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Editorial on the Research Topic 


Systemic lupus erythematosus - predisposition factors, pathogenesis, diagnosis, treatment and disease models


Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease affecting multiple organs characterized by a complex interplay of immune cells, factors and pathways resulting in various clinical manifestations. SLE pathogenesis includes a compromised clearance of nucleic acids, increased type I interferon (IFN) response, dysregulated B cell tolerance causing an increased autoantibody synthesis, immune complex formation and deposition, resulting in multi-organ damage. Several susceptibility loci including HLA and non-HLA genes contribute to lupus development and novel loci are being reported continuously from different regions (1). Genetic and environmental factors as well as stochastic events are involved in the disease initiation and perpetuation. In this collection, using genome-wide association study in Han Chinese population, Song et al., identified a most significant associating SNP rs12606116 (18p11.32) and involvement of TGF-β in lupus nephritis, one of the common and serious complications of SLE. In the genetically susceptible individuals, some viruses (Epstein-Barr virus (EBV), parvovirus B19, and human endogenous retroviruses) may play the role of environmental triggers contributing to lupus pathogenesis. Laurynenka et al. have identified high prevalence of anti-EBNA1 heteroantibodies in SLE patients, which reconfirmed the association between EBV infection and SLE development.

Complexity in the clinical features of SLE indicates presence of several subsets of SLE, with an underlying unique combination of disease pathways, genes and environmental factors. However, treatment is broadly based on NSAIDs, corticosteroids, antimalarial drugs, immunosuppressants and biologics. Surprisingly, only two new therapies were approved over the last decade. Therefore, it is essential to understand the basic mechanisms of disease development to focus on developing specific treatments directed toward different subsets of SLE. So, we initiated a collection of articles to summarize research findings, which could form a basis for further exploring genetic and environmental factors of SLE, new diagnostic procedures, pathogeneic mechanisms and treatment modalities. Twenty original and review articles together were published in this collection highlighting a wide range of topics in lupus research.

The pathogenesis of SLE is closely related to a hyperactivation of different immune cells, like T-, B- cells and monocytes with abnormally methylated differentially expressed genes (2). Presence of autoreactive T cells in both human and murine SLE, indicates an imbalance between pathogenic and regulatory T cells. Although most studies related to T cell balance focused on CD4+FoxP3+T cells (CD4+Tregs), recently a non-redundant role of CD8+ Tregs (CD44+CD122+Ly49+) was highlighted in regulating lupus-like disease facilitated by the transcription factor Helios, a zinc finger protein and member of the Ikaros family. For self-tolerance and prevention of SLE-like disease, inhibition of TFH cells by CD8+ Tregs was found to be essential (3). París-Muñoz et al. have found down regulation of Helios expression in CD8+ Tregs during lupus progression in mice.

B cells, on the other hand, have a crucial contribution to the disease development by not only secreting antibodies targeted to nuclear antigens but also in antibody-independent mechanisms including antigen presentation, regulation of other immune cell functions and synthesis of various cytokines. In general, B cells are subclassified into different subsets: B1, B2, marginal zone (MZ) B cells and B-regs. B2 cells (follicular B cells) produce specific, high-affinity antibodies against foreign antigens by cooperating with T cells in the germinal centers (GCs) and involved in immunological memory. Whereas MZ B cells secrete IgM antibodies and the self-renewing B1 cells produce germline encoded “natural antibodies” mainly of low affinity, multi-reactive IgM isotype, as part of the innate immunity, which are important in anti-microbial immunity and house-keeping roles such as clearing apoptotic, and necrotic cells. Autoantigens released because of the defects in cell death pathways like apoptosis and NETosis could be presented by follicular dendritic cells to autoreactive B cells in GCs resulting in loss of self-tolerance causing production of autoantibodies, immune complexes, and pro-inflammatory cytokines leading to inflammation and tissue damage in SLE (4). In their review, Zhou et al. have focused on the contribution of B1 cells to SLE pathogenesis.

In the immune cells of SLE patients and lupus animals, an abnormal expression of tyrosine kinases was observed. Based on structure, tyrosine kinases are classified either as receptor or as non-receptor kinases. The expression level of Src family of non-receptor protein tyrosine kinases, forms an important determinant of immune tolerance. Among them, Lyn has a regulatory role in the signaling pathways within B cells as well as other hematopoietic cells. Lyn initiated negative signaling is crucial in B cell activation and Lyn deficient mice developed SLE-like disease with plasma cell hyperplasia (5). CD11b, the α-chain of integrin receptor CD11b/CD18 (αMβ2, Mac-1), is highly expressed on the surface of innate immune cells. Genetic variants in the human ITGAM gene encoding this CD11b protein are strongly associated with SLE (6). Gottschalk et al. have reported deficiency in CD11b accelerated nephritis in Lyn deficient mice suggesting a protective role of CD11b in lupus inflammation.

Bruton’s tyrosine kinase (Btk) belongs to the Tec family of tyrosine kinases, which modulates development, selection, activation and survival of B cells (7), apart from regulating signaling in myeloid cells. Transgenic mice overexpressing Btk in B cells spontaneously develop SLE-like autoimmune pathology (8). Du et al. have studied the therapeutic effect of a Btk inhibitor (BTKB66) using four models of end-organ inflammation. Interestingly in another study, Schall et al. have convincingly demonstrated a synthetic peptide (P140) binding to HSPA8/HSC70 chaperone protein has the capacity to clear most of the hyper-activated T and B cells in lupus mice, and thus provide a new and promising therapeutic candidate for clinical application.

Autoantibodies secreted by long-lived plasma cells is one of the distinct features of SLE. Also, an association between SLE and type I interferon regulated genes is well known (9). In this context, Akita et al. characterized the plasmablasts (CD38+CD43+ B cells) from SLE patients and found an increased expression of type I IFN-stimulated genes, in addition to cell cycle-related genes associated with the transcriptional factor, FOXM1, a regulator for cell proliferation and survival. The authors suggested FOXM1 inhibitor may have more anti-proliferative and cytotoxic effects on lupus associated plasmablasts. Autoantibodies either individually or as a part of immune complexes activate the immune system by cross-linking the Fc part of IgG (FcγR) expressed on the immune cells and initiating the activation of complement cascade (10). In the distal region on chromosome 1, genes of four activating FcγRs (CD64, CD16A, CD16B, and CD32A) are clustered and associated with susceptibility to autoimmune diseases like lupus (11) and arthritis (12) in humans. Similarly, in mice the FcγR genes (II, -III, and -IV) associated with lupus-like disease are present in a clustered region orthologous with SLE associated genomic intervals in humans, whereas the activating receptor FcγRI is located on another chromosome because of a translocation during evolution. CD64 (FcγRI) is the only known high-affinity FcγR for IgG with a restricted isotype specificity. Jiang et al. have observed an improvement in lupus-serum induced skin inflammation in CD64 deficient mice suggesting CD64 might be used as a possible biomarker for monitoring SLE development. In both mice and humans, the activating FcγRs are counterbalanced by one inhibitory receptor FcγRIIb (CD32B) with an immunoreceptor tyrosine-based inhibition motif (ITIM) within its cytoplasmic domain. Parallel binding of FcγRIIb and the immunoreceptor tyrosine-based activation motif (ITAM) containing B cell receptor forms a negative feedback mechanism controlling antibody synthesis (13). Hyperactivated immune responses in FcγRIIb deficient mice, a lupus mouse model with an inhibitory-signaling defect, can become exhausted with sequential lipopolysaccharide (LPS) stimulation and thus possibly associated with a more severe sepsis, due partly to macrophage dysfunction (14). In their article, Jaroonwitchawan et al. have identified disruption of lipid metabolism in macrophages as a factor for severe endotoxin tolerance in the FcγRIIb-deficient lupus mice. Qiu et al. in their review addressed the role of organ-deposited IgG in causing multi-organ and tissue damage, and the importance of targeting IgG/FcγR signaling pathway in lupus.

Sphingolipids constitute a family of lipids, including sphingosine, ceramide, sphingosine-1-phosphate and ceramide-1-phosphate, which modulate various cell biological processes like growth regulation, cell migration, adhesion, apoptosis, senescence and inflammatory responses (15). Harden and Hammad, have discussed the advances made in sphingolipidomics as a diagnostic/prognostic tool for SLE and its co-morbidities. Using an integrated multi-omics approach, Huang et al. have reemphasized the role of dysregulated lipid metabolism, especially sphingolipid metabolism in contributing to SLE disease activity.

Immunomodulatory effects of diet and nutrients in SLE were discussed earlier (16). Among the fat-soluble vitamins, contribution of vitamin A and D in modulating SLE is well-recognized. All-trans retinoic acid (ATRA) is a bioactive lipid derived from vitamin A, which by interacting to its cognate nuclear receptors like retinoic acid receptor (RAR) and retinoid X receptor (RXR), functions as a regulator of gene transcription affecting the cell growth, differentiation, and apoptosis. ATRA is used to treat various forms of cancer. Although water insolubility, toxicity and bioavailability properties precludes its wider use, attempts are being made to reduce its undesirable properties by incorporating into liposomal formulations or nanodisks (17). Abdelhamid et al. have observed ATRA to differentially modulate lupus-associated kidney inflammation depending on the time of administration. Earlier reports from that group demonstrated ATRA supplementation exacerbated pre-existing autoimmunity in lupus affecting non-renal tissues like skin, lungs and brain. Taken together, ATRA effect on lupus seems to be dependent on specific phase of the disease and requires more studies using clinical samples. A significant environmental risk factor for SLE is vitamin D deficiency because it has a prominent role as an immune modulator and implicated in lupus pathophysiology (18). Vitamin D acts by regulating the genes and epigenome, through the active metabolite 1,25(OH)2D3 (calcitriol) binding to its receptor expressed by many immune cells. Kraemer et al. explored how low vitamin D intake promoted lupus pathology in lupus prone NZB/W F1 mice.

Several essential trace elements like iron, copper, zinc and selenium are required for the differentiation, activation and functioning of the immune cells, including T cells. Interestingly, conventional and regulatory T cells differ in their metabolism and show differential response to same stimulus. Earlier studies have shown that iron can direct CD4+ T-cells into a proinflammatory phenotype but Treg cells are resistant to iron deprivation. Pristane (2,6,10,14-tetramethylpentadecane) is a C19 isoalkane used as an inflammation inducing agent causing lupus, arthritis, and myeloma development in several rodents and pristane-induced lupus (PIL) is used as a classical animal model of SLE. Gao et al. have used PIL to study how Iron insufficiency promoted expansion of Treg cells by reducing ROS production and improved the clinical disease.

In chronic SLE patients, atherosclerosis and subsequent tissue damage can also be observed. Xing et al. have built an atherosclerotic risk prediction model in SLE patients that could be useful for clinicians. Tumurkhuu et al. investigated neutrophil contribution to endoplasmic reticulum (ER) stress in lung epithelial cells in the pristane induced diffuse alveolar hemorrhage, a rare complication of SLE. They have analyzed how ER stress can drive the pathology of pulmonary hemorrhage and neutrophils contribution in this process.

Exosomes are nano-sized vesicles released by cells under physiological and pathological conditions. They contain nucleic acids, proteins, lipids and metabolites. MicroRNAs (miRNAs) are short, regulatory, non-coding RNAs that act as regulators of gene expression and used in the diagnosis and treatment of various diseases. Importantly, most miRNAs in serum were found to be deposited in exosomes (19). The miR-451a is a cell metabolism-related miRNA, which was reported to have diagnostic value in certain cancers. Interestingly, Tan et al. demonstrated a correlation between downregulated serum exosomal miR-451a expression and SLE disease activity, renal damage as well as lymphocyte communication. In identifying active renal disease in SLE patients, Soliman et al. found urine:serum fractional excretion ratios are better than the corresponding urinary biomarker proteins.

Thus, this article collection was intended to highlight the substantial contributions published in this field with an aim to motivate researchers to do further advanced research leading to new findings and drug development that could ultimately alleviate the sufferings of lupus patients.
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We previously showed that all-trans-retinoic acid (tRA), an active metabolite of vitamin A, exacerbated pre-existing autoimmunity in lupus; however, its effects before the development of autoimmunity are unknown. Here, using a pristane-induced model, we show that tRA exerts differential effects when given at the initiation vs. continuation phase of lupus. Unlike tRA treatment during active disease, pre-pristane treatment with tRA aggravated glomerulonephritis through increasing renal expression of pro-fibrotic protein laminin β1, activating bone marrow conventional dendritic cells (cDCs), and upregulating the interaction of ICAM-1 and LFA-1 in the spleen, indicating an active process of leukocyte activation and trafficking. Transcriptomic analysis revealed that prior to lupus induction, tRA significantly upregulated the expression of genes associated with cDC activation and migration. Post-pristane tRA treatment, on the other hand, did not significantly alter the severity of glomerulonephritis; rather, it exerted immunosuppressive functions of decreasing circulatory and renal deposition of autoantibodies as well as suppressing the renal expression of proinflammatory cytokines and chemokines. Together, these findings suggest that tRA differentially modulate lupus-associated kidney inflammation depending on the time of administration. Interestingly, both pre- and post-pristane treatments with tRA reversed pristane-induced leaky gut and modulated the gut microbiota in a similar fashion, suggesting a gut microbiota-independent mechanism by which tRA affects the initiation vs. continuation phase of lupus.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is multi-system autoimmune disorder characterized by breakdown of self-tolerance (1, 2). The hallmarks of SLE include the generation of autoantibodies (3, 4), over-activation of inflammatory cells (5), abnormal pro-inflammatory cytokine storms (6), and the influx of autoreactive cells into different tissues including the kidney, skin, lung, heart, joints, and brain, causing severe collateral tissue damage (1). The disease manifestations are variable due to the complex pathogenesis of SLE (1). With the sometimes paradoxical outcomes of different therapeutics employed in clinical trials (7), understanding the pathogenesis of this disease and the factors contributing to its progression is a necessity for better management strategies of lupus flares.

Vitamin A (VA) has potent immunomodulatory effects that could tone the anti-inflammatory vs. pro-inflammatory responses under different contexts, for instance, under steady vs. immunogenic conditions (8). Notably, VA exerts its function through a predominant metabolite known as all-trans-retinoic acid (tRA) (9). The effects of tRA treatment in different autoimmune disorders, including type 1 diabetes, multiple sclerosis, and inflammatory bowel disease, were shown to be disease-specific (10). However, in the context of systemic immune dysregulation associated with SLE, VA exerts more complex roles. Even though retinoid treatment in combination with immunosuppressive drugs showed beneficial effects on lupus nephritis (11), previous findings from our group showed that tRA has paradoxical implications on renal inflammation vs. other tissue pathologies. tRA supplementation during active disease aggravated pathologies in non-renal tissues including skin, lungs (12), and brain (13). These findings indicate that tRA may act as an adjuvant to exacerbate the pre-existing, extrarenal inflammation in individuals genetically prone to develop lupus. Consequently, a deeper understanding of its actions is a necessity before clinical recommendations can be made concerning the use of, or avoidance of, VA supplementation in patients with SLE. Therefore, following upon our previous observations, we hypothesize that the effects of tRA on SLE are disease stage-specific. Our current study explores the effects of tRA on the initiation vs. continuation phase of lupus in genetically intact mice. We have used 2,6,10,14-tetramethylpentadecane, or commonly known as pristane, to induce lupus in Balb/c mice. Pristane is a naturally occurring hydrocarbon oil that is known to be the most effective chemical for triggering lupus-specific autoantibodies in mouse models regardless of their genetic background (14). Additionally, this model allows us to control the start of the immunogenic condition and consequently facilitates the investigations of the complex roles of tRA supplementation before and after the induction of lupus. Importantly, pristane-induced lupus confers significant homology to SLE in humans (15, 16).

Here, we show that tRA exerts disease stage-dependent effects on pristane-induced lupus. Pre-pristane tRA treatment exacerbates glomerulonephritis, whereas post-pristane tRA treatment exerts immunosuppressive effects that may dampen lupus-associated kidney inflammation.



MATERIALS AND METHODS


Animals

Three-week-old female Balb/c mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained in a specific pathogen-free environment in a standard 12-h light/dark cycle and in compliance to the Institutional Animal Care and Use Committee (IACUC) at Virginia Polytechnic Institute and State University. All procedures on animals were carried out in accordance with the IACUC approved protocol number 17-123. Mice received hormone-free NIH-31 Modified 6% Mouse/Rat Diet. Food and water were provided ad libitum.



Pristane Injection and tRA Dosing

For the induction of lupus, 3-month-old female Balb/c mice received a single intraperitoneal injection of 500 μl of pristane (Sigma Aldrich), which is known to induce autoantibodies and glomerulonephritis in Balb/c mice to a level similar to that in the classical lupus-prone model, MRL/lpr (17). The mock control group received injection of phosphate-buffered saline (PBS) also at 3 months of age. tRA was purchased from Sigma-Aldrich (St. Louis, MO) and handled in the dark with minimal exposure to air. For oral dosing, tRA was dissolved in canola oil (vehicle), kept in single frozen aliquots, and administered daily. To investigate the effects of tRA on lupus disease and determine if tRA-mediated effects were disease stage-dependent, four groups of mice were established by randomization. The groups included (1) the physiological/mock control that received PBS and vehicle (no pristane, n = 8), (2) pristane/vehicle control (n = 12), (3) tRA treatment before pristane induction of lupus from weaning (3 weeks) to 3 months of age (n = 10), and (4) tRA treatment after pristane induction of lupus from 3 to 9 months of age (n = 10). An oral dose of tRA of 1 mg/kg body weight (18) was given daily and adjusted according to body weight obtained biweekly (administered directly to the oral cavity by using a pipette at a volume range of 8–18 μl). This dose was six times lower than the previous dose used by our group (12). Even the higher dose of 6 mg/kg body weight did not show any effect on either serum/liver retinol or liver function enzymes (12). Therefore, we did not expect the lower dose to significantly change these levels. All mice were monitored for 6 months after pristane injection until euthanasia at 9 months of age. At the experimental endpoint, mice were humanely euthanized with CO2, followed by exsanguination by transcardiac blood collection according to the IACUC protocol. Total body weight as well as weights of the spleen and both renal lymph nodes (RLNs) were measured, and organ/body weight ratios were calculated. For RNA sequencing analysis of splenocytes, Balb/c mice were treated with tRA at 1 mg/kg body weight from weaning to 3 months of age. Spleens were harvested at 3 months of age and without the injection of pristane.



Cell Isolation and Flow Cytometry

Isolation of total bone marrow cells and total splenocytes was performed as previously reported (12, 19). Cell pellets were then suspended in 1 ml 1 × red blood cell (RBC) lysis buffer (eBioscience, San Diego, CA) and incubated for 5 min at room temperature, followed by neutralization of the lysis buffer with 5 ml of C10 medium. This solution was further centrifuged and the pellets were resuspended in 5 ml of fresh C10. Our C10 medium is complete RPMI 1640 supplemented with 10% fetal bovine serum, 1 mM sodium pyruvate, 1% 100 MEM non-essential amino acids, 10 mM HEPES, 55 μM 2-mercaptoethanol, 2 mM L-glutamine, and 100 U/ml penicillin–streptomycin (all from Life Technologies, Grand Island, NY). The resulting mononuclear cells were stained for flow cytometry as we reported previously (12). For bone marrow dendritic cell analysis, the following anti-mouse monoclonal antibodies were used: CD11c-APC, CD11b-PE, CD11b-PerCp-Cy5, Siglec-H-PerCP-Cy5.5, I-E/I-A(MHC-II)-FITC (Biolegend, San Diego, CA), and Ly6C-APC-Cy7 (BD Biosciences, San Jose, CA). For analysis of splenic T-cell subsets, we used anti-mouse CD3-APC, CD4-PE-Cy7, CD8-PerCP-Cy5.5, CD44-FITC, and CD62L-APC-Cy7 (Biolegend). Stained cells were analyzed with a BD FACSAria II flow cytometer (BD Biosciences). Flow cytometry data were analyzed with FlowJo.



Immunohistochemistry

Splenic and kidney sections were embedded in Tissue-Tek OCT Compound (Sakura Finetek) and rapidly frozen in a freezing bath of dry ice and 2-methylbutane. Frozen OCT samples were cryosectioned and unstained slides were stored at −80°C. Immunohistochemical staining procedures were performed as previously described (12, 20). For detection of ICAM1 and LFA1 in the spleen, the following monoclonal antibodies were used: anti-mouse CD3-APC, CD54(ICAM1)-FITC, and CD11/CD18(LFA1)-PE (Biolegend). For detection of renal deposition of IgG, anti-mouse IgG-FITC (eBioscience) was used. Pictures were captured with a Zeiss LSM 880 confocal microscope (Fralin Imaging Center, Virginia Tech). Integrated fluorescence density scores were calculated with the ImageJ software (National Institutes of Health, Rockville, MD).



Isolation of Intestinal Epithelial Cells (IECs)

After the removal of fat, gut content, and Peyer's patches, the intestine was opened longitudinally, washed in ice-cold PBS, and cut into 1-cm pieces. The pieces were incubated twice in PBS with 5 μM EDTA and 1 μM DTT in a 37°C shaker for 20 min at 200 rpm. Homogenates were intensively vortexed and filtered through 100-μm filters to obtain the IEC-enriched filtrate. IEC suspensions were then centrifuged at 350 × g for 7 min at room temperature. Cell pellets were snap frozen in liquid nitrogen and stored at −80°C for RNA extraction and RT-qPCR.



RNA Extraction and RT-qPCR

For total RNA extraction, snap-frozen kidney tissues were weighed without allowing them to thaw (whereas snap-frozen IECs were directly processed) and homogenized in Qiazol lysis reagent (Qiagen) using a bullet blender homogenizer (Next Advance, Troy, NY). Total RNA was extracted using RNeasy Plus Universal Kit (Qiagen) that also ensured gDNA elimination. All procedures were performed according to the manufacturers' instructions. Reverse transcription (RT) was performed by using iScript™ Reverse Transcription Supermix (Bio-Rad). Quantitative PCR (qPCR) was performed with PowerUp™ SYBR® Green Master mix and the ABI 7500 Fast Real-Time PCR System (Applied Biosystems). Relative quantities were calculated using the 2–ΔΔCT method. GAPDH and 18S rRNA were used as housekeeping genes for normalization of transcripts from renal and IECs, respectively. Primer sequences for mouse Tnfα, Il1β, Il18, Ccl2 (Mcp1), Ccl3 (Mip1), Ccl5, Tgfb1, Laminin b1, Itgal, and Occludin and Claudin-2 tight junction transcripts are available in Table S1. For RNA sequencing, total RNA was extracted from isolated splenocytes using the same method as for IECs.



RNA Sequencing Analysis

RNA sequencing was performed as previously reported (21). Briefly, all the library preps were performed according to Illumina TruSeq v2 RNA Sample Preparation protocol. Quality of total RNA and cDNA libraries were checked on an Agilent BioAnalyzer 2100 (Agilent Technologies). Samples with RNA integrity scores > 8.0 were selected for RNA-Seq library preps. The cDNA sheared to an average of 300 bp. Individually indexed cDNA libraries were sequenced on one lane of Illumina HiSeq2500 for a minimum of 60 million paired end reads. Following sequencing, data were trimmed for both adaptor and quality using a combination of ea-utils and Btrim (22, 23). Sequencing reads were aligned to the genome (Ensembl.org 38.74) using Bowtie2/Tophat2 (24, 25) and counted via HTSeq (26). Differentially expressed genes (DEGs) were determined using the Benjamini–Hochberg adjusted P-value (false discovery rate, or FDR < 0.1) in the R-package DESeq2. Similarly, differential exon usage were tested using DEXSeq (27). Genome expression omnibus GSE56893_RAR_RXR_regions.bed.gz (28) was used to identify tRA receptor binding sites (RAREs). The RNA sequencing data from this study are available in the NCBI SRA database and Gene Expression Omnibus (GEO) repository under accession number GSE140104.



Microbiota Sampling and Analysis

Fecal samples were obtained at the indicated time points. All samples were stored at −80°C until they are processed. Sample homogenization and cell lysis were carried out via mixing 0.1 g of fecal samples with 0.1-mm sterile zirconia beads and further homogenization was carried out by using the bullet blender homogenizer (Next Advance). DNA extraction was performed using a phenol-chloroform method as previously reported (29). For 16S rRNA sequencing, the V4 region (ca. 252 bp) of 16S rRNA gene was PCR amplified with 515F and 12-base GoLay barcoded 806R primers (30). The purified amplicons were sequenced bidirectionally (paired-end 150 bp) on an Illumina MiSeq at Argonne National Laboratory. 16S rRNA sequencing data were analyzed as described previously (31, 32). The data are available in the NIH SRA database (PRJNA605256).



Measurements of Renal Function

Weekly urine samples were collected by direct mouse scruff, massaging, and urine collection via a sterile pipette tip at the same time of the day. All samples were stored at −80°C until they are analyzed at the same time with a Pierce Coomassie Protein Assay Kit (Thermo Scientific). At the experimental endpoint, kidneys were harvested, fixed in 10% formalin for 24 h, paraffin embedded, sectioned, and stained with hematoxylin and eosin (H&E) at the Histopathology Laboratory at Virginia–Maryland College of Veterinary Medicine. Slides were read with an Olympus BX43 microscope. Glomerular lesions were graded on a scale of 0–3 for each of the following five categories: mesangial hypercellularity, mesangial matrix expansion, necrosis, the percentage of sclerotic glomeruli, and the presence of glomerular crescents. For categories identifying presence, 0 = absence, 1 = mild, 2 = moderate, and 3 = severe. For categories estimating percentage, 0 = less than 10%, 1 = 10% to 25%, 2 = 25% to 40%, and 3 = 40% or more. At least 50 glomeruli from each kidney were scored. Tubulointerstitial lesions were graded on a scale of 0–3 for each of the following four categories: peritubular mononuclear infiltrates, tubular damage, interstitial fibrosis, and vasculitis. All scores were graded in a blinded fashion by a certified veterinary pathologist (Dr. Cecere) based on a global semi-quantitative assessment as previously reported (33).



ELISAs and Quantification of Endotoxin

Serum samples were obtained following whole blood collection and coagulation, and stored at −20°C. Anti-double stranded (ds)DNA IgG levels in diluted serum samples was detected following a previously reported ELISA assay (12). Briefly, the plate was coated with 0.1 mg/ml of calf thymus DNA (Sigma) in 1× saline-sodium citrate buffer and incubated at 4°C overnight, followed by washing with PBS containing 0.05% Tween-20 (PBS-T). Wells were then blocked with PBS containing 1% BSA for 1 h at room temperature. Samples were added and incubated for 1 h at room temperature. After additional washes in PBS-T, horseradish peroxidase-conjugated goat anti-mouse IgG-Fc secondary antibody (Bethyl Laboratories, Montgomery, TX) was added and incubated for 1 h at room temperature, followed by further washing. 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Biolegend) was then added, and the reaction was stopped by adding 2N H2SO4 stop solution. The plate was read at 450 nm using SpectraMax plate reader (Molecular Devices, Sunnyvale, CA). Total IgG levels were determined using a mouse IgG ELISA kit (Bethyl Laboratories) according to the manufacturer's instructions. Serum endotoxin (lipopolysaccharide, or LPS) level was measured using Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific) following the manufacturer's procedures.



Quantification of Retinol/VA

For serum retinol/VA quantification, an aliquot (45–60 μl) of serum sample was pipetted in 100% pure ethanol, and incubated at room temperature for an hour. Then, samples were saponified during a 30-min water bath process after addition of pyrogallol and potassium hydroxide. Hexanes and water were then added to each sample after saponification for retinol extraction. After sufficient vortexing, samples were centrifuged, an aliquot of hexane upper phase was transferred into a vial, and a known amount of trimethylmethoxyphenyl-retinol (TMMP), serving as internal standard, was added to each vial. The hexane extract in each vial was dried under a stream of nitrogen and reconstituted in 100 μl methanol for Ultra Performance Liquid Chromatography (UPLC) analysis. A C-18 column, with methanol:water (92.5:7.5, 0.6 ml/min) used as the mobile phase, was applied in the UPLC system, while peaks were detected by UV absorbance at 325 nm. Retinol mass was determined based on the ratio of the integrated areas of the TMMP and retinol peaks, and the known amount of the added TMMP standard. For analysis of tissue VA content, 0.05 g of frozen liver samples were weighed and homogenized with 100% pure ethanol. The subsequent steps were the same as described in the serum analysis above.



Statistical Analysis

One-way ANOVA followed by Dunnett's posttest was employed for the comparisons between tRA-treated groups and the pristane-only control. For analysis involving the physiological/mock control (no pristane), one-way ANOVA followed by Tukey's posttest was performed. Data are shown as mean ± standard error of the mean. Significant differences were shown as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Spearman correlation analysis was performed to determine correlations between immunological changes and the disease phenotype. All analyses were performed with Prism GraphPad.




RESULTS


Progressive Glomerulonephritis With tRA Pre-treatment in Pristane-Induced Lupus

tRA treatment of lupus-prone MRL/lpr mice showed paradoxical effects on renal inflammation vs. other tissue pathologies including inflammation of the skin, lungs (12), and neuroinflammation (13), suggesting that tRA can expand the pre-existing immunogenic environment in extrarenal organs in genetically prone lupus. In this study, we further hypothesized that the effects of tRA on lupus disease were disease stage-dependent. We explored the roles of tRA during different stages of the disease, namely, before and after the initiation of lupus using the pristane-induced lupus model. Compared to mock-control (PBS-treated) Balb/c mice, a single intraperitoneal injection of pristane induced significant splenomegaly in all mice (Figure S1A) and detectable enlargement of RLNs in 42% of the treated mice (Figure S1B). Pristane-treated mice also showed significantly reduced body weights (Figure S1C) with significant reduction of serum (Figure S1D) and liver (Figure S1E) retinol/VA levels. Pristane-induced renal inflammation was limited to the glomeruli that could be classified as ISN/RPS Class II—mesangial proliferative lupus nephritis (34). This was indicated by significantly increased overall glomerular scores shown as the sum of mesangial hypercellularity and mesangial matrix formation scores (Figure S1F) with no significant changes in tubulointerstitial lesions (Figure S1G).

Oral doses of tRA (1 mg/kg body weight) vs. vehicle control were given daily, from 3 weeks of age to the time of lupus induction at 3 months (tRA pre-treatment), or from 3 months to the experimental endpoint at 6 months post lupus induction (tRA post-treatment). Whereas no significant difference was found to distinguish pristane/tRA-treated groups from pristane alone (Figure 1A), severe renal lesions were only observed in tRA-pre-treated mice, where 20% of mice showed glomerular scores of 5 (the sum of mesangial matrix expansion and hypercellularity scores). Consistent with this, compared to mild proteinuria levels in pristane alone or pristane/tRA-post-treated mice, the pre-treatment of tRA aggravated the severity of glomerulonephritis with significantly increased proteinuria levels over pristane alone (Figure 1B). Moreover, the combination of pristane and pre-treatment with tRA induced detectable enlargement of RLNs in 50% of pre-treated mice compared to only 20% in post-treated mice (Figure S1B). Importantly, compared to the pristane control, only the tRA pre-treatment showed a significant increase in the renal expression of the pro-fibrotic molecule laminin β1 extracellular matrix protein transcript (Figure 1C), which is known to contribute to mesangial proliferative nephritis (35). Meanwhile, an upregulated renal expression of TGFβ1, a major pro-fibrotic mediator (36, 37), was observed with pristane alone and the combination of pristane and pre-treatment with tRA compared to the physiological/mock control (Figure S1H). These findings suggest that tRA supplementation before the establishment of immunogenic changes of lupus could aggravate the initiation of glomerulonephritis while the post-treatment with tRA did not significantly change the renal disease induced by pristane.
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FIGURE 1. Progressive glomerulonephritis with tRA pre-treatment in pristane-induced lupus. SLE-like disease was assessed 6 months after pristane injection and upon oral administration of tRA either before (tRA-Pre.) or after (tRA-Post.) pristane induction of lupus (n ≥ 10 mice per group). (A) Representative micrographs for H&E-stained kidney sections at 20×. (B) Levels of proteinuria over time. Linear regression analysis was employed to determine the slope deviation from zero. (C) Relative mRNA expression of matrix protein Laminin β1 in the kidney after normalization to that of GAPDH. Significant differences were shown as **p < 0.01.




Enhancement of Systemic Inflammation by tRA Pre-treatment in Pristane-Induced Lupus

To better understand the mechanism by which the pre-treatment with tRA, but not the post-treatment, exacerbated pristane-induced glomerulonephritis, we investigated how tRA treatments at different disease stages affected immune cell populations in lymphoid organs. Cellular regulation is critical for the pathogenesis of chronic inflammation in pristane-induced lupus (38, 39). tRA is known to paradoxically modulate immune cells to either sustain homeostasis under steady states (40) or promote inflammatory responses in an immunogenic environment (41). Flow cytometry staining of bone marrow cells showed that compared to pristane alone, tRA supplementation either pre- or post-induction of lupus significantly induced the expansion of CD11b+ (Figure 2A) and CD11b− (Figure 2B) subsets of conventional dendritic cells (cDCs) gated as B220− Siglec-H− in CD11c+ myeloid cells. However, for the inflammatory marker Ly6C, only tRA pre-treatment, but not tRA post-treatment, significantly induced the inflammatory phenotype of CD11b+ and CD11b− cDCs compared to pristane alone (Figures 2C,D). Similarly, tRA pre-treatment significantly upregulated the activation marker MHC-II on both cDC subsets compared to pristane alone, whereas the post-treatment only increased MHC-II expression on CD11b+ cDCs (Figures 2E,F). This suggests that the combination of pristane and tRA pre-treatment may target cDCs in the bone marrow to facilitate glomerulonephritis. This notion is supported by our previous report that activated cDCs from the bone marrow can migrate to the kidney to promote glomerulonephritis in MRL/lpr mice (42). Interestingly, both tRA pre- and post-treatments upon pristane injection significantly expanded the monocytic myeloid-derived suppressor cells (MDSCs) gated as Ly6Clow/intermediate CD11b+CD11c− compared to pristane alone (Figure S2A). In contrast, a significant reduction of plasmacytoid DCs (pDCs), another subset of DCs known to promote the pristane-induced systemic inflammation (43), was observed for both tRA pre- and post-treatments (Figures S2B,C). This suggests that neither MDSCs nor pDCs may be involved in the differential disease phenotypes seen with tRA pre-treatment vs. tRA post-treatment.
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FIGURE 2. Enhancement of systemic inflammation by tRA pre-treatment in pristane-induced lupus. (A,B) The percentages of bone marrow cDC subsets determined by flow cytometry at the experimental endpoint (6 months post induction of lupus) are shown. Expansion of CD11b+ (A) and CD11b− (B) cDCs. (C,D) Upregulation of the inflammatory marker Ly6C on CD11b+ (C) and CD11b− (D) subsets of cDCs. (E,F) Percentage of MHC-IIhigh cells on CD11b+ (E) and CD11b− (F) cDCs. (G) Immunohistochemical stains of splenic sections showing the infiltration of T cells (CD3, purple) and the expression of CD11/CD18 (or LFA1, red) and CD54 (or ICAM1, green). Pictures were captured with a Zeiss LSM 880 confocal microscope (red arrows indicate the interaction between LFA1 and ICAM1). Significant differences were shown as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


We also analyzed the spleen and observed a reduced percentage of CD62L+CD44− naïve T cells along with an increased percentage of CD62L−CD44+ effector memory T cells (TEM cells) in the tRA pre-treated group (Figure S2D), which were trending but not statistically significant. This suggests a potential effect of tRA pre-treatment in promoting splenic T-cell activation. Notably, a possible interaction between intercellular adhesion molecule 1 (ICAM1)-expressing endothelial cells and leukocyte function-associated antigen 1 (LFA1)-expressing lymphocytes was observed for the tRA pre-treated group in immunohistochemically stained splenic sections (Figure 2G and Figure S2E), indicating an active process of leukocyte activation and trafficking. These findings suggest that pre-treatment with tRA can enhance pristane-induced systemic inflammation by activating cDCs in the bone marrow and T cells in the spleen. These activated cells may migrate to the kidney and contribute to renal inflammation leading to aggravated glomerulonephritis.



DEGs Induced by tRA Pre-treatment

tRA modulates the differentiation and functional decisions of immune cells through transcriptional regulation (44, 45). Since the adverse effect of tRA pre-treatment on renal inflammation may be explained by the induction of activated cDCs (Figure 2) that we had previously shown to migrate to the kidney to provoke renal pathology (42), we were interested in identifying candidate genes and transcripts induced by tRA that were associated with cDC activation. Balb/c mice received oral tRA from weaning till euthanasia at 3 months of age without further injection of pristane. RNA sequencing was performed on the total splenocytes harvested from these mice. Our chosen dose of tRA (1 mg/kg body weight) changed the expression of 42 coding genes with an FDR of <0.1 (Figure 3). Of these DEGs, 20 were upregulated and 22 were downregulated. When the FDR cutoff was set at 0.05, only 12 upregulated DEGs and 6 downregulated DEGs were identified. All these genes were found to possess at least one putative RARE in their promoters (Table S2), indicating that they are direct targets of tRA-mediated regulation (46).
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FIGURE 3. Differentially expressed genes induced by tRA pre-treatment. RNA sequencing (n = 4 mice per group) was performed on total splenocytes harvested from Balb/c mice at 3 months of age following daily oral dosing of vehicle or tRA (no pristane). A heatmap with a cutoff FDR of <0.1 is shown. Red, upregulation; blue, downregulation.


The observed changes on the transcript level provided further explanation to the inflammatory changes that we noted with tRA pre-treatment. Based on the transcriptomic signature, we found that our splenic cell populations were similar to CD5−CD163+ inflammatory cDC2, a population that was shown by high-dimensional single-cell protein and RNA expression analyses to expand in human SLE patients (47). Among the significantly upregulated DEGs following tRA treatment, we identified endothelial PAS domain-containing protein 1 (Epas1) (48) and ADP ribosylation factor like GTPase 4C (Arl4c) (49) that were associated with enhanced functional potential of cDC2 (47). In particular, Epas1 is a known regulator of IL-31 (50) and IL-31 signaling in activated cDCs augments their inflammatory potential (51).

Other upregulated DEGs in our study included activated leukocyte cell adhesion molecule (Alcam) and a G protein-coupled receptor gene, sphingosine-1-phosphate receptor 1 (S1pr1). Alcam is required for cDC migration via afferent lymphatics, and its blockade through high-affinity antibodies induces cDC retention and alleviates cDC-induced allogenic responses (52). Further, since migratory cDCs can activate T cells through a stable immunological synapse (53), the upregulated Alcam level may explain the increase of TEM cells vs. naïve T-cell populations following pre-treatment with tRA. S1pr1, on the other hand, is involved in both cDC functions and autoimmunity. The interaction between S1PR1 and its ligand S1P is known to regulate cDC activities (54), where the downstream signaling modulates various cDC functions including antigen capture, cytokine production (55), and cDC migration (56, 57). Importantly, this interaction has been shown to contribute to the pathogenesis of autoimmune diseases (58). Strategies that target this signaling pathway have been shown to ameliorate not only nephritis (59) but also systemic autoimmunity in lupus mice (60).

