Figure 6 Immunofluorescence analysis of A12 reactivity.
a, Representative staining with A12 antibody (white) and fibronectin (red) in aortic sinus cryosections from Ldlr−/− HFD mice. b, Representative staining with A12 antibody (red) in aortic root cryosections from Ldlr−/− HFD mice. c, Representative staining with A12 antibody (red) in aortic sinus cryosections from Apoe−/− HFD mice. d, A12 staining (green) on spleen sections from wild-type and Ldlr−/− HFD mice, co-stained with PNA (red). e, A12 staining (green) on liver sections from wild-type and Ldlr−/− HFD mice. Scale bar 10x= 200 µm; 20x= 100 µm; 40x= 50 µm. a–e, Maximum intensity Z-projection images are shown.


Extended Data Fig. 7 ALDH4A1 mitochondrial auto-antigen is recognized by A12 antibody and correlates with atherosclerosis in mice and humans.
a, Enrichment of ALDH4A1 in each immunoprecipitation (PSM IP/PSM input) (n = 3 independent experiments). b, ELISA validation of A12 specificity for ALDH4A1. Plates were coated with ALDH4A1-FLAG and incubated either with mGO53 antibody39 (negative control), A12, or anti-ALDH4A1 (positive control). Data represent the relative absorbance at 405 nm. c, Competition immunoassay of A12 antibody (1 μg/ml) binding to plated mouse ALDH4A1-FLAG protein in the presence or absence of increasing amounts (0, 50, 100, 200, 400 μg/ml) of the indicated competitors (BSA, MDA-LDL or ALDH4A1-FLAG). Results are shown as ratios of A12 binding to ALDH4A1-FLAG in the presence (B) or absence (B0) of the competitor. d, ELISA determination of anti-ALDH4A1 IgM antibody levels in plasma from Ldlr+/+ ND mice (purple, n = 5) and Ldlr−/− HFD mice (green, n = 8) at the indicated times of ND or HFD feeding. Statistical analysis was done with two-way ANOVA. e, ELISA determination of anti-ALDH4A1 IgG antibody levels in plasma from Ldlr+/+ ND mice (purple, n = 10) and Ldlr−/− HFD mice (green, n = 10) after 16 weeks of diet treatment. Statistical analysis was done with two-tailed unpaired Student’s t-test. f, Representative immunohistochemistry staining with anti-ALDH4A1 antibody on aortic sinus sections from wild type and Ldlr−/− HFD mice. Scale bars, 5x = 200 μm; 20x = 50 μm. g, ALDH4A1 staining in liver sections from wild type and Ldlr−/− HFD mice. Scale bar = 50 μm. h, Quantification of the abundance of ALDH4A1 protein, all mitochondrial proteins and ACTB actin in the medial and intimal layers of human samples (healthy (n = 6 (ALDH4A1), n = 9 (mitochondrial proteins and ACTB)); fatty streak lesion (n = 4 (ALDH4A1), n = 7 (mitochondrial proteins and ACTB) for media, n = 6 for intima)); and fibrolipid lesion (n = 8 (ALDH4A1), n = 11 (mitochondrial proteins and ACTB) for media, n = 12 for intima)). i, Logistic regression analysis adjusted with cardiovascular risk factors was performed with atherosclerosis presence as dependent variable.
Source Data


Extended Data Fig. 8 ALDH4A1 triggers a T-cell dependent B cell response.
6-7-week-old wild type (a, b) or Ldlr−/− (c, d) mice were immunized with ALDH4A1-FLAG protein plus alum (ALDH4A1 group; a and b, n = 8, c and d, n = 9). Control mice were injected with alum only (ALUM group; a and b, n = 8, c and d, n = 8) or with PBS (PBS group; a and b, n = 8, c and d, n = 8). Mice were sacrificed and the immune response in lymph nodes was analysed by flow cytometry and ELISA. a, c, Left, representative flow cytometry plots of germinal centre B cells (Fas+GL7+, gated on B220+) and IgG1+ B cells (gated on B220+). Right, quantification. b, d, ELISA quantification of IgG1 antibodies specific for ALDH4A1 protein. Plates were coated with ALDH4A1-FLAG protein or IKAROS-FLAG as control protein and incubated with plasma from mice from the indicated immunization groups. Plots represents the relative absorbance at 450 nm. Statistical analysis was done with one-way ANOVA.
Source Data


Extended Data Fig. 9 Evaluation of atheroma plaque and liver composition after A12 antibody treatment.
a, b, Ldlr−/− mice were fed with HFD for 12 weeks, infused with hA12-IgG1 (n = 5 mice), hB18-IgG1 (n = 4 mice) or PBS (n = 4 mice) and sacrificed 3 or 7 days later. Representative staining of aortic sinus (a) and liver (b) cryosections with anti-human IgG antibody is shown. Scale bar 10x = 200 μm. Maximum intensity Z-projection images are shown. c, Representative MAC-2 (red) and SMA-1 (green) immunofluorescence in aortic sinus cryosections from Ldlr−/− HFD mice treated with PBS, B1.8, or A12. Scale bar 10x = 200 μm. Maximum intensity Z-projection images are shown. d, Plaque macrophage content (% MAC-2+) in Ldlr−/− HFD mice treated with PBS (n = 14), B1.8 (n = 15) or A12 (n = 15). e, Plaque smooth muscle cell content (% SMA-1+) in Ldlr−/− HFD mice treated with PBS (n = 14), B1.8 (n = 15) or A12 (n = 15). f, Picrosirius Red staining of aortic sinus cryosections from Ldlr−/− HFD mice treated with PBS, B1.8, or A12. Scale bar = 200 μm. g, Plaque collagen content in Ldlr−/− HFD mice treated with PBS (n = 5), B1.8 (n = 6) or A12 (n = 5).
Source Data


Extended Data Fig. 10 High-throughput quantitative proteomics of liver from A12-treated mice.
Liver from A12-treated mice (n = 6) as well as mice treated with PBS (n = 6) or with the unrelated control antibody B1.8 (n = 6) were subjected to proteomics using multiplexed TMT isobaric labelling. a, Principal component analysis (PCA) showed that A12 infusion promotes in the liver a distinct proteome shift, compared to livers from PBS or B1.8 infused mice. b, Correlation network analysis using Cytoscape grouped protein abundance changes into four significant clusters (lower panel). Two of them contained proteins that showed a coordinated statistically significant increase (clusters 1 and 2) or decrease (clusters 3 and 4) after A12 treatment in relation to the control treatments (B1.8 or PBS) (upper panels), according to the two-sample Kolmogorov–Smirnov test. c, Functional association network and enrichment analysis using STRING revealed that each of these clusters contained groups of functionally-related proteins that were significantly enriched in several biological pathways. The increased proteins in cluster 1 belonged to carbohydrate, amino acid and lipid metabolic pathways, while most of the decreased proteins of cluster 4 belonged to immune system and inflammation pathways. Cluster 3 also contained proteins related to carbohydrate metabolism. Other enriched functional categories are also indicated in the panels. d, Clustering result of statistically significant triglycerides (TGs). Heat map was obtained by MetaboAnalyst (distance measure using Euclidean, and clustering algorithm using complete). TGs were putatively identified by searching the m/z against Ceu Mass Mediator (http://ceumass.eps.uspceu.es/mediator/) and considering retention time (RT) prediction and isotopic pattern distribution score in Freestyle (Thermo).
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