Collectively, these results suggest that pre-treatment with tRA potentiate pristane-induced immunogenic changes through transcriptional regulation of multiple genes (e.g., Epas1, Arl4c, Alcam, S1pr1) involved in cDC activation and migration, which have been shown to greatly contribute to the pathogenic role of cDCs in glomerulonephritis (61–63).



Immunosuppressive Functions of tRA Post-treatment in Pristane-Induced Lupus

While tRA supplementation after pristane induction did not change the severity of renal disease in our study (Figure 1), previous studies from other investigators had shown beneficial effects of tRA after the onset of glomerulonephritis (33, 64). We thus expanded our investigation to determine whether tRA post-treatment could play an immunosuppressive role in pristane-induced lupus. Since circulatory autoantibodies could provoke renal pathology through their deposition into the kidney (65), we tested serum autoantibody levels and renal deposition of IgG. Consistent with previous reports where tRA supplementation during active disease was protective in genetically prone lupus nephritis mouse models, we detected a significantly lower level of anti-dsDNA autoantibodies in the serum as well as its ratio to total IgG with tRA post-treatment compared to pristane alone (Figure 4A). There was a moderate correlation between autoantibody levels and glomerular pathology (Figure 4B), suggesting that a lower level of circulatory autoantibodies with tRA post-treatment may have benefited renal health even though the disease phenotype was unchanged. In support of this, we observed a moderate reduction of IgG deposition in the kidney with tRA post-treatment (Figure 4C and Figure S3).
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FIGURE 4. Immunosuppressive functions of tRA post-treatment in pristane-induced lupus. (A) Serum levels of anti-dsDNA IgG antibodies and their ratios to total IgG antibodies at 6 months post pristane injection as determined with ELISA. (B) Correlation between autoantibody levels and glomerular pathological scores as determined with Spearman correlation analysis. (C) IgG deposition in the kidney as determined with immunohistochemical staining using an anti-IgG monoclonal antibody (green) and DAPI (blue). Red arrows indicate IgG deposition. (D–F) Renal transcript levels of Tnfα (D), Ccl3/Mip1 (E), and Itgal subunit of LFA1 (F) as determined with RT-qPCR. (G) Correlation between renal Itgal expression and glomerular pathological scores. Significant differences were shown as *p < 0.05, **p < 0.01.


Aberrant regulation of different cytokines could lead to abnormal cell activation, tissue infiltration of activated cells, and subsequent collateral damage associated with SLE (6, 66). Therefore, we determined the renal expression of several key pro-inflammatory cytokines and chemokines known for their roles in modulating leukocyte activation and migration. Compared to the mock control (data not shown), we found that in the renal tissue, both pristane alone and the combination of pristane and tRA pre-treatment upregulated a number of pro-inflammatory cytokines, whereas the combination of pristane and post-treatment with tRA downregulated the tested pro-inflammatory transcripts to levels similar to the physiological control. More importantly, compared to the pristane-alone control, significant reductions in the renal expression of TNFα (Figure 4D) and macrophage inflammatory protein 1-alpha (or CCL3; Figure 4E) were observed following tRA post-treatment but not the pre-treatment. The level of renal TNFα, in particular, was positively correlated with glomerular pathology (Figure S4A), suggesting that the downregulation of renal TNFα with tRA post-treatment might have reduced glomerular damage. In addition, we observed trending reductions in the levels of monocyte chemoattractant protein 1 (or CCL2; Figure S4B), RANTES (or CCL5; Figure S4C), and inflammatory cytokines of IL-1 family including IL-18 (Figure S4D) and IL-1β (Figures S4E,F) with tRA post-treatment. In contrast, these levels were slightly increased with tRA pre-treatment. Moreover, pristane-induced upregulation of the renal expression of the alpha subunit of LFA1, integrin αL (ITGAL), was significantly reduced with tRA post-treatment compared to pristane alone (Figure 4F). The renal level of ITGAL was positively correlated with glomerular pathology (Figure 4G), suggesting that tRA post-treatment may have protected against glomerulonephritis even though the benefit was not obvious. Together, these results suggest that tRA treatment after the onset of glomerulonephritis exert immunosuppressive functions as previously reported (33, 64).



tRA-Induced Microbiota Changes in Pristane-Induced Lupus

The change of gut microbiota could be a driving force for SLE especially under genetically prone conditions (20, 31, 67). However, whether gut dysbiosis could develop in environmentally driven lupus like the pristane-induced model and whether it would contribute to lupus pathogenesis in this model remain unclear. Therefore, we utilized 16S rRNA sequencing to characterize the changes of gut microbiota following pristane injection and upon the supplementation of tRA at different stages of the disease. Compared to the physiological/mock control, as early as 2 weeks post lupus induction, pristane injection triggered a significant reduction of the relative abundance of beneficial bacteria in the order Lactobacillales, genus Lactobacillus (Figure 5A), and on the species level, a reduced relative abundance of Lactobacillus gasseri (Table S3). Meanwhile, the injection of pristane transiently induced a significant increase of the order Bacterodiales at 2 weeks (Figure 5B) and significantly enriched the relative abundance of the genus Ruminococcus at 4 weeks post pristane injection (Figure S5A). More importantly, pristane injection significantly increased serum endotoxin levels at 2 weeks post pristane injection (Figure 5C). Similarly, it significantly reduced the transcript level of the barrier-forming tight junction protein Occludin (Figure 5D) and induced a moderate increase in the expression of the pore-forming tight junction protein transcript claudin-2 (Cldn2) (Figure S5B) in the IECs as observed at 6 months post induction. These observations indicate that pristane was able to recapitulate a phenotype similar to a leaky gut described in genetically prone models of SLE (10, 20), further supporting the leaky gut as a danger signal for autoimmunity even in the absence of genetic predisposition.


[image: Figure 5]
FIGURE 5. tRA-induced microbiota changes in pristane-induced lupus. (A) Quantitation of the relative abundance of the order Lactobacillales and genus Lactobacillus at 2 weeks following lupus induction as determined with 16S rRNA sequencing. (B) Relative abundance of Bacteroidales at the same time point. (C) Serum endotoxin levels at the same time point. (D) Expression of tight junction transcript Occludin in the IECs at 6 months post pristane injection. (E) Relative abundance of the phyla Bacteroidetes and Firmicutes at 22 weeks post lupus induction. (F) Correlation between the relative abundance of Bacteroidetes and glomerular pathological scores. Significant differences were shown as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Interestingly, at the early stage of lupus initiation (2 weeks post pristane injection), both tRA treatments significantly reduced the serum endotoxin levels that was induced by pristane (Figure 5C). At 6 months post pristane injection, both tRA treatments moderately increased the IEC expression of Occludin compared to pristane alone (Figure 5D). In addition, at 2 weeks post pristane injection, both tRA treatments significantly increased the relative abundance of the order Clostridiales and genus Clostridium (Figure S5C) over pristane alone and modulated the abundance of several bacterial species (summarized in Table S3). Moreover, starting from 10 weeks post pristane injection, both tRA treatments significantly increased the relative abundance of Bacteroidales (Figure S5D) over both the mock-control and pristane-alone groups. Furthermore, compared to pristane alone, both tRA treatments significantly enriched the abundance of Bacteriodetes while reducing the abundance of Firmicutes (Figure 5E) as well as the Firmicutes/Bacteriodetes ratio (Figure S5E), although only the effects of tRA post-treatment were statistically significant. Notably, the abundance of Bacteroidetes was positively correlated with glomerular pathological scores (Figure 5F). Collectively, these observations suggest that tRA may be able to reverse pristane-induced leaky gut but appear to modulate pristane-induced microbiota changes regardless of the time of administration.




DISCUSSION

Following upon the previous findings by our group that tRA acted as an adjuvant to exacerbate the pre-existing inflammation in extrarenal tissues in mice genetically prone to develop lupus (12), we investigated the hypothesis that the effects of tRA on SLE could be disease stage-specific. Here we utilized the pristane model to induce lupus in Balb/c mice (14). This model allowed us to control the timing of immunogenic changes, enabling us to investigate the immunomodulatory effects induced by tRA given before (tRA pre-treatment) vs. after (tRA post-treatment) the induction of lupus.

Pristane induces the accumulation of autoantigens and the production of various autoantibodies resulting in immune dysregulation resembling that in human SLE. It is an effective chemical to induce glomerulonephritis in many murine models (14, 15, 17). Pristane injection in our study increased the level of circulating autoantibodies as well as the deposition of the IgG in the kidney. As anticipated, a positive correlation was found between the elevated anti-dsDNA level and the glomerular pathology in agreement with what is known for human SLE (68). Interestingly, however, the glomerular pathology was only apparent (with a composite glomerular inflammatory score of 5) and associated with significantly elevated proteinuria levels, which indicate renal damage, when mice were treated with tRA before pristane induction of lupus. In contrast, the supplementation of tRA after lupus induction did not change the severity of pristane-induced glomerulonephritis. This observation was not contradictory to our previous findings in genetically lupus-prone MRL/lpr mice, where tRA treatment during the progressive phase of the disease ameliorated glomerulonephritis (12). In fact, we went on to show that compared to pristane alone, tRA post-treatment possessed immunosuppressive functions on autoantibody levels and renal expression of pro-inflammatory cytokines/chemokines, which is in agreement with previous reports in MRL/lpr (33) and NZB/W F1 (64) lupus-prone mice.

Lupus nephritis affects about 50 to 60% of SLE patients and could be fatal if left without an effective treatment (69, 70). Glomerulonephritis could result from increased proliferation of mesangial cells (the cells forming the glomerulus) and accumulation of extracellular matrix (ECM) that could lead to tissue scarring and loss of renal functionality (71). Our data suggest that the pre-treatment with tRA may accelerate the initiation of pristane-induced mesangial proliferative glomerulonephritis through directly enhancing the proliferation and activity of mesangial cells. Retinoids including tRA generally promote the proliferation of mammalian cells (72). In particular, tRA has a potent anti-apoptotic potential on mesangial cells (73). Indeed, we observed mesangial hypercellularity in the glomeruli and expansion of ECM following pristane injection. Interestingly, over pristane alone, only the pre-treatment with tRA significantly augmented the renal expression of laminin β1, a major ECM protein produced by mesangial cells that has a known pathogenic role in proliferative nephritis (35). In addition, we observed a significant increase in the expression of renal TGFβ1 in tRA-pre-treated mice but not the post-treated group. TGFβ1 signaling is associated with glomerulopathy (74) where TGFβ1 could induce the production and aberrant deposition of different laminins (including laminin β1) on the glomerular basement membrane (GBM) as an initial signal for pro-fibrosis stages of lupus nephritis (37). In particular, laminin β1 acts as a nucleosome ligand where its expression in GBM and binding to the nucleosomes could help provide antigens for autoantibodies and represent a nidus for the initiation of lupus nephritis (37). Consistent with this, we showed increased deposition of total IgG in the kidney following pristane injection and tRA pre-treatment, suggesting the initiation of these pro-fibrotic signals.

The pathogenesis of pristane-induced chronic inflammation depends on continuous influx of leukocytes including cDCs and lymphocytes to the inflamed peritoneal cavity and peripheral tissues (75, 76). The recruitment of immune cells is tightly regulated by the surrounding cytokine milieu (38, 39). Similarly, tRA is known to modulate the homing capacities of different immune cells (40) and to modulate immune cell activation and functions (77). Therefore, we examined the transcript levels of inflammatory cytokines and chemokines known for their roles in lupus development and progression (78, 79) as well as the cellular changes upon pristane injection and tRA supplementation in this model. Our findings suggest that pre-treatment with tRA could facilitate the immunogenic events in pristane-induced lupus through direct modulation of immune cell activation and trafficking to the splenic and renal compartments. Interestingly, we observed an interaction between ICAM1- and LFA1-expressing cells in the spleen that was potentiated by the combination of pristane and tRA pre-treatment. This interaction suggests the presence of a costimulatory signal for an active process of leukocyte activation and trafficking (80, 81).

In contrast, tRA treatment after pristane induction of lupus did not exacerbate glomerulonephritis. The differential effects of tRA pre-treatment vs. post-treatment may be due to enhanced activation of cDCs following pre-treatment with tRA. Although both pre- and post-pristane tRA treatments induced the expansion of bone marrow cDCs, only tRA pre-treatment upregulated the expression of Ly6C. Similarly, only the pre-treatment induced MHC-II expression on CD11b− cDCs over pristane alone. tRA is known to regulate the activities of antigen-presenting cells including cDCs and macrophages (44, 82). Activation of cDCs is required for the induction of glomerular injury and the progression of renal immunopathology in murine models (61, 62). Infiltration of activated cDCs into the kidney aggravates the progression of chronic inflammation associated with chronic kidney damage associated with lupus (42, 63). Therefore, the results in this study suggest that tRA pre-treatment may have facilitated antigen presentation of apoptotic products—which are abundant following pristane injection (83)—by MHC-IIhigh cDCs, which subsequently amplified systemic and renal inflammation leading to exacerbated glomerulonephritis. Moreover, the activated cDCs with tRA pre-treatment may have directly contributed to the activation of mesangial cells in the kidney through producing an array of pro-inflammatory cytokines and chemokines (84–88). Recent findings by Yu et al. (89) provide support for our explanation that the potentiation of mesangial cell activity by tRA pre-treatment contributes to exacerbation of pristane-induced glomerulonephritis. They found that in vitro-activated mesangial cells could act as nonprofessional antigen-presenting cells and express cell surface molecules associated with antigen presentation including MHC-II, ICAM-1, CD40, and CD80, and therefore were able to prime co-cultured T cells to promote their activation and polarization toward T helper-1 (Th1) cells (89). It is likely that the combination of pristane and tRA pre-treatment creates a favorable cytokine/chemokine environment for mesangial cell proliferation, whereas the proliferating mesangial cells would acquire abilities to present antigens, thereby promoting Th1 differentiation and renal inflammation.

tRA post-treatment, on the other hand, did not further induce cDC activation over pristane alone. Instead, it significantly reduced renal expression of pro-inflammatory cytokines and chemokines, thus reducing mesangial cell activation and renal inflammation. In addition, it significantly decreased the serum level of autoantibodies and reduced IgG deposition in the kidney, which also dampen renal inflammation. Taken together, our findings suggest that the interplay between the activation of cDCs and mesangial cells may explain the disease stage-dependent effects of tRA on pristane-induced renal damage.

Leaky gut and microbial dysbiosis provide danger signals for the development of autoimmunity (10, 20). Although germ-free mice also developed pristane-induced lupus (90), the presence of microbiota may augment nephritis in this model. Mice housed under specific pathogen-free conditions have significantly ameliorated autoantibody levels compared to conventionally housed mice following pristane injection (91). Pristane has been shown to induce aberrant expression of pathogen recognition receptors, namely, toll-like receptors (TLRs) including TLR4 and TLR9, in the kidney, and these TLRs are necessary for the development of pristane-induced nephritis (92). Bacterial component and TLR4 ligand LPS (93), present in the gut microbiota, can aggravate the inflammatory activities of peritoneal cells isolated from pristane-treated mice (90). In addition, a recent report has shown that a leaky gut induced by dextran sulfate sodium can augment autoimmunity in pristane-induced lupus (94). However, to our knowledge, no previous studies have shown whether gut dysbiosis is present in the pristane model and whether it would contribute to its pathogenesis. In this study, pristane injection significantly modulated the relative abundance of beneficial bacteria in the order Lactobacillales, genus Lactobacillus as early as 2 weeks post injection. In addition, it transiently induced a significant increase of the order Bacterodiales and significantly enriched the relative abundance of the genus Ruminococcus. It is noteworthy that reduced Lactobacillales has been associated with the progression of glomerulonephritis (31) and that enriching their abundance through oral gavage significantly ameliorates disease progression in MRL/lpr mice (20). Since Lactobacilli positively regulate the intestinal epithelial barrier functions (95, 96) and that their enrichment can reverse the leaky gut in MRL/lpr mice (20), we tested the level of serum endotoxin and expression of intestinal tight junction transcripts in the current study. Strikingly, a leaky gut was also present in pristane-induced lupus. This suggests that the pristane model could recapitulate the gut dysbiosis associated with SLE. Also, since changes in gut microbiota and the observed signs of a leaky gut occurred right after pristane injection and before the onset of obvious disease, our findings further support the leaky gut as a danger signal for autoimmunity even in the absence of genetic predisposition (10, 20).

Both tRA treatments further modulated the microbiota changes noted in the pristane-induced lupus model. At early stage of lupus initiation, both tRA treatments significantly reduced the serum endotoxin levels induced by pristane. Additionally, the combination of pristane and tRA treatments significantly increased the expression of Occludin over pristane alone. Strikingly, both tRA treatments upon pristane injection significantly increased the relative abundance of the order Clostridiales and genus Clostridium and modulated the abundance of several bacterial species and consequently reversed the microbiota dysbiosis previously described in human SLE (67). However, both tRA treatments combined with pristane significantly increased the relative abundance of Bacteroidales and enriched the abundance of Bacteriodetes while reducing Firmicutes, consequently reducing the Firmicutes/Bacteriodetes ratio. This is similar to the reduced Firmicutes/Bacteroidetes ratio in SLE patients compared to healthy controls (97), suggesting that tRA treatments may contribute to lupus pathogenesis. Consistent with this notion, the increased abundance of Bacteroidetes upon tRA treatments was positively correlated to proteinuria levels and glomerular pathological scores. These observations suggest that tRA induce similar changes in the gut microbiota regardless of the time of administration, and that these microbiota changes may exert both beneficial and detrimental roles.

Retinoids in combination with corticosteroids have been suggested as a potential therapy for SLE (11). However, our research group has shown that tRA has paradoxical effects on different tissue pathologies in genetically lupus-prone mice (12). tRA supplementation during the progressive phase of lupus mitigated glomerulonephritis but increased inflammatory cell infiltration to tissues other than the kidney. Additionally, we have shown that tRA given before lupus induction promotes the initiation of glomerulonephritis. Mechanistically, we have found that tRA treatment before lupus induction exacerbates the systemic and renal inflammation induced by pristane injection. It induces the activation of cDCs that can (1) enhance cell-mediated immunity by priming TEM cells and (2) potentiate the activation of mesangial cells that in turn provide pro-fibrotic signals in the kidney. tRA supplementation during the progressive phase of lupus, on the other hand, does not augment pristane-induced activation of cDCs; instead, it exerts immunosuppressive functions that may benefit renal health. Furthermore, we have shown that both tRA treatments are able to modulate the microbial dysbiosis induced in the pristane model regardless of the time of administration. Collectively, our findings provide evidence for disease stage-dependent effects of tRA on the pathogenesis of SLE. As VA supplementation is a common practice, and people at risk for lupus may take it as well, further investigations are required to determine whether there is a need to recommend avoidance of extra VA for people genetically predisposed to develop lupus (e.g., first-degree relatives of SLE patients).
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FcgRIIB dysfunction is commonly found in patients with lupus, especially in Asia. LPS-tolerance is prominent in FcgRIIB–/– lupus mice. LPS-tolerant macrophages demonstrate cell energy depletion, which might affect lipid metabolism. Therefore, to explore lipid metabolism, LPS-tolerance was induced twice by LPS administration in macrophages and in mice. LPS-tolerant FcgRIIB–/– macrophages demonstrated lesser mitochondrial DNA (mtDNA), more severe ATP depletion, lower cytokine production, and higher lipid accumulation (oil red O staining) compared to LPS-tolerant WT cells. Mass-spectrometry-based lipidomic analysis demonstrated a higher abundance of phosphatidylethanolamine (PE) phospholipid in LPS-tolerant FcgRIIB–/– macrophages than WT cells. This was at least in part due to the lower expression of phosphatidylethanolamine N-methyltransferase (pemt), an enzyme that converts PE to phosphatidylcholine (PC). Aminoimidazole-4-carboxamide ribonucleotide (AICAR), a pemt inhibitor, worsens LPS-tolerance in WT macrophages and supports the impact of pemt upon LPS-tolerant FcgRIIB–/– macrophages. Additionally, phosphorylated AMP-activated protein kinase (AMPK-p), a molecule for ATP-restoration associated with pemt, and phosphorylated acetyl CoA carboxylase, a downstream signaling of AMPK-p, were higher in LPS-tolerant FcgRIIB–/– macrophages than WT. Furthermore, Compound C, an AMPK inhibitor, attenuated LPS-tolerance in both FcgRIIB–/– macrophages and mice. Taken together, the intense decrease in cytokine production after the second LPS stimulation (LPS-tolerance) in FcgRIIB–/– macrophages was possibly due to the impact of an immense cytokine synthesis after the first dose of LPS. This includes using up PEMT, an enzyme of phospholipid synthesis during cytokine production, and AMPK-p induction in response to profound ATP-depletion. Therefore, the manipulation of the AMPK/PEMT axis provides a novel therapeutic candidate for the treatment of severe LPS-tolerance in lupus.

Keywords: endotoxin tolerance, Fc gamma receptor IIb, macrophage, lupus, AMPK, phosphatidylethanolamine


INTRODUCTION

One cause of systemic lupus erythematosus (SLE) is the functional defect in Fc gamma receptor IIB (FcgRIIB). This is the only inhibitory receptor among members of the FcgR family, especially in Asian population (1–3). In a mouse model of lupus, FcgRIIB–/– mice exhibited effective microbial control against several micro-organisms due to enhanced immune responses from inhibitory signaling loss (2, 4, 5). However, immune responses in these mice showed an extremely exhausted phenotype after repeated stimulation, as demonstrated by the intense reduction of cytokine production after repeated LPS stimulation, often referred to as “LPS-tolerance” (6, 7). Inadequate cytokine production due to prominent LPS-tolerance in FcgRIIB–/– lupus mice enhances sepsis susceptibility (6, 7). This is similar to a secondary infection after immune exhaustion or immune paralysis (8–10). As such, LPS-tolerance might be responsible for the increased infection susceptibility in lupus patients (11, 12).

Interestingly, it has been reported that LPS-tolerance is possible in active lupus because of spontaneous endotoxemia both in patients and in mice (13, 14). This could possibly lead to persistent LPS stimulation and LPS-tolerance (15–18). While LPS-tolerance protects the host from lethal doses of LPS by dampening cytokine responses, cytokine levels in LPS-tolerance are too low for organism control (6). Although TLR4 signaling, microRNA, epigenetic alteration (16), and cellular metabolism (18) have been proposed as the mechanisms of LPS-tolerance, evidence is still inconclusive, and studies of LPS-tolerance in lupus are still lacking. Due to the hyper-responsiveness to LPS stimulation in FcgRIIB–/– macrophages (6, 7), prominent LPS-tolerance of FcgRIIB–/– cells might result from profound energy insufficiency (18–20) or post-translational modification (7, 21). Fatty acids are the source of β-oxidation, which is a catabolic process that converts fatty acids into acetyl-CoA for Krebs cycle in mitochondria of eukaryotic cells (22). Therefore, further lipid exploration in LPS-tolerant macrophages is interesting because: (1) β-oxidation is important for mitochondria (22); (2) intracellular lipids are responsible for diverse cell functions, such as phagocytosis, cytokine production, and mitochondrial function (23, 24); and (3) increased lipid accumulation in activated macrophages has been documented (25). The comparison between bone marrow-derived macrophages from FcgRIIB–/– and WT with either single or sequential LPS stimulation has led to the identification of lipid metabolism as one of the pathways that regulates LPS-tolerance and depresses cytokine production in LPS-tolerant FcgRIIB–/– macrophages.



MATERIALS AND METHODS


Animal and Endotoxin-Tolerance Mouse Model

Animal study protocols were approved by the Faculty of Medicine, Chulalongkorn University, following the National Institutes of Health (NIH) criteria. FcgRIIB–/– mice (on C57BL/6 background) were provided by Dr. Sylvia M. Bolland (NIAID, NIH, Maryland, USA). Other mice were purchased from the National Laboratory Animal Center, Nakornpathom, Thailand. Eight-week-old female C57BL/6J mice were used in all experiments. The endotoxin-tolerance model was performed by intra-peritoneal administration of endotoxin (LPS) from Escherichia coli 026:B6 (Sigma-Aldrich, St. Louis, MO, USA) in two separate doses at 0.8 and 4 mg/kg with 5-day rest between doses (6). Then, blood was collected through tail vein nicking at specific time-points after the second dose of LPS to measure serum cytokines (TNF-α, IL-6, and IL-10) by ELISA (Bioplex, Bio-RAD, CA, USA). In addition, Compound C, an inhibitor against AMP activated protein kinase (AMPK), was tested in mice. Accordingly, 1 mg/kg of Compound C (Dorsomorphin, Sigma-Aldrich) was intra-peritoneally administered following a previous publication (26) together with the second dose of LPS in the mouse model.



Bone Marrow-Derived Macrophages, Endotoxin Stimulation Protocol, and Manipulation

Activation of bone marrow (BM)-derived macrophages from progenitor cells in mice femur with L929-conditioned media was supported by flow cytometry by anti-F4/80 and anti-CD11c antibody (BioLegend, San Diego, CA, USA) before use (6, 7). Then, endotoxin (LPS) Escherichia coli 026:B6 (Sigma-Aldrich) at 100 ng/ml in 100 μl/well was used to activate macrophages (1 × 105 cells/well) with two protocols, including single incubation and 2-sequential LPS stimulation (6, 7). For single LPS stimulation (N/100), culture media without endotoxin was used for 24h then washed with phosphate buffer solution (PBS) and filled with LPS. For sequential LPS stimulations (100/100), LPS was incubated for 24 h, washed, and refilled with the same dose of LPS. In the control group (N/N), culture media without endotoxin was used before and after washing. Culture supernatant was collected at indicated time-points after the second incubation and stored at −80°C until cytokine analysis by ELISA (Thermo-Fisher Scientific, Waltham, MS, USA). In addition, aminoimidazole-4-carboxamide ribonucleotide (AICAR), an inhibitor of phosphatidylethanolamine N-methyltransferase (pemt), and Compound C, an AMPK inhibitor, were used to test the impact on LPS-tolerance. AICAR (50, 100, or 200 μM) or Compound C (5 μM) (Sigma-Aldrich) was incubated in macrophages together with the second dose of LPS in sequential LPS protocol (100/100) before supernatant cytokine determination.



Macrophage Phagocytosis

Macrophage phagocytosis was measured by incubation of zymosan conjugated with 40 kDa fluorescein isothiocyanate dextran (FITC-dextran) (Sigma-Aldrich) at 200 μg/ml in 1 x 105 cells/ well for 1 h at 37°C in 5% CO2 following a previous protocol (27). Then, the extracellular fluorescence was washed out by PBS and quenched by Trypan blue solution. After that, residual adherent macrophages were fixed with 4% paraformaldehyde and stained with Hoechst 33342 nuclear stain (Molecular Probe, Eugene, OR, USA). Cells were explored by an Olympus IX81 inverted fluorescence microscope. The ratio of fluorescence intensity of FITC-dextran, normalized by the number of nuclear staining with a Varioskan Flash microplate reader, was used to represent phagocytosis activity.



Mitochondria Staining and Extracellular Flux Analysis

LPS-tolerance might be associated with cell-energy adaptation. Therefore, several parameters of mitochondria were explored. As such, 200 nM of Mitotracker Red CMxROS (Molecular probe) was added to each well and incubated at 37°C for 15 min before removal. Then, cells were fixed with cold methanol at −20°C for 15 min, washed twice with PBS, and photographed by an IX81 inverted microscope (Olympus, Tokyo, Japan). Energy metabolism profiles with estimation of glycolysis were performed and assessments of mitochondrial oxidative phosphorylation with extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) were carried out by Seahorse XFp Analyzers (Agilent, Santa Clara, CA, USA) on macrophages at 1 × 105 cells/ well by Seahorse Wave 2.6 software as previously described (21).



Quantitative Real Time PCR (qRT-PCR) for Mitochondrial Genome (mtDNA), Cytokines, and Lipid Metabolism Enzymes

For mitochondrial DNA (mtDNA) detection, total DNA was extracted by FavorPrep™ Tissue Genomic DNA Extraction assay (Favorgen, Ping-Tung, Taiwan) before analysis by real time RT-PCR with the following sequences encoded for mtDNA (mmito-1); forward: 5′-CGTACACCCTCTAACCTAGAGAAGG-3′, reverse: 5′-GGTTTTAAGTCTTACGCAATTTCC-3′; compared to the following house-keeping sequences of β2 microglobulin (β2M); and forward: 5′-GGACAGTGGGTAGGGAACTG-3′, reverse: 5′-GGACAGTGGGTAGGGAACTG-3′ (28). Then, mtDNA relative to β2M was analyzed by the comparative threshold cycle (ΔCt) method.

For cytokines and enzymes in lipid metabolism, total RNA was extracted by an RNeasy mini kit (Qiagen, Albertslund, Denmark). Then, RNA (200 ng) was converted into cDNA in 20 μl of reaction mix by RevertAid First Strand cDNA synthesis Kit (ReproTech, Oldwick, NJ, USA). Primers used for these experiments are demonstrated in Table 1. Gene expression relative to β2M were analyzed by 2−ΔΔCT method, and fold change between the interested conditions and untreated WT macrophage control (N/N) were demonstrated. Measurements of transcript levels were performed with mastermix 1xKAPA fast SYBR Green (Kapa Biosystems, Wilmington, MA, USA). Real time RT-PCR was performed by a QuantStudio® 6 Real-Time PCR system (Applied Biosystems, Life Technology Corporation, CA, USA) with a final volume reaction of 10 μL containing 0.3 μmol/L of each forward and reverse primer. Mastermix 1xKAPA fast SYBR Green (Kapa Biosystems, Wilmington, MA, USA) and 2 μL of DNA template were used.


Table 1. A list of primers.
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Reactive Oxygen Species (ROS), Adenosine Triphosphate (ATP) Measurement, and Cell Viability Test

Cellular total ROS production was determined by fluorescent dye, Dihydroethidium (DHE), according to the manufacturer's protocol. Briefly, 20 μM of DHE (Sigma-Aldrich) was incubated for 20 min at 37°C before DHE measurement at the indicated time-points. Fluorescence readings were analyzed at 520 nm by a Varioskan Flash microplate reader as presented by fluorescence arbitrary unit (a.u.). Cellular ATP content was identified by incubation with the substrate from Luminescent ATP Detection Assay (Abcam, San Francisco, CA, USA) for 15 min in room temperature before analysis with a Varioskan Flash microplate reader (Thermo-Fisher Scientific) following the manufacturer's instruction. In addition, cell viability was analyzed by tetrazolium dye 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT) solution (Thermo Fisher Scientific) according to the manufacturer's protocol. In short, macrophages at 1 × 105 cells/well were incubated with 0.5 mg/mL of MTT solution for 2 h at 37°C in the dark. Then, MTT was removed and diluted with Dimethyl sulfoxide (DMSO; Thermo Fisher Scientific) before measurement with a Varioskan Flash microplate reader with absorbance at 570 nm.



Total Lipid Staining by Oil Red O Dye and Fluorescent-Labeled Phospholipid Uptake

Cells were washed twice with PBS before staining with 0.3% Oil Red O solution (Sigma-Aldrich) for 10 min, washed with PBS, fixed with 4% paraformaldehyde for 15 min at room temperature, and washed again with PBS. Stained cells were evaluated under a microscope with 10 random fields from each well. Intensity was evaluated by ImageJ (NIH, Bethesda, MD, USA). Although cellular lipid accumulation might be due to increased lipid synthesis or enhanced uptake, and only lipid uptake was tested due to technical limitations of lipid synthesis (29, 30). Fluorescent phospholipid analogs (Avanti Polar Lipids, Inc., AL, USA), including lipid analogs 1-acyl-2-[12-(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]dodecanoyl]-sn-glycero-3- phosphocholine (NBD-PC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine liss PE), were prepared in 100% ethanol for the uptake assay following a published protocol (31). Briefly, 20 μM of phospholipid analogs were added to macrophages in a 96-well plate. At indicated time-points, cells were washed twice, and PBS (50 μl) was added to each well. Fluorescence of NBD-PC and Rhodamine-liss PE taken up by cells was measured with Varioskan Flash microplate reader (Thermo-Fisher Scientific). Phospholipid uptake was calculated by ratio between intensity of phospholipid reporter and number of nuclei as stained by Hoechst 33342 (Molecular Probe).



Lipid Extraction and LC-MS Data Analysis

A metabolomics protocol for sample preparation for adherent cells was followed (32). In short, culture media of 2 × 106 cells/ well of macrophages were removed and placed on dry ice before 4 ml of 80% (vol/vol) methanol (cooled to −80°C) was added. Plates were then incubated in −80°C for 20 min before scraping to separate the cells. Samples were transferred to 15 ml conical tube and centrifuged at 14,000 g for 10 min at 4°C before removal of the metabolite-containing supernatant to a new conical tube on dry ice. Subsequently, lipid components in the pellet were dissolved again with 80% (vol/vol) methanol according to previously mentioned procedures. The metabolite-containing supernatant from the pellet was combined with the previous supernatant before being concentrated with the total lipids from cell lysate by speed vacuum at −56°C for 16h to evaporate MeOH and then stored at −80°C before further analysis. Total lipids were reconstituted in 100 μl of 50% MeOH in water, MeOH:H2O 1:1 (v/v), and analyzed by an untargeted approach based on liquid chromatography coupled with an electrospray-ionization LC ESI-MS using micrOTOF-Q II (Bruker Daltonics, USA) with a chromatography system following the previous condition (33, 34). In short, LC/MS/MS Q-TOF with LC separation on a C18 column (Agilent, Santa Clara, CA, USA) and mobile phases consisting of ultrapure water and acetonitrile containing 0.1% (v/v) formic acid were used. Data analysis was performed by Profile analysis software (Bruker Daltonics, USA) for LC/MS data. The difference between data sets was determined by using unpaired two-tailed Student's t-tests. The Lipidomics Gateway (http://www.lipidmaps.org) was used to identify lipids based on major fragment ions of the MS spectrum after manual monoisotope selection. LC/MS data was subjected to Metaboanalyse 3.0 (https://www.metaboanalyst.ca) for principal cluster analysis (PCA), Volcano plots, and enrichment pathway analysis. The enrichment pathway analysis was performed as a Metabolite Set Enrichment Analysis by Metaboanalyse 3.0. This method was used to identify biologically meaningful patterns that were significantly enriched in quantitative metabolomic data. The intensity between data sets was compared using unpaired two-tailed Student's t-tests with profile analysis software. Only unknown metabolites with p < 0.01 were considered for further analysis. Out of 1,765 lipids, there were 187 selected unknown metabolites that were then identified by lipidomic map database with search parameters including Ion adducts: “M+H”, “M+H-H2O”, “M+Na”, “M+NH4”, “M+K”, and Mass Tolerance (m/z): +/– 0.05.



Western Blot

Western blot analysis was used to explore the abundance of AMPK and phosphorylated-AMPK (AMPK-p) and phosphorylated-acetyl-CoA carboxylase (ACC-p), a downstream signaling of AMPK-p, in LPS-tolerant macrophages following the standardized procedure (7, 21). In brief, stimulated macrophages were pelleted, washed with PBS, and lysed in RIPA lysis buffer with a protease/phosphatase inhibitor (Thermo-Scientific, Rockford, IL, USA). The samples were homogenized and protein quantification was performed by Bicinchoninic acid assay (BCA) (Pierce BCA Protein Assay, Thermo Scientific) and then separated in 10% sodium dodecyl sulfate (SDS) polyacrylamide gel before transferring into a nitrocellulose membrane. Subsequently, the preparation was incubated with primary antibodies for AMPK, AMPK-p, and ACC-p (Abcam, Cambridge, MA, USA), probed with the proper anti-IgG horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology), and detected by an enhanced chemiluminescence rapid step chemiluminescence detection system (Thermo-Scientific). Rabbit monoclonal antibody of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Abcam) was used as a housekeeping control.



Statistical Analysis

All statistical analyses were performed with GraphPad prism 5.0 (GraphPad Software, Inc., San Diego, CA). In vitro data were based on triplicate independent experiments and represented by mean ± standard error (SE). A p value < 0.05 was considered statistically significant. Student's t-test or one-way analysis of variance (ANOVA) with Tukey's comparison test was used for the analysis of experiments with two and more than two groups, respectively.




RESULTS


Characteristics of FcgRIIB–/– Macrophages After Single or Sequential LPS Stimulation

Both single (N/100) and sequential (100/100) LPS stimulation induced TNF-α and IL-6 (Figures 1A,B) in WT and in FcgRIIB–/– macrophages. However, cytokine levels in FcgRIIB–/– cells with single LPS stimulation were significantly higher than those in WT macrophages. In contrast, cytokine levels in FcgRIIB–/– cells with sequential LPS stimulation (LPS-tolerance) were lower than WT cells (Figures 1A–C). Higher responses against single LPS stimulation and more depressed cytokine production during LPS-tolerance of FcgRIIB–/– cells were also demonstrated by the difference in cytokine levels between single LPS and control (N/100-N/N) and between sequential LPS vs. single LPS [(100/100)–(N/100)] (Figures 1D–F). In parallel, gene expression of a pro-inflammatory cytokine (TNF-α) and anti-inflammatory cytokine (IL-10) was higher in single LPS-stimulated FcgRIIB–/– macrophages than WT cells (Figures 1G,H). In LPS-tolerant (100/100) WT macrophages, TNF-α expression, but not IL-10 expression, was lower than single LPS stimulation. The expression of both genes in LPS-tolerant FcgRIIB–/– cells was lower than single LPS activation (Figures 1G,H). These data support that the inhibitory signaling loss of FcgRIIB–/– macrophages induces hyper-responsiveness after single LPS stimulation and is followed by intense unresponsiveness to the second dose of LPS (LPS-tolerance) (6). In addition, LPS-tolerance was also accompanied by enhanced phagocytosis activity in both WT and FcgRIIB–/– macrophages. There was higher activity in FcgRIIB–/– cells (Figures 1I,J) at 24 h after the second LPS stimulation, which supports previous findings (35).
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FIGURE 1. Characteristics of wild-type (FcgRIIB+/+) macrophages and FcgRIIB–/– cells after single (N/100) or sequential (100/100) LPS stimulation vs. control (N/N) as determined by time-course of supernatant cytokines (TNF-α, IL-6, and IL-10) (A–C), the difference of cytokine level between single LPS stimulation vs. baseline [(N/100)–N/N)] and between single LPS stimulation vs. LPS tolerance [(100/100)–(N/100)] (D–F) and gene expression of TNF-α and IL-10 (G,H) are demonstrated. Phagocytosis function of these experimental groups evaluated by the uptake of FITC-Zymoxan beads in the representative figures (I) and phagocytosis score (J) are also shown (Independent triplicate experiments were performed; *p < 0.05; **p < 0.01).




Immense Reduction of Mitochondria Quantity and ATP Production in LPS-Tolerant FcgRIIB–/– Macrophages

Profound cytokine defect observed in LPS-tolerant macrophages is partially caused by cell-energy depletion and is often referred to as “inflammatory bioenergetics responses” (36). Therefore, cell energy was explored in FcgRIIB–/– macrophages. When comparing FcgRIIB–/– macrophages with WT cells, LPS-tolerance (100/100) reduced mitochondrial quantification and, as evaluated by MitoTracker, mitochondrial DNA (mtDNA). It also reduced ATP production and total cellular reactive oxygen species (ROS) (Figures 2A–E), especially at 24 h post-stimulation. In addition, cell energy evaluation by extra-cellular flux analysis demonstrated lower respiratory capacity (Figure 3A) and a tendency of lower glycolysis capacity (Figure 3B) in LPS-tolerant FcgRIIB–/– macrophages compared with control FcgRIIB–/– cells with the non-different cell viability (Figure 3C). Meanwhile, LPS-tolerance in WT macrophages showed a tendency of low mitochondria and glycolysis capacity compared with WT control but did not reach a significant value (Figures 3A,B). This implies severe energy insufficiency in LPS-tolerant FcgRIIB–/– cells and the depletion in cell-energy might be associated with low cytokine production (Figures 1A–D) in LPS-tolerant FcgRIIB–/– macrophages. The number of mitochondria, mtDNA, ATP production, and total cellular ROS in single LPS-stimulated FcgRIIB–/– macrophages (N/100) at 24 h (Figure 2) and extracellular flux analysis (Figures 3A,B) were not in the highest levels among all groups despite demonstrating the highest cytokine levels (Figures 1A–C). This may suggest less correlation between cell-energy status and cytokine production in single LPS stimulation.
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FIGURE 2. The evaluation of cell energy of wild-type (FcgRIIB+/+) macrophages and FcgRIIB–/– cells after single (N/100) or sequential (100/100) LPS stimulation vs. control (N/N) as determined by (1) mitochondrial assessment with Mitotracker Red as presented in representative figures from 6 h post-stimulation (A) and quantitative score (B), (2) semi-quantitative expression of mitochondrial DNA content (mtDNA) in relative to β2 microglobulin (β2M) gene by qRT-PCR (C), and (3) luminescence intensity of cellular ATP production (D) are demonstrated. Total cellular reactive oxygen species (ROS) as evaluated by Dihydroethidium (DHE) assay (E) are also shown (Independent triplicate experiments were performed; *p < 0.05).
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FIGURE 3. Extracellular flux analysis pattern of macrophages with LPS-tolerance (100/100) or culture media control (N/N) in FcgRIIB–/– and wild-type (FcgRIIB+/+) groups as evaluated by oxygen consumption rate of mitochondrial stress test for mitochondrial pathway analysis (A) and extracellular acidification rate of glucose stress test for glycolysis pathway analysis (B) at 6 h after the second dose of LPS or control culture media are demonstrated. The evaluation on macrophages of wild-type (FcgRIIB+/+) and FcgRIIB–/– cells after the single (N/100) or the sequential (100/100) LPS stimulation vs. control (N/N) in the viability assay analyzed by tetrazolium dye 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) solution (C), the number of lipid droplets intensity determined by ImageJ software from Oil Red O staining (D), and the representative Oil Red O staining from macrophages in each condition (E) are demonstrated (Independent triplicate experiments were performed for all figures; FCCP, Carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone; 2-DG, 2-Deoxy-d-glucose).




Increased Lipid Droplet Accumulation and a Global Shift in Glycerophospholipids Profile in FcgRIIB–/– Macrophages With LPS-Tolerance

Severely reduced mitochondria biogenesis and decreased ATP in LPS-tolerant FcgRIIB–/– macrophages (Figure 2) may affect lipid metabolism. Accordingly, lipid droplet count, as stained by Oil red O color in LPS-tolerant FcgRIIB–/– macrophage at 24 h after stimulation, was higher than other groups (Figures 3D,E). This is in contrast to mitochondrial biogenesis, ATP production (Figures 2B–D), and extra cellular flux analysis (Figures 3A,B). Of note, lipid droplets were not increased in single LPS-stimulated FcgRIIB–/– macrophages (Figures 3D,E). Furthermore, untargeted LC-MS-based lipidomic analysis was performed. The schematic diagram of the analysis is detailed in Figure 4A. Increased expression of glycerolipid (GL), glycerophospholipid (GP), sphingosine (SP), and sterol (ST) in LPS-tolerant FcgRIIB–/– macrophages (100/100) compared with LPS-tolerant WT cells was visualized by clustering heat map analysis (Figure 4B, right side). In parallel, reduced GP and increased SP and ST in single LPS stimulated FcgRIIB–/– cells (N/100) were observed when compared with WT (Figure 4B, left side). A Venn diagram of lipid derivatives from LPS-tolerant FcgRIIB–/– macrophages (100/100) vs. single LPS stimulation (N/100) revealed 47 and 49 lipids, respectively. There were only eight lipids that shared similarity between groups (Figure 4C). This implies different lipid metabolism between these groups. A list of lipid derivatives (lipids) in single and sequential LPS-stimulated macrophages identified by the Lipidomic Gateway database are shown in Tables 2, 3. Among the significantly different lipid derivatives between groups, 20 and 29 lipids were up- and downregulated, respectively, in FcgRIIB–/– macrophages with single LPS stimulation (Table 2). While 39 and 11 lipids in FcgRIIB–/– macrophages with LPS-tolerance were up- and down- regulated, respectively (Table 3). These alterations mostly occur in glycerophospholipids. Raw data of lipidomic analysis in LPS-tolerant macrophages is included in Supplemental Data.
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FIGURE 4. Schematic of experimental design for mass-spectrometry (LC-MS) based lipidomic analysis from bone marrow derived macrophages (BMDM) of FcgRIIB–/– and wild-type (FcgRIIB+/+) with single (N/100) and sequential (100/100) LPS stimulation (A) is demonstrated. Lipidomic analysis presented by hierarchical clustering heat-map profiling groups of lipid derivatives identified as glycerolipid (GL), glycerophospholipid (GP), sphingosine (SP), and sterol (ST) between wild-type (FcgRIIB+/+) and FcgRIIB–/– macrophages after LPS stimulation with the green and red color indicated up and downregulated lipid derivatives, respectively, (B) are shown. Venn diagram indicating the number of lipid derivatives in FcgRIIB–/– macrophages with N/100 or 100/100 LPS stimulation (C), principal cluster analysis (PCA) in principle component 1 (PC1) identifying variance between individual groups from wild-type (WT1-3) vs. FcgRIIB–/– (K1-3) and in principle component 2 (PC2) indicating variance between replicate experiments (D), Volcano plot of lipid derivatives quantification from sequential LPS stimulation (100/100) in wild-type vs. FcgRIIB–/– cells summarizing up- and downregulated lipid derivatives based on the adjusted log2 fold change (E), and enrichment pathway analysis (F) are also indicated.



Table 2. Summary of lipid derivatives based on lipidomic gateway analysis with mass spectrometric measurement identification: comparison of lipid profiles of FcgRIIB–/– and FcgRIIB+/+ macrophages with single LPS stimulation (N/100).
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Table 3. Summary of lipid derivatives based on lipidomic gateway analysis with mass spectrometric measurement identification: comparison of lipid profile of FcgRIIB–/– and FcgRIIB+/+ macrophages with sequential LPS stimulation (100/100).

[image: Table 3]

Lipids in LPS-tolerant macrophages in FcgRIIB–/– and WT were further analyzed as a result of mitochondrial defect where energy depletion and increased cellular lipid content (Figures 2, 3) were more dominant in LPS-tolerant macrophages compared with single LPS-stimulated cells. Firstly, principle component analysis (PCA) of lipid derivatives showed a clear separation between LPS-tolerant FcgRIIB–/– macrophages (100/100) compared with WT. PCA analysis also identified a 39% principle component 1 (PC1) measurement of variance, which suggests the variability of lipids in WT and FcgRIIB–/– macrophages (Figure 4D). Secondly, a Volcano plot demonstrated the distribution of up- and downregulated lipids with a cut off p-value at 0.05 and log2FC at 1.5 folds difference between LPS-tolerant FcgRIIB–/– macrophages vs. WT cells (Figure 4E). Thirdly, among the upregulated lipid derivatives of FcgRIIB–/– vs. WT cells, biological significance from pathway enrichment analysis identified that phospholipid biosynthesis was the most significantly enriched lipid (Figure 4F, red), followed by the derivatives in arachidonic acid metabolism (Figure 4F, yellow). Fourthly, the lists of upregulated lipids were further explored and analyzed by map-gateway analysis. The top 20 abundant lipids among 39 upregulated lipid derivatives of LPS-tolerant FcgRIIB–/– macrophages over WT (Table 3 and Supplemental Data) with p value differences of less than 0.01, and ratios (FcgRIIB–/– divided by FcgRIIB+/+) of more than 1.5 fold in FcgRIIB–/– macrophages over WT are demonstrated in Figure 5. Most of these lipids were in glycerophospholipid pathways. Although the abundance of 2-methoxy-6Z-heptadecenyl-sn-glycero-3-PE of LPS-tolerant FcgRIIB–/– macrophages was the highest (top column of Figure 5), the increase was only 2.5 folds higher than WT. In addition, the second and third most abundant derivatives were C17 Sphinganine at 6.9 folds and POV-PA at 3.7 folds higher than WT, respectively. However, C17 Sphinganine, as a sphingolipid derivative, and POV-PA, as an oxidized phospholipid, were not enriched in phospholipid biosynthesis or the arachidonic acid metabolism pathway that was derived from the pathway analysis (Figure 4F). This implies biologically less meaningful patterns. PE (16:0/0:0) (PE) was the fourth most abundant lipid at 4.3 folds higher in FcgRIIB–/– macrophage compared with WT and became the focus for further study (Figure 5, red dotted line). Indeed, phosphatidylcholines (PC) and phosphatidylyethanolamine (PE) are major lipid derivatives in the GP group (37, 38). PE is also considered as one of the major phospholipid components of eukaryotic cell membrane (39). Enriched PE component in LPS-tolerant FcgRIIB–/– macrophages over WT was possibly due to increased lipid uptake or enhanced lipid synthesis.
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FIGURE 5. Top first 20 high intensity lipid derivatives in macrophages after LPS-tolerance (100/100) from FcgRIIB–/– vs. wild-type (FcgRIIB+/+) identified by lipids map gateway with a cut off p-value < 0.01 together with the difference of values with more than 1.5 fold-change is demonstrated (Independent triplicate experiments were performed to prepare cells for lipidomic analysis).




Involvement of Phosphatidylethinolamine Methyltransferease (PEMT) and AMPK in LPS-Tolerant FcgRIIB–/– Macrophages

Technical limitations in the evaluation of intracellular lipid synthesis (29, 30) resulted in performing only the lipid uptake assay. Accordingly, uptake of PE analog (Rhodamine-liss PE) was higher in LPS-tolerant FcgRIIB–/– macrophages when compared with WT at 24h of incubation, while the uptake of phosphatidylcholine (PC) analog (NBD-PC) was similar between WT and FcgRIIB–/– macrophages (Figure 6). Although mechanisms of enhanced-uptake of Rhodamine-liss PE in LPS-tolerant FcgRIIB–/– macrophages were not clear, these results suggested an association between PE and LPS-tolerance in macrophages of lupus mice.
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FIGURE 6. Uptake of lipid analogs Rhodamine-liss phosphatidylethanolamine (Rhodamine-liss PE) (A,B) or fluorescent phosphatidylcholine (NBD-PC) (C,D) normalized by Hoechst 33342 nucleus staining, in FcgRIIB–/– and wild-type (FcgRIIB+/+) macrophages in control (N/N) and LPS-tolerance (100/100) with representative immunofluorescence images (E) are demonstrated (images of NBD-PC uptake are not shown). (Independent triplicate experiments were performed).


Since several enzymes are needed for PE and PC lipogenesis (Figure 7, diagram), the expression of these enzymes between LPS-tolerant FcgRIIB–/– macrophages vs. WT cells were examined. Interestingly, there was high expression of phosphoethanolamine cytidylyltransferase (et), the encoding enzyme responsible for PE synthesis, at the baseline condition (N/N) of FcgRIIB–/– macrophages compared with WT (Figure 7A). LPS-tolerant FcgRIIB–/– macrophages demonstrated a decreased expression of phosphatidylethanolamine N-Methyltransferase (pemt) (Figure 7A), which is the encoding enzyme responsible for the conversion of PE into PC. Indeed, the reduced pemt expression (Figure 7A), and increased PE uptake (Figure 6) in LPS-tolerant FcgRIIB–/– macrophages is consistent with the higher intracellular PE (Figure 5) in LPS-tolerant FcgRIIB–/– macrophages compared with WT.
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FIGURE 7. Schematic diagram of important enzymes including ethanolamine kinase (ek), CTP: phosphoethanolamine cytidylyltransferase (et), choline/ethanolamine phosphotransferase (cept), phosphatidylserine decarboxylase (psd), phosphatidylethanolamine N-methyltransferase (pemt), and CTP-phosphocholine cytidylyltransferase/choline/ethanolamine phosphotransferase (cpt/cept) in lipogenesis pathway with phosphatidylserine (PS), phosphatidylyethanolamine (PE), and phosphatidylcholine (PC) (A, upper part) and gene expression from macrophages from FcgRIIB–/– and wild-type (FcgRIIB+/+) in control (N/N) or LPS-tolerance (100/100) (A, lower part) are demonstrated (DAG, diacyl glycerol). Protein abundance of macrophages in control (N/N) or LPS-tolerance (100/100) as determined by AMP-activated protein kinase (AMPK) in relative to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (B), phosphorylated AMPK (AMPK-p) in relative to GAPDH (C), AMPK-p abundance in relative to AMPK (D), and phosphorylated acetyl-CoA carboxylase (ACC-p) (E) of LPS-tolerant macrophages with representative pictures of Western blot analysis are also demonstrated (Independent triplicate experiments were performed).


Activation status of AMPK in LPS-tolerance was also explored because of the well-known association between PEMT pathway of lipid metabolism and the sensor of cellular energy status, AMP-activated protein kinase (AMPK) (40, 41). Accordingly, higher protein burdens of AMPK, phosphorylated AMPK (AMPK-p), and phosphorylated acetyl-CoA carboxylase (ACC-p, a downstream signaling of AMPK) in LPS-tolerant FcgRIIB–/– macrophages compared with WT cells was observed (Figures 7B–E). Of note, burdens of AMPK but not AMPK-p, was also increased in LPS-tolerant WT macrophages (Figure 7B). Hence, prominent pemt reduction and increased AMPK-p in response to energy depletion of LPS-tolerant FcgRIIB–/– macrophages compared with WT might be responsible for the severe unresponsiveness against the second dose of LPS in LPS-tolerant FcgRIIB–/– cells. To address the role of PEMT, 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR), an inhibitor of pemt (in low dose; <500 μM) with the AMPK enhancer property (in high dose) (42), was incubated in LPS-tolerant WT macrophages to see if AICAR could enhance severity of LPS exhaustion as seen in LPS-tolerant FcgRIIB–/– macrophages. As expected, AICAR worsened LPS-tolerance in WT macrophages in a dose-dependent manner as demonstrated by cytokine reduction with increased cellular lipid droplets, similar to LPS-tolerant FcgRIIB–/– cells (Figures 8A–E,H). However, AICAR did not alter cell energy as determined by mtDNA and ATP production (Figures 8F,G). This is possibly due to the selected doses were not high enough to induce AMPK.
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FIGURE 8. Schematic diagram (A) of the experiment with LPS-tolerance induction (LPS/LPS) in wild-type (FcgRIIB+/+) bone marrow-derived macrophages (BMDMs) with aminoimidazole-4-carboxamide ribonucleotide (AICAR; a pemt inhibitor) compared with LPS-tolerant FcgRIIB–/– macrophages as determined by supernatant cytokines (B–D), number of lipid droplets intensity from Oil Red O staining by ImageJ software evaluation (E), semi-quantitative expression of mitochondrial DNA content (mtDNA) relative to β2 microglobulin (β2M) gene by qRT-PCR (F), luminescence intensity of cellular ATP production (G), and the representative Oil Red O staining (H) from these cells after the stimulations are demonstrated. Independent triplicate experiments were performed.


The known association between PEMT and AMPK (40, 41) together with prominent AMPK-p in LPS-tolerant FcgRIIB–/– macrophages of lupus mice (Figure 7C) makes AMPK an interesting target to harness LPS-tolerance in lupus. To test the role of AMPK in LPS-tolerance, more experiments were performed using Compound C, a specific AMPK inhibitor. As such, Compound C was given during LPS challenge and increased supernatant TNF-α in LPS-tolerant WT macrophages. It enhanced all cytokines in LPS-tolerant FcgRIIB–/– macrophages (Figures 9A–C). Compound C reduced mtDNA and cellular ATP in LPS-tolerant WT macrophages but not in FcgRIIB–/– cells (Figures 9D,E). In addition, Compound C also attenuated LPS-tolerance in FcgRIIB–/– mice as determined by serum cytokines at 1 h after the second LPS injection. However, it was not effective in LPS-tolerance on WT mice (Figures 9F–H).
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FIGURE 9. Schematic diagram of the experiment with LPS-tolerance induction (LPS/LPS) in macrophages and LPS injection in mice are shown (upper part). Supernatant cytokines of LPS-tolerant FcgRIIB–/– macrophages and wild-type (FcgRIIB+/+) with or without compound C (AMPK inhibitor) (A–C), semi-quantitative expression of mitochondrial DNA content (mtDNA) relative to β2 microglobulin (β2M) gene by qRT-PCR (D), and luminescence intensity of cellular ATP production (E) are demonstrated (independent triplicate experiments were performed). Serum cytokine from FcgRIIB–/– and wild-type mice after LPS-tolerance induction with placebo control or compound C treatment (F–H) are shown (n = 6–7/group). BMDMs, bone marrow-derived macrophages.





DISCUSSION

FcgRIIB–/– mice provide a good representative lupus model for Asian population due to the high prevalence of FcgRIIB dysfunction-polymorphisms (43). Persistent LPS exposure due to active lupus induced spontaneous endotoxemia (13, 14) possibly induces extreme LPS exhaustion with increased susceptibility to secondary infection (6). Here, we demonstrated that prominent LPS-tolerance in FcgRIIB–/– macrophages is, at least in part, due to an alteration in lipid-derivative metabolism. In a translational implication, an AMPK inhibitor rescued LPS-tolerance in lupus mice and might be a candidate for treatment of frequent infections in patients with lupus.


Severe LPS-Tolerance, Mitochondrial Defects, and Lipid Accumulation in FcgRIIB–/– Macrophages

FcgRIIB–/– macrophages showed hyper-responsiveness after a single LPS stimulation but more severe depressed cytokine production after subsequent doses of LPS (referred to as “LPS-tolerance”) in comparison with WT cells (6, 7). Immense exhaustion of cytokine production in LPS-tolerant FcgRIIB–/– macrophages compared with WT was possibly associated with decreased cell energy as determined by mitochondrial biogenesis, mtDNA, ATP production, and extracellular flux analysis. In contrast, energy status of single LPS-stimulated FcgRIIB–/– macrophages was not higher than LPS-stimulated WT cells. This indicates that LPS hyper-responsiveness in FcgRIIB–/– macrophages is more complicated than energy status alone. It could be that cell energy of hyper-responsive FcgRIIB–/– macrophages increases in a short period of time before robustly exhausting. This can be visualized by repetitive LPS-stimulations. Our data suggests that prominent energy exhaustion after the second dose of LPS in FcgRIIB–/– macrophages might be responsible from the hyper-responsive responses against first LPS challenge. Accordingly, defect in mitochondrial Krebs cycle (36 ATP production) and glycolysis (2 ATP production) in leukocytes with LPS-tolerance is reported (18, 19).

Lipid β-oxidation is a part of the cell energy process (22) where energy depletion in LPS-tolerant macrophages might be associated with lipid metabolism. Indeed, increased lipid accumulation was demonstrated in LPS-tolerant FcgRIIB–/– macrophages as previously mentioned (44) but not in WT cells. This is possibly due to the energy depletion in WT cells not being severe enough. Most of the lipid derivatives in LPS-tolerant FcgRIIB–/– macrophages were upregulated (Table 3), while approximately half of the derivatives were upregulated in single LPS stimulated FcgRIIB–/– macrophages (Table 2) when compared with WT cells. Among intracellularly accumulated lipids, glycerophospholipid (GP), the lipid component of cell membrane and sphingosine (SP), the lipid of cellular energy (45) were both predominant in LPS-tolerant FcgRIIB–/– macrophages when compared with WT cells by mass-spectrometry analysis (LC-MS). Within several derivatives in GP of LPS-tolerant macrophages, phosphatidylethanolamine (PE) is an important lipid component of cell membrane (37, 38). PE alteration could interfere with membrane fluidity, block LPS trans-membrane signaling and deplete cytokine production (46, 47). Additionally, high PE in LPS-tolerant FcgRIIB–/– macrophages might directly reduce cytokine production because PE is an anti-inflammatory lipid-derivative (48–50).

High PE in LPS-tolerant FcgRIIB–/– macrophages is possibly due to increased PE-uptake as demonstrated by PE intracellular-influx and/ or enhanced PE lipogenesis. This is a possible process from decreased expression of pemt, which is the enzyme responsible for converting PE into phosphatidylcholine (PC). Alternatively, prominent PE in LPS-tolerant FcgRIIB–/– cells might be due to an increase in PE uptake. Unfortunately, technical limitations on cellular lipogenesis preclude further investigation in this topic (29, 30). On the other hand, low PC in LPS-tolerant FcgRIIB–/– macrophages is possibly from the shortage on PC because it is necessary for cytokine secretion (23, 24). In this study, cytokine secretion of FcgRIIB–/– macrophages toward the first dose LPS was very prominent. Alternatively, a reduction of PC in LPS-tolerant FcgRIIB–/– macrophages might be due to increased PC degradation. Although mechanisms for the alteration of lipid derivatives in LPS-tolerant FcgRIIB–/– macrophages is inconclusive, prominent PE and/ or shortage on PC in LPS-tolerant FcgRIIB–/– macrophages are, at least in part, responsible for lower cytokine levels. AICAR, a pemt inhibitor, enhanced LPS-tolerant severity in WT macrophages by dampening cytokine levels and enhancing lipid accumulation into similar levels with LPS-tolerant FcgRIIB–/– macrophages. This suppression of macrophage cytokine production by AICAR has also been previously reported (51, 52). However, pemt inhibition did not alter cell energy despite inducing some LPS-tolerant characteristics, including reduced cytokine production and enhanced phagocytosis activity, suggesting the diverse mechanisms of LPS-tolerance. Although direct exploration of PE and PC in AICAR-treated LPS-tolerant macrophages was not determined, our data supported that pemt inhibition enhanced the severity of LPS-tolerance in WT macrophages.



Inadequate PEMT and High AMPK, a Proposed Mechanism of LPS-Tolerance in FcgRIIB–/– Macrophages

While PEMT is encoded by pemt and associated with lipogenesis, pemt also co-operates with AMPK, a sensor of cellular energy status (40, 41), because AMPK is upregulated in pemt-deficient mice (41). Accidentally, AICAR is not only a potent pemt inhibitor, but it has also been reported to act as an AMPK activator in high doses (42). Therefore, the cross talk between PEMT and AMPK after LPS activation is possible. As such, LPS induces cytokine production through PEMT-mediated lipogenesis (23, 53, 54). From our data, the inhibition of PEMPT by a low dose AICAR reduced cytokine production (42). In addition, LPS promotes fatty acid oxidation by AMPK-dependent-TLR4 activation (23, 53, 54). On the other hand, AMPK activation that occurs during cell stress, including starvation, induces fatty acid translocation into mitochondria for enhancing energy production (55) and directly inhibits cytokine production to possibly restore cell energy (56). Here, we demonstrated increased AMPK in LPS-tolerant macrophages, which was partly responsible for low cytokine production, especially in LPS-tolerant FcgRIIB–/– macrophages. Compound C, an AMPK inhibitor, reduced ATP only in LPS-tolerant WT macrophages but not in FcgRIIB–/– macrophages. This is perhaps due to already minimized cell energy in LPS-tolerant FcgRIIB–/– macrophages where further energy-depletion is prohibited to maintain normal cell-homeostasis (57). Nevertheless, AMPK inhibitor could attenuate LPS-tolerance in macrophages and mice in FcgRIIB–/– groups. This might be an interesting target for harnessing LPS-tolerance in lupus in the future. Indeed, the enhanced cytokine production by Compound C in several situations has also been mentioned (58, 59). However, Compound C was not effective in rescuing LPS-tolerance in WT macrophages and in WT mice because the energy depletion in LPS-tolerant WT group was perhaps not severe enough to upregulate AMPK. Of note, the direct effect of Compound C on cell energy and lipid accumulation in macrophages, in vivo, was not evaluated because the cell sorting process might affect these parameters. Due to the possibility that extreme LPS-tolerance in lupus might be associated with increased susceptibility to infections (6), AMPK inhibition is an interesting treatment in such condition. Further studies on Compound C and LPS-tolerance in lupus might provide novel therapeutic insight.

LPS-tolerance seems to be a characteristic that is inducible by several mechanisms of either energy dependent or energy independent pathways. Our proposed hypothesis on LPS-tolerant FcgRIIB–/– macrophages (Figure 10) initially shows that the first dose of LPS in FcgRIIB–/– macrophages produces higher cytokine production than WT due to inhibitory signaling loss (6, 7). This results in enhancing PEMT utilization for the lipid-associated cytokine secretion process (23). The second dose of LPS had inadequate PEMT to alter PE into PC, which leads to (1) shortage on PC, a lipid-derivative of cytokine secretion process (23, 24), (2) accumulation of PE, an anti-inflammatory lipid-derivative (48–50), and (3) enhancement of AMPK, a signaling that reduces cytokine production to preserve cell energy (53), according to the known association between PEMT and AMPK (41, 60). In parallel, severity of cell energy depletion after the second dose of LPS in FcgRIIB–/– macrophages was enough to induce AMPK. As a metabolic sensor molecule of ATP depletion (53), AMPK sets the anti-inflammatory state to restore cell energy partly by reducing cytokine production (56). Therefore, prominent energy depletion, low PEMT, prominent PE (48–50), reduced PC, and enhanced AMPK (56) are possibly responsible for severe LPS-tolerance in FcgRIIB–/– macrophages. Manipulation of these factors, alone or in combination, might be able to attenuate LPS-tolerance in lupus. As a proof of concept, attenuation of LPS-tolerance in FcgRIIB–/– mice by AMPK inhibitor was demonstrated. Because of the association between LPS-tolerance and infection susceptibility in lupus (6, 7, 21), attenuation of LPS-tolerance might improve the outcome of infectious diseases in patients with lupus.
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FIGURE 10. Diagram of the proposed hypothesis is shown. In wild-type macrophages, LPS-tolerance does not induce extreme energy depletion because no exaggerated cytokine production after the first LPS stimulation (left side of the figure). In contrast, in FcgRIIB–/– macrophages (right side of the figure), LPS-tolerance induces severe energy depletion (mitochondria and ATP) (1), which is possibly due to the extreme cytokine production after the first LPS stimulation from inhibitory signaling loss. Subsequently, lipid uptake (2) is increased in response to cell-energy depletion. Conversion from phosphatidylyethanolamine (PE) into phosphatidylcholine (PC) is reduced (3) from inadequate pemt (4), which is consumed during profound cytokine secretion process (23, 24) after the first LPS stimulation. In parallel, AMPK (5), in response to ATP depletion, restores cell energy through reduced cytokine production (56) leading to LPS-tolerance.


In conclusion, our results demonstrated an impact of cell-energy depletion and lipid metabolisms in LPS-tolerant FcgRIIB–/– macrophages. We propose that alteration of lipid metabolism is another possible mechanism of LPS-tolerant macrophages, especially in FcgRIIB–/– cells. This finding is in addition to other well-described hypotheses (61). Manipulations in cell energy and/ or lipid metabolisms are potential strategies for harnessing LPS-tolerance in lupus. Further studies are warranted.
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Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that involves multiple organs and disproportionality affects females, especially African Americans from 15 to 44 years of age. SLE can lead to end organ damage including kidneys, lungs, cardiovascular and neuropsychiatric systems, with cardiovascular complications being the primary cause of death. Usually, SLE is diagnosed and its activity is assessed using the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI), Systemic Lupus International Collaborating Clinics Damage Index (SLICC/ACR), and British Isles Lupus Assessment Group (BILAG) Scales, which unfortunately often occurs after a certain degree of systemic involvements, disease activity or organ damage already exists. There is certainly a need for the identification of early biomarkers to diagnose and assess disease activity as well as to evaluate disease prognosis and response to treatment earlier in the course of the disease. Here we review advancements made in the area of sphingolipidomics as a diagnostic/prognostic tool for SLE and its co-morbidities. We also discuss recent reports on differential sphingolipid metabolism and blood sphingolipid profiles in SLE-prone animal models as well as in diverse cohorts of SLE patients. In addition, we address targeting sphingolipids and their metabolism as a method of treating SLE and some of its complications. Although such treatments have already shown promise in preventing organ-specific pathology caused by SLE, further investigational studies and clinical trials are warranted.

Keywords: sphingolipid, sphingomyelin, ceramide, sphingosine, sphingosine 1-phosphate, lipidomics, sphingolipidomics, lupus


INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic, chronic autoimmune disease that could manifest in any organ system. The cause of SLE is unknown; however, a combination of genetic, environmental and hormonal factors seem to play a role in its evolution. SLE most commonly (65%) presents in minority women of childbearing age (15–44) (1); 20% of individuals are diagnosed with SLE before age 15 and 15% after 55 years of age (2, 3). According to the CDC, Hispanic, Asian, American Indians/Alaska Natives, and African American women are disproportionality impacted by SLE in comparison to White women (4). The prevalence of SLE in the United States is 20–150 per 100,000 with the prevalence varying by race (5, 6). Prevalence rates vary greatly with African American women at 406/100,000 and White women at 164/100,000 (5, 6).

Lupus is associated with classic symptoms of fatigue, fever, myalgia, and weight change that are collectively known as constitutional symptoms and affect 50% or greater of SLE patients (7). In addition, arthritis and arthralgia affect over 90% of SLE patients. Importantly, SLE can lead to end organ damage including kidneys, lungs, cardiovascular, and neuropsychiatric systems, with cardiovascular complications being the primary cause of death (7, 8).

The cost of treatment for SLE vary significantly based upon the severity of disease. In a study conducted by Clarke et al. (9), the mean 12 month-adjusted cost of treatment for mild SLE and moderate/severe SLE was determined as $28,298 and $47,542, respectively. Chronic diseases are expensive to treat and severely lower the quality of life of the patients as well as their life span; therefore, diagnosis and early treatment of SLE would ensure healthy life years and save money. There is certainly a pressing need for diagnostic tests and criteria that can be used prior to the development of any life-altering SLE symptoms. In this review, the role of lipidomics, more specifically sphingolipidomics, is discussed as an added potential tool to fill this void. There is emerging evidence that imbalances in sphingolipid metabolism and alterations in sphingolipid levels in the circulation may be present prior to the onset of classic SLE symptoms. Thus, sphingolipid measurements could have the potential to be used as an early predictor of SLE and its comorbidities, and may lead to improved diagnosis, prognosis, and treatment of the disease.


Sphingolipids: Structure and Function

Sphingolipids are a key component of cells and have traditionally been considered structural in function due to their presence in cellular membranes. However, we now know that they are bioactive molecules that function as signaling molecules regulating cellular processes including apoptosis, proliferation, growth, and other vital cellular processes (10, 11).

Sphingolipids are a class of lipids composed of a sphingosine backbone, which have attachment points at the alcohol group at carbon 1 and a fatty acid attachment point on the carbon 2 (Figure 1). When a long-chain amino alcohol is attached to the polar alcohol group, a sphingolipid is formed (12, 13). Ceramides are formed when an N-acetyl fatty acid is attached to sphingosine. Sphingomyelin (SM), one of the most abundant sphingolipids, is composed of the sphingosine base, a fatty acid chain and phosphocholine attached forming the polar head group. When a sugar is attached to the polar head group, the molecule becomes a glycosphingolipid (12, 13).
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FIGURE 1. Sphingolipid structure and metabolic pathway.


Sphingolipids can be generated de novo starting with the condensation of the amino acid serine and palmitoyl CoA via the enzyme serine palmitoyltransferase to form 3-ketosphinganine (Figure 1). Subsequently, 3-ketosphinganine is converted to sphinganine (dihydrosphingosine), then to dihydroceramide, then to ceramide, which is considered the central molecule in the pathway of sphingolipid metabolism. Ceramide can be converted into several metabolites including: SM, sphingosine, ceramide 1-phosphate, glucosylceramide, and galactosylceramide. Sphingosine can be phosphorylated to sphingosine 1-phosphate (S1P) by sphingosine kinases (SKs) (isoforms 1 and 2). The majority of ceramides are generated by the de novo pathway on the endoplasmic reticulum; however, there is a “salvage” pathway that can generate ceramide via the breakdown of sphingolipids such as SM, predominantly by acid sphingomyelinase in the lysosome and also extracellularly in the circulation (12, 13) (Figure 1). In addition, ceramide can be broken down to sphingosine and regenerated creating a balance between the bioactive molecules S1P and ceramide. Generally, ceramide is thought to be pro-apoptotic and S1P are thought to be pro-survival (14–16).

Sphingolipid nomenclature is derived from the fatty acid attached, the number of the carbon atoms in the fatty acid and the number of saturated carbons in the fatty acid. A C16:0 sphingolipid denotes the presence of 16 carbon-long fatty acid chain attached to the sphingosine backbone, whereas a C18:0 and C24:0 sphingolipid denotes the presence of 18 and 24 carbon in the fatty acid side chain, respectively. A C16:2 sphingolipid includes a 16 carbon-long fatty acid, with 2 carbons that are unsaturated (two double bonds). Sphingosine and dihydrosphingosine contain two stereogenic centers at the sites of the 2-amino and 3-hydroxyl groups, thus giving rise to a total of eight isomers: d-erythro, l-threo, l-erythro and d-threo of sphingosines and dihydrosphingosines. Therefore, sphingosine (d18:1) is d-erythro-sphingosine, and dihydrosphingosine (d18:0) is d-erythro-dihydrosphingosine. S1P can be dephosphorylated to sphingosine by sphingosine phosphatase and can be irreversibly degraded by the enzyme sphingosine phosphate lyase resulting in the formation of hexadecenal and phosphoethanolamine (Figure 1). Phosphoethanolamine is an ethanolamine derivative that is used to construct two different categories of phospholipids: glycerophospholipids and sphingophospholipids (e.g., sphingomyelin).

Glycerophospholipids are a class of lipids that have a hydrophilic “head” containing a phosphate group, and two hydrophobic “tails” derived from fatty acids, joined by a glycerol moiety. The two fatty acids may be the same, or different, and are usually in the 1,2 positions (though they can be in the 1,3 positions). The phosphate group can be modified with simple organic molecules such as choline, ethanolamine or serine to generate phosphatidylcholine (PC), phosphatidylethanolamine (PE), or phosphatidylserine (PS), respectively. For example PE, also known as 1-palmitoyl-2-linoleoyl-GPE (16:0/18:2), consists of a combination of glycerol esterified with the two fatty acids, palmitate (16:0) and linoleate (18:2), and phosphoric acid.

Sphingolipids are typically measured using mass spectroscopy with a triple-quadrupole mass spectrometer alone or with high performance liquid chromatography in tandem with high performance liquid chromatography, which provides more sensitivity and specificity of the analyses. Analytical approaches are either non-targeted (shotgun) lipidomics or targeted lipidomics; both approaches have been adopted in plasma sphingolipidomics analysis in SLE (17, 18).



Sphingolipids as Biomarkers of Disease

Sphingolipids can be found in plasma, urine, synovial fluid cerebrospinal fluid, and more recently biopsies, specifically kidney biopsies (19). Sphingolipids are found circulating in blood as part of the lipoprotein particles (VLDL, LDL, and HDL). The most studied sphingolipid in the circulation, S1P, originates mostly from red blood cells and platelets, and can be transported mainly on HDL particles and also bound to albumin (20–23). Sphingolipids have shown promise as potential biomarkers in diseases such as coronary artery disease (CAD), heart failure, several cancers, asthma, chronic obstructive pulmonary disease (COPD), Alzheimer’s disease, and several other diseases and disorders including autoimmune diseases such as rheumatoid arthritis and multiple sclerosis. Further information regarding sphingolipids as biomarkers of disease has been comprehensively reviewed in recent publications (20). In this article, we will review the specific advances in the potential consideration of sphingolipids as diagnostic and prognostic biomarkers of SLE and its comorbidities.




DIAGNOSIS OF SLE

Being a complex and multifaceted disease, SLE is not fully understood. The most recent classification criteria for SLE are the 2019 European League Against Rheumatism/American College of Rheumatology (EULAR/ACR) showing an improved sensitivity of 96.1% and specificity of 93.4% over other diagnostic criteria (7). To satisfy diagnostic criteria, a patient must have at least one positive anti-nuclear antibody (ANA) screen, as well 10 or more points in additive weighted criteria (24). These include seven clinical involvement areas and three immunological domains (24). The clinical involvement considers constitutional, hematological, neuropsychiatric, musculocutaneous, serosal, musculoskeletal, and renal systems (24). The Immunological criteria include the presence of antiphospholipid antibodies (APLA), complement proteins and SLE-specific antibodies like anti-ds DNA, anti-ss DNA, anti-Smith (Sm), and anti-histone DNA (24). To meet EULAR/ACR criteria a patient must only exhibit diagnostic criteria once in their lifetime (24). The new guidelines are more sensitive and specific; however, diagnostic criteria require disease activity and immunologic dysfunction.


Typical SLE Patient and Initial Evaluation

A typical SLE patient can present with a myriad of symptoms from any organ system. Usually patients present with fatigue, fever, myalgias, weight changes, arthralgia, and lupus nephritis (25, 26). Patients can also present with neuropsychiatric symptoms from lupus cerebritis or strokes. Less commonly SLE can cause myocardial infarctions, thromboembolic disease, or other vasculitides (27–29). Overall lupus is a very versatile and promethean disease that can have devastating impacts on any organ system.



SLE and Clinical Lipidology

It is known that SLE patients are at increased risk for atherosclerosis and cardiovascular disease (CVD). Whereas it is rare for women without autoimmune disorders to have a myocardial infarction before the age of 55, young SLE women 35–44 years old, have 50-fold the incidence rate in comparison (30). Atherosclerosis and CVD are most commonly associated with lipid dysregulation so it is only fitting that in the evaluation of SLE, HDL, and LDL profiles are considered.

A high HDL cholesterol (>60 mg/dL), low LDL cholesterol (<100 mg/dL), and low total cholesterol (<200 mg/dL) are ideal for a healthy individual. HDL is known to be protective against atherosclerosis; however, this concept does not hold up in the context of SLE. Changes in HDL, LDL, and total cholesterol have been recently evaluated as potential biomarkers of SLE, specifically HDL levels and changes in its protective function (31). In a cross-sectional study, the lipid profile of 71 young (20–30 years old) women with SLE and age matched controls were studied with the goal of describing the relationship of lipids with disease severity (31). Triglycerides and VLDL cholesterol levels were significantly increased in the SLE group, while levels of total cholesterol, HDL cholesterol, LDL cholesterol, Apo A, and Apo B were significantly reduced. Disease severity correlated with the level of dyslipidemia. This allowed the authors to surmise that disease severity also correlated with the risk for atherosclerosis (31). In a study conducted by McMahon et al. (32), the functional ability of HDL to prevent the oxidation of LDL was determined in 154 SLE patients. Oxidation of LDL is a known early step in the development of atherosclerosis. They found that 44.7% of the SLE patient group had pro-inflammatory HDL in comparison to 4.1% of the healthy control group (32). Also, levels of oxidized LDL correlated with levels of pro-inflammatory HDL (r = 0.37, p < 0.001). SLE patients with CAD were found to have significantly higher pro-inflammatory HDL scores than patients without CAD (32). The SLE patients therefore were more likely to have HDL that was unable to prevent the formation of atherosclerosis. Changes in HDL functionality including lipid composition, increased oxidation, and impaired cholesterol efflux activity in SLE patients with the possibility of targeting these irregularities for treatment have been recently reviewed (33). Whereas pro-inflammatory HDL was shown to be a predictor of atherosclerosis; it does not account for the many deleterious effects of SLE on other organ systems; lupus nephritis still impacts a significant portion of SLE patients (8).

Because changes in HDL structure may account for the increased risk of CVD and atherosclerosis, sphingolipid composition of HDL may also be key in determining the level of dysregulation in HDL functionality. Among lipoproteins in the circulation, HDL is the major carrier of S1P, with about 60% of plasma S1P under normal healthy conditions (20–23). Compared to HDL2 particles, HDL3 particles are rich in S1P and low in SM, with the S1P concentration in HDL3 particles averaging twice the levels in HDL2 particles, and SM content is twofold less than in HDL2 particles (34, 35). Because HDL particles are heterogeneous with differing sizes, shapes, densities, protein compositions, and lipid diversity and in a constant state of remodeling and interconversion, this begs the question: could alteration of S1P distribution among lipoprotein particles and changes in S1P levels in HDL3 particles be pro-inflammatory and inhibitory of the normal anti-atherosclerotic activity of HDL? A closer look needs to be taken into the possible roles which sphingolipids in lipoproteins are playing in the pathogenesis of SLE and its comorbidities.




SLE ACTIVITY AND DAMAGE INDICES

With implications of sphingolipids in the SLE setting, extending into disease severity is a pertinent discussion. There are several different scales addressing disease activity and damage associated with SLE (36). The two main indices used to assess activity are the Systemic Lupus Activity Measurement (SLAM) and Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) (37). Damage is also evaluated with the Systemic Lupus International Collaborating Clinics Damage Index (SLICC/ACR) scales. Kidney involvement is being assessed via the British Isles Lupus Assessment Group Scale (BILAG). To clarify the difference between activity and damage, activity represents symptoms caused by the disease, in this case SLE, at the time of the evaluation. Damage on the other hand is permanent, irreversible change caused by disease or drugs. Activity can fluctuate over the disease course; therefore, SLEDAI, SLAM and BILAG can go up and down over time. Since damage is irreversible, the damage score determined by SLICC/ACR can only increase or stay the same.


Activity Indices

The SLAM originated in 1989 and has since been revised (SLAM-R). SLAM-R scale measures disease activity in the last month with clinical and laboratory manifestations weighted by severity. There are nine organ system considered and seven laboratory values, but it does not include immunology (36, 38). Each variable is scored from 0 to 3 with a maximum score of 81, with a score of 7 being clinically significant for treatment (39). SLAM considerers several objective measurements; however, it does not consider the patients opinion of the symptoms.

Systemic Lupus Erythematosus Disease Activity Index originated in 1992 and revised in 2002 (SLEDAI-2K) (40). This scale measures disease activity in the last 10 days and considers 24 weighted objects over nine organ symptoms and laboratory values including immunology. The range can go up as high as 105, with no activity being 0, mild 1–5, moderate 6–10, high 11–19, very high ≥20 (40). Since this scale considers objective rather than subjective information, it correlates less with patient perception of health and is less sensitive to change, although the test itself is considered to have high reliability (36, 39, 41).

British Isles Lupus Assessment Group Scale originated in 2004 and is different from all the other scales in that it considerers disease impact in each organ system that can be combined to give an overall assessment (37). This is also the only scale where progression over time is documented. Nine organs are considered; however, immunology is not. The index can be given as new, same, worse, or improving, which allows for greater sensitivity to change. This is the most comprehensive evaluation scale. Evaluations are reported as A-very active disease, B-patient needs an increase in treatment, C-stable or mild disease, D-previous organ involvement but no current activity, and E-no organ involvement and there has never been organ involvement. Thus, SLEDAI and BILAG are the two main activity indices; SLAM is rarely used and not included in any of the composite outcome measures used in clinical trials. All three activity indices are used to assess total disease activity but only BILAG assesses organ-specific activity.



Damage Indices

Systemic Lupus International Collaborating Clinics Damage Index has been accepted by the American College of Rheumatology as an index to assess end organ damage as a result of SLE. Forty one items are covered over 12 systems based on points going up to 47 (38). Patients rarely go above 12 points, but this score has a prognostic value. Higher scores mean that there is more damage, which typically presents after recurrent flares or chronic disease, which has led to accumulation of damage. This index has value in giving the patient quality reports of how their SLE will affect their life going forward.

These are a few of the more widely accepted indices and scales for SLE-related organ damage. While these indices are considered reliable and valid, there is variations in each one that allow for different strengths and weaknesses. It would be ideal to have one test or set of test that can consider organ damage, overall disease involvement, and prognosis. Here we consider the possibility of sphingolipids to be added in addition to the current markers of SLE to form a more comprehensive disease index.




SPHINGOLIPIDS AS BIOMARKERS FOR SLE AND ITS COMORBIDITIES

Blood as a testing medium is very valuable as the medical field has countless tests that rely on serum and plasma for clinical indications. Yet, there is still more to be explored as far as metabolites that can be useful in the diagnosis of diseases (42). In 2011, the nuclear magnetic resonance technology was used to establish a metabolic profile for lupus patients, and showed a clear distinction from profiles of healthy controls and patients with rheumatoid arthritis (43). Tested metabolites such as amino acids, glycoproteins, TCA cycle intermediates, and lipids showed a sensitivity of 60.9% and specificity of 97.1% in predicting the diagnosis of SLE (43).

More recently, with the extensive role of sphingolipidomics being identified (23), Li et al. (44) evaluated serum samples from 32 SLE patients (17 with active and 15 with inactive disease) and 32 healthy controls using untargeted lipidomics as well as metabolomics. Groups, which consisted of patients with SLE flare, were defined as active, and those, in which the disease was quiescent were defined as inactive. Throughout either phase the disease was considered to be in a remitting relapsing cycle. In comparison to the healthy individuals, SLE patients differentially regulated 16 lipids, nine of which were up regulated and seven were down regulated (44). The sphingolipids: C42:2 SM and several ceramides including C18:0 ceramide, C16:0 ceramide with a sphinganine backbone (d18:0), and C24:2 ceramide with a sphingadiene backbone (d18:2) were significantly elevated (p = 0.02587, p = 0.00626, p = 0.000545, and p = 0.004681, respectively) in the SLE patients (44). Acylcarnitines 7:0, 8:2, 9:0, 10:0, 22:5, and 22:6 were significantly down regulated (p = 0.023883, p = 0.023883, p = 0.034984, p = 0.02626, p = 0.013191, and p = 0.012735, respectively); however, PE 34:2, diacylglycerol 36:4, ether phosphatidylcholine 26:0, ether phosphatidylcholine 36:1, and arachidonic acid 20:4 were increased (p = 0.010404, p = 0.023883, p = 0.02626, p = 0.02626, and p = 0.013191, respectively) in the SLE patients (44).

In another study aimed to determine the lipid profile of SLE patients, the serum samples from 30 SLE patients and 30 controls were analyzed using shotgun (untargeted) mass spectrometry (17). Lu et al. (17) showed a significant change in the sphingolipid profile of SLE patients. They found that overall ceramide levels did not change; however, the levels of C22:0 and C23:0 ceramide species decreased, and the levels of C24:0 ceramide increased (p < 0.001, p < 0.05, p < 0.05, respectively) (17). In addition, diacyl phosphatidylethanolamine (dPE) 16:0/18:2, 18:0/18:2, 16:0/22:6, 18:0/20:4, 18:0/22:6, and lysoPC 18:2 were significantly altered (p < 0.05) in comparison to the controls. Although the total SM content did not change, the levels of SM species comprised of C18 acyl chains significantly increased in SLE patients when compared to controls (17). This differential regulation of sphingolipids shows that lipidomics with a focus on sphingolipidomics have the potential to be used as a screening tool for early diagnosis of SLE.


Sphingolipids and SLE Disease Activity

The impact of serum lipidomics was shown to extend into disease activity of SLE. Lu et al. (17) found a significant positive correlation between SLEDAI, a currently used disease activity index, and ethanolamine plasmalogen (pPE) 18:0/18:2 (p = 0.031). In addition there was a positive correlation between IL-10 and pPE 18:0/18:2 (p < 0.0001). Although IL-10 is considered an anti-inflammatory cytokine, in SLE its function is counterintuitive. Whereas IL-10 increases the survival, proliferation and differentiation of B cells, so that antibodies are produced to fight an infection; when there are autoreactive B cells such as in the case of SLE, the formation of autoreactive antibodies increases (45, 46). Lu et al. (17) showed that sphingolipids could provide additional biomarkers for disease activity in SLE and warrant further exploration.

In a cross sectional study, Checa et al. (41) investigated the association between clinically significant systemic disease activity and renal disease activity with circulating sphingolipids in SLE patients. They measured 27 sphingolipids in serum samples of 107 female patients with SLE and 23 healthy controls and compared the values against the two commonly used SLE disease activity indices: SLAM and SLEDAI (41). Damage was assessed with the SLICC and renal activity was accessed with BILAG (41). The results showed a significant increase in several ceramide species including C16:0, C18:0, C20:0, and C24:1 (p < 0.01, p < 0.01, p < 0.05, p < 0.05, respectively), hexosylceramides (Hex-Cer) C16:0, C18:0, C18:1, and C24:1 (p < 0.001, p < 0.01, p < 0.05, p < 0.001, respectively), SM C24:1 (p < 0.05), and dihydroceramide C16:0 (p < 0.05). There was a significant decrease in sphingosine (p < 0.05) and S1P (p < 0.01) in SLE patients when compared to the controls (41). In this same study, patients with SLE were also grouped according to their current disease activity with patients with a SLAM ≥ 7 and SLEDAI ≥ 6 being classified as having active disease. End organ damage was considered to be SLICC ≥ 2. SLE patients with SLAM ≥ 7, SLEDAI ≥ 6, and SLICC ≥ 2 were compared to SLE controls that did not meet the disease activity or damage qualifications (41). For SLAM and SLEDAI activity groups, result showed that C24:1 ceramide (p < 0.01, p < 0.01), C16:0 Hex-Cer (p < 0.01, p < 0.001), C24:1 Hex-Cer (p < 0.01, p < 0.01), C16:0 ceramide/S1P ratio (p < 0.001, p < 0.001), and C24:1 ceramide/S1P ratio (p < 0.001, p < 0.001) were elevated, respectively, when compared to controls. Result also showed that C24:1 ceramide (p < 0.01), C16:0 Hex-Cer (p < 0.01), C24:1 Hex-Cer (p < 0.01), C16:0 ceramide/S1P ratio (p < 0.01), and C24:1 ceramide/S1P ratio (p < 0.001) were elevated in SLICC damage groups when compared to controls. In addition, cystatin C was significantly increased in SLAM ≥ 7, SLEDAI ≥ 6, and SLICC ≥ 2 groups (p < 0.001, p < 0.01, p < 0.001, respectively) when compared to controls (41).

The ratios C16:0 ceramide/S1P and C24:1 ceramide/S1P were shown to be correlated with SLAM and SLEDAI and were best discriminators of ongoing disease, but were not a useful discriminator of organ damage (41). Checa et al. (41) showed significant differences in C16:0 ceramide and C16:0 ceramide/S1P ratio between SLAM < 7 and SLAM ≥ 7 groups (p < 0.05, p < 0.01, respectively), with higher levels correlating with higher SLAM values (41). This also was the case for SLEDAI. C16:0 ceramide and C16:0 ceramide/S1P ratio showed a significant difference between SLEDAI < 6 and SLEDAI ≥ 6 groups (p < 0.05, p < 0.001, respectively), with higher levels correlating with higher SLEDAI values (41). Hex-Cer C16:0 and C24:1 levels were the only species with significant difference between current and no prior or inactive renal involvement, when compared to BILAG, with levels increased in SLE patients that were currently experiencing renal involvement (p < 0.05, p < 0.05, respectively) (41).

Checa et al. (41) also showed that following immunosuppressive treatment, sphingolipids were normalized to the levels seen in the healthy controls further supporting the use of sphingolipids as indices of SLE disease activity. This also opens the door for the consideration of the use of sphingolipids in monitoring the progress of treatment with normalization of sphingolipid levels possibly being used as a cutoff point.



Sphingolipids and SLE Prognosis and Sphingolipid Response to Treatment

Rituximab is a human monoclonal antibody B cell-targeting therapy that is used to treat autoimmune diseases and certain cancers. In a study with the focus of determining the effect of Rituximab on circulating plasma sphingolipids, sphingolipid measurements were performed before and after treatment with Rituximab (47). Ten SLE patients were screened for 34 sphingolipids before and after Rituximab treatment (47). Sphingolipids were down regulated following treatment and a course of disease improvement (48). C16:0 dihydroceramide and C16:0 glucosylceramide were shown to be significantly down regulated (p = 0.04 and p = 0.006, respectively), in addition to seven other sphingolipids that were shown to be down regulated using paired analyses. These results are in agreement with the study by Checa et al. (41), which compared sphingolipid levels before and 9.5±3.3 months after immunosuppressive treatment. Their results showed a decrease in the ceramide species C16:0, C18:0, C22:0, and C24:1 (p < 0.01, p < 0.05, p < 0.05, and p < 0.05, respectively), a decrease in the Hex-Cer species C16:0, C18:0, and C24:1 (p < 0.001, p < 0.01, and p < 0.01, respectively), a decrease in the SM C16:0 (p < 0.01) and in dihydroceramide C16:0 (p < 0.05) (41). S1P was significantly increased (p < 0.05) and C16:0 ceramide/S1P and C24:1ceramide/S1P ratios significantly decreased (p < 0.01, p < 0.01, respectively) following treatment (41). Both studies, which examined sphingolipid levels before and after treatment support the use of sphingolipid measurements as an evaluation of SLE status and as potential therapeutic biomarkers of response to treatment (41, 47).



Sphingolipids and SLE Comorbidities


Kidney

One of the most common manifestations of SLE is lupus nephritis, with renal impairment occurring in 30–60% of adults and 70% of children with SLE (49). Although lupus nephritis is part of a larger systemic disease, it does not necessarily respond the same way to treatment. Renal impairment does not always improve with immune suppression or overall disease remission; however, progression to chronic kidney disease is not inevitable (49). Therefore, there is a need for organ specific evaluations and treatment apart from the typically considered immunosuppression SLE therapies. Li et al. (50) used high resolution mass spectrometry and liquid chromatography to characterize the metabolic profile of lupus nephritis patients. Serum samples from 32 lupus nephritis patients, 30 idiopathic nephrotic syndrome patients and 28 healthy controls were analyzed. Of the 14 potential biomarkers screened, sphingosine showed a significant decrease (p < 0.05) in lupus nephritis patients in comparison to healthy controls, with a sensitivity of 87.50% and specificity of 32.14% for identifying lupus nephritis (50). In the study by Checa et al. (41), levels of serum C16:0 Hex-Cer and C24:1 Hex-Cer were found to be increased (p < 0.01 and p < 0.05, respectively) with active renal disease when compared to BILAG.

Nowling et al. (51) investigated the role of glycosphingolipid metabolism in lupus nephritis. Glycosphingolipids are abundant in the kidneys, playing a role in inflammation, proliferation, and cellular regulation and abnormal glycosphingolipid metabolism have been implicated in several kidney and autoimmune diseases (52). Even after normalizing to creatinine and eGFR, C16:0 lactosylceramide (Lact-Cer) was found to be significantly elevated (p < 0.001) in urine of lupus nephritis kidneys when compared to healthy controls, suggesting that kidney dysregulation of glycosphingolipid metabolism may be involved in the pathogenesis of lupus nephritis (51). In addition, when glomeruli were probed for Lact-Cer, a low level of staining was detected in the control kidney biopsies but there was intense staining inside and outside of the glomeruli in biopsies from lupus nephritis patients (51). Nowling et al. (51) concluded that elevated levels of Lact-Cer in combination with elevated neuraminidases, the enzymes that generate Lact-Cer, suggest that renal dysfunction rather than systemic dysfunction is the cause of elevated Lact-Cer. As SLE can manifest in almost any organ system, and the organ involvement does not always follow the trend of the systemic disease, determination of urine Lact-Cer levels may be useful as an early biomarker for lupus nephritis, particularly when a systemic lupus flare is not apparent. Whereas routine clinical assessment plus ESR, anti-dsDNA and C3 tests can identify SLE flare, relapse of lupus nephritis can be more difficult to assess. This would require multiple renal biopsies, which is an invasive test that may not be justifiable given the risks. Urinary or plasma sphingolipids could prove to be a useful tool in predicting or identifying a lupus nephritis flare.

In a cross-sectional study, 82 patients were divided into three groups: healthy controls, SLE without renal injury and SLE with renal injury (lupus nephritis) based on their eGFR, and kidney biopsy results (53). Lupus nephritis patients were further stratified by severity of renal impairment. Sphingolipid levels were evaluated in the plasma and serum of venous blood drawn from the subjects. The results showed that C16:0, C18:0, C20:0, and C24:1 ceramides were significantly elevated in the serum of lupus nephritis patients when compared to healthy controls (p < 0.001, p < 0.001, p < 0.001, and p < 0.001, respectively), and to SLE patients without renal impairment (p < 0.01, p < 0.001, p < 0.001, and p < 0.001, respectively). Since circulating ceramides are carried on lipoproteins, plasma C16:0, C18:0, C20:0, and C24:1 ceramides were, as expected, also significantly elevated in lupus nephritis patients when compared to the healthy controls as well as SLE patients without renal impairment (53). Plasma dihydroceramide C24:1 was also elevated (p < 0.05) in lupus nephritis patients in comparison to SLE patients, suggesting that C24:1 dihydroceramide, and C16:0, C18:0, C20:0, and C24:1 ceramides could be useful in differentiating SLE patients with renal damage from those without (53). Sphingosine levels were significantly increased in the serum and plasma of lupus nephritis patients (p < 0.01, p < 0.001, respectively) when compared to healthy controls. Li et al. (50) showed that serum sphingosine was significantly different between lupus nephritis patients and healthy controls; however, in their study sphingosine levels were decreased rather than increased.

Patyna et al. (53) found that in serum, sphinganine (dihydrosphingosine) was significantly elevated in lupus nephritis patients when compared to SLE and healthy controls (p < 0.05, p < 0.05, respectively). In plasma, S1P and sphinganine 1-phosphate [dihydrosphingosine 1-phosphate (dhS1P)] were found to be elevated in all SLE patients, with or without lupus nephritis, in comparison to healthy controls (p < 0.05, p < 0.05, respectively). Ceramide C24:1 showed the most potential of being used as a biomarker of lupus nephritis as it remained strongly elevated in lupus nephritis patients (p = 0.0001), even when compared to SLE patients without kidney disease (53). These data show the potential value of assessing sphingolipid changes in lupus nephritis and supports the use of sphingolipidomics as a tool to pinpoint a biomarker(s) for early identification of lupus nephritis in SLE patients.



Cardiovascular System

Systemic lupus erythematosus is associated with premature atherosclerosis and accelerated CVD. A combination of different factors including but not limited to endothelial dysfunction, genetic markers, diminished endothelial nitric oxide production, proinflammatory neutrophils, dysregulated T cells, dyslipidemia, autoantibodies, and immune complexes, contribute to the development of CVD in SLE patients (54). This creates a stark difference of atherosclerosis between patients with SLE and healthy controls even when similar Framingham risk factors are shared (54). A prospective study with a 5-year follow-up showed that 32% of SLE patients had atherosclerosis, whereas 4% of the healthy controls developed atherosclerosis (55). Neutrophils have been implicated as mediators of vascular damage with proinflammatory neutrophils promoting endothelial leakage through degradation of the extracellular matrix components, which in turn allows for endothelial dysfunction (56).

A hallmark of SLE is the formation of autoantibodies and immune complexes, which can damage the vascular endothelium creating a proinflammatory state (54). In SLE, anti oxLDL IgG antibodies are significantly elevated (54). Oxidized LDL are at increased levels in women with SLE, and anti-oxidized phospholipid antibodies showed that some APLA target oxidized LDL (57). The role of APLA has been investigated in SLE patients in regards to its connection to valvular heart abnormalities. Ruiz et al. (58) selected 70 SLE patients based on their antiphospholipid antibody levels as well as the presence or absence of regurgitation, artificial valves, stenosis, thickening and Libman–Sacks endocarditis. They found a correlation between abnormality in any valve and antiphospholipid antibody levels greater than 20 units/mL (p = 0.035); however, significance varied when antiphospholipid antibody levels were compared to individual valvular lesions. The authors concluded that high levels of APLA, especially ≥40 units/mL, are significantly associated with heart valve disease (58).

It is well established that macrophages play a major role in the formation of oxidized LDL and the development of atherosclerosis. Under oxidative stress and inflammatory conditions, released cytokines, growth factors, and bioactive mediators recruit monocytes to the vessel wall and cause the monocytes to differentiate into resident macrophages. Macrophages endocytose oxidized LDL and oxidized LDL-containing immune complexes and become lipid-laden cells known as foam cells (59, 60). Foam cells harden and release cytokines and other mediators that contribute to the formation of atherosclerosis. Because SLE is an autoimmune disease that results in a chronic, remitting and relapsing, pro-inflammatory state, several studies investigated the role of monocytes/macrophages in accelerated atherosclerosis in SLE (59).

Sphingolipids, particularly S1P has been implicated in several diseases including but not limited to atherosclerosis, multiple sclerosis, and other autoimmune disease (61–63). In a study involved 308 patients in need of coronary angiography, increased serum S1P was found to be a stronger predictor of CAD (p < 0.001) than the traditionally considered risk factors including gender, age, family history, lipid profile, hypertension, and smoking (62). A score that included S1P levels, gender and age showed a strong relationship with CAD severity (p < 0.01) (62). Because SLE patients do not follow the normal age and gender pattern for atherosclerosis and CVD, but instead follow an accelerated disease course, the traditional risk trends do not accurately assess their risk. This added identification marker of S1P may be what is needed to more accurately prognosticate an SLE patient cardiovascular risk prior to an adverse health event. Mechanistically, S1P was shown to induce the release of inflammatory mediators TNF-alpha, cyclooxygenase and prostaglandins in macrophages (64). Therefore, serum/plasma S1P levels in combination with other risk factors could be advantageous in identifying risk for CAD in SLE. This begs the question of whether targeted treatment that down regulates the formation of S1P and/or blocks its receptors would be helpful in the prevention of atherosclerosis.

African-Americans are three times more likely than Whites to have lupus and develop severe symptoms including accelerated CVD (65). Furthermore, African-Americans normally have lower triglycerides and higher HDL cholesterol levels than other ethnicities; however, paradoxically they have increased risk of CVD (66). Our group has recently examined the influence of race on plasma sphingolipid profiles in SLE patients and associations of sphingolipid levels with comorbid atherosclerosis and SLE disease activity (18). Compared to healthy Whites, healthy African-Americans had higher SM levels and lower Lact-Cer levels. However, irrespective of race, SLE patients had higher levels of ceramides, and sphingoid bases (sphingosine and dihydrosphingosine) and their phosphates compared to healthy subjects. Within African-American subjects, SLE patients had higher levels of ceramides, Hex-Cer, sphingosine, and dhS1P compared to African-American controls. Within White subjects, SLE patients exhibited higher levels of sphingoid bases and their phosphates, but lower ratios of C16:0 ceramide/S1P and C24:1 ceramide/S1P compared to White controls. Within White SLE patients, those with atherosclerosis exhibited lower levels of sphingoid bases compared to those without. In contrast, within African-American SLE patients, those with atherosclerosis had higher levels of sphingoid bases and SMs compared to those without. Comparing White SLE patients with atherosclerosis with African-American SLE patients with atherosclerosis, the latter had higher levels of certain sphingolipids. Notably, C16:0 ceramide/S1P ratio in SLE patients, and levels of C18:1 and C26:0 Lact-Cer, C20:1 Hex-Cer, and sphingoid bases in SLE patients with atherosclerosis could be dependent on race and indicate that there are race-dependent factors, which may regulate the homeostasis of the sphingolipid metabolic and signaling pathways, including the activity of sphingolipid metabolizing enzymes, which may influence the levels of circulating sphingolipids. As for disease activity, plasma levels of sphingosine, C16:0 ceramide/S1P ratio and C24:1 ceramide/S1P ratio significantly correlated with SLEDAI in the African-American but not White SLE patients (18). Further ethnic studies in SLE cohorts are needed to assess the use of plasma sphingolipidomics as an added diagnostic tool.

Other than the probable race effect, Hammad et al. (18) study excluded the nephritis comorbidity, which was included in the European Checa et al. (41) study. In the setting of lupus nephritis, it is possible that in the Checa et al. (41) study the plasma S1P fraction bound to albumin (22) is depleted due to its excretion with the urine (albuminuria). Patyna et al. (53) showed that S1P and dhS1P levels were higher in plasma samples of SLE patients (irrespective of renal function) compared to healthy controls, which is in agreement with data from the Hammad et al. (18) study. In the Patyna et al. (53) study sphingosine and C16:0, C18:0, C20:0, and C24:1 ceramide levels were elevated only in SLE patients suffering from impaired renal function, compared to healthy controls and SLE patients without impaired renal function. Urinary loss of S1P due to lupus nephritis could inflate the C24:1 ceramide/S1P ratio possibly causing differences in correlations with SLEDAI. The lack of notable correlations between SLEDAI and plasma sphingolipid levels among Whites in the Hammad et al. (18) study compared to the Checa et al. (41) study could be due to several confounding factors such as the fact that Whites with SLE tended to be healthier, sphingolipids may not be associated with disease severity among Whites, and/or the effect of the small sample size. The inclusion of detailed information about pre-analytical and analytical confounders in clinical studies are particularly essential in assessing the reliability of a potential biomarker.

Sphingolipids were also recently evaluated via targeted lipidomics to determine if sphingolipid levels would be a valuable cholesterol-independent biomarker for CAD (67). Poss et al. (67) compared the serum sphingolipid profile in 462 individuals with familial CAD and 212 population based controls. When compared to the control group, 30 of the 32 sphingolipids tested were significantly elevated in the CVD group. Based on their results. Poss et al. (67) formed a sphingolipids inclusive CAD risk score which they abbreviated as SIC. This score included the sphingolipids: dihydroceramide C18:0 (p = 2 × 10–16), ceramides C18:0, C22:0, and C24:0 (p = 5.40 × 10–16, p = 3.63 × 10–11, p = 1.61 × 10–15, respectively), dihydro-SM C24:1 (p = 1.40 × 10–10), SMs C18:0, C24:0 (p = 2.54 × 10–6, p = 1.44 × 10–9, respectively), and sphingosine (p = 2 × 10–16) (67). SIC had better discriminatory power for CVD than the widely accepted LDL-cholesterol levels showing C-statistics of 0.79 and 0.69, respectively (67). The significance of SIC as a predictor of CVD independent of LDL-cholesterol suggests that circulating sphingolipids in addition to the current risk factors could be used to more accurately assess an SLE patient’s risk of CVD.



Brain

One other major complication of SLE is neuroinflammation, which is also known by neuropsychiatric SLE. Normally, the blood brain barrier in conjunction with chemical mediators, separate the central nervous system (CNS) from foreign substance and chemical mediators in the systemic circulation, tightly controlling the nervous system. When damage occurs in the neural parenchyma, cytokines, and chemokines that activate glial cell (neuron support cells) are released and result in the release of more pro-inflammatory mediators. Prolonged glial cell activation (gliosis) can cause scaring, cell death of the surrounding CNS cells and damage to the protective blood brain barrier. Damage in the blood brain barrier allows for lymphocytes and other inflammatory cells to enter the brain, further complicating the inflammatory process. Sphingolipids are abundant in the brain and CNS in general. In addition, studies have shown that sphingolipids play a significant role in the pathogenesis of several neuroinflammatory disorders such as Alzheimer’s disease and Parkinson’s disease (68, 69). During early phases of neuroinflammation, astrocytic sphingolipid alterations, which include an increase in ceramide and decrease in SKs that generate S1P were reported (68, 70). More information regarding the role of sphingolipids in neuroinflammation were reviewed previously (68, 69, 71).

The most common neurological manifestations found in SLE are cognitive dysfunction, headache and mood disorders, with no good serological markers for this SLE complication. Gangliosides are a family of sialylated glycosphingolipids expressed in the outer leaflet of the plasma membrane and they are abundant in the nervous system, particularly at synapses, and involved in neurotransmission at the neuromuscular junction. Gangliosides have a hydrophilic sugar chain that contains antigenic determinants and a hydrophobic ceramide. In humans, gangliosides elicit a T-cell-independent IgM response (72), which can cause leakage of the blood brain barrier or bind to neuronal gangliosides to create a neuromuscular block as in multiple sclerosis (73). A number of studies explored the presence of anti-ganglioside antibodies in SLE patients with neuropsychiatric manifestations and peripheral neuropathy and reported contradictory results (74).





SLE AND SPHINGOLIPIDS IN EXPERIMENTAL ANIMALS

Sphingolipids and their role in the pathogenesis of SLE have been investigated in animal studies. Because B lymphocyte and macrophages/dendritic cells were found to contribute to SLE pathogenesis through toll-like receptor (TLR)-stimulated cytokine production (59, 75), TLR signaling was induced to examine changes in sphingolipid metabolism in an SLE-prone mouse model (76). TLR induction caused abnormal expression of several key enzymes in sphingolipid metabolism including, SM phosphodiesterase 3, sphingosine 1-phosphate phosphatase 2, ceramide kinase and UDP glycosyltransferase 8 in B cells and macrophages (76). SM phosphodiesterase, UDP glycosyltransferase 8 and ceramide kinase were decreased in splenic B cells (p < 0.001, p < 0.01, and p < 0.001, respectively). On the contrary, B cell sphingosine 1-phosphate phosphatase 2 was upregulated in SLE-prone mice (p < 0.01). In macrophages of SLE-prone mice, SM phosphodiesterase and UDP glycosyltransferase 8 were decreased (p < 0.05 and p < 0.01, respectively) (76). In macrophages and B cells from SLE patients and SLE-prone mice, dysregulated sphingolipid metabolism enhanced the proinflammatory response by prolonging survival and causing an excess immunological response to TLR signaling (76). Sphingolipid metabolism could therefore have a potential to be used as a target to modulate autoimmune response.

In addition to macrophages and B cells, dendritic cells have also been implicated in the pathogenesis of SLE. Dendritic cells are antigen-presenting cells that activate other immune cells such as T cells in the induction of an inflammatory response (59, 75). A specific type of dendritic cell, plasmacytoid dendritic cell (pDC), secrete large quantities of interferon (IFN). SLE is an autoimmune disease characterized by overproduction of type 1 IFN (IFN-1) (77, 78). Recently, Mohammed et al. (79) examined the role of sphingosine kinase 2 (SK2) in the pathogenesis of SLE in the pristane-induced murine lupus mode. Pristane (common name for tetramethylpentadecane)-induced lupus is a murine model of systemic SLE that is suited for examining links between dysregulated IFN-I production and the pathogenesis of human SLE, which is also associated with high levels of IFN-I (77, 78, 80). SK2 as well as the isoform SK1 phosphorylate sphingosine into the bioactive molecule S1P. When comparing SK2 knockout mice with wild-type mice, dendritic cell markers were found to be upregulated in SK2 knockout mice, suggesting that SK2 is an endogenous negative regulator of pDCs (79). The effects of SK2 knockout were also evaluated in the pristine-induced lupus mice model. When comparing SK2 knockout mice and wild-type mice injected with pristane, SK2 knockout significantly increased the percentage of pDC cells (p < 0.001). Nevertheless, the onset of lupus symptoms in the SK2 knockout pristane-induced lupus mice was found to be unaffected and there were no noticeable effects on the IFN signature that is typical of lupus, when compared to SK2 knockout mice with no pristine induction (79). Since clinical lupus symptoms were not improved by SK2 knockout in the pristine-induced lupus mice, it might not be recommended as a method for treatment; however, further investigation into this process is warranted to investigate factors that could have masked the effects of SK2 knockout. S1P and dhS1P were significantly elevated (p < 0.01 and p < 0.05, respectively) in the SK2 knockout mice (79), which is interesting given that SK2 phosphorylates sphingosine to generate S1P. This suggests that there is more to this process that we do not understand. One possibility is that SK1, which also phosphorylates sphingosine and to a lesser degree dhS1P, is possibly being upregulated when SK2 is removed, allowing for the increase in S1P.


Lupus Nephritis

In a study that specifically examined the inhibition of SK2 in the MLR/lpr model of lupus nephritis, serum and kidney tissue were evaluated for S1P and dhS1P (81). The data showed that dhS1P, which is phosphorylated by SK2 was significantly elevated in the serum and kidney tissue of the murine model of lupus nephritis (p = 0.012 and p = 0.0097, respectively). Since SK2 has higher affinity for dihydrosphingosine than SK1, an SK2 inhibitor, ABC29640, was used on MLR/lpr mice to determine its effects on lupus nephritis. The SK2 inhibitor ABC29640-treated mice showed improvement in renal pathology of lupus nephritis; however, the classic markers of dsDNA, albuminuria and IgG deposition did not show improvement (81). In addition, this treatment decreased serum S1P (p < 0.05) and dhS1P (p < 0.01), but there was an increase in renal tissue dhS1P (p < 0.001) (81). Snider et al. (81) suggested that the therapy works downstream of immune complex formation and deposition into the kidney tissue. Similar to the study by Mohammed et al. (79), there was a question as to whether inhibition of SK1 could prevent the accumulation of dhS1P in kidney tissue and therefore improve glomerular pathology, albuminuria, and kidney function (81). One finding that was in common in both studies is that serum S1P and dhS1P where increased in the setting of lupus nephritis in the pristane-induced mice similar to that observed in the MRL-Lpr lupus mice (79, 81).

The role of S1P and its receptors in the production of proinflammatory cytokines as well as leukocyte trafficking has been established (71, 82, 83). In fact, FTY720 (fingolimod), an immunomodulatory drug which targets the S1P receptor (84), was approved for treatment of multiple sclerosis (85) and has been investigated as a treatment for lupus nephritis in experimental animals (86–89). In mouse models, FTY720 has been shown to increase survival as well as prevent end-stage glomerular disease via decreasing lymphocyte trafficking and increases their sequestration in lymph nodes (82, 86).

Nowling et al. (51) evaluated the role of glycosphingolipid metabolism in lupus nephritis in humans as well as in mice. Glucosylceramides and Lact-Cer levels were significantly elevated in the urine of lupus nephritis mice in comparison to nonnephritic lupus mice and healthy controls (p < 0.001 and p < 0.001, respectively) (51). Notably, in urine of lupus nephritis mice, Lact-Cer levels were significantly elevated prior to proteinuria (51), which is one of the earliest tests for kidney damage in lupus nephritis in humans (p < 0.001). This supports the idea that glycosphingolipids and/or other sphingolipids could be biomarkers for early detection of lupus nephritis with their metabolism possibly being amendable to therapy. While the full pathogenesis of lupus nephritis remains unclear, there have been strides made in understanding the mechanisms that may prove helpful in future investigations. These lupus nephritis-specific findings could provide more insight into why mouse models have shown that progression of lupus nephritis to chronic kidney disease is not inevitable even when SLE persists (49). There are several disease checkpoints that have been determined to be amenable to therapy.



Vascular Disease

Systemic lupus erythematosus patients have an accelerated rate of atherosclerosis and CVD. A possible mechanism regarding the role of nitric oxide synthases in the regulation of endothelial function and atherosclerosis in SLE was investigated by our group (90). SLE patients have impaired endothelial nitric oxide synthase (eNOS) activity that may be overly compensated by inducible nitric oxide synthase (iNOS), which could result in inflammation. On the other hand, nitric oxide is a necessary metabolite for endothelium vasodilation and cardiovascular homeostasis in addition to playing a role in sphingolipid metabolism (90–94). To determine whether the lack of nitric oxide synthase impacts sphingolipid metabolism and atherosclerosis, lupus-prone MRL/lpr mice with NOS2 (eNOS) deletion and MRL/lpr mice with NOS3 (iNOS) deletion were used to determine changes in sphingolipid levels and immune complex deposition in the aorta, compared to their relative wild types (90). Mice with NOS2 or NOS3 gene deletions had significantly different sphingolipid levels, with plasma ceramides increasing 45 and 21%, respectively, when compared to the MRL/lpr control mice (p < 0.05) (90). The C22:0 and C24:0 ceramide species were increased in both NOS2 and NOS3 knockout mice compared to their counterpart control (p < 0.05). C24:1 ceramide was twofold higher in the NOS2 knockout mice compared to their control mice, whereas there was no change in C24:1 ceramide in the NOS3 knockout mice. In addition, S1P was significantly increased (21%) in both NOS2 and NOS3 knockout mice when compared to the MRL/lpr control mice (p < 0.05) (90). Gross examination of aortae from NOS2 and NOS3 knockout mice showed significantly higher lipid deposition scores compared to those from wild type controls (p < 0.05). Notably, nodule-like lesions in the adventitia were found in aortas from both NOS2 and NOS3 KO MRL/lpr mice. Immunohistochemical evaluation of the lesions revealed lipid-laden macrophages (foam cells), elevated SK1 expression, and deposition of oxidized low-density lipoprotein immune complexes in addition to the activated endothelium.

Since nitric oxide was found to inhibit ceramidases and therefore could lead to the increase of ceramide, the knockout of nitric oxide synthase would allow for uninhibited ceramidase activity (95–97). This in turn would provide a preponderance of the sphingosine substrate for SK1 to produce S1P. The functions of S1P has been extensively explored and has been found to be involved in the regulation of vascular permeability and inflammation allowing for leukocytes trafficking and cellular recruitment in a receptor-dependent manner (90, 98–101). While there are many steps in the pathogenesis of atherosclerosis, modulation of the metabolism of sphingolipids, including S1P, could improve the downstream effects of atherosclerosis seen in SLE patients.




CONCLUSION AND POTENTIAL THERAPEUTICS

Targeting sphingolipids and their metabolism is beginning to be explored as a method of treating SLE and some of its complications. FTY720, a novel immunosuppressant with a structure resembling sphingosine and targets the S1P receptor, was used to determine if it had therapeutic potential in SLE (86, 89). FTY720 (2-amino-2-(2-[4-octyl-phenyl]ethyl)-1,3-propanediol hydrochloride) is a synthetic analog of a natural product that comes from the ascomycete Isaria sinclairii (102). FTY720 (2 μM) was administered to MRL/lpr mice from 4 months of age and were compared to control wild-type MRL/+ mice. Results showed apoptosis in >70% of CD4-negative/CD8-negative T cells in the spleen and lymph nodes, significantly decreased anti ds-DNA antibodies (p < 0.05), reduced deposition of IgG in kidney tissue, and increased survival (p < 0.01) in FTY720-treated MRL/lpr mice compared to the control group (89). At 9 months, 86.9% of the FTY720-treated group and 33.0% of the control group survived, suggesting that FTY720 suppressed autoimmunity and could possibly be investigated in humans as an adjunct therapy (89). In another study, the efficacy of FTY720 was evaluated in the prevention of end-stage renal disease in the BXSB mice (86). Similar to the study by Snider et al. (81), which explored the inhibition of SphK2 for treating lupus nephritis, an increase in survival (p < 0.05) was observed; however, a decrease in anti-DNA autoantibodies and deposition of IgG was not observed (86). Even with IgG deposition present in glomeruli, kidney tissue from the FTY720-treated mice still showed prevention of end-stage renal disease and was associated with normal-sized kidneys, decreased proteinuria (p < 0.0005) and no mesangial proliferation (86).

Previously Nowling et al. (51) observed elevated Lact-Cer and Hex-Cer levels in lupus nephritis MRL/lpr mice and suggested that these elevated glycosphingolipid levels could be caused by increased ganglioside GM3 catabolism, in part, by sterol regulatory element binding protein (SREBP)-1c induction of Neu1 expression, which breaks down gangliosides to generate Lact-Cer. Recently, they treated MRL/lpr mice with the neuraminidase inhibitor oseltamivir phosphate, in an effort to decrease renal GM3 and improve lupus nephritis in the mice (103). There was no significant difference in albuminuria and the scores of renal pathology (glomerular inflammation, proliferation, crescent formation, necrosis, and interstitial inflammation) between the oseltamivir phosphate-treated and vehicle-treated nephritic MRL/lpr mice. There was also no significant improvement of SLE in the oseltamivir phosphate-treated nephritic MRL/lpr mice in comparison to vehicle-treated mice, as measured by percentage of activated T cells, serum IgG levels, and splenomegaly (103). The authors suggested that accumulation of renal GM3 may be due to dysregulation of one or more of the glycosphingolipid ganglioside pathways. Therefore, inhibiting glycosphingolipid synthesis, but not catabolism, may be a therapeutic approach for treating lupus nephritis. Others have suggested this approach since the features of lupus nephritis are similar to other chronic kidney diseases characterized by altered glycosphingolipid metabolism (52, 104, 105).

Ozanimod (RPC1063), a modulator of S1P receptors 1 and 5, was evaluated in the lupus mouse model NZBWF1 as a potential treatment of lupus nephritis (106). The lupus-prone mice showed dose dependent improvement in lupus nephritis pathology when treated with ozanimod (0.3, 1.0, 3.0 mg/kg). There was a significant decrease in proteinuria (p < 0.01), mesangial expansion (p < 0.001), endocapillary proliferation (p < 0.0001), glomerular deposits (p < 0.0001), interstitial infiltrates (p < 0.0001), tubular atrophy (p < 0.01) and interstitial fibrosis (p < 0.01) in the 3.0 mg/kg ozanimod-treated mice when compared to the vehicle-treated control mice (106). Ozanimod significantly improved the kidney pathology related to lupus nephritis and chronic inflammation, demonstrating a need for further studies in human populations.

Recently, a group from Switzerland, who has been investigating the efficacy of cenerimod, an S1P receptor 1 modulator in Phase 2 development for treatment of SLE, in collaboration with Anaheim Clinical Trials (LLC, United States), examined the pharmacokinetics (PK), pharmacodynamics (PD), as well as safety and tolerability in Caucasian and Asian subjects to allow for more recruitment in future studies (107). The drug was found to be safe and well tolerated, and the team reported the absence of any relevant PK or PD differences in Caucasian and Asian patients, supporting the use of the same dose (single, oral dose of 4 mg) of cenerimod in upcoming late-phase studies.

In summary, evidence that supports the possible use of sphingolipids as a future screening tool has been presented in this review (summary of sphingolipids in human SLE studies is in Supplementary Table 1). As of yet sphingolipid tests lack the specificity and sensitivity to be used alone as a diagnostic tool for SLE. Nonetheless, clinical laboratories have started performing a diagnostic test that quantifies plasma levels of ceramides to identify patients at higher risk of developing major adverse cardiovascular events, which could be helpful for SLE patients at high risk of developing CVD. Several sphingolipid species were found to be important biomarkers in the prognosis, and organ-specific damage in SLE. Targeting sphingolipids and sphingolipid metabolism is a promising avenue to prevent progression of SLE and allow for better health outcomes in SLE patients. While several studies have been conducted on lupus-induced mice models, further studies are needed in the form of human trials.
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ABBREVIATIONS

ANA, anti-nuclear antibody; APLA, antiphospholipid antibodies; Sm, anti-Smith; BILAG, British Isles Lupus Assessment Group Scale; CVD, cardiovascular disease; CNS, central nervous system; COPD, chronic obstructive pulmonary disease; CAD, coronary artery disease; dPE, diacyl phosphatidylethanolamine; dhS1P, dihydrosphingosine 1-phosphate; eNOS, endothelial nitric oxide synthase; pPEs, ethanolamine plasmalogens; Hex-Cer, hexosylceramide; iNOS, inducible nitric oxide synthase; IFN, interferon; Lact-Cer, lactosylceramide; PE, phosphatidylethanolamine; pDC, Plasmacytoid dendritic cell; SM, sphingomyelin; S1P, sphingosine 1-phosphate; SK, sphingosine kinase; SREBP, sterol regulatory element binding protein; SLAM, Systemic Lupus Activity Measurement; SLAM-R, Systemic Lupus Activity Measurement revised; SLE, systemic lupus erythematosus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index revised in 2002; SLICC/ACR, Systemic Lupus International Collaborating Clinics Damage Index; TLR, toll-like receptor; IFN-1, type 1 Interferon.
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Systemic lupus erythematosus (SLE) is an autoimmune disease. It is characterized by the production of various pathogenic autoantibodies and is suggested to be triggered by increased type I interferon (IFN) signature. Previous studies have identified increased plasmablasts in the peripheral blood of SLE patients. The biological characteristics of SLE plasmablasts remain unknown, and few treatments that target SLE plasmablasts have been applied despite the unique cellular properties of plasmablasts compared with other B cell subsets and plasma cells. We conducted microarray analysis of naïve and memory B cells and plasmablasts (CD38+CD43+ B cells) that were freshly isolated from healthy controls and active SLE (n = 4, each) to clarify the unique biological properties of SLE plasmablasts. The results revealed that all B cell subsets of SLE expressed more type I IFN-stimulated genes. In addition, SLE plasmablasts upregulated the expression of cell cycle-related genes associated with higher FOXM1 and FOXM1-regulated gene expression levels than that in healthy controls. This suggests that a causative relationship exists between type I IFN priming and enhanced proliferative capacity through FOXM1. The effects of pretreatment of IFNα on B cell activation and FOXM1 inhibitor FDI-6 on B cell proliferation and survival were investigated. Pretreatment with IFNα promoted B cell activation after stimulation with anti-IgG/IgM antibody. Flow cytometry revealed that pretreatment with IFNα preferentially enhanced the Atk and p38 pathways after triggering B cell receptors. FDI-6 inhibited cell division and induced apoptosis in activated B cells. These effects were pronounced in activated B cells pretreated with interferon α. This study can provide better understanding of the pathogenic mechanism of interferon-stimulated genes on SLE B cells and an insight into the development of novel therapeutic strategies.
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Introduction

In systemic lupus erythematosus (SLE), abnormal B cells and T cells trigger the production of autoantibodies, such as anti-dsDNA antibody, forming immune complexes and damaging the tissues (1). Previously, it is reported that PBMC of SLE patients express more interferon-stimulated genes (ISGs) (2, 3) and type I IFN enhance B cell differentiation (4). The production of type I IFN from plasmacytoid dendritic cells is considered to contribute to SLE pathogenesis (5).

The main treatment strategy for SLE is the use of steroids and immunosuppressants to prevent the production of autoantibodies (6). In addition to conventional therapies, belimumab targeting BAFF that regulates B cell activation and survival has been used in clinical practice (7). Moreover, novel biologics and synthetic molecules have been investigated for SLE therapy (8). However, among these therapies, the double-blind randomized control studies of rituximab targeting B cells (9) and bortezomib targeting plasma cells did not exhibit any significant effect on SLE activity without severe side effects (10, 11), despite the efficacy in non-randomized studies or case series studies (12).

In terms of the SLE pathogenesis, IFNα-targeting therapy was a promising strategy for the treatment of SLE. Recently, the phase III clinical trial of anifrolumab for SLE patients exhibited a significant effect on steroid reduction and skin lesions (13, 14); however, it still remains a question as to what kind of patients will benefit from type I IFN-targeting therapies (15). SLE treatment still have unmet needs and require further understanding of its pathogenesis involving type I IFN.

Plasmablasts defined as CD27hiCD38+ are considered to be plasma cell precursors (16). Since plasmablasts in peripheral blood are dividing, migratory, and antibody-producing (17), this cell population exhibits unique cellular properties compared with other B cell subsets (e.g., naïve and memory B cells) and plasma cells. It can also be an attractive therapeutic target in SLE treatment. Recently, single-cell RNA sequencing revealed that several B cell subclusters and a plasma cell subcluster with ISGs were identified in SLE patients (18); however, the unique biological properties or molecular targets of plasmablasts in SLE are yet to be determined. First, we characterized CD19+CD38+CD43+ B cell population as a phenotype of plasmablasts which secrete immunoglobulins. Next, we conducted microarray analysis by comparing freshly isolated naïve B cells, memory B cells, and CD38+CD43+ B cells, which are considered to be plasmablasts, of healthy donors and active SLE patients to investigate the SLE plasmablast-specific activated pathway. We found that cell cycle signature in SLE plasmablasts were significantly increased, as well as type I IFN signatures in naïve and memory B cells, and plasmablasts. Additionally, transcriptional factor, FOXM1 and its downstream molecules were significantly increased in SLE plasmablasts. FOXM1 is a master regulator for cell proliferation and survival (19), and its inhibitors have therapeutical effect on tumors (20, 21). We hypothesized that a causal relationship exists between type I IFN signature and cell cycle signature, and FOXM1 may play a critical role in cell proliferation of activated B cells. In the present study, we investigated the effect of pretreatment with IFNα on B cell activation and the effect of FOXM1 inhibitor on B cell proliferation and survival.



Methods


Patients and Healthy Controls

Patients diagnosed with SLE according to the 1997 American College of Rheumatology classification criteria (22) were recruited at Tohoku University Hospital, Japan. The disease activities of SLE were assessed using the SLEDAI scoring system. Healthy donors were recruited from the Department of Hematology and Rheumatology, Tohoku University Graduate School of Medicine, Japan. The present study was approved by the Medical Ethical Review Board at Tohoku University School of Medicine. The donor profiles of SLE patients used in the clinical correlation (SLE1–SLE8) and microarray analysis (SLE9–SLE12) were presented in Supplementary Tables 1 and Table 1, respectively.


Table 1 | Top 10 of upstream analysis associated with DEGs of CD38+CD43+ B cells between healthy donors and SLE.





Flow Cytometry

The following antibodies were utilized for cell surface staining (fluorescence-labeled monoclonal antibodies against human were obtained from BD Biosciences, unless otherwise stated): PE anti-CD43, APC anti-CD38, V500 anti-CD27, PerCP-Cy5.5 anti-CD19, V450 anti-CD3, V450 anti-CD14, and V450 anti-CD16 (all from BD Biosciences). The following antibodies were utilized for intracellular staining: Zenon Alexa Fluor 488 Rabbit IgG Labeling Kit (Invitrogen), rabbit IgG isotype control (Cell Signaling Technology, Danvers, MA). For phosphoprotein analysis, resting or stimulated B cells were fixed with BD Phosflow Fix Buffer I (BD Bioscience) and permeabilized with Perm Buffer III (BD Bioscience). Subsequently, the B cells were stained with Violet Fluorescent Cell Barcoding Dye 450 and 500 (BD Bioscience) to be distinguished by different stimuli and time points. After washing, cells were stained with the following Alexa Fluor 647-conjugated antibodies: anti-PTEN (Phosphatase and Tensin Homolog Deleted from Chromosome 10), anti-Syk (Spleen tyrosine kinase) (pY352), anti-Btk (Bruton’s tyrosine kinase) (pY223), anti-ERK (extracellular signal-regulated kinase)1/2 (pT202/pY204), anti-p38 (pT180/pY182), anti-NF-κB (nuclear factor-kappa B) p65 (pS529), anti-IκBα (NF-κB inhibitor α), anti-Akt (protein kinase B) (pS473), anti-mTOR (mammalian target of rapamycin) (pS2448), anti-S6 (ribosomal S6 kinase) (pS235/pS236), mouse IgG1 isotype, and mouse IgG2b isotype (all from BD Biosciences). For the detection of apoptotic cells, Near SR LIVE/DEAD fixable dead cell stains (Thermo Fisher Scientific) and APC-Annexin V (BD Biosciences) were used. Flow cytometry was performed using the FACSCanto II system (BD Biosciences), and data were analyzed using the FlowJo Software (BD Biosciences) and the Cytobank platform (Cytobank Inc.).



B Cell Isolation

Peripheral blood mononuclear cells (PBMCs) were freshly isolated from healthy donors or SLE patients via Ficoll (GE Healthcare, Uppsala, Sweden) gradient centrifugation. For the microarray analysis, first, B cells were positively isolated with CD19 microbeads (Miltenyi Biotec, Auburn, CA), then CD19+CD27− CD38−CD43−CD3−CD14−CD16−(naïve B cell), CD19+CD27+ CD38−CD43−CD3−CD14−CD16− (memory B cell), and CD19+CD38+CD43+CD3−CD14−CD16− (CD38+CD43+ B cell) were gated and isolated using FACSAria II (BD). For B cell cultures, B cells were isolated from PBMCs using the B Cell Isolation Kit II (Miltenyi Biotec).



B Cell Culture

For culture medium preparation, we used RPMI 1640 (Sigma–Aldrich, Saint Louis, MI) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (Biological Industries, Cromwell, CT), 100 U/ml penicillin, and 100 µg/ml streptomycin. F (ab′)2 Fragment Goat Anti-human IgG + IgM (H + L) (Jackson ImmunoResearch, West Grove, PA) was added at a final concentration of 50 µg/ml. Human IFNα A/D (Bg/II) was obtained from PBL Assay Science (Piscataway, NJ), and MEGACD40L was purchased from Enzo Life Science (NY) and added to the culture to stimulate CD40. The FOXM1 inhibitor FDI-6 was purchased from Axon Medchem (Groningen, Netherlands). Freshly isolated B cells were incubated in 96-well U-bottom plates (Falcon, Durham, NC) at a concentration of 1 × 105 cells/200 µl. B cells were stimulated with anti-IgG/IgM (50 µg/ml) 6 h after B cell isolation. For pretreatment with IFNα (pre-IFN), 1,000 U/ml of IFNα was added 6 h before and during anti-IgG/IgM stimulation. In some experiments, 100 ng/ml MEGACD40L (Enzo Life Sciences) was simultaneously added with stimulation with anti-IgG/IgM. All culture experiments were conducted in triplicate.



ELISPOT Assay

IgG secretion was determined by ELISPOT assay using Human IgG ELISpotBASIC kit (Mabtech, Cincinnati, OH). Mouse anti-human IgG antibodies (1.5 ug/ml) were coated on the PVDF-membrane in MultiScreen-IP plates (Merck Millipore, Carrigtwohill, Ireland) over night. After washing, the membranes were blocked with PBS containing 1% BSA. Subsequently, CD38−CD43− B cells and CD38+CD43+ B cells isolated with flow cytometry were seeded onto each well with the cell number of 500, 100, 20/well. After 24 h incubation in RPMI1640 supplemented with 10% FBS, the membranes were washed, and biotinylated anti-IgG Fc antibodies (2 ug/ml) were added. After washing, the membranes were incubated with streptavidin-horseradish oxidase and developed with substrate for ELISpot (Mabtech).



Microarray Analysis of Isolated B Cell Subsets

Microarray data were collected from freshly isolated naïve B cells, memory B cells, and CD38+CD43+ B cells of four SLE patients and four healthy donors. After the isolation of each B cell subset, the total RNA was extracted in each B cell subset using TRIzol (Invitrogen, Carlsbad, CA) and RNeasy Mini Kit (QIAGEN, Hilden, Germany). Briefly, cell pellets were lysed in TRIzol and chloroform was added. After centrifugation, upper layers were mixed with equal volume of ethanol, and the mixtures were transferred to spin columns of RNAeasy Mini Kit. After washing the columns, total RNAs were eluted with RNAse free water. After amplification of targeted cRNA and labeling with Cyanine-3 using Low Input Quick Amp Labeling Kit (Agilent Technologies, Santa Clara, CA), fragmented cRNAs were applied to Whole Human Genome Oligo microarray 8 × 60 K v2 (Agilent Technologies) and then hybridized. The array slides were scanned using Agilent’s Microarray Scanner System (Agilent Technologies). The obtained microarray data were normalized using the GeneSpring 12.5 software (Agilent Technologies). Differentially expressed genes (DEGs) were determined by comparing the gene expression levels of each B cell subset (naïve, memory, and CD38+CD43+CD27+ B cells) between SLE patients and healthy donors. DEGs in each comparison were defined as significantly changed (p < 0.05, moderate t-test) and more than two-fold upregulated or less than 0.5-fold downregulated genes. Heat maps were generated after hierarchical clustering. Canonical pathway and upstream analyses of DEGs were conducted using the Ingenuity Pathway Analysis program (QIAGEN). Significantly activated pathways and upstream molecules (transcriptional factors) were defined as significantly different (p < 0.01) using Fisher’s exact test and a Z score > 2.0. Type I IFN signature genes (23 genes) (23) and cell cycle signature genes (231 genes) (24) were calculated as follows: first, the maximum value in any gene row was normalized to be 1. Then, the sum of the value of each sample was obtained to calculate the gene expression scores. To identify genes that specifically changed in the SLE plasmablast, similar entity analysis was conducted using the GeneSpring software with cutoff range of 0.6–1.0 using the DEGs of the plasmablast. The microarray data were deposited in Gene Expression Omnibus [GSE156751].



Cell Division

Isolated B cells were labeled using CellTrace Violet Cell Proliferation Kit (Invitrogen) and analyzed via flow cytometry after the culture was prepared. Cell proliferation was assessed using a proliferation index (PI). PI denotes the average number of cell divisions and is calculated using the following formula. [image: ]where N denotes the percentage of B cells in each generation, and i denotes the number of cell divisions.



Quantitative Real-Time PCR

After the total RNA was extracted from B cells using the RNeasy Mini Kit, cDNA was synthesized using the ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, Japan). The following primers were used: 18S ribosomal RNA forward primer : 5′-AGGAATTCCCAGTAAGTGCG-3′, 18S ribosomal RNA reverse primer : 5′-GCCTCACTAAACCATCCAA-3′, FOXM1 forward primer : 5′-ATACGTGGATTGAGGACCACT-3′, FOXM1 reverse primer : 5′-TCCAATGTCAAGTAGCGGTTG-3′, CCNA2 forward primer : 5′-CGCTGGCGGTACTGAAGTC-3′, and CCNA2 reverse primer : 5′-GAGGAACGGTGACATGCTCAT-3′.

Quantitative real-time PCR (qPCR) was performed using the QuantiTect SYBR Green PCR Kit (QIAGEN) with the C1000 Thermal Cycler (Bio-Rad, Hercules, CA). The calculated copy numbers were normalized according to the 18S rRNA expression. The gene expression levels were standardized by each corresponding 18S rRNA expression level.



Western Blotting

After 120 min stimulation of B cells isolated from healthy donors by anti-IgG/IgM antibody with or without pre-IFN treatment, cells were lysed with 1x SDS sample buffer (Cell Signaling Technologies) and sonicated. The cell lysates were electrophoresed on 12% polyacrylamide gel and then transferred onto Immobilon transfer membranes (Millipore). The membranes were treated with rabbit anti-phosphorylated Akt (Cell Signaling Technologies), rabbit anti-phoshorylated p38 (Cell Signaling Technologies), and rabbit anti-tubulin antibody (abcam, Cambridge, UK). IRDye 800CW-conjugated goat anti-rabbit (LI-COR Biosciences, Lincoln, NE) was used as a secondary antibody. Fluorescence intensity was measured, and densitometric analysis was performed with an Odyssey Infrared Imaging System (LI-COR Biosciences).



Statistical Analysis

Data are expressed as mean ± SD. The statistical significance of the differences was determined via ANOVA, paired and unpaired t-test. Correlation coefficients and statistical significance between the frequencies of CD38+CD43+ B cells and SLEDAI scores were obtained with Spearman’s rank correlation analysis. Moreover, the differences were considered statistically significant for p-values less than 0.05. Statistical analyses were conducted using the GraphPad Prism 7 software (San Diego, CA).




Results


CD38+CD43+ B Cells Have High Validity as Plasmablasts

Conventionally, plasmablasts are considered as CD19loCD27hiCD38hi B cells (25). In flow cytometric analysis, CD19loCD27hiCD38hi B cells were presumably overlapped with the population of CD19+CD27+ memory B cells and are difficult to be precisely gated or sorted from other cells. It has been reported that CD20+CD27+CD43+ B cells exhibit similar characteristics to those of plasmablasts (26). We compared CD38+CD43+ with CD19loCD27hi B cells via flow cytometry and found that CD38+CD43+ B cells were highly overlapped with CD19loCD27hi B cells (Figure 1A). The frequencies of CD38+CD43+ cells among CD19+ B cells were significantly elevated in active SLE than healthy controls (Figure 1B) and significantly reduced after intensification of the immunosuppressive therapy for active SLE and correlated with SLEDAI scores (Supplementary Figure 1). To determine whether CD38+CD43+ B cells are eligible for plasmablasts, we evaluated the cell size, gene expression, and antibody secreting capacity of the B cell subset. The cell size was prominently increased in CD38+CD43+ B cells of both healthy donors and SLE patients (Figure 1C). The expressions of IRF4 and PRDM1 were increased in plasmablasts (27) and, as revealed by microarray analysis, were significantly increased in CD38+CD43+ B cells of both healthy donors and SLE patients (Supplementary Figures 2A and B). Isolated CD38+CD43+ B cells were shown to have the capacity to secrete IgG, whereas CD38−CD43− B cell not (Figure 1D). Additionally, CD38+CD43+ B cells can be clearly gated from other cells (Supplementary Figure 3). We considered CD38+CD43+ B cells as plasmablasts and gated and sorted CD38+CD43+ B cells for the analysis of plasmablasts in the following experiments.




Figure 1 | Validation of CD38+CD43+ B cells as plasmablasts. (A) Consistency in B cell surface markers. PBMCs from a healthy control (HC) were labeled with fluochrome-tagged antibodies to CD3, CD14, CD16, CD19, CD27, CD38, and CD43. After gating CD3−CD14−CD16− cells, CD19loCD27hi B cells or CD38+CD43+ B cells were gated and the consistency of these two subsets were analyzed. (B) Percentage of CD38+CD43+ cells among CD19+ B cells in HC and active SLE patients. PBMCs from HC (n = 8) and active SLE with SLEDAI ≥6 (n = 27) were isolated and evaluated the percentage of CD38+CD43+ B cells in CD19 gated cells. The error bars represent SD. Statistical analysis was performed with unpaired t-test. *p < 0.01. (C) Cell size of B cell subsets. The intensity value of FSC-A is displayed as histograms in naïve B cells, memory B cells and CD38+CD43+ B cells from a healthy donor (left) and a SLE patient (right). Data in (A, C) are representative data from three independent donors, each. (D) ELISPOT analysis evaluating antibody secreting capacity of isolated B cells. CD38+CD43+ B cells and CD38−CD43− B cells were isolated with flowcytometry. Each B cell subset with cell number indicated was incubated on membranes coated with anti-human IgG antibody in RPMI1640 containing 10% FBS. After 24 h incubation and washing, spots were developed.





The Gene Expressions of Type I IFN and Cell Cycle Signatures Are Upregulated, and Increased Expression of the Transcription Factor FOXM1 Is Identified in CD38+CD43+ B Cells of SLE Patients

To determine DEGs between healthy donors and SLE patients in naïve, memory, and CD38+CD43+ B cells, we compared the gene expression profiles of each B cell subset of SLE patients with those of healthy donors. The purity of the isolated cells was comparable between healthy donors and SLE patients (Supplementary Figure 3). Figure 2A presents the DEGs in each B cell subset. A total of 594 genes were upregulated, and 595 genes were downregulated in the naïve B cell subset; 527 genes were upregulated, and 381 genes were downregulated in the memory B cell subset; and 1,452 genes were upregulated, and 723 genes were downregulated in the CD38+CD43+ B cell subset. The top 30 upregulated or downregulated genes among the DEGs are presented in Supplementary Table 3.




Figure 2 | The correlation of DEGs in CD38+CD43+ B cells of SLE with the canonical pathways related to cell cycle as well as type I IFN. (A) DEGs of SLE patients compared with healthy donors in each B cell subset. The heatmap represents the DEGs of each B cell subset (naïve, memory, and CD38+CD43+ B cells) of SLE patients compared with healthy donors. Significantly upregulated (>twofold) and downregulated (<0.5-fold) genes were shown after hierarchical clustering analysis. Statistical analysis was conducted via moderate t-test using the GeneSpring software. (B) The gene expression score of type I IFN signature and cell cycle signature in each B cell subset. IFN signature genes (23 genes) (23) (upper) and cell cycle signature genes (231 genes) (24) (lower) were selected as representative genes for each pathway. The heatmap represents the gene expression levels of type I IFN signatures and cell cycle signatures in each B cell subset (left). After the expression levels of IFN signature were normalized to be 1 for the maximum value in any gene row, the sum of the values of each B cell subset in healthy donors and SLE patients was obtained to calculate the gene expression levels and scored (right). The error bars represent SD. (C) FOXM1 gene expression level in each B cell subset. FOXM1 expression was assessed in naïve, memory, and CD38+CD43+ B cells between healthy donors and SLE patients. Gene expression was normalized to be 1 for the minimum value in any B cell subset. The error bars represent SD. (B, C) Statistical analysis was conducted via one-way ANOVA using Tukey’s multiple comparison test.*p < 0.05, **p < 0.01, and ***p < 0.001. Data were obtained from four independent healthy donors and four independent active SLE patients. (D) Genes exhibiting similar expression patterns to FOXM1. Among DEGs in CD38+CD43+ B cells, “find similar entities” analysis with a correlation cut-off range of 0.6 ≤ r ≤ 1.0 resulted in the selection of 725 genes. Histogram (left) and heatmap (right) show the gene expression levels in each B cell subset.



Canonical pathway analysis on IPA revealed that several cell-cycle-related pathways were activated, as well as interferon signaling, whereas only the interferon signaling pathway was significantly activated in each of the naïve and memory B cell subset (Table 2). We calculated the gene expression scores (Figure 2B) after the selection of type I IFN signature genes (23 genes) (23) and cell cycle signature genes (231 genes) (24) from the microarray data of healthy donors and SLE patients. IFN signature gene expressions were significantly increased in each B cell subset of SLE patients compared with healthy donors (Figure 2B, upper). Moreover, the gene expressions of cell cycle signature were higher only in CD38+CD43+ B cells of SLE patients than in those of healthy donors (Figure 2B, lower). Upstream analysis revealed that several transcriptional factors related to cell cycle, as well as IFN-related factors, were significantly upregulated in CD38+CD43+ B cells of SLE patients more than in those of healthy donors (Table 1). Among the activated transcriptional factors, the expressions of E2F1, E2F2, and FOXM1 genes were shown to be more significantly upregulated in CD38+CD43+ B cells of SLE patients compared with other B cell subsets (Figure 2C and Supplementary Figure 4). We consider the gene expression pattern of FOXM1, which is a master regulator for cell cycle and cell survival (19), as a prototype of SLE plasmablast-specific genes; hence, we conducted an analysis of find similar entities for FOXM1 from DEGs in the CD38+CD43+ B cell subset to determine the genes that are significantly/uniquely upregulated in CD38+CD43+ B cells of SLE patients. Furthermore, 725 genes were chosen as similar entities to FOXM1 (Figure 2D). Canonical pathway analysis revealed that the genes of entities similar to FOXM1 strongly correlated with the cell cycle (Table 3).


Table 2 | Canonical pathways associated with DEGs between healthy donors and SLE.




Table 3 | Canonical pathways associated with the genes of the similar entities to FOXM1.





Pretreatment With IFNα Promoted Cell Enlargement, Cell Division, and Gene Expression in B Cells Stimulated via BCR

We assessed the effects of pre-IFN on B cell activation following stimulation with anti-IgG/IgM antibody via flow cytometry. Pre-IFN significantly enhanced cell enlargement (Figure 3A) and cell division (Figure 3B) following stimulation with anti-IgG/IgM antibody.




Figure 3 | Enhanced B cell stimulation with pre-IFN. (A) Effects of pre-IFN on B cell enlargement after stimulation with anti-IgG/IgM antibody and CD40L. Isolated B cells from a healthy donor were stimulated with α-IgG/IgM (50 µg/ml) with or without IFNα (1,000 U/ml) or CD40L (100 ng/ml) pretreatment. Cell size was measured through FSC-A intensity and analyzed 3 d after the start of the culture. The geometric mean of FSC-A is presented in each cultured B cell. (B) The effects of pre-IFN on B cell division after stimulation with anti-IgG/IgM antibody and CD40L. Peripheral B cells from a healthy donor were labeled using CellTrace Violet Cell Proliferation Kit and stimulated with α-IgG/IgM (50 µg/ml) with or without pre-IFN (1,000 U/ml) or CD40L (100 ng/ml). Cell division was analyzed via flow cytometry 6 d after the beginning of the culture. Left: Cell division is presented as histograms, and the number of cell divisions is indicated above the histograms (upper). B cell percentages in each generation are plotted on a chart (lower). Right: Proliferation indices (PI) were calculated in each stimulated B cell. (C) The effects of pre-IFN on FOXM1 and CCNA2 gene induction after stimulation with anti-IgG/IgM antibody. Isolated B cells from a healthy donor were stimulated with α-IgG/IgM (50 µg/ml) with or without IFNα (1,000 U/ml). For pre-IFN, IFNα was added 6 h before stimulation with anti-IgG/IgM antibody. After 2 d, the expression levels of FOXM1 and CCNA2 were quantitated via RT-PCR. The error bars represent SEM. Each expression level of FOXM1 and CCNA2 was standardized by each corresponding expression level of 18s rRNA, and the standardized expression levels of unstimulated B cells on day 0 were regarded as 1. The error bars represent SD. Data are representative of experiments from three independent donors. Statistical analysis was conducted via one-way ANOVA using Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, and ***p < 0.001.



The interaction of CD40 on B cell and CD40 ligand (CD40L) on T cell is one of the main systems providing T cell help to B cell activation (Quezada, ARI, 2004). To examine the effect of pre-IFN on T cell help, CD40L was co-added in B cell culture. CD40L counteracted the effects of pre-IFN on cell enlargement and cell division stimulated by anti-IgG/IgM antibody (Figures 3A, B), although co-stimulation with anti-IgG/IgM antibody and CD40L also enhanced B cell activation, as determined via the evaluation of cell size and cell division. Pre-IFN improved cell survival in unstimulated and activated B cells (Supplementary Figure 5). Subsequently, we compared the gene induction of FOXM1 and CCNA2 (a downstream molecule of FOXM1) between cultures with and without pre-IFN after stimulation with anti-IgG/IgM antibody. The expressions of FOXM1 and CCNA2 were significantly increased in IFNα pretreated B cells more than those cultures without IFNα (Figure 3C).



Pre-IFN Promoted Plasmablast Differentiation in B Cells Stimulated With Anti-IgG/IgM Antibody

To examine the effects of pre-IFN on plasmablast differentiation, the induction of CD38+CD43+ B cells after stimulation with anti-IgG/IgM was evaluated via flow cytometry. Plasmablast differentiation required pre-IFN in B cells stimulated by anti-IgG/IgM (Supplementary Figure 6).



Pre-IFN Enhanced B cell Signaling After BCR Triggering

To determine what BCR (B cell receptor) signaling pathway was promoted by pre-IFNα, we examined the phosphorylation of BCR signaling proteins via flow cytometry. As presented in Figure 4, multiple proteins were prominently phosphorylated after BCR triggering with anti-IgG/IgM antibody. IκBα was reciprocally degraded by NF-κB phosphorylation, which indicated that stimulation with anti-IgG/IgM antibody also activated the NF-κB pathway. Contrary to the pan-activation of B cell signaling pathways with BCR triggering (except PTEN), pre-IFN preferentially enhanced the phosphorylation of Akt, mTOR, S6, and p38 (Figure 4B). Western blotting also revealed that pre-IFN increased phosphorylation of Akt and p38 after stimulation anti-IgG/IgM antibody. Pre-IFN enhanced the phosphorylation of Akt and S6 after stimulation with anti-IgG/IgM antibody and CD40L (Supplementary Figure 7), as well as without CD40L (Figure 4B). In addition, co-stimulation with CD40L significantly promoted the activation of p38 and NF-κB pathways stimulated with BCR, and the effects of pre-IFN on the activation of these pathways were blunted by co-stimulation with CD40L (Supplementary Figure 8).




Figure 4 | Enhanced BCR signaling pathways with pretreatment with IFNα. Isolated B cells from six healthy donors were stimulated with α-IgG/IgM with or without [IFN(−)] pre-IFN. Cells were harvested before stimulation (0 min) and 5, 30, and 120 min after stimulation with α-IgG/IgM antibody (50 µg/ml). After fixation and permeabilization, cells were stained with Alexa Fluor 647-labeled anti-PTEN, phosphoproteins (p-Syk, p-Btk, p-Akt, p-mTOR, p-S6, p-ERK, p-p38, and p-NF-κB), IkBα, mouse IgG1 isotype, and mouse IgG2b isotype. The expressions of these molecules were quantified via flow cytometry. (A) The histogram indicates the expression level of B cell signaling molecules at the indicated times after stimulation. Data in (A) are representative data from experiments of six independent donors. (B) Time kinetics of the expression levels of phosphorylated (except PTEN and IkBα) B cell signaling molecules after stimulation. Data of the mean fluorescence intensity (MFI) of each signaling molecule are presented as box plots (n = 6, each). Each box represents the 25th–75th percentile. Lines inside the boxes indicate the median. Whiskers represent the 10th–90th percentile. Comparisons between stimulation with (gray box) and without (white box) pre-IFN were statistically performed via an unpaired t-test. *p < 0.05, **p < 0.01, and n.s., not significant between IFN (−) and pre-IFN.





FDI-6 Inhibited B Cell Division and Enhanced Apoptotic B Cell Death in Stimulated and Pre-IFN-Treated B Cells

Microarray data indicated that FOXM1, and its downstream molecules were significantly upregulated in CD38+CD43+ B cells of SLE patients (Figure 2). We assumed that FOXM1 can be a candidate molecule for plasmablast-targeting therapy in SLE, as it is considered as a multipotent master transcriptional factor for cell proliferation and apoptosis (19). Then, we examined the effects of FOXM1 inhibitor FDI-6 on cell division and apoptosis in stimulated B cells with or without pre-IFN. FDI-6 significantly downregulated the expressions of FOXM1 and CCNA2 in B cells activated by anti-IgG/IgM and pre-IFN (Figure 5A). Cell division after stimulation with anti-IgG/IgM was significantly inhibited with FDI-6 and prominently with IFNα pretreatment (Figure 5B). Next, we evaluated the effects of pre-IFN on FDI-6-induced apoptosis in B cells activated by anti-IgG/IgM via flow cytometry. FDI-6 had just mild effect on induction on early apoptosis of activated B cells (Figure 5C).




Figure 5 | Effects of FDI-6 on cell division and apoptosis in activated B cells through BCR stimulation. (A) The effects of FDI-6 on FOXM1 and CCNA2 expression in stimulated B cells. Isolated B cells from a healthy donor were stimulated with α-IgG/IgM (50 µg/ml) with or without pre-IFN (1,000 U/ml). The addition of DMSO or FDI-6 (2.5, 10, or 40 µM) was performed 2 d after the start of the culture, and each cultured B cell was harvested 24 h (3 d after the start of the culture) after the addition of DMSO or FDI-6. The expressions of FOXM1 and CCNA2 were quantitated via RT-PCR. Each expression level of FOXM1 and CCNA2 was standardized by each corresponding expression level of 18s rRNA, and the standardized expression levels of non-IFNα-treated B cells without FDI-6 were regarded as 1. (B) The effects of FDI-6 on cell division of activated B cells. Isolated B cells from a healthy donor were labeled using CellTrace Violet Cell Proliferation Kit and stimulated with α-IgG/IgM (50 µg/ml) with or without pre-IFN (1,000 U/ml). DMSO or FDI-6 (10, 20, or 40 µM) was added 2 d after the start of the culture, and cell division was analyzed via flow cytometry 5 d after stimulation with anti-α-IgG/IgM. Cell division is presented as histograms (left). PI was calculated in each stimulated B cell. (C) Peripheral B cells from a healthy donor were stimulated with α-IgG/IgM (50 µg/ml) with or without pre-IFN (1,000 U/ml), and DMSO or FDI-6 (40 µM) was added 2 d after the start of the culture. In dot plots, cultured B cells were stained with APC-Annexin V and Near IR 24 h after the addition of DMSO or FDI-6, and cells were analyzed via flow cytometry (left). Annexin V+ Near IR- B cells and Annexin V+ Near IR+ are defined as early and late apoptotic cells, respectively. The frequency of apoptotic B cells as a percentage of the overall B cells is presented in each cultured B cell (right). The error bars represent SD. Statistical analysis was conducted via one-way ANOVA using Tukey’s multiple comparison test (B) and student t-test (C). *p < 0.05, **p < 0.01, and ***p < 0.001.






Discussion

Plasmablasts are the precursors of plasma cells in the peripheral blood, which produce autoantibodies in the bone marrow (28). Targeting plasmablasts may be an effective novel therapeutic strategy in the treatment of SLE, as plasmablasts increased in clinically active SLE patients and contained autoantibody-producing cells (25, 28, 29). In the present study, we investigated the gene expression of B cell subsets from SLE patients and healthy donors to elucidate the biological properties of plasmablasts of SLE patients. This may aid in the development of plasmablast-targeting therapy for SLE. Although the phenotype of plasmablasts in peripheral blood was defined as CD19loCD27hi (25), this population was overlapped with memory B cells (CD19+CD27+) and is difficult to be gated and sorted via flow cytometry. It has been reported that CD20+CD27+CD43+ B cells are capable of producing antibodies and cellular properties similar to plasmablasts (26, 30). We confirmed that CD38+CD43+B cells were highly overlapped with CD19loCD27hi B cells (Figure 1A) and clearly gated and sorted with high purity via flow cytometry (Supplementary Figure 3). We also demonstrated that isolated CD38+CD43+ B cells secreted IgG without any B cell stimulation (Figure 1D), which is one of the most important characteristics of plasmablasts (29). These findings support CD38+CD43+ as a cell surface phenotype of plasmablasts.

Few reports have identified the distinct molecular signature in isolated plasmablasts of active SLE patients compared with healthy controls, although several groups have reported that PBMC (2, 3) and B cell subsets (18, 31–34) in SLE patients express higher levels of ISGs. Lugar et al. previously characterized circulating SLE plasma cells (CD19dim IgD−CD38++) as more similar to mature tonsil plasma cells (CD19+ IgD−CD38++) than to tonsil plasmablasts (CD19+ IgD+CD38+++). Cell-cycle-related genes were not reported to be upregulated in circulating plasma cells, probably due to the lack of comparison with the counterparts of healthy donors, although they reported increased levels of type I IFN gene signatures in all subsets of B cell (31). Our analysis of isolated B cell subsets from only four donors each cannot find the heterogeneity of the disease status of SLE and gene expression profiling of single cell level in each B cell subset. Banchereau et al. reported that the whole blood transcriptome of 158 pediatric SLE patients identified a plasmablast signature as the biomarker that most strongly correlated with the disease activity of SLE (33). However, the strong association of the plasmablast signature with the disease activity of SLE may represent the association between disease activity and circulating plasmablasts (29), as discussed by the authors (33). Recently, Nehar-Belaid reported that single-cell RNA sequencing identified seven B cell subclusters and two plasma cell subclusters in pediatric SLE patients (18). Although three B cell subclusters and one plasma cell subcluster were shown to express ISGs, the distinct expression of cell-cycle-related genes among the subclusters was not identified. This inconsistency with the results of the present study may be caused by the loss of highly proliferative plasmablasts in the cryopreservation and thawing processes, although it is reported that cryopreservation does not lose the antibody-secreting capacity of plasmablasts in PBMC (35, 36). The present study is the first to report that cell-cycle-related genes, FOXM1, and its downstream genes, as well as ISGs, were elevated to a higher degree in freshly isolated plasmablasts of SLE patients compared with those of healthy donors. This indicates that the plasmablasts of SLE patients are not only quantitatively but also qualitatively distinct from those of healthy donors. The detailed molecular mechanism for enhanced cell cycles remains unknown, although type I IFN has been considered to contribute to the pathogenesis of SLE in terms of B cell abnormality (37, 38). In the present study, the results of the microarray analysis suggested the possible causal relation between type I IFN signature of SLE naïve and memory B cell subsets and cell cycle signature in SLE plasmablasts (Figure 2B).

Higher ISG expression in all B cell subsets may have been polyclonally induced by bystander exposure with type I IFN secreted from the plasmacytoid DC (39, 40) and/or epigenetic change in type I IFN genes in SLE B cells (41). The high expression of ISG may be one of the “intrinsic” B cell characteristics of SLE before the disease onset, and we assumed that IFN signature in the B cells of SLE patients may be similar to that in B cells in vitro with pre-IFN. Hence, we designed the experiments as follows: first, B cells isolated from healthy donors were incubated with IFNα to induce ISGs, and cells were stimulated and analyzed to elucidate the cellular behavior of B cells with high ISG expression following B cell stimulation. BCR triggering induced the phosphorylation of kinases, such as Syk, leading to the activation of downstream PI3 kinase pathway (42), which activated the Akt–mTOR–S6 axis (43). Consistent with our results, previous reports revealed that IFNα enhanced stimulation via BCR triggering (44–47). Analysis of phosphoproteins via flow cytometry revealed that pre-IFN selectively enhanced signal transduction via the Akt–mTOR–S6 and p38 pathways rather than the pan-B cell signaling pathways. A previous study reported that IFNα promoted the survival of human primary B-lymphocytes via phosphatidylinositol 3-kinase (PI3K) (48), which selectively activated the B cell signaling pathways. In another previous study, tyrosine phosphorylation was enhanced after BCR stimulation in SLE patients compared with healthy donors (49), and hyperactivity of Akt in B cells was due to the enhanced tyrosine phosphatase (50), which may support our results. Although several studies have reported that the lower PTEN expression in B cells in SLE patients may cause hyperresponsiveness when stimulated with anti-IgM and IL-21 (51), the results of flow cytometry in the present study revealed that pre-IFN exhibited no effect on PTEN expression (Figure 4). The identification of a gene (or genes) among ISGs, which may be responsible for selectively enhancing BCR signaling, is very important. As such, further studies are required to elucidate the precise mechanism of the effects of pre-IFN on BCR signaling pathways. The ligand for CD40 (CD40L), which is expressed on follicular helper T cells (Tfh) and B cells, is considered to receive signals via CD40 from Tfh, mainly in the germinal centers (52). CD40 signaling is required for somatic hypermutation and humoral immune memory generation (53). CD40 ligation activates NF-κB, JNK, p38, and PI3 kinase via TRAF family proteins, depending on the cell type (53). During co-stimulation with CD40L, the enhancing effects of pre-IFN on BCR-induced blastic change (Figure 3A) and cell division (Figure 3B) were abolished. This may be due to the remarkable activation of NF-kB and p38. Moreover, only when the combination of BCR and CD40 triggering (Supplementary Figure 8) is so strong that the additional effect of pre-IFN seemed to be less clear. Although it was recently reported that anti-DNA autoreactivity was driven by type I IFNα, TLR7/9, and CD40–CD40L interaction in Dnase 1l3−/− mice (54), our results revealed that pre-IFN granted proliferative and survival advantages to B cells stimulated via BCR triggering, even without CD40 ligation, which resulted in the activation of several B cells in SLE via extrafollicular pathways (55, 56) without the help of T cells.

FOXM1 is a transcriptional factor that regulates cell cycle and cell survival (19). Microarray analysis revealed that FOXM1 (Figure 2C) and its regulated genes (Table 1) were significantly increased in CD38+CD43+ B cells of SLE. This indicates that proliferation and survival in activated B cells and/or plasmablasts may be under the regulation of FOXM1. The Akt–FOXO3–FOXM1 axis is important in tumorigenesis (57). It is reported that p38 regulates E2F1, which was shown to be significantly upregulated in CD38+CD43+B cells (Supplementary Figure 4), and E2F1 directly induced FOXM1 (58). The increased induction of FOXM1 may have resulted from the convergence of these signaling pathways enhanced with pre-IFN, since Akt and p38 were preferentially enhanced with pre-IFN following BCR triggering (Figure 4). Buchner reported that FOXM1 inhibition exhibited a cytotoxic effect on B cells without any effect on normal B cell development and survival and suggested FOXM1 as a therapeutic target for acute lymphoblastic leukemia (59). Recently, arthritis-associated precursor macrophages (AToMs) containing osteoclast precursors were identified, and the differentiation of AToMs from osteoclasts was regulated by FOXM1. FOXM1 inhibitor inhibited osteoclastogenesis, indicating that it may be a potential target for the treatment of rheumatoid arthritis (60). FDI-6 is a direct inhibitor of the DNA binding domain of FOXM1 proteins and is a selective FOXM1 inhibitor that reduces the induction of downstream FOXM1 genes (61, 62). The promoter region of FOXM1 has FOXM1 binding sites (62), and FOXM1 itself induces its own transcription (63, 64). Consistent with these reports, FDI-6 reduced the upregulation of FOXM1 and CCNA2, especially in B cells with pre-IFN (Figure 5A). Our results in Figure 5B suggests that the specific inhibition of FOXM1 may have more anti-proliferative effect on SLE plasmablasts. Although the effect of FDI-6 on induction of apoptosis on activated B cell was very mild, the additional drug which inhibit compensatory signaling pathway may enhance the cytotoxic effect of FDI-6 as reported (65).

In the present study, we revealed that pre-IFN upregulated numerous genes that were not ISGs after stimulation with BCR triggering. The type I IFN signatures were elevated more than 1 year prior to the disease onset (66), and type I IFN may play more significant roles in the early phase of the SLE pathology (15). The disease activity of SLE did not necessarily correlate with the IFN signatures (33). We should understand the distal effect of type I IFN exposure in considering the therapies targeting the whole type I IFN activated pathways, as the contribution of type I IFN to the pathogenesis in each SLE patient may not always be evaluated in terms of the expression levels of ISG. We proposed the model that pre-exposure of B cells to type I IFN polyclonally induces ISGs. BCR triggering of B cells with high levels of ISG activates Akt and p38 to a greater extent. The resulting elevated expression of FOXM1 and its regulated genes in plasmablasts in SLE may be the result of type I IFN exposure; hence, targeting this axis may be a novel strategy for the treatment of SLE (Figure 6).




Figure 6 | The effects of pretreatment of type I IFN on B cell stimulation, and the potential of FOXM1 inhibitor as a novel plasmablast-targeting therapy in SLE. Resting B cells (e.g., naïve and memory B cells) were pretreated with type I IFN in an antigen non-specific manner, and ISGs were induced. After the stimulation of high-ISG-expressing B cells with BCR triggering, a particular gene (or genes) in the ISGs selectively enhanced the activation of the Akt and p38 pathways, which resulted in greater FOXM1 induction. FOXM1 inhibitor may have more anti-proliferative and cytotoxic effects on type I IFN pretreated activated B cells (e.g., SLE plasmablasts).
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Downregulated Serum Exosomal miR-451a Expression Correlates With Renal Damage and Its Intercellular Communication Role in Systemic Lupus Erythematosus
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Systemic lupus erythematosus (SLE) is a multi-system autoimmune disease characterized by continuous inflammation and the production of autoantibodies. Exosomes, acting as a critical tool for communication between cells, are involved in the pathogenesis of SLE, particularly in inflammation and immune imbalance. In this study, we aimed to extract and confirm the pro-inflammatory effect of serum exosomes in SLE. Then, we attempted to find differentially expressed exosomal microRNAs in the serum of healthy subjects and SLE patients via miRNA microarray analysis and validated the target exosomal microRNA, exosomal miR-451a, which expression level decreased in serum of SLE patients by RT-qPCR. Furtherly, we analyzed the correlation between exosomal miR-451a and disease activity, kidney damage and typing, and traditional medicine therapy. Finally, we investigated the intercellular communication role of exosomal miR-451a in SLE by co-culture assay in vitro. Taken together, our study demonstrated that downregulated serum exosomal miR-451a expression correlated with SLE disease activity and renal damage as well as its intercellular communication role in SLE which provided potential therapeutic strategies.

Keywords: exosome, microRNA-451a, serum, renal damage, SLE


INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune-induced diffuse connective tissue disorder associated with immune inflammation, which involves multiple systems and organs, and leads to significant morbidity and mortality (1, 2). Serological biomarkers are crucial for achieving timely diagnosis and precise evaluation of SLE (3). Recent studies have identified several new biomarkers that can be useful in clinical applications. For example, microRNAs (miRNAs or miRs), exosomes and exosomal miRNAs can all serve as biomarkers in autoimmune diseases (4). Published evidence indicates that miRNAs participate in different immune responses (5, 6), which makes them crucial candidates for use as diagnostic markers and treatment targets (7, 8). Increasing evidence suggests that the expression characteristics of serum miRNAs makes them possible biomarkers of autoimmune diseases, including SLE, and therefore they should be exploited for the betterment of humankind (9, 10).

Exosomes are membrane-bound microvesicles of 30–100 nm in diameter serving as small membranous transport vesicles, which are formed in the cytoplasm and released from the surface of almost all living cells (11, 12). Therefore, exosomes are found in numerous different body fluids, such as breast milk, serum, urine, and saliva (13). Exosomes consist of a lipid bilayer, containing miRNAs, mRNAs, and proteins. The lipid bilayer shields the genetic materials inside, thus protecting them from damage (14). In addition, previous evidence indicates that the majority of miRNAs in serum are deposited in exosomes (15). Therefore, owing to the aforementioned characteristics of exosomes, exosomal miRNAs in serum have been suggested as novel biomarkers that can be applied in the diagnosis and evaluation of disease outcomes for various conditions (4, 16–18). However, there have been relatively few studies on exosomal miRNAs in SLE. Solé et al. (19, 20) found that a multimarker of urine exosomes composed of miR-150, miR-21, and miR-29c provides a method for detecting early renal fibrosis and for predicting the progression of lupus nephritis (LN) disease. Compared with normal controls and non-LN patients with SLE, patients with active LN exhibited considerably higher exosomal miR-146a expression in urine (21). Lee et al. (22) found that circulating exosomes had immunological activity, and their levels reflected how active the disease is in patients with SLE. However, specific miRNAs in serum exosomes associated with renal damage have not been adequately investigated in SLE. Since the pathogenesis of abnormal immune function in SLE is extremely complex, there may be additional miRNAs involved in its immune pathogenesis. Moreover, the production, secretion, and transfer of exosomes take part in the intercellular communication system to induce immune dysregulation events. Exosomes serve as a messenger between maternal cells and recipient cells by transporting their cargo, including miRNAs (23). Approximately 10–15% of circulating miRNAs are protected from degradation through inclusion in exosomes (24).

The present study employed microarray analysis to assess the serum exosomal miRNA expression profiles of patients with active and inactive SLE vs. healthy controls. Based on our results, it was found that miR-451a was downregulated in serum exosomes of patients experiencing active SLE. Subsequently, the expression level of serum exosomal miR-451a in patients with SLE, and its association with renal damage and pathology type were further studied. Furthermore, the role of miR-451a transported by exosomes in lymphocyte communication was observed in vitro.



RESULTS


Characteristics and Functions of Exosomes Isolated From Serum in SLE

Western blotting and TEM were used to validate the effectiveness of the serum exosome extraction technique applied herein. The TEM results indicated that the exosomes extracted from the serum samples exhibited a spherical structure, with a size range of 30–110 nm (Figure 1A), a feature that was similar to those reported previously (12, 25). Through testing, it was further confirmed that these vesicles were exosomes. Western blot analysis was used to test specific exosomal markers (i.e., the tetraspanin molecules CD63 and TSG101) (Figure 1B). Moreover, it was investigated whether circulating active SLE exosomes could boost the SLE-specific effects of inflammatory response with an in vivo experiment. Thus, healthy CD4+ T cells treated with 10 μl exosomes purified from NCs (n = 9) or patients with active SLE (n = 9) were sorted. Compared with the NCs exosomes, the active SLE exosomes induced CD4+ T cells to produce significantly higher levels of IFN-γ, TNF-α, and IL-6, according to the results of RT-qPCR (Figures 1C–E) and flow cytometry (Figures 2A,B).


[image: Figure 1]
FIGURE 1. Validation and function of exosomes extracted from serum samples. (A) Transmission electron microscopy (n = 3) revealed the spherical characteristics and size (30–110 nm) of exosomes by ultracentrifugation pellet from serum. (B) Western blotting (n = 3) showed that the pellet after ultracentrifugation was strongly reactive for antibodies against the exosomal membrane markers CD63 and TSG101. Reverse transcription-quantitative PCR (n = 3) was employed to detect the mRNA expression levels of (C) TNF-α, (D) IFN-γ, and (E) IL-6 in CD4+ T cells co-cultured with exosomes of normal controls(NC) or patients with systemic lupus erythematosus(SLE) for 24 h, The mRNA expression levels of TNF-α, IFN-γ, and IL-6 were increased significantly after treated with SLE-exo while no significant changes in NC-exo group. RT-qPCR results were normalized to GAPDH. *P < 0.05, **P < 0.01, NS, no significance.
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FIGURE 2. Further investigation of exosomes function by flow cytometry. (A) CD4 and anti-IFN-γ, TNF-α, or IL-6 antibody double labeling of cells was used to distinguish differential expression in CD4+ T cells before co-culture and after 24 h co-culture with exosomes of normal controls (NC) or patients with SLE in vitro. (B) Statistical analysis of the difference in expression of IFN-γ (n = 3), TNF-α (n = 3), and IL-6 (n = 3) by flow cytometry in CD4+ T cells and the results revealed the expression of IFN-γ, TNF-α, and IL-6 in CD4+ T cells co-cultured with exosomes of SLE was significantly higher than CD4+ T cells before co-culture or CD4+ T cells co-cultured with exosomes of NC, while the CD4+ T cells co-cultured with exosomes of SLE group and CD4+ T cells co-cultured with exosomes of NC group showed no differences. *P < 0.05, **P < 0.01, NS, no significance.




Screening and Identification of Differentially Expressed Serum Exosomal miRNAs in Patients With SLE

Based on the above results, a miRNA microarray was performed to screen differentially expressed serum exosomal miRNAs in serum of healthy subjects vs. active or inactive SLE patients. A fold change >2 (upregulated) or <0.5 (downregulated) in the miRNA microarray data indicated a significant difference in miRNA expression. The raw data of miRNA microarray had been submitted to Gene Expression Omnibus (GEO accession: Agilent-070156). Significantly different expression profile of miRNAs in the serum exosomes of the three groups (active, inactive and healthy control samples) are shown in Figures 3A–C. Compared with the normal control group, 11 miRNAs, namely miR-1202, miR-1207-5p, miR-1225-5p, miR-1234-5p, miR-16-5p, miR-223-3p, miR-2861, miR-4516, miR-6088, miR-642a-3p, and miR-6510-5p, were significantly up-regulated in the serum exosomes from active SLE patients (P < 0.01) while miR-451a and miR-6087 were significantly down-regulated (P < 0.01). Compared with inactive SLE patients, 5 miRNAs including miR-1207-5p, miR-1225-5p, miR-2861, miR-4516, and miR-638 were significantly up-regulated (P < 0.01) in serum exosomes from active SLE patients, while miR-451a was significantly down-regulated (P < 0.01). Compared with the normal controls, the expression of miRNAs, including miR-1202, miR-1234-5p, miR-16-5p, miR-223-3p, miR-5787, miR-642A-3p, miR-6510-5p, and miR-92a-3p, were significantly up-regulated (P < 0.01) in inactive SLE patients and miR-4530 was significantly down-regulated (P < 0.01).


[image: Figure 3]
FIGURE 3. Significant differential expression of miRNAs in serum exosomes in patients with SLE and normal controls. (A) Heat map comparing active SLE and normal control groups. (B) Heat map comparing active and inactive SLE groups. (C) Heat map comparing inactive SLE and normal control groups. (D) The expression level of exosomal miR-451a in active SLE (n = 21) was lower than that in patients with inactive SLE (n = 21) and normal controls (n = 21), while the expression level of exosomal miR-451a in patients with inactive SLE and normal controls showed no differences. (E) The expression level of exosomal miR-16 in active SLE (n = 21) and inactive SLE (n = 21) was higher than that in normal controls (n = 21), but showed no significant difference between patients with active SLE and inactive SLE. RT-qPCR results were normalized to Cel-miR-39. *P < 0.05,**P < 0.01, NS, no significance.


Since the expression of miR-451a and miR-16 showed great difference SLE patients and healthy controls, we selected them as the targets for further verification by RT-qPCR in samples from 21 patients with active SLE, 21 patients with inactive SLE and 21 normal control subjects (Figures 3D,E). However, only exosomal miR-451a was differentially expressed between active SLE patients and inactive SLE patients (P < 0.05). These results suggested that exosomal miR-451a might be correlated with SLE diseases activity.



Serum Exosomal miR-451a Correlates With SLE Disease Activity and Renal Damage

Recent studies have indicated that miR-451a was involved in the regulation of various human physiological and pathological processes (26). Furthermore, previous studies revealed that the levels of circulating miR-451a, which is important for erythropoiesis, were abnormal in the plasma of patients with SLE relative to normal controls, and miR-451a might be linked to abnormal erythropoiesis in SLE (9). Therefore, the present study evaluated the association between the levels of exosomal miR-451a in serum and the patient SLEDAI scores (Figure 4A) or 24-h urine protein quantity (Figure 4B). The level of serum exosomal miR-451a in patients with SLE was negatively linked to the SLEDAI score (r = −0.616, P < 0.01) and 24-h urine protein (r = −0.649, P < 0.01).


[image: Figure 4]
FIGURE 4. Serum exosomal miR-451a correlates with SLE disease activity and renal damage. (A) The level of serum exosomal miR-451a in patients with LN was negatively correlated with systemic lupus erythematosus disease activity index score (n = 47, r = −0.616, P < 0.01). (B) The level of serum exosomal miR-451a in patients with LN was negatively correlated with 24-h urinary protein levels (n = 47, r = −0.649, P < 0.01). (C) The miR-451a level in exosomes from 47 patients with SLE with renal damage was significantly lower than that in 21 patients with SLE without renal damage by RT-qPCR. (D) Diagnostic utility of serum exosomal miR-451a to differentiate patients with SLE and renal damage from patients with SLE without renal damage. and the area under the ROC curve was 0.801 (95% confidence interval, 0.7–0.902; P < 0.001). (E) The expression level of miR-451a in renal proliferative type (n = 18) was lower than in non-proliferative type (n = 13), and the expression level of miR-451a in mix type (n = 16) was in the middle. (F) The expression level of exosomal miR-451a in SLE patients after treatment (n = 32) was significantly higher than that in those without treatment (n = 15). Treatment with traditional drugs, including glucocorticoid (n = 7) and hydroxychloroquine, increased the expression level of exosomal miR-451a. *P < 0.05, **P < 0.01, NS, no significance.


The clinical features of the study subjects were summarized according to renal dysfunction, and are presented in Table 1. Compared with patients with SLE devoid of renal damage, patients with SLE who have renal damage showed significantly downregulated serum exosomal miR-451a expression levels (P < 0.05) (Figure 4C). According to the degree of serum exosomal miR-451a expression in patients with SLE, an ROC curve was constructed to predict the manifestation of renal damage in patients with SLE, and the area under the ROC curve was 0.801 (95% confidence interval, 0.7–0.902; P < 0.001). When the miR-451a level was below 167.58, the sensitivity and specificity reached 70 and 100%, respectively, and these patients were considered to have renal damage (Figure 4D).


Table 1. Clinical data of the study subjects.
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Based on renal pathology types of proliferative, non-proliferative and mixed, the expression levels of exosomal miR-451a were investigated, and it was found that the proliferative type showed the most significantly decrease (Figure 4E), which suggested that exosomal miR-451a acts as a biomarker in renal damage. To further understand the effects of various medications on the expression of exosomal miR-451a, the expression level of miR-451a in CD4+ T cells from patients with SLE treated with different drugs were analyzed, including seven patients treated with glucocorticoids, 18 patients treated with glucocorticoids combined with hydroxychloroquine, and 15 untreated patients. CD4+ T cells from 21 healthy controls were also included in this experiment. Notably, the expression level of miR-451a between normal controls and treated patients with SLE showed no statistical significance, and revealed a significant difference between normal controls, and the non-treated or treated and non-treated groups. Notably, glucocorticoid or hydroxychloroquine treatment elevated the expression level of exosomal miR-451a in CD4+ T cells (Figure 4F).



Exosomal Shuttled miRNA-451a Is Involved in Intercellular Communication

SLE is generally considered to be a crosstalk of abnormal differentiation of CD4+ T lymphocytes and abnormal secretion of cytokines, as well as abnormal activation of B cells and abnormal secretion of autoantibodies. Thus, studies on abnormal activation of T and B cells have become hot research topics. Based on the above results, we furtherly performed RT-qPCR to investigate the expression of miR-451a level in CD4+ T cells and T cells derived-exosomes of normal individuals and patients with SLE, and it was found that the expression of miR-451a in the CD4+ T cells of patients with SLE was significantly higher (P < 0.01) than that in normal individuals. In addition, the expression of miR-451a in SLE CD4+ T cell derived-exosomes (SLE CD4+ T cells-exo) was significantly reduced (P < 0.05) compared with that in normal CD4+ T cell-exo (Figure 5A). Similarly, the differences in miR-451a expression in B cells and B cells derived-exosomes of normal individuals and patients with SLE were compared, and the same results were observed (Figure 5B). This was consistent with our previous results of serum exosomal miRNA-451a. The maintenance of this expression difference in SLE patients may due to the selective mechanism of exosomes encapsulating miRNAs (27). In CD4+ T or B cells from patients with SLE, miR-451a preferentially enters exosomes, but the excretion of this kind of exosomes is reduced, resulting in high expression of miR-451a in cells and low expression of miR-451a in serum exosomes. The differential expression of miRNAs in serum exosomes and cells of SLE patients involves the cell communication between exosome-derived mother cells and T or B cells, inducing their abnormal immune response mechanisms, thereby participating in the occurrence and development of SLE.


[image: Figure 5]
FIGURE 5. Differences verification of miR-451a expression in lymphocytes and lymphocytes derived exosomes. (A) The expression of miR-451a in CD4+ T cells of patients with SLE was significantly increased compared with that in normal CD4+ T cells, while the expression of T cells derived-exosomal miR-451a in patients with SLE was lower than that in normal controls (n = 3). (B) The expression of miR-451a in B cells or B cells derived-exosomes of SLE patients and normal controls showed the same trend (n = 3). *P < 0.05, **P < 0.01.


Moreover, to investigate further the role of exosomes in SLE pathogenesis, the process of exosomes entering cells was directly observed by confocal microscopy. Normal CD4+ T and B cells were isolated and then co-cultured with normal serum exosomes or PBS, respectively. After 2 h, exosomes labeled with red fluorescence entering the cytoplasm(CD4+ T or B cells labeled with green fluorescence) were found, and after 12 h, exosomes labeled with red fluorescence entered the cell nucleus, while the control groups showed no fluorescent signal (Figures 6A,B). Simultaneously, in order to confirm whether miR-451a transported by exosomes played a role in cell communication, the changes in miR-451a expression in CD4+ T and B cells were compared before and after co-culturing of normal human serum exosomes with normal human CD4+T and B cells, respectively. It was found that expression level of miR-451a in CD4+ T cells increased significantly after co-cultivation for 24 h compared with that before co-culture (P < 0.05); there was no significant difference in the expression level of miR-451a between co-culture for 24 and 48 h (P > 0.05). The expression levels of miR-451a in the CD4+ T cell-exo group at 24 and 48 h were both significantly higher than those in the CD4+ T cell control group (both P < 0.05; Figure 6C). The same result was obtained in B cell co-culture (Figure 6D). This indirectly demonstrated that exosomes could transport miR-451a into CD4+ T and B cells, causing changes in miR-451a expression in cells, which might play a role in communication between lymphocytes.


[image: Figure 6]
FIGURE 6. Dynamic observation of the effect of serum exosomes and target cells. Exo-Glow™-labeled exosomal RNAs were captured by (A) CD4+ T cells or (B) B cells entering the cytoplasm when cultured for 2 h in vitro and entering the nucleus when cultured for 12 h in vitro, as revealed by confocal laser microscopy. (C) Compared with that in CD4+ T cells before co-culture, the expression level of miR-451a in CD4+ T cells was significantly increased 24 h after co-culture of exosomes and CD4+ T cells, while it showed no difference at 24 and 48 h (n = 3). (D) The expression of miR-451a in B cells in an in vitro co-culture experiment showed the same trend (n = 3). *P < 0.05, **P < 0.01, NS, no significance.





DISCUSSION

Numerous techniques for purifying and detecting exosomal miRNAs exist (28–30). In this study, it was confirmed that the isolation system for exosomes and miRNAs generated a substance that was rich in serum exosomal miRNAs. Exosomes contain genetic material in the form of miRNAs, miRNAs and other non-coding RNAs that can easily move and function in other cells (18). Previous studies on exosomes have focused on exosomal miRNAs secreted by parental cells that have various biological functions, can target recipient cells and silence target mRNAs (27, 31, 32). The physical characteristics and targeting specificity of exosomal miRNAs are closely linked to the formation and progression of various diseases (13). These characteristics of circulating exosomal miRNAs have established their value as biomarkers in physiological and pathological conditions.

Although there are few reports on the association between urinary exosomal miRNA expression and LN, blood is a crucial medium that facilities the circulation of exosomes and transmission of cell signaling molecules to various parts of the body (19–22). Therefore, in the present study, a miRNA microarray profiling assay was conducted using serum from patients with SLE. The levels of exosomal miR-451a in serum were considerably reduced in patients with active SLE relative to those in patients with inactive SLE and control subjects. Furthermore, correlation analysis revealed that there was an inverse correlation between the level of exosomal miR-451a in the serum of patients with SLE and the SLEDAI score. Therefore, exosomal miR-451a in serum may be employed as a possible biomarker for assessing SLE activity.

LN has a considerable influence on the prognosis of SLE. Renal failure is a leading cause of SLE-related death (33). Our study next determined by RT-qPCR the levels of exosomal miR-451a in the serum of patients with SLE who exhibited renal damage and in a group of patients with SLE lacking renal damage. Our data demonstrated that, compared with patients with SLE exhibiting renal damage, patients with SLE without renal damage showed significantly downregulated serum exosomal miR-451a expression levels. Moreover, ROC curve analysis revealed that the serum exosomal miR-451a levels could distinguish with high sensitivity and specificity patients with SLE and renal damage from patients with SLE without renal damage, which suggests that exosomal miR-451a may serve as a novel potential biomarker for SLE renal damage.

Finally, correlation analysis also revealed that the serum level of exosomal miR-451a in patients with LN was negatively correlated with SLEDAI score and 24-h urinary protein levels. It was found that glucocorticoid or hydroxychloroquine treatment could increase the expression level of exosomal miR-451a in CD4+ T cells of patients with SLE. Therefore, it was concluded that exosomal miR-451a might serve as a treatment target in the future.

According to the classification criteria of the International Society of Nephrology/Renal Pathology for LN from 2003 (34), LN could be divided into types I-VI. Type III is focal LN; type IV is diffuse LN; and type V is membranous LN. The incidence of typed I, II and VI is low, and types I and II are usually mild clinically, and their treatment plan could be determined by the level of urine protein. Types III, IV, and V, as well as mixed type (types V+IV and V+III) are more common in clinical practice; their conditions are relatively severe; and their diagnosis and treatment guide is usually performed with kidney biopsy (35). Therefore, it is necessary to identify biomarkers with high sensitivity and specificity and low invasiveness to judge the pathological type and disease activity of LN in order to guide clinical treatment. Due to the different pathological types of LN perform different pathogenesis, there might be differences in the expression of cytokines in the peripheral blood of patients with LN (36–38). Therefore, in this study, 47 patients with active LN were divided into proliferative type (including types IV and III), non-proliferative type (type V) and mixed type (including types IV+V and V+III). By comparing the difference in expression of serum exosomal miR-451a, it was found that the proliferative type exhibited the most significantly decreased miR-451a expression level. Therefore, it was predicted that the expression of serum exosomal miR-451a is closely associated with disease activity, and is expected to become a biomarker for clinical judgment of LN pathological type and assessment of disease activity.

Cellular communication enables cells to receive signals from other cells and to function accurately, which is important for the development of multicellular organisms, immune adaptation and coordination of functions among different cell types within tissues (39, 40). Recent studies have shown that exosomes also played a critical role in signal transduction between cells (41–45). Exosomes can be secreted by a variety of cell lines and different cell types, including immune cells such as T cells, B cells, dendritic cells, and macrophages, as well as cardiovascular, tumor, stem and nerve cells (46, 47). Exosomes released by cells can communicate with neighboring or distant cells, delivering exosomal miRNAs to recipient cells (48). The function of exosomal miRNAs is generally considered to negatively regulate target genes to change their expression level (49–52). Previous studies have proposed that the pathogenesis of SLE is associated with abnormal activation of T cells that secrete cytokines, and with excessive secretion by B cells of autoantibodies, which participate in the initiation and maintenance of autoimmune diseases (53, 54). In this study, it was found that the difference in expression of exosomal miR-451a in CD4+ T or B cells and in serum of normal individuals and patients with SLE patients was markedly large, which might be associated with the selection mechanism of exosomes encapsulating miRNA (27). Emerging evidence indicated that miR-451a was involved in the regulation of various human physiological and pathological processes (26) and the level of circulating miR-451a was closely correlated with erythropoiesis formation, it was possible that miR-451a could be linked to the abnormal erythropoiesis of SLE (9). According to our current results, we used multiple international authoritative databases such as Mirbase/Targetscans/PicTar to predict the potential target gene of miRNA-451a, which hinted that MIF may act as a target gene. Published reports indicated that MIF was an autoimmune regulatory factor which was closely related to the pathogenesis of immune inflammatory diseases. MIF can further co-stimulate T and B cells, up-regulate the secretion of INF-γ, IL-6, TNF-α, etc. to form a positive feedback loop, maintain pro-inflammatory activity and inhibit the activation of apoptotic signaling pathways to be involved in the occurrence and development of SLE which may be our next research direction (55, 56).



CONCLUSION

In summary, serum exosomes in active SLE patients could induce inflammatory immune response; miRNA microarray and verification RT-qPCR results validated the abnormal expression of exosomal miR-451a and miR-16 in serum from SLE patients, furtherly, downregulated serum exosomal miR-451a expression correlates with disease activity and renal damage. The serum exosomal miR-451a may serve as a potential biomarker for clinical determination of renal damage in SLE and different pathological types of lupus nephritis (LN). Moreover, conventional drug treatments including glucocorticoid and hydroxychloroquine could significantly increase the expression level of serum exosomal miR-451a. Finally, serum exosome miR-451a could be ingested by lymphocytes, and exosome miR-451a may play a role in the lymphocytes communication.



METHODS


Subjects

The subjects enrolled in the present study (active SLE patients, n = 21; inactive SLE patients, n = 21; and healthy controls, n = 21) met the criteria of the American College of Rheumatology for SLE. The activity of the disease was assessed using systematic lupus activity measure (57) and systemic lupus erythematosus disease activity index (SLEDAI) (58) (active, score >5; inactive, score ≤4). Healthy control subjects were recruited volunteers, and were age- and sex-matched to the patients with lupus. In addition, 68 patients with SLE were recruited among dermatology and rheumatic immunology outpatients from our hospital (Table 1). Among them, 47 were patients with SLE and kidney damage. According to the SLEDAI-2000 scores, haematuria, albuminuria, tubular urine, and pyuria were at least one of the factors involved. That is, the urine sediment results of the patients collected 10 days before treatment was determined to have renal involvement if they met one or more of the following indexes: (i) Tubular urine: hemoglobin, granular, or erythrocyte tubular; (ii) haematuria excluding stone infection and other causes: red blood cell count >8,000 cells/ml; (iii) pyuria excluding infection: white blood cell (WBC) >5/HP; and (iv) new or recently increased proteinuria: >0.5 g/24 h. There were 21 patients with SLE without renal damage (according to the SLEDAI score, no haematuria, proteinuria, tubular urine, or pyuria; all four scores were 0). The current study was approved by the Human Ethics Committee of Third Xiangya Hospital, Central South University, and written informed consent was obtained from the participants.



Exosome Isolation

Exosomes were extracted from serum using ExoQuick Exosome Precipitation Solution (System Biosciences) according to the protocol provided by the manufacturer. Serum was obtained by centrifugation (3,000 × g for 15 min) to remove cells and cell debris. In brief, 63 μl ExoQuick solution was mixed with 250 μl serum, followed by incubation at 4°C for 30 min. Exosome pellets were collected by centrifugation (1,500 × g for 30 min) at room temperature, and then dissolved in 50 μl nuclease-free water. Exosomes were extracted from T or B cells culture supernatant using ExoQuick-TC Exosome Precipitation Solution (System Biosciences). 2 ml ExoQuick-TC solution was mixed with 10 ml cell culture supernatant and the following experimental procedures were consistent with the serum exosome extraction method.



Transmission Electron Microscopy (TEM)

Exosome pellets were resuspended in PBS and placed on a carbon-coated copper grid. After incubation for 5 min at room temperature, the exosomes were fixed with 2% paraformaldehyde, and then rinsed with water twice. The grid was negatively stained with 10% uranyl acetate for ~10 min. Next, the grid was observed and imaged by TEM (Tecnai G2 Spirit TWIN; FEI; Thermo Fisher Scientific, Inc.).



Western Blotting

The isolated exosomes were washed once with PBS and then lysed in protein lysis buffer supplemented with a phosphatase inhibitor. Next, the lysates were centrifuged (14,000 × g for 15 min) at 4°C to collect the soluble protein. The isolated proteins were resolved on SDS-PAGE, and then subjected to western blotting according to standard procedures. The membranes were incubated with polyclonal anti-human TSG101 and CD63 antibodies (Bioworld Technology, Inc.) and then with goat anti-rabbit IgG conjugated to Sepharose beads (Bioworld Technology, Inc.). The bands were scanned and analyzed with Quantity One software (Bio-Rad Laboratories, Inc.).



miRNA Extraction

The mirVana PARIS Kit (Ambion; Thermo Fisher Scientific, Inc.) was used to extract exosomal miRNA according to the protocol provided by the manufacturer. Exosome samples were placed on an enzyme-free worktable and incubated at room temperature (15–25°C) for 5–10 min. Added the 2X denaturing solution of the same volume and mixed it fully, added 1X PBS to 200 ul, then added 200 ul acid-phenol:chloroform every tube. After centrifugation (14,000 g, 30 min), the top layer is RNA. The subsequent operation was the same as the conventional RNA extraction process (22). NanoDrop 2000 (NanoDrop Technologies; Thermo Fisher Scientific, Inc.) was used to assess the quantity and quality of the extracted miRNA.



miRNA Microarray Analysis

miRNA microarray profiles were obtained by comparing pools of patients with active SLE, patients with inactive SLE and healthy controls (each group of five samples mixed into one pool). The pooled samples (the minimum amount of RNA in each sample for Agilent miRNA microarray is not <0.5 ug) were sent to Shanghai Biotechnology Corporation (SBC) for Agilent miRNA Microarray 19.0 (Agilent Technologies, Inc.) hybridization and detection. Agilent 2100 Bioanalyzer was used for quality inspection and standard of quality control was For Agilent miRNA Chip & qPCR: RIN ≥ 6.0 and 28S/18S > 0.7; For others: RIN≥7.0 and 28S/18S > 0.7. Gene Spring Software 11.0(Agilent technologies, Santa Clara, CA, US) was used to normalize the data (Quantile Normalization). Statistical analyses were performed at SBC. Candidate miRNAs were selected based on their fold changes and potential research value in patients with SLE.



miRNA Detection by Reverse Transcription-Quantitative PCR (RT-qPCR)

Exosomal miRNAs were reverse transcribed into cDNA using a reverse transcription kit (TaqMan MicroRNA; Applied Biosystems; Thermo Fisher Scientific, Inc.), and specific RT primers for each miRNA were obtained from the TaqMan microRNA assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). RT-qPCR was performed using TaqMan Universal Master Mix II, no UNG (Applied Biosystems; Thermo Fisher Scientific, Inc.) and a LightCycler 96 Real-Time PCR System (Roche Diagnostics) as described previously. Differences in expression levels were determined using the 2−ΔΔCq method. Cel-miR-39 (Takara Bio, Inc.) was used to normalize the technical variation between samples. All primer sequences showed in Table 2.


Table 2. Primer sequences for RT-qPCR.

[image: Table 2]



Total CD4+T Cells or B Cells Isolation

PBMCs were separated from the peripheral blood of healthy controls and SLE patients by density gradient centrifugation (GE Healthcare, Switzerland). CD4+T cells(CD4+T cell positive sorting kit) or B cells (CD19 cell positive sorting kit) were isolated by positive selection using Miltenyi beads(Germany) (80 ul buffer solution and 20 ul MACS CD4 magnetic beads were added for every 107 cells) according to the manufacturer's instructions (Miltenyi, Germany) in sterile or non-sterile conditions. Then, the cells were cultured or collected for subsequent experiments.



Co-culture

Serum exosomes were extracted from healthy subjects or SLE patients and suspensed with PBS, then added to the 24-well plate according to the ratio of 10 ul/5*105 cells every well. The samples were cultured in an incubator at 37°C and 5% CO2 for 24 h and cell precipitation was collected for subsequent experiments. In confocal assay, the experimental group was treated with normal serum exosomes co-cultured with CD4+T cells of normal subjects and the control group was treated with equal sterile PBS co-cultured with CD4+T cells of normal subjects. The re-suspended exosomes are added to 6-well plates at different time points with a minimum of 100 ul/ well. Exosomes and CD4+T were co-incubated for 2–24 h, and then observed under a laser confocal microscope.



Flow Cytometry

Cytokines and surface markers were assessed by flow cytometry with a FACS Canto II (BD Biosciences). After sorting CD4+T cells, First, we used phorbol-12-myristate-13-acetate (PMA) and ionomycin with the addition of GolgiPlug (BD Biosciences) to stimulate and activate the cells for 4 h for cytokines detection, including IFN-γ, IL-6, and TNF-α. Surface marker staining was done at 4°C in the dark for 30 min. The following antibodies were used for flow cytometry: anti-human CD4-FITC (clone: RPA-T4), IFN-γ-PercpCy5.5 (clone: B27), IL-6-PE (clone: MQ2-13A5), and TNF-α-PE (clone: MAb11) were purchased from BD Biosciences. Events were collected and analyzed with FlowJo software (Tree Star, Inc.).



Confocal Microscopy

CD4+ T cells and B cells were sorted and stained with CFSE (BD Biosciences), while the Exo-Glow kit (SBI, USA) fluorescently labeled RNAs in exosomes. CD4+ T cells were washed repeatedly with PBS and added CFSE reagent (configured to final concentration of 10 μM) to bath at 37°C for 10–15 min. As for exosomal RNAs staining, exosomes were re-suspended to 500 ul in volume with PBS, and 50 ul Exo-Red (Exo-Glow kit) was added to the re-suspended exosomes, after mixed, it was bathed at 37°C for 10 min. Then added 100 ul Exo-TC to stop the reaction. Events were collected and analyzed with FlowJo software (Tree Star, Inc.). CFSE-labeled CD4+ T cells appeared as green light, while exo-red marked exosomal RNAs with red light.



Statistical Analyses

All of the diagrams and graphs analysis was conducted using GraphPad Prism 6.0 (GraphPad Software, Inc.) and the data are presented as the average value ± SEM. We assessed data for normal distribution and similar variance between groups. Student's t-test was used to compare the mean of two independent samples with normal distributions. The Mann-Whitney U-test was conducted to compare the variables that were not normally distributed. Correlation and partial correlation analyses were performed by using Pearson's r-test or Spearman's r-test. A receiver operating characteristic (ROC) curve was constructed to evaluate the occurrence of renal damage in patients with SLE. P < 0.05 was considered to indicate a statistically significant difference.
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Background and aims: Patients with systemic lupus erythematosus (SLE) have a significantly higher incidence of atherosclerosis than the general population. Studies on atherosclerosis prediction models specific for SLE patients are very limited. This study aimed to build a risk prediction model for atherosclerosis in SLE.

Methods: RNA sequencing was performed on 67 SLE patients. Subsequently, differential expression analysis was carried out on 19 pairs of age-matched SLE patients with (AT group) or without (Non-AT group) atherosclerosis using peripheral venous blood. We used logistic least absolute shrinkage and selection operator regression to select variables among differentially expressed (DE) genes and clinical features and utilized backward stepwise logistic regression to build an atherosclerosis risk prediction model with all 67 patients. The performance of the prediction model was evaluated by area under the curve (AUC), calibration curve, and decision curve analyses.

Results: The 67 patients had a median age of 42.7 (Q1–Q3: 36.6–51.2) years, and 20 (29.9%) had atherosclerosis. A total of 106 DE genes were identified between the age-matched AT and Non-AT groups. Pathway analyses revealed that the AT group had upregulated atherosclerosis signaling, oxidative phosphorylation, and interleukin (IL)-17-related pathways but downregulated T cell and B cell receptor signaling. Keratin 10, age, and hyperlipidemia were selected as variables for the risk prediction model. The AUC and Hosmer–Lemeshow test p-value of the model were 0.922 and 0.666, respectively, suggesting a relatively high discrimination and calibration performance. The prediction model had a higher net benefit in the decision curve analysis than that when predicting with age or hyperlipidemia only.

Conclusions: We built an atherosclerotic risk prediction model with one gene and two clinical factors. This model may greatly assist clinicians to identify SLE patients with atherosclerosis, especially asymptomatic atherosclerosis.

Keywords: systemic lupus erythematosus, atherosclerosis, prediction model, RNA-Seq, differential gene analysis


BACKGROUND

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that affects multiple systems including the cardiovascular system (1). The incidence of cardiovascular events in SLE patients is significantly higher than that in the general population (2–4). Among females aged 35–44 years, SLE patients are 50 times more likely to develop myocardial infarction than healthy control subjects (4). Cardiovascular disease (CVD) is one of the most common causes of death in SLE patients, accounting for 25–30% of all deaths (5–7).

Atherosclerosis is the main cause of CVD. Patients with SLE also exhibit a higher prevalence of atherosclerosis than the general population (8, 9). In SLE, atherosclerosis is related to both traditional risk factors, such as age, sex, hyperlipidemia, and SLE-related features, such as disease duration, disease activity, and medications (3, 10). At the gene expression level, studies have determined that multiple proteins, including inflammatory cytokines [interleukin (IL)-1, IL-6, IL-10, interferon (IFN)-γ, tumor necrosis factor (TNF)-α, transforming growth factor (TGF)-β] and vascular endothelial related molecules [high-mobility group box protein (HMGB)1, vascular cell adhesion molecule (VCAM)-1, intercellular adhesion molecule (ICAM)-1, vascular endothelial growth factor (VEGF)], are closely related to atherosclerosis in SLE patients (10, 11). High-throughput sequencing is currently being applied to investigate atherosclerosis in SLE (12–14). Although some interesting findings have been reported, the number of studies is relatively small, and the biological pathways that contribute to the increased atherosclerosis in SLE are not fully understood.

Early identification of SLE patients with atherosclerosis, which is often asymptomatic at the early stage, is important for prevention of atherosclerosis progression and future CVD. However, traditional prediction models, such as the Framingham risk score, largely underestimate the prevalence of atherosclerosis or cardiovascular events in SLE patients (15, 16), and studies on specific prediction models for atherosclerosis in SLE patients are limited. To the best of our knowledge, the only reported prediction model is the Predictors of Risk for Elevated Flares, Damage Progression, and Increased Cardiovascular Disease in Patients with SLE (PREDICTS) model developed by McMahon et al. (17). Composed of four biomarkers (leptin, soluble TWEAK, homocysteine, and proinflammatory high-density lipoprotein), age, and diabetes, the PREDICTS model has relatively high sensitivity (89%) and specificity (79%). Nevertheless, the four biomarkers were derived from a limited number of candidate biomarkers. Thus, it remains unclear whether combinations of untested biomarkers or genes can achieve better prediction accuracy. The objective of this study was to use RNA sequencing (RNA-seq) analysis to investigate the underlying mechanisms of atherosclerosis in SLE patients and to establish a diagnositic prediction model for atherosclerosis in SLE that combines high-throughput sequencing data and clinical risk factors.



METHODS


Study Population and Age Matching

This cross-sectional study enrolled patients from the Chinese SLE Treatment and Research Group (CSTAR) registry (18) who presented to the outpatient clinic of the Peking Union Medical College Hospital between June 2019 and September 2019. All patients fulfilled the following criteria: (a) age >18 years and (b) meeting the 2012 Systemic Lupus erythematosus International Collaborating Clinics (SLICC) classification criteria (19). The exclusion criteria were as follows: (a) active infection, (b) presence of a tumor or other connective tissue disease, (c) currently in a period of moderate to severe SLE [SLE Disease Activity Index 2000 (SLEDAI-2K) ≥10], and (d) no history of CVD before the diagnosis of SLE. Subsequently, 1:1 age matching (±6 years) was performed for SLE patients with atherosclerosis (AT group) and without (Non-AT group) atherosclerosis. A 66-year-old patient was unable to be matched because the SLE AT group was significantly older than the SLE Non-AT group. There were five patients from the AT group who had several age- and sex-matching patients from the non-AT group. In such condition, we also took body mass index (BMI) and SLEDAI into consideration and excluded the other patients.



Clinical and Laboratory Data

Venous blood was extracted between 8:00 and 9:00 A.M. after an 8-h fasting. All laboratory tests were conducted at the Department of Clinical Laboratory, Peking Union Medical College Hospital. Complete blood counts were analyzed using an automated hematology system (Model XE2100; Sysmex Co., Kobe, Japan). Blood biochemistry data were measured by an automatic biochemistry analyzer (AU5821; Beckman Coulter, Miami, FL, US), including fasting blood glucose, creatinine (Cr), uric acid (UA), total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), complement 3, complement 4, and hypersensitive C-reactive protein (hs-CRP). Glycated hemoglobin A1c (HbA1c) was examined with a fully automated glycated hemoglobin analyzer (Variant II; Bio-Rad, Hercules, CA, US). Cardiac enzymes including creatine kinase, creatine kinase isoenzyme, cardiac troponin I, and N-terminal pro-B-type natriuretic peptide were evaluated by a fully automated integrated biochemical analyzer (Dimension EXL; Siemens, Erlangen, Germany). Anti-dsDNA antibodies (IgG type) were measured by indirect immunofluorescence and ELISA (EA1571-9601G; EUROIMMUN, Lubeck, Germany). Indirect immunofluorescence >1:5 or ELISA >100 IU/ml was defined as positive. The erythrocyte sedimentation rate (ESR) was also measured.

Clinical data were collected from the patients by physicians. These data included the following: (a) traditional CVD risk factors: age, sex, history of hypertension, hyperlipidemia, and diabetes, BMI, history of smoking, family history of early-onset CVD (men aged <55 years and women aged <65 years in first-degree relatives), menopause history; (b) history of CVD, current use of aspirin, statin, and angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; (c) SLE-related CVD risk factors: disease course, cumulative dose of prednisone in the previous 1 year, current use of immunosuppressants, and the SLICC/ACR Damage Index and SLEDAI-2K score (20, 21).

The brachial-ankle pulse wave velocity (baPWV) was quantified using a non-invasive vascular screening device (VP-2000, Omron-Colin, Tokyo, Japan) as described by Ming Ding et al. (22). The carotid intima media thickness (CIMT) was measured by a doctor specialized in diagnostic ultrasound. The detection range included the region 1 cm distal to the common carotid artery, 1 cm to the carotid bifurcation, and 1 cm to the proximal end of the internal carotid artery (14). For each patient, the maximum CIMT values for three sites on the left and right sides were recorded. Atherosclerosis was defined as CIMT ≥1.2 mm or a history of CVD after diagnosis of SLE (23).



RNA Sequencing and Differential Gene Analysis

RNA was extracted from peripheral venous blood using a PAXgene Blood RNA purification kit (BD Bioscience, Franklin Lakes, NJ, USA). The integrity and concentration of the RNA were determined by an RNA Nano 6000 Kit (Agilent Technologies, Santa Clara, CA, USA). Paired-end RNA-seq was carried out on an Illumina HiSeq 2500 platform at Annoroad Gene Technology Co., Ltd. (Beijing, China). Salmon software (v1.14.1) was used to align the raw RNA-seq data to the reference genome hg38 (Ensemble version 84) to obtain gene counts (24). To remove the potential effect of age on the selection of differentially expressed (DE) genes, differential expression analysis was performed using R package DESeq2 (v.1.22.2) with age-matched AT and Non-AT groups. Absolute fold change >1.5 and p < 0.01 were used as cutoffs to select DE genes.

Heatmaps of the DE genes were constructed in R using the Heatmap.3 package. To generate the heatmap, raw gene counts from the 67 samples were normalized with a variance-stabilizing transformation (vst) using the DESeq2 package. The Euclidean distances between samples and genes were calculated and visualized by complete-linkage clustering.



Pathway Analysis

Pathway analysis was conducted with Ingenuity Pathways Analysis (IPA v01-12; Qiagen, Hilden, Germany) using the upregulated and downregulated DE genes. Pathways with p < 0.05 were defined as upregulated or downregulated pathways.

Gene set enrichment analysis (GSEA v.4.0.3; Broad Institute, USA) was performed on selected pathways using the GseaPreranked function. All genes were ranked by their log2(fold change). “Enrichment Statistic” and “Min Size: exclude smaller sets” were set as “classic” and “5,” respectively. All other settings were default. Pathways with p < 0.05 and Enrichment Score > 0 or < 0 were considered as upregulated and downregulated pathways, respectively. The 186 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were downloaded from the Molecular Signatures database (MSigDB, v7.0, Broad Institute). The immune cell signatures reported by Davoli et al. (25) were used to assess the enrichment of different immune cell lineages. Atherosclerosis signatures were obtained from previous studies by Huang et al. (26) and Nuhrenberg et al. (27).



Statistical Analysis

All statistical analyses were conducted with the R software (v.3.6.2). For the AT and Non-AT groups, data were presented as median and quartiles (Q1–Q3) for continuous variables and as a percentage (n/N) for categorical variables. Comparisons between the two groups were conducted by the Wilcoxon rank-sum test and chi-square test for continuous variables and categorical variables, respectively.

The methods described in this article are in accordance with the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement (28). A prediction model was developed with all 67 SLE patients (n = 67). The logistic least absolute shrinkage and selection operator (LASSO) regression was implemented with R-package glmnet (v3.0-2). DE genes (vst normalized expression by DESeq2) and clinical risk factors for atherosclerosis (marked with # in Table 1) were used as candidate variables for LASSO selection (Figure 1). A 6-fold cross validation was used in the LASSO regression. Five candidate variables were selected by LASSO regression and further entered the multivariate logistic regression performed with R package “stat” (v3.6.2). Variables were sequentially excluded by the highest p-value in the multivariate logistic model until all the remaining variables had significant p-values. All p-values were two-sided, with the significance level set at 0.05. Receiver operating characteristic (ROC) curve and calibration curve were plotted using the “pROC” (v1.16.1) and “rms” (v5.1-4) packages, respectively. The 95% confidence interval of the area under the curve (AUC) was calculated by bootstrap resampling (500 times) of all SLE patients. The calibration curve was plotted with 1,000 times bootstrap resampling using “calibrate” function in the R package “rms.” The calibration performance of the model was tested by the Hosmer–Lemeshow goodness-of-fit test using R package “ResourceSelection” (v0.3-5). A decision curve was generated by the “rmda” package (v1.6) with “population.prevalence” set as 0.37, reflecting the prevalence of atherosclerosis in SLE patients reported by Roman et al. (8).


Table 1. Demographics and clinical features of age-matched SLE atheroslerosis and non-atherosclerosis groups.
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FIGURE 1. Study design and procedures of prediction model building. Sixty-seven patients fulfilled the inclusion criteria, among whom 20 had atherosclerosis (AT) by our definition. RNA sequencing (RNA-seq) was performed on all 67 patients. (A) For the differential expression analysis, 1:1 age-matched systemic lupus erythematosus (SLE) AT group (n = 19) and SLE Non-AT group (n = 19) were used. Ingenuity Pathway Analysis (IPA) and gene set enrichment analysis (GSEA) were performed with differentially expressed (DE) genes. (B) All 67 samples were used to build the prediction model for atherosclerosis. DE genes from (A) and clinical atherosclerosis risk factors were used as candidate variables for LASSO selection. Five variables were selected. A multivariate logistic regression was further applied to the five variables. Variables were excluded sequentially by the highest p-value in the multivariate logistic regression until all remaining variables had significant p-values. Three final variables were selected to build the final prediction model with multivariate logistic regression.





RESULTS


Comparisons Between the Age-Matched AT and Non-AT Groups

A total of 67 patients fulfilled the inclusion criteria and were enrolled in the study. The median (Q1–Q3) age of all subjects was 42.7 (range 36.6–51.2) years with a median disease duration of 10.0 (6.6–15.2) years (Supplementary Table 1). Sixty-three (94%) patients were female, and 20 (29.9%) fulfilled the definition of atherosclerosis in our study. The AT group was significantly older than the Non-AT group (Supplementary Table 2).

Among the 67 patients, 19 pairs of patients from the AT and Non-AT groups were matched by age to remove the potential effect of age in screening DE genes. The median ages in the age-matched AT and Non-AT groups were 52.2 (48.5–57.2) years and 48.4 (45.9–51.8) years (p = 0.199, Wilcoxon rank-sum test; Table 1), respectively. Compared with the age-matched Non-AT group, the prevalence of hyperlipidemia in the AT group was significantly increased (p = 0.006), and the percentage of statin use was also higher (p = 0.026), while no significant differences were observed in TC, TG, HDL-C, and LDL-C. The inconsistency between hyperlipdimia and blood lipids could be attributed to the statin use among the AT group. Although the AT group had higher CIMT values on both sides (p < 0.05) than the age-matched Non-AT group, there was no significant difference in the other surrogate atherosclerosis marker, baPWV, between the two groups. The baPWV is associated with age, blood pressure and eGFR (29). And the AT group and the non-AT group showed no significant differences in all of these (the eGFR was not shown), which may account for the non-significance of baPWV between the two groups.



Immune and Atherosclerosis Pathways Are Significantly Upregulated in the AT Group

The differential expression analysis between the age-matched AT and Non-AT groups identified a total of 106 DE genes (Supplementary Table 3), of which 39 were upregulated and 67 were downregulated in the AT group. Uncorrected p-values were used to identify DE genes. The principal component analysis and heatmap (Figure 2) showed that patients in the AT group had similar gene expression patterns and that the 106 DE genes could clearly distinguish the AT group from the Non-AT group.
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FIGURE 2. Systemic lupus erythematosus (SLE) atherosclerosis (AT) group has activated atherosclerosis signaling and interleukin (IL)17-related immune pathways. (A,B) Heatmap (A) and principal component analysis (PCA) plot (B) of differentially expressed (DE) genes. The clustering of genes and patients in heatmap was based on complete-linkage, Euclidean distance hierarchical clustering. Red, AT. Blue, Non-AT. (C,D) Top 10 upregulated (C) and downregulated (D) pathways in SLE AT group. Ranked by –log10(p-value). –log10(0.05) is marked with a red line. Ingenuity Pathway Analysis (IPA) was performed with upregulated (n = 39) and downregulated (n = 67) DE genes.


To better understand the differences between the AT and Non-AT groups, we performed an IPA and GSEA on the DE genes. The IPA (Figure 2) showed that “Atherosclerosis Signaling” and multiple IL-17-related pathways (“Role of IL-17F in Allergic Inflammatory Airway Diseases,” “Role of IL-17A in Psoriasis,” “Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F”) were significantly activated in the AT group, while multiple metabolic synthesis-related pathways (“Histamine Biosynthesis,” “Putrescine Biosynthesis III,” “Catecholamine Biosynthesis,” and “Prostanoid Biosynthesis”) were inhibited. The GSEA with the KEGG pathways (Supplementary Tables 4, 5) indicated that the pathways related to ribosomes (“KEGG Ribosome”), cell redox (“KEGG Oxidative Phosphorylation”), and cell cycle (“KEGG Cell Cycle”) were upregulated in the AT group, while T cell and B cell receptor pathways (“KEGG T Cell Receptor Signaling Pathway,” “KEGG B Cell Receptor Signaling Pathway”) were significantly downregulated.

To verify the activation of the atherosclerosis pathway in the AT group, we utilized the atherosclerosis signatures reported in previous studies to perform a GSEA (26, 27). In accordance with our expectation, “Huang 2011-Up Genes” were significantly upregulated, and the “Huang 2011-Down Genes” were downregulated in the AT group (Supplementary Figure 1). Up-regulated and down-regulated trends were also identified separately for “Nuhrenberg 2013-Up Genes” and “Nuhrenberg 2013-Down Genes.” These findings confirm that the AT group had increased atherosclerosis signaling.

Because multiple immune pathways showed differences between the AT and Non-AT groups, we further performed a GSEA using immune signatures specific to individual immune cell lineages (25). We observed increased natural killer (NK) cell and CD8+ T cell signatures in the AT group compared with the Non-AT group (Supplementary Figure 2), while B cell signatures were decreased, consistent with the downregulation of the B cell receptor pathway in our pathway analysis (Supplementary Table 5).



Establishment and Evaluation of Risk Prediction Models for Atherosclerosis in Systemic Lupus Erythematosus

We selected five candidate variables from the DE genes and reported clinical risk factors (marked with # in Table 1) for LASSO regression, including three clinical risk factors (age, hyperlipidemia, statin use) and expression levels of two genes (KRT10 and TNNT3) (Supplementary Figure 3). Because of the relative small sample size, we performed the LASSO regression in all SLE patients (n = 67), according to the (TRIPOD) statement (28). Multivariate logistic regression showed that KRT10 was significantly related to atherosclerosis in SLE patients (p < 0.05) (Supplementary Table 6). Statistical significance and clinical significance were both taken into consideration when we sequentially selected the five candidate variables. Statin use was removed because of its high p-value, and the TNNT3 gene was dropped because it is expressed mainly in skeletal muscle tissue and has little to do with atherosclerosis. After removing statin use and TNNT3, the variables with the highest p-values, the remaining three variables (age, hyperlipidemia, KRT10) were all significant in the multivariate logistic regression and were included in the final prediction model (Table 2).


Table 2. The estimated coefficients in the prediction model.
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We carried out ROC curve, calibration curve, and decision curve analyses to evaluate the performance of the risk prediction model. The AUC was 0.922 (95% confidence interval, 0.866–0.978, by 500 times bootstrap resampling; Figure 3). As shown in Supplementary Table 7, the prediction model had different sensitivity and specificity at different cutoffs, and the best cutoff in the model was 0.3 points, with a sensitivity of 85.0% and specificity of 87.2% (Supplementary Table 7). The calibration plot (Figure 3) showed relatively high agreement between the prediction by the model and the actual observation in terms of atherosclerosis rate, and the Hosmer–Lemeshow goodness-of-fit test had a vale of p = 0.666, suggesting an appreciable discrimination and calibration performance of the prediction model. We compared the net benefits of our prediction model and the models built with age, hyperlipidemia, or age plus hyperlipidemia and found the combination of age, hyperlipidemia, and KRT10 in our model had the highest net benefit (Figure 3). These data suggest that the prediction model had adequate performance and could effectively improve the clinical benefits for the SLE patients regarding atherosclerosis diagnosis and treatment.
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FIGURE 3. Evaluation of the performance of the risk prediction model. (A) Receiver operating characteristic (ROC) curve of the prediction model. (B) Sensitivity and specificity of the prediction model with different cutoffs. (C) Calibration curve for the logistic regression model. The calibration curve was plotted with 1,000 times bootstrap resampling. p-value was calculated with Hosmer–Lemeshow (HL) goodness-of-fit test. (D) Decision curve analysis (DCA) comparing net benefit of different models. The net benefit of our prediction model (red line) was compared to models built by only hyperlipidemia (black line), only age (green line), and hyperlipidemia plus age (blue line). The lines labeled with “None” or “All” showed the net benefit of not treating any patients or treating all patients, respectively.





DISCUSSION

In this study, we performed high-throughput RNA-seq and differential expression analysis in SLE patients with and without atherosclerosis. We found that atherosclerosis signaling, CD8+ T cell and NK cell signaling, and multiple IL-17-related pathways were significantly activated in SLE patients with atherosclerosis. By combining the DE genes with clinical factors, we constructed a diagnostic prediction model with good performance in predicting the presence of atherosclerosis in patients with SLE. To our knowledge, this is the first study to develop a prediction model for atherosclerosis in SLE patients using high-throughput RNA-seq data.

As well as traditional cardiovascular risk factors, atherosclerosis in SLE is also related to SLE-related risk factors like gene and protein expressions. Recently, several high-throughput RNA-seq analyses have been performed to further investigate the atherosclerosis process in SLE at the gene expression level (12, 13). Korman et al. (13) examined gene expressions during monocyte-to-macrophage differentiation in 20 SLE patients and 16 healthy controls. They identified 3,044 monocyte-to-macrophage differentiation-related genes, among which only 163 genes showed significant differential expression between SLE patients with and without atherosclerosis. These 163 DE genes failed to differentiate SLE patients by atherosclerosis status. Carlucci et al. (12) investigated gene expressions in SLE patients with and without high vascular inflammation or non-calcified plaque burden (NCB), indicators of early vascular disease and plaque vulnerability and rupture risks, respectively. They found that SLE patients with high vascular inflammation (n = 9) had increased IFN signaling but downregulated B cell development and T cell and B cell signaling. For SLE patients with high NCB (n = 9), NK cell signaling and cross talks between dendritic cells and NK cells were activated, and the NCB was significantly associated with a group of proinflammatory neutrophils/low-density granulocytes. Compared with these two studies, our analyses had a relatively higher number of patients and may add value toward a better understanding of atherosclerosis in SLE.

Our study identified multiple pathways that were differentially regulated in the SLE AT group, among which atherosclerosis signatures were activated. The atherosclerosis signatures in our IPA and from Huang et al. (26) and Nuhrenberg et al. (27) were developed from the general population. This suggests that, despite the identification of many atherosclerosis risk factors and genes specific to SLE (3, 10, 11), SLE patients at least partly share similar atherosclerosis signaling characteristics to the normal population. However, because we did not set a non-SLE control group in the present study, we were unable to determine which of the differentially regulated pathways were specific to SLE. As shown in Table 1, the patients in the AT group in our study were more hyperlipidemic and had a higher statin dosage.

Immune cells play an important role in the development of atherosclerosis (30, 31). In this study, we found that the AT group had increased CD8+ T cell and NK cell signatures but decreased B cell signatures. CD8+ T cells were reported to promote atherosclerosis progression by inducing inflammation and the formation of necrotic cores in atherosclerotic plaques (32, 33), while the function of NK cells in atherosclerotic plaque formation remained unclear. While previous studies showed that NK cells were pro-atherogenic (33, 34), recent studies demonstrated that few NK cells were identified in atherosclerotic lesions and suggested that NK cells may be irrelevant for atherosclerosis (35, 36). Our findings that NK cell signatures were enriched in the AT group may indicate a potential role of NK cells for the atherosclerosis in SLE. The role of B cells in atherosclerosis has been widely investigated. Different subsets of B cells have different functions in atherosclerosis, with B1 cells being anti-atherosclerotic and B2 cells being pro-atherosclerotic (30). Caligiuri et al. (37) and Major et al. (38) observed an increased incidence of atherosclerosis in B cell-deficient mice, suggesting that B cells exhibit an overall inhibitory effect against atherosclerosis, consistent with the decreased B cell signatures identified in the AT group. In contrast to the reported increased activity of CD4+ T cells, dendritic cells, and macrophages reported in atherosclerosis (31), no significant differences in the signatures of these cells were observed between the AT and Non-AT groups. Although these findings may suggest that these immune cells have different roles in the atherosclerosis between SLE patients and the general population, they are more likely to reflect the cells we sequenced, which were from peripheral blood rather than from atherosclerotic lesions. Besides, the pathway analysis revealed that IL-17-related pathways were upregulated in the AT group. IL-17 is important for T helper 17 cells to promote atherosclerosis, and the size of atherosclerotic lesions in IL-17-deficient mice was decreased by 46% (39–41). The activation of IL-17-related pathways in our study suggests that CD4+ T cell subsets (such as T helper 17 cells) may be increased in the SLE AT group. Of note, all the immune cell component analyses in this study were based on gene expression data, and the changes in the composition of immune cells need to be verified by fluorescence-activated cell sorting (FACS) or single-cell sequencing.

Early detection and intervention of atherosclerosis are important for the prevention of future CVD. Vascular ultrasound is typically the first-line approach in the detection of atherosclerosis. However, the accuracy of ultrasound is significantly dependent on the experience of the examiner. Our prediction model here can provide an alternative method that is less dependent on the skills of the examiner and may thus be of benefit to SLE patients in developing countries with a lack of good healthcare. Furthermore, the model can be applied in large-scale screening and rountine clinical use and may assist clinicians to better detect subclinical atherosclerosis. To establish our prediction model, we combined DE genes identified by high-throughput RNA-seq and important clinical risk factors. Three variables were used in the final prediction model, among which age and hyperlipidemia are classic risk factors for atherosclerosis. KRT10 is a member of the cytokeratin family. A previous study showed that increased expressions of cytokeratin 8, 18, and 19 were related to increased arterial intimal thickening features in atherosclerosis (42), while a link between KRT10 and atherosclerosis has not been reported. The present data suggest that KRT10 may play a role in the atherosclerosis in SLE. Further investigations are required to clarify whether KRT10 is a driver or simply a marker for atherosclerosis.

Here, we utilized LASSO regression to build the prediction model, which could properly eliminate the multicollinearity among independent variables and reduce model complexity by parameter selection. Compared with the prediction models containing only age (AUC = 0.826), only hyperlipidemia (AUC = 0.722), or combination of age and hyperlipidemia (AUC = 0.880), addition of KRT10 to the model significantly increased the prediction performance (AUC = 0.922) and benefits for clinical decision-making (Figure 3). The PREDICTS model for atherosclerosis in SLE was developed by McMahon et al. (17) based on a western population. Their model utilized proinflammatory HDL (piHDL), leptin, TWEAK, homocysteine, history of diabetes, and age as predictors and had a sensitivity of 89% and specificity of 79% (AUC not available). With fewer variables (3 vs. 6), our model had a relatively lower sensitivity of 85% (0.3 as cutoff; Figure 3, Supplementary Table 7) than the PREDICTS model but a higher specificity of 87%. Furthermore, because Asian SLE populations have different prevalence of CVD and genetic backgrounds from western populations (43, 44), whether the PREDICTS model is applicable to the Chinese population remains to be confirmed. Thus, with better predictive capacity and Asian population specificity, this prediction model can serve as a useful tool in identifying atherosclerosis risk in Asian SLE patients early.

There are some limitations to our study. Firstly, our study included only Chinese individuals, and the number of samples was relatively small, which may probably limit the application of the prediction model. And with this small sample size, certain atherosclerosis-related genes may not be identified as DE genes. There was imbalance of classes in the dataset (20:47) because of the relative small sample size. While the sample size met the modeling requirements of the prediction model based on the internal verification of our study, it still limited the application of the prediction model in a larger population. And how the prediction model will perform in a larger sample size remains to be studied. Moreover, the patients in the AT group in our study were more hyperlipidemic and had a higher statin dosage, which could have effects on cellular lipid metabolism and other transcriptomic pathways. Secondly, as shown in Supplementary Table 1, our study population had long disease durations of SLE, and none of them was in active phase when their clinical information and blood were collected. Moreover, organ damage was observed in both AT and non-AT groups. These characteristics of the enrolled patients may reduce the representativeness. Thirdly, owing to the unavailability of clinical information or gene expression data in published studies, we could not perform external validation of our prediction model. Thus, the accuracy of our model generated from a small population will need to be further validated when it is applied to a greater population. Finally, the study had a cross-sectional design, and thus the causal relationships between DE genes like KRT10 and atherosclerosis could not be determined. Further studies are required to determine whether this model can predict the future risk of atherosclerosis.



CONCLUSION

In conclusion, we have built an atherosclerotic risk prediction model utilizing one gene and two clinical factors that can effectively predict the presence of atherosclerosis in Chinese SLE patients. This model may assist clinicians to identify SLE patients with a high risk of atherosclerosis.
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Diffuse alveolar hemorrhage (DAH), although rare, is a life-threatening complication of systemic lupus erythematosus (SLE). Little is known about the pathophysiology of DAH in humans, although increasingly neutrophils, NETosis and inflammatory monocytes have been shown to play an important role in the pristane-induced model of SLE which develops lung hemorrhage and recapitulates many of the pathologic features of human DAH. Using this experimental model, we asked whether endoplasmic reticulum (ER) stress played a role in driving the pathology of pulmonary hemorrhage and what role infiltrating neutrophils had in this process. Analysis of lung tissue from pristane-treated mice showed genes associated with ER stress and NETosis were increased in a time-dependent manner and reflected the timing of CD11b+Ly6G+ neutrophil accumulation in the lung. Using precision cut lung slices from untreated mice we observed that neutrophils isolated from the peritoneal cavity of pristane-treated mice could directly induce the expression of genes associated with ER stress, namely Chop and Bip. Mice which had myeloid-specific deletion of PAD4 were generated and treated with pristane to assess the involvement of PAD4 and PAD4-dependent NET formation in pristane-induced lung inflammation. Specific deletion of PAD4 in myeloid cells resulted in decreased expression of ER stress genes in the pristane model, with accompanying reduction in IFN-driven genes and pathology. Lastly, coculture experiments of human neutrophils and human lung epithelial cell line (BEAS-2b) showed neutrophils from SLE patients induced significantly more ER stress and interferon-stimulated genes in epithelial cells compared to healthy control neutrophils. These results support a pathogenic role of neutrophils and NETs in lung injury during pristane-induced DAH through the induction of ER stress response and suggest that overactivation of neutrophils in SLE and NETosis may underlie development of DAH.




Keywords: systemic lupus erythematosus (SLE), diffuse alveolar hemorrhage (DAH), ER stress, NEtosis, lung inflammation, neutrophil (PMN)



Introduction

Diffuse alveolar hemorrhage (DAH) is a rare but severely life-threatening complication observed in patients with systemic lupus erythematosus (SLE) and other autoimmune diseases including anti-neutrophil cytoplasmic antibody (ANCA) vasculitis (1, 2). DAH is driven by injury to the alveolar capillary bed basement membrane leading to accumulation of red blood cells in the alveolar space. What causes injury to the basement membrane is specific to the systemic disease that underlies DAH. Specifically in SLE- and ANCA-associated vasculitis, immune complex deposition, complement activation, and neutrophil infiltration of the alveolar wall are the key histopathologic findings (3).

Type I IFN-producing neutrophils have come to the forefront in driving both inflammation and exacerbating tissue pathology in lupus (4–7). Termed low density neutrophils (LDNs), they respond to stimuli such as immune complexes with a much higher propensity to release neutrophil extracellular traps (NETs), a process called NETosis, compared to normal density neutrophils (8, 9). NETosis is a critical physiological response to bacterial and fungal infections, aiding to trap, immobilize, and help prevent the spread of infection (10). NETs are also triggered by cytokines, immune complexes and autoantibodies (11). The enzyme peptidylarginine deiminase 4 (PAD4) is expressed in mouse and human neutrophils and catalyzes the citrullination of histones leading to chromatin decondensation, a hallmark of NETosis. PAD4 has been proposed as a critical enzyme in the formation of NETs and its deletion or inhibition leads to an abrogation of NETosis in various contexts including bacterial infection, atherosclerosis, and the MRL/lpr SLE model (11–14). In addition, myeloid-specific deletion of PAD4 results in an inability of neutrophils from these mice to induce NETosis in response to the calcium ionophore A23187 and a reduction in inflammation and atherosclerosis in the context of ApoE-deficiency (15). The release of DNA and nuclear histones during NETosis drives inflammation and type I IFN production through activation of RNA/DNA sensing pathways (4). Although these mechanisms are vital for anti-microbial defenses, inappropriate activation exacerbates SLE pathology and acute lung injury (16). Recent evidence using the pristane-induced lupus model where mice develop DAH demonstrates that NETosis is an important contributor to lung injury (11). In this model, neutrophils accumulate in the lungs of mice following a single intraperitoneal injection of the hydrocarbon oil pristane. Enhanced NETosis is observed in the lungs of pristane-treated mice and treatment with recombinant DNase I reduced NET formation in the lung with a subsequent reduction in lung injury in C57BL/6 mice (17). Thus, NETs may play key roles in driving pristane-induced lung injury (17).

Additional pathways have also been shown to contribute to acute and chronic lung injury. For example, evidence from the monogenic autoimmune disorder COPA syndrome, which presents frequently as pulmonary hemorrhage, suggests that endoplasmic reticulum (ER) stress may be a key driver of lung injury in autoimmune disease (18). ER stress is sensed by ER-resident transmembrane proteins such as IRE1, ATF6 and PERK. For example, unfolded proteins that initiate ER stress bind to BIP which then dissociates from IRE1-α and PERK to promote their phosphorylation and activation. IRE1-α and PERK activation triggers cell protective mechanisms such as the synthesis of the ER chaperone protein CHOP via the generation of spliced Xbp1 transcripts, downstream of IRE1-α and/or ATF6 activation. Increased expression of Bip or Chop and higher spliced to unspliced Xbp1 transcript ratios are therefore useful markers of enhanced ER stress. Recent evidence suggests that activation of the ER stress response can act as a danger signal to augment the inflammatory responses in bronchial epithelial cells (19). Importantly, inhibiting ER stress can alleviate LPS-induced lung injury in mice (20), suggesting the importance of this pathway in inflammatory lung disease. IRE1-α signaling has widely been shown to be activated by numerous TLRs, including TLR7, the driver behind pristane-driven autoimmunity (21–23). Inhibition of IRE1-α activity during pristane administration abolishes lupus nephritis, autoantibody levels, and cytokine production. Additionally, in the bleomycin pulmonary fibrosis model, IRE1-α inhibition reduces alveolar epithelial apoptosis and prevented fibrosis (24, 25). Recently, crosstalk between NETs and ER stress has been observed in a model of sepsis-induced intestinal injury, with inhibition of NETosis and ER stress reducing intestinal epithelial cell monolayer barrier disruption, suggesting that neutrophils and NETosis contribute to ER stress in intestinal epithelial cells (26).

We hypothesized that NETs and NETosis directly drive ER stress in lung epithelial cells and contribute to acute lung injury in the pristane mouse model. In keeping with this we observed that expression of ER stress genes (Bip and Chop) increased in a time-dependent manner and closely matched the influx of neutrophils into the lungs of pristane-treated mice. To assess the importance of NETosis in driving lung inflammation in this model, we generated mice with myeloid specific deletion of PAD4 (LysMCrePAD4fl/fl mice) and found that these mice showed reduced lung pathology and expression of ER stress and ISGs when treated with pristane compared to C57BL/6 (WT) mice. Co-culturing precision-cut lung slices from WT mice with neutrophils from pristane-treated PAD4fl/fl mice drove expression of both ER stress markers and ISGs (11–14) whereas neutrophils from LysMCrePAD4fl/fl mice failed to do so, supporting NETosis as a mechanism for driving ER stress. Because low-density neutrophils from SLE patients undergo spontaneous NETosis ex vivo (9), we hypothesized that neutrophils from SLE patients would drive ER stress in alveolar epithelial cells when compared with neutrophils from healthy controls (HC). As expected, SLE neutrophils, but not HC neutrophils, cocultured with an alveolar epithelial cell line induced high levels of ER stress and genes associated with inflammation in the lung such as Il8 and Il16, suggesting an important role for neutrophils in driving ER stress and inflammation in lung epithelial cells in the context of SLE. Taken together our results demonstrate the importance of neutrophils and NETs during lung injury in the pristane mouse model and in their implications in human SLE-related DAH.



Materials and Methods


Patient Samples

All SLE patients (as per ACR diagnostic criteria) were recruited from Cedars-Sinai Medical Centre, CA, USA. The Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) score was determined for each patient at the time of the blood draw. Age- and sex-matched healthy donors who had no history of autoimmune diseases or treatment with immunosuppressive agents were included. All participants provided informed written consent and the study received prior approval from the relevant institutional ethics review boards (IRB protocol 19627).



Isolation of PBMCs and Cellular Subsets

Peripheral blood mononuclear cells (PBMCs) were separated from whole blood by density-gradient centrifugation with Ficoll-Paque Plus (GE Healthcare). Neutrophils were isolated using the EasySep Direct Human Neutrophil Isolation Kit (STEMCELL Technologies, 19666) according to manufacturer’s protocol.



Cell Culture

Primary BEAS­2B (ATCC® CRL­ 9609TM) (normal human airway epithelial cells) as well as all the basal media and growth supplements were obtained from Lonza (Walkersville, MD). Cells were cultivated according to the instructions of the manufacturer on plastic dishes or flasks (BD Bioscience, Heidelberg, Germany). Passage number was kept to less than four passages from original stocks.



Gene Expression Analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized using the iScript Reverse Transcription Supermix Kit (Bio-Rad) according to the manufacturer’s recommendations with the PerfecTa SYBR Green PCR Kit (Quanta, 95072-012) as per the manufacturer’s recommendations. Real-time PCR data were analyzed using the 2-∆∆Ct method and gene expression was normalized to GAPDH or 18s. Primer details given in Supplemental Table 1.



Animal Studies

All animal experiments were performed according to the guidelines and approved protocols of the Cedars-Sinai Medical Center Institutional Animal Care and Use Committee (IACUC protocol # 6288). Cedars-Sinai Medical Center is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC International) and abides by all applicable laws governing the use of laboratory animals. Laboratory animals are maintained in accordance with the applicable portions of the Animal Welfare Act and the guidelines prescribed in the DHHS publication, Guide for the Care, and Use of Laboratory Animals.



Mice

Wild-type C57BL/6, PAD4fl/fl and LysMCre-PAD4fl/fl mice (C57BL/6 background), female, 6–8 weeks old, received a single intraperitoneal injection of 0.5 ml of phosphate-buffered saline (PBS) or pristane (2,6,10,14-Tetramethylpentadecane (TMPD), Sigma, P1403). Mice were sacrificed at 1 week after PBS or pristane injection.



Flow Cytometry

The following conjugated anti-mouse antibodies were used: anti-Ly-6G (1A8), anti-CD11b (M1/70), anti-Ly-6C (ER-MP20), anti-F4/80 (BM8), anti-CD4 (GK1.5), anti-CD8a (53–6.7), anti-CD11c (3.9), and anti-B220 (RA3-6B2) (eBiosciences). Cells were incubated in CD16/32 (Fc block; BD Biosciences) prior to staining. Cell fluorescence was acquired on LSR II (BD Biosciences) and analyzed with the FlowJo software (Treestar).



Lung Histology

The same right lower lung lobes from mice in different groups were preserved in 10% formalin for 24 hours. Then the lung tissue was embedded in paraffin wax, sliced, and stained with hematoxylin-eosin. The lung injury was observed using an Aperio ScanScope AT Turbo and image analysis was performed by ImageJ software.



Immunohistochemistry

The mice were sacrificed and lungs were perfused with ice-cold PBS prior to removal. Lungs were fixed for 24 hours in 10% neutral buffered formalin then stored in 70% ethanol until they were embedded in paraffin and sectioned at 5μm. The slices were deparaffinized in xylene and rehydrated to graded changes of ethanol. Antigen retrieval was performed using a pressure cooker by heating the sections for 45 minutes at 95°C in sodium citrate buffer, pH 6.0. Briefly, blocking and permeabilizing reagents were added for 30 minutes followed by incubation overnight at 4°C with primary antibodies against CHOP (Thermo Fisher, MA1-250) and E-Cadherin (Cell Signaling, 24E10). Slides were then incubated in anti-mouse-AF488 (Abcam, ab150113),anti-rabbit-AF555 (Cell Signaling Technology, 4413S) secondary antibody, and DAPI for 30 minutes. Images were captured using a Keyence BZ-X710 microscope.



PCLS Preparation and Culture

Wild-type B6 mice were sacrificed by isoflurane inhalation, and lungs were perfused with 15 ml PBS at room temperature through the right ventricle. The trachea was cannulated with a 20-gauge catheter (20G × 1.00 in. BD Insyte Autoguard), and then lung lobes were inflated with 3% (w/v) 45°C prewarmed low-melting agarose (Promega). The inflated lung lobes were immediately removed and cooled on ice for 15 minutes. After lobes solidified, the left lobe was separated and sectioned into 100-μm-thick slices using a vibratome (Leica VT 1200S, Leica Microsystems). Tissue slices were then cultured in DMEM supplemented with 10% FCS, 100 μg/ml penicillin/streptomycin, and glutamine. Isolated neutrophils were applied immediately after sectioning.



Isolation of Peritoneal Neutrophils

Pristane- and PBS-treated mice were euthanized, and the peritoneum was lavaged twice with 5mL of ice-cold PBS. The cells were centrifuged at 300*g for 5 minutes at room temperature, and purified using the EasySep Mouse Neutrophil Enrichment Kit (STEM CELL, 19762) according to manufacturer’s protocol. Purity of neutrophils was determined via flow cytometry.



Statistics

All data are expressed as mean ± SD. Statistical differences were measured using either a Student’s unpaired t-test or 2-way analysis of variance (ANOVA) with Bonferroni post-hoc test when appropriate. Normality of data was assessed via a Shapiro–Wilk normality test. When the data analyzed was not distributed normally, we used the Mann–Whitney test or Kruskal–Wallis 1-way ANOVA with Dunn’s post-hoc test. Data analysis was performed using Prism software version 7.0a (GraphPad, San Diego, CA). A p-value of < 0.05 was considered statistically significant. Asterisks in the figures represent the following: *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001.




Results


ER Stress Markers Increased in Lungs of Pristane-Treated Mice

In the pristane model of IFN-inducible SLE, diffuse alveolar hemorrhage (DAH) develops 10-14 days post intraperitoneal injection of pristane in C57BL6 mice (27–29). Notably, the onset of DAH is preceded by an influx of neutrophils into the lungs 3-7 days post pristane injection [Figure 1A and (30)], supported by increased levels of the neutrophil-associated gene transcripts MPO and ELANE and the NETosis-associated gene, Pad4, in the lung (Supplemental Figure 1). To investigate whether ER stress is involved in pristane-induced lung injury, we measured expression levels of ER stress markers at different time points in the lungs following pristane treatment. Both Chop and Bip were increased compared to untreated mice day 7 post pristane treatment (Figure 1B), mirroring the timing of neutrophil influx. Interestingly, the enhanced expression of markers of ER stress was greatest at day 7 following pristane injection and decreased by day 14 even though neutrophil numbers in the lung were still high. One possible explanation for this apparent discrepancy is that pristane treatment drives emergency granulopoiesis as shown by increased total neutrophil numbers (Supplemental Figure 2A) and CD34+CD117+Ly6C+ granulocyte precursors (Supplemental Figure 2B) in bone marrow are upregulated in pristane treated mice compared to controls. This results in a higher percentage of immature neutrophils in the circulations as evidenced by higher expression of CXCR2 (a marker of immaturity) and lower levels of CXCR4 (a marker of mature neutrophils) on neutrophils in whole blood of pristane treated mice compared to those treated with PBS (Supplemental Figure 2C). Immature neutrophils are known to be less NETotic, possibly helping to explain the reduced ER stress at later time points. Investigating which ER stress pathway might be involved at day 7 after pristane injection, we found expression of Ire1 and the ratio of sXbp1 to total Xbp1 was increased (Figure 1C), suggesting that the IRE-1/XBP-1 signaling pathway may be involved in this model. Analysis of lung sections from pristane-treated mice showed that enhanced protein levels of the ER stress marker CHOP was observed in E-cadherin+ lung epithelial cells (Figure 1D).




Figure 1 | Increased levels of ER stress markers in lung of pristane mice associate with neutrophil infiltration. (A) Time course analysis of CD11b+Ly6G+ neutrophil infiltration in whole lung of C57BL/6 mice (n=4-6 mice per group), after pristane treatment determined by FACS. (B) Time course analysis of ER stress gene expression in the whole lung from indicated days after pristane treatment as measured by qPCR. (C) ER stress gene expression in the lung day 7 after pristane treatment as measured by qPCR. (D) Representative images immunostaining for CHOP (green), E-Cadherin (red), and DAPI (blue). Values are the mean ± SD. Statistical significance was determined by one-way ANOVA test. *p < 0.05, **p < 0.01 and ***p ≤ 0.001.





Pristane-Activated Neutrophils Can Drive ER Stress in Precision Cut Lung Slices From Untreated C57BL/6 Mice

Given recent evidence suggesting that NETs drive ER stress in intestinal epithelial cells (26), we next asked if neutrophils taken from pristane-treated mice were able to drive either ER stress or inflammation when cocultured with precision cut lung slices (PCLS) from untreated C57BL/6 mice. Following pristane administration, neutrophils are recruited to the peritoneal cavity as early as 3 days post pristane treatment and remain present up to 14 days post administration (30). Neutrophils were therefore isolated from the peritoneal cavity of mice 7 days after PBS or pristane treatment and incubated with precision-cut lung slices (PCLS) generated from untreated C57BL/6 mice ex vivo. In all cases purity of neutrophils isolated was 85% or greater (Supplemental Figure 3). Compared with neutrophils from PBS-treated mice, peritoneal neutrophils from pristane-treated mice drove accumulation of ER stress markers, Chop and Bip, in addition to increased expression of sXbp1 when co-cultured with PCLS (Figure 2A). Coculturing neutrophils from pristane-treated mice with PCLS also resulted in enhanced ISG expression (Figure 2B). Importantly, the levels of expression of both ISG and ER stress markers observed in this coculture experiment were significantly higher than pristane-treated peritoneal neutrophils cultured alone (Supplemental Figure 4). Thus, pristane-treated peritoneal neutrophils not only drive inflammation and IFN-driven responses but can also drive ER stress when cultured with PCLS.




Figure 2 | Neutrophils from pristane-treated mice induce higher expression of ER stress and ISGs in co-culture with precision cut lung slices (PCLS). PCLS from untreated mice were cultured (1 slice/well) and stimulated with thapsigargin (Tg) as an ER stress positive control or cocultured with peritoneal neutrophils (1x106/well) from PBS- or pristane-treated mice. Expression of (A) ER stress markers and (B) ISGs were determined from total cells by qPCR. Values are the mean ± SD. and are representative 3 independent experiments. Statistical significance was determined by one-way ANOVA test. *p < 0.05, **p < 0.01 and ***p ≤ 0.001.





Loss of PAD4 Reduces Pristane-Induced Lung Inflammation

Histone citrullination by peptidylarginine deiminase 4 (PAD4) drives chromosome decondensation and NETosis (11). By crossing LysMCre mice to PAD4fl/fl mice we asked whether blocking PAD4-dependent NETosis would reduce lung inflammation and ER stress in pristane-treated mice. Pristane-induced lung inflammation and alveolar hemorrhage was compared between C57BL/6 and LysMCrePAD4fl/fl mice, with significantly reduced hemorrhage observed in pristane-treated LysMCrePAD4fl/fl mice compared to PAD4fl/fl mice (Figure 3A), indicating that loss of Pad4 in myeloid cells and PAD4-dependent NETosis was protective in this setting. Importantly, the ability of pristane to increase expression of ER stress markers and the ISG Ip10 in the lung was lost in the LysMCrePAD4fl/fl mice (Figure 3B). Similarly, enhanced expression of neutrophil-associated genes (Ly6g and MPO) and ISGs in peritoneal cells isolated from pristane-treated PAD4fl/fl mice was abrogated in LysMCrePAD4fl/fl mice (Supplemental Figures 5A, B). We have previously assessed the effect of exogenous stimuli in driving lung inflammation using precision cut lung slices in an ex vivo culture system (30). Using this approach we next assessed whether pristane-exposed neutrophils could affect either ER stress markers or ISG expression in PCLS. Neutrophils isolated from the peritoneal cavity of pristane-treated LysMCrePAD4fl/fl mice were unable to drive expression of ER stress markers or ISGs when cocultured with PCLS from untreated C57BL/6 mice (Figure 3C). Importantly, the numbers of neutrophils recruited to the peritoneal cavity in response to pristane was identical in both genotypes (Supplemental Figures 6A, B). Thus, PAD4-dependent NETosis is likely a primary driver of both ER stress and ISG expression in the pristane model of DAH.




Figure 3 | Lung inflammation and ER stress genes are driven by PAD4-expressing neutrophils 7 days post pristane treatment. (A) Representative haematoxylin and eosin (H&E)-stained lung sections (x200) of PBS- or pristane-treated PAD4fl/fl or LysMCrePAD4fl/fl mice. Quantification of lung damage was determined from 10 randomly selected images. (B) Expression of ER stress genes and ISGs were determined by qPCR of whole lung. (C) PCLS were prepared and cocultured with neutrophils as described in Figure 2, and PAD4fl/fl or LysMCrePAD4fl/fl peritoneal neutrophils were isolated after 7 days of PBS or pristane treatment. Values were normalized to neutrophils isolated from PBS-treated mice of their respective genotype. ER stress genes and ISGs were determined by qPCR of whole cells. Values are the mean ± SD. In each case data is representative of 2 individual experiments with per group. Statistical significance was determined by one-way ANOVA test. *p < 0.05, **p < 0.01, and ***p ≤ 0.001. ns, not significant.





Neutrophils From SLE Patients Can Drive Both ISG Expression and Upregulate ER Stress Markers in Lung Epithelial Cells

We have found that neutrophils from patients with moderate to active disease (SLEDAI > 4) show strong IFN signature compared to neutrophils from patients with inactive disease (Figure 4A), indicating that they may be immunostimulatory. To translate our observations in the pristane model translate to human SLE, we cocultured neutrophils isolated from active SLE patients (SLEDAI > 6) or healthy controls (HC) whole blood from a separate study with BEAS-2B bronchial epithelial cells. In keeping with our observations in the pristane model, coculture of BEAS-2B cells with neutrophils from SLE patients, but not HC, resulted in increased expression of ER stress markers in the BEAS-2B cells, far above that of BEAS-2B cells or neutrophils cultured alone (Figure 4B). In addition, markers known to be associated with immune cell recruitment and lung inflammation (IL16, IP10, and IL8), were also markedly enhanced in BEAS-2B-SLE neutrophil cocultures compared with either SLE neutrophils alone or BEAS-2B-HC neutrophil cocultures (Figure 4B). Thus, neutrophils from SLE patients with active disease enhance both ER stress and inflammatory gene expression when cocultured with alveolar epithelial cells.




Figure 4 | Active SLE patient neutrophils are inflammatory and induce ER stress in human BEAS-2b bronchial epithelial cells. (A) The expression levels of ISGs in neutrophils isolated from the whole blood of inactive SLE (IAP) or moderate to active SLE patients (SLEDAI > 4, AP) as determined by qPCR (n=3 for each group). (B) Neutrophils from healthy control and active SLE patient (n=3 per group) whole blood were isolated and cultured alone or directly with BEAS-2b cells at a 1:4 ratio and incubated overnight. The expression levels of ER stress genes were determined by qPCR of whole cells. Values are the mean ± SD. Statistical significance was determined by one-way ANOVA test. *p < 0.05, **p < 0.01, and ***p ≤ 0.001.



In summary, we have shown that neutrophils drive ER stress in the lungs of mice treated with pristane and that preventing PAD4-dependent NETosis can reverse both inflammation and induction of ER stress in pristane-treated mice. Additionally, we observed that neutrophils derived from SLE patient whole blood could directly drive ER stress in bronchial epithelial cells, suggesting ER stress as a potential pathologic mechanism in SLE.




Discussion

Increasing evidence implicates release of neutrophil extracellular traps (NETs), NETosis, may drive lung injury, specifically ER stress in epithelial cells (9, 26, 31, 32). Our study shows that not only are ER stress markers increased in the pristane model of IFN-inducible SLE, but that inhibition of NETosis using LysMCrePad4fl/fl mice in this model prevented pristane-induced ER stress and, more importantly, lung inflammation. Coculture experiments demonstrated that neutrophils isolated from pristane-treated mice could directly upregulate ER stress markers in lung slices in addition to driving IFN-stimulated gene expression. Importantly, we found that neutrophils isolated from SLE patients highly upregulated inflammation markers and induced both ER stress markers and ISG expression in alveolar epithelial cells, suggesting that ER stress may be an important pathological mechanism in SLE.

Recently neutrophils and NETosis have been shown to play important roles in lung inflammation. In autoimmune lung inflammation for example, NETs have been shown to activate lung fibroblasts and promote their proliferation and differentiation into myofibroblasts and thus contribute to interstitial lung disease in patients with poly- and dermato-myositis (33, 34). In the pristane-induced DAH model, treatment of mice with recombinant DNase I reduced NET formation and reduced lung pathology (17). In keeping with this pathogenic role for NETosis in pristane-induced lung injury, we have observed that myeloid-specific deletion of Pad4 results in reduced lung inflammation and ISG expression. Other evidence for NETosis playing a pathogenic role in lung injury models have found that inhibition of NETosis as well as disintegration of NETs by DNase I treatment was highly protective against ventilator-induced lung injury (VILI) (35). NETs were also observed in both patients and a murine model of primary graft dysfunction, with DNase I treatment again reducing lung injury (36), suggesting enhanced NETosis and the presence of NETs to play a pathologic role in lung injury. However, another study using conventional knockout mice for Pad4 in the pristane model found that constitutive deletion of Pad4 results in higher levels of anti-nuclear antibodies (ANAs) and inflammatory mediators (37). However, in this study mice lung inflammation was not assessed and more importantly, mice were sacrificed approximately 4 months post pristane injection, whereas DAH and lung inflammation in these mice occurs day 10-14 and resolves after approximately 28 days. Also in our short-term study, we employed myeloid specific deletion of Pad4, in contrast to the aforementioned study, as conventional knockout mice for Pad4 display enhanced expression of hematopoietic multipotent progenitor numbers which may affect biology and response to agonists (38). Thus, although the potential exists that NETosis may indeed be important in helping to resolve inflammation in murine lupus models as the disease progresses, our data and data of other suggests that restricting NETosis prevents pristane-induced lung inflammation.

Type I IFNs are known to be central to the pathology of pristane-driven autoimmune disease and lung inflammation in C57BL/6 mice, with pristane-driven autoimmune disease absent in IFNAR knockout mice (27). Importantly, NETs have been shown to be important for induction of ISG expression in murine models of SLE and ex vivo analysis of SLE patient neutrophils (6, 9). The presence of dsDNA in the NETs activates DNA sensors in both immune and non-immune cells triggering IFN induction and subsequent ISG expression. Our results show that prevention of NETosis using LysMCrePad4fl/fl mice results in reduction of IFN-stimulated gene expression in the lungs of pristane-treated mice. NETs have also been shown to trigger ER stress in gut epithelial cells in a model of septic shock (14). In this study, ER stress activation by NETs in intestinal epithelial cells was mediated by TLR9, suggesting that DNA in the NETs was directly triggering ER stress in these cells. Our study shows that neutrophils can directly induce ER stress in epithelial cells, with Pad4-deleted neutrophils unable to drive ER stress in coculture experiments. Interestingly, in the aforementioned study, TLR9-driven ER stress increased gut barrier permeability, potentially suggesting a mechanism by which ER stress is contributing to lung inflammation and damage in the pristane model. ER stress has been shown to contribute to lung inflammation through modulation of the NFκB/HIF-1α pathways (20). ER stress is also known to drive hepatic, endothelial and epithelial cell apoptosis via reactive oxygen-dependent pathways and contribute to disease pathology in various models (39–41). Because IRE1-α activity has been shown in several models to be critical in regulating pristane-induced autoimmunity as well as pulmonary disease (21–25), we focused on sXbp1 driven ER stress in the lung after pristane administration and in keeping with previous studies we found that IRE1-α-dependent pathways to be involved. However, it should be noted that we did not fully explore ATF4 and ATF6 in this study and that a potential role for these pathways cannot be ruled out. It is also important to note that ER stress has also been shown to regulate production of, and sensing of, type I IFNs, resulting in exacerbated IFN-driven responses (42). The IRE1/XBP1 arm of the unfolded protein response has been largely shown to augment type I IFN production via activation of additional stress-responsive proteins such as protein kinase R (PKR), STING and IRF3, or directly by spliced XBP1 binding to the promoter of Ifnb1 (43–46). In keeping with this, we have found that treatment of alveolar epithelial cells not only drives induction of ER stress markers but also induces the expression of IFN-stimulated genes directly. Thus, although the specific mechanism is currently under investigation, our data suggests that ER stress can directly drive IFNβ production and that NET-induced ER stress may be contributing to IFN induction in the pristane model of SLE.

In summary, the current study shows that ER stress markers are upregulated in the lungs of pristane-treated mice. Targeted deletion of the enzyme PAD4 in myeloid cells reduced lung inflammation and markers of ER stress and IFN-driven responses. Neutrophils isolated from lupus patients and pristane-treated mice could directly upregulate ER stress markers in alveolar epithelial cells and murine lung slices, respectively. Collectively, our data supports role for NETosis and ER stress in driving autoimmune lung inflammation.
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Background

That Epstein–Barr virus (EBV) infection is associated with systemic lupus erythematosus (SLE) is established. The challenge is to explain mechanistic roles EBV has in SLE pathogenesis. Previous studies identify four examples of autoantibody cross-reactions between SLE autoantigens and Epstein–Barr nuclear antigen 1 (EBNA1). For two of these examples, the earliest detected autoantibody specifically cross-reacts with EBNA1; thereby, defined EBNA1 epitopes induce a robust autoantibody response in animals. These results suggest that the autoantibodies initiating the process leading to SLE may emerge from the anti-EBNA1 heteroimmune response. If this hypothesis is true, then anti-EBNA1 responses would be more frequent in EBV-infected SLE patients than in EBV-infected controls. We tested this prediction.



Methods

We evaluated published East Asian data by selecting those with a positive anti-viral capsid antigen (VCA) antibody immunoglobulin G (IgG) test and determining whether anti-EBNA1 was more common among the EBV-infected SLE cases than among matched EBV-infected controls with conditional logistic regression analysis.



Results

All the qualifying SLE patients (100%) in this dataset were EBV-infected compared to age- and sex-matched controls (92.2%) [odds ratio (OR) = 28.6, 95% CI 6.4–∞, p = 8.83 × 10-8], confirming the known close association of EBV infection with SLE. Furthermore, virtually all the SLE cases have both anti-VCA IgG and anti-EBNA1 IgG antibodies [124 of 125 (99.2%)], which are more frequently present than in age- and sex-matched EBV-infected controls [232 of 250 (93.2%)] (OR = 9.7, 95% CI 1.5–414, p = 0.0078) for an 89.7% SLE attributable risk from anti-EBNA1, which is in addition to the 100% SLE risk attributable to EBV infection in these data.



Conclusions

The association of EBV infection with SLE is reconfirmed. The prediction that anti-EBNA1 is more frequent in these SLE cases than in EBV-infected controls is true, consistent with the hypothesis that anti-EBNA1 contributes to SLE. This second EBV-dependent risk factor is consistent with a molecular mimicry model for the generation of SLE, starting with EBV infection, progressing to anti-EBNA1 response; then molecular mimicry leads to anti-EBNA1 antibodies cross-reacting with an SLE autoantigen, causing autoantibody epitope spreading, and culminating in clinical SLE. These results support the anti-EBNA1 heteroimmune response being a foundation from which pathogenic SLE autoimmunity emerges.
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Introduction

Evidence implicating Epstein–Barr virus (EBV) in the pathogenesis of systemic lupus erythematosus (SLE) is compelling (1–7). As a mechanistic component, the immune response against EBV Epstein–Barr nuclear antigen 1 (EBNA1) has been identified as a candidate for the heteroimmune response from which pathogenic lupus autoimmunity arises via cross-reactivity with anti-Sm B/B’, anti-Sm D, anti-Ro, and, recently, anti-C1q (8–13). If this phenomenon is general and the anti-EBNA1 heteroimmune antibody response, in all of its complexity, is the substrate for the generation of SLE autoantibodies, then anti-EBNA1 antibody responses, which are found in 70% to 90% of EBV-infected persons, would be present at a higher rate in SLE patients. A hint that this may be true was previously found in a small pediatric cohort, where this antibody was present in 69% of the matched normal EBV-infected controls and in 100% of the SLE cases, all of whom were also EBV-infected [odds ratio (OR) >30, p < 0.001] (14). We sought to test the generality of this finding using independent data, given its potentially important implications for identifying the origins of SLE autoimmunity.

EBNA1 is an unusual immunogen and antigen (15). Perhaps, these properties are potential contributing factors to the possible anti-EBNA1 origin of SLE autoimmunity. There are many fewer anti-EBNA1-specific CD8 T cells than expected after EBV infection, despite EBNA1 being expressed in virtually all the canonical latency states of EBV-infected B cells. The lower CD8 response has been attributed to nuclear localization, to proteosome inhibition by the Glycine-Alanine repeat domain of EBNA1, and to the inhibition of EBNA1 mRNA translation by Guanine-quadraplexes (16–22). The humoral consequences of the unusual features EBNA1 immunogenicity have not been evaluated. A small study (14) also identified anti-EBNA1 fine specificity differences between pediatric SLE patients and controls.

Cui et al. (1) provide an independent dataset appropriate to test the prediction that anti-EBNA1 is increased in SLE. They reported anti-EBV viral capsid antigen (VCA) IgG serological studies ordered by practicing physicians for 6,289 patients from their clinical laboratory in Beijing. These real-world data use as entry criteria the clinical decision to evaluate anti-VCA serology and rely upon the choices and diagnoses of practicing physicians. The data show that EBV infection is more frequent in SLE than in the other EBV-tested patients who are not diagnosed with SLE (1), consistent with previous studies (2–7). Anti-EBNA1 IgG is virtually always also present in these SLE patients in contrast to the lower rate in controls with other diagnoses, supporting not only EBV as an important contributor to the etiology of SLE but also potentially operating through the hypothetical mechanism that SLE humoral autoimmunity arises from the anti-EBNA1 heteroimmune response.



Methods


Patients

Cui et al. (1) ascertained subjects upon the clinical decision to evaluate EBV serology. For this analysis, we concentrate on 6,289 subjects tested for anti-EBV VCA IgG in blood [see Supplementary Table in “S1 File” in (1)] as the most reliable indicator of prior EBV infection. Except for one newborn, the youngest SLE patient was 6 years old; therefore, this case of possible neonatal lupus, along with controls less than 6 years old, was removed from the analysis. In addition, following the decisions of Cui et al. (1), we removed those with equivocal anti-VCA IgG test results; all 50 of these were controls, leaving 5,803 patients of all diagnoses and situations with results to address the question posed. Of the 424 SLE patients in the database, these steps resulted in 232 SLE patients qualifying for analyses. No private identifying information was available from any subject to the authors of this study, and no interaction occurred between the subjects and the authors.



Serological Testing

EBV serological tests manufactured by Euroimmun (Lübeck, Germany) were used in Cui et al. (1), who followed the manufacturer’s instructions for anti-VCA for IgM, IgG, and IgA, anti-EBNA1 IgG, and anti-Early Antigen Diffuse (EA/D) IgG.



Data Analysis

Logistic regression models were used to examine associations between anti-EBV antibodies (anti-VCA IgG and anti-EBNA1 IgG) and SLE status among anti-VCA IgG-tested and anti-VCA IgG-positive subjects, with adjustment for age and sex. The non-linear age effect was investigated by polynomial terms of age. Firth logistic regression was used for situations where an antibody was positive in all or virtually all SLE cases (quasi-complete separation).

The potentially confounding influence of sex and age was addressed by randomly matching 2 or 3 controls by sex and age to each case, without replacement. For age, the great majority of controls (≥98%) were matched to cases within the same year of age. For three exceptions, older and younger controls of 1–3-year age differences were randomly selected to complete the case:control matches for matched sets. The case:control matches used in this study are presented in Table S1.

Conditional logistic regression was used to examine the association between anti-EBV antibodies and SLE status for age- and sex-matched data. Exact conditional logistic regression was used when any cells formed by the presence of anti-EBV antibodies and SLE status had no observations or were too small. Attributable risk, defined as the proportion of disease attributable to a risk factor in the study sample exposed to that factor within the context of the matched sets, was estimated with 95% confidence limits from ORs as (OR-1)/OR. Sensitivity analysis was conducted where attributable risk was estimated with risk ratio (RR) as (RR-1)/RR when estimated RR was available from the models (Tables S2–S7).

Since the available controls provided more matches for younger patients and since age had the well-known strong impact upon the probability of EBV infection, the sample was also divided into those <11 years old and those >10 years old and evaluated separately in subsidiary analyses (see Tables S1–S7). All analyses were conducted in SAS v9.4 (SAS Institute, Cary, NC, USA).




Results

Our analysis of the Beijing data (1) reconfirms that the prevalence of EBV infection is increased in SLE compared to the controls in this dataset. All 232 of the tested patients diagnosed by their physician with SLE were EBV-infected, as detected by the presence of anti-VCA IgG, while 175 of 5,571 of the controls were not EBV-infected by this measure. Logistic regression shows that, as expected, both sex and age are important variables contributing to the differences between SLE cases and controls, respectively, OR = 6.02 (95% CI 4.13–8.75), p = 6.5 × 10-21 and OR = 0.93 (95% CI 0.92–0.94), p < 1 × 10-24 (Table S5), which means that the OR difference between cases and controls decreases by an average of 0.93 for every 1-year increase in age. Sex and age, thereby, become potential confounders in assessing the serologic importance of anti-EBNA1 IgG. Meanwhile, the association of SLE with the presence of anti-EBNA1 antibodies has a large effect without considering the influence of sex, age, or EBV anti-VCA IgG serologic status, OR = 17.6 (95% CI, 3.42–90.4), p = 0.0006 (Table S5).


Anti-VCA IgG Case: Control Matching

To remove the influence of age and sex and isolate the impact of EBV serology, we, therefore, reorganized and reduced the data records considered. We matched controls on age and sex to cases in a 3:1 ratio, resulting in a dataset composed of 232 cases and 696 controls. Overall, a strong association of EBV infection with SLE is present, as measured by anti-VCA IgG (OR = 28.59 (95% CI 6.42–∞), p = 8.83 × 10-8) (Table 1). The fraction of SLE attributable to EBV infection in these data is complete at 100%, suggesting that all these SLE cases are potentially related to EBV infection. Anti-EBNA1 antibodies are also more prevalent in the SLE cases than in matched controls [OR = 19.07 (95% CI 3.09–789.48), p = 1.82 × 10-5] (Table S2). Similar results have been obtained in previously evaluated datasets (2, 6, 7, 14). However, virtually all of these studies save one, our previous evaluation of pediatric SLE (14), did not separate the evidence that EBV infection is a risk factor for SLE from any other statistically independent contribution.


Table 1 | Association between SLE status and anti-EBV antibodies in age- and sex-matched cases and controls.



In our view, the association of EBV infection with anti-EBNA1 does not address the important question of what are the component risk elements beyond EBV infection that confer risk for SLE. If specific components of EBV are making a contribution to disease risk, then they should be separable from EBV infection by considering their contribution toward SLE risk in isolation, which can be achieved by limiting consideration to only those subjects who are EBV-infected. Since anti-EBNA1 occurs in 70%–90% of EBV-infected controls, this idea can be evaluated by testing for the predicted higher proportion of anti-EBNA1 positivity in the EBV-infected SLE compared to EBV-infected controls. A result showing no difference or a lower frequency of anti-EBNA1 in SLE would contradict the hypothesis, rendering the heuristic proposition false. A result showing that anti-EBNA1 is more frequent in SLE than in controls would fulfill the prediction that follows from the hypothesis, providing additional important circumstantial evidence that the heuristic hypothesis might be true.

For this test, we matched two controls to each SLE case by age and sex, limiting the analysis to 1) the EBV-infected subjects, as determined by an anti-VCA IgG positive test, and 2) those who were tested for anti-EBNA1 and had either a positive or a negative result. We found that positive anti-EBNA1 IgG results were virtually always present in the SLE cases [124 of 125 (99.2%)]; meanwhile, the matched controls did not have anti-EBNA1 as frequently [232 of 250 (92.8%)] [OR = 9.74 (95% CI 1.49–414.34), p = 0.0078] (Table 1). The prediction that anti-EBNA1 is more common in EBV-infected SLE than in EBV-infected controls is true in these data with an attributable fraction of 89.7%, consistent with the possibility that the humoral autoimmunity characteristic of SLE generally arises from the anti-EBNA1 heteroimmune response.

Other results in these data provide a comparative perspective for the relationship of EBV infection to SLE. Anti-VCA IgA is reported to be more frequent in SLE than in controls (1, 6). To contrast this association with anti-EBNA1, we selected those subjects who are EBV-infected (anti-VCA IgG positive) and compared the proportion of anti-VCA IgA-positive in the SLE cases [72 of 157 (45.9%)] to matched controls [56 of 314 (17.8%)]. This was also a significant result [OR = 3.47 (95% CI 2.27–5.29), p = 5.7 × 10-8] (Table 1) but with a much lower estimated attributable fraction at 71.2% than that found with anti-EBNA1 at 89.7%. Matching sex and age for anti-VCA IgM and anti-EA/D IgG (Table S1) did not produce significant results. Additional analyses from matched and unmatched data can be found in Tables S2–S7.




Discussion

The strong association of EBV infection with SLE in these East-Asian data (1) confirms our previous observations in European and African-American children and adults with SLE (2, 23) and is consistent with previous studies and meta-analyses (3–7). These studies measured EBV infection mostly by serology, though a direct assay of EBV DNA from peripheral blood has also demonstrated an association (2). The conclusion that SLE is associated with EBV infection is convincing. The association of EBV with SLE is intriguing, but by itself does not compel a conclusion of causal etiology, despite the many other abnormalities of the EBV infection found in SLE patients that contribute additional circumstantial evidence consistent with causation [reviewed in (4)]. Additional EBV-dependent features would make the case for causation much stronger.

The anti-EBNA1 antibody response has become a candidate component or SLE risk from EBV infection based on numerous findings, though especially because multiple SLE autoantigens cross-react with EBNA1 heteroimmune antibodies (8–13). For the autoantigens of Sm B/B’ and Ro, the cross-reactive structures occur as the first autoantibodies detected that are formed in the autoimmune response, consistent with being initiating structures of autoimmunity (9, 12). For Sm B/B’, Ro, and C1q, animal models made by immunizing with the cross-reactive structures have manifestations reminiscent of human SLE, demonstrating the potential for systemic autoimmunity from the immune response to the viral-originating EBNA1 cross-reactive structures (12, 24–28).

Herein, we confirm the hypothesis that the anti-EBNA1 heteroimmune response has the potential to be a critical component in the immunological sequence of events that culminate in SLE. This realization leads to a model of pathogenesis (Figure 1) in which EBV infection is followed by a polyclonal anti-EBNA1 heteroimmune response. As antibodies produced against EBNA1 increase in complexity through B-cell epitope spreading (25), some then participate in a cross-reaction against SLE autoantigens. Perhaps, considerations of stoichiometry, antigen concentration, and the peculiar properties of EBNA1 as an antigen are important at this point on the path toward SLE. EBNA1 is expressed in the latently EBV-infected B cells, which are rare, while the SLE autoantigens are ordinarily expressed ubiquitously. The CD8 T-cell anti-EBNA1 response is relatively inhibited, which would appear to help perpetuate the EBV infection. The molecular details of the mechanism leading to the cross-reactions between SLE autoantigens and EBNA1 are not known nor are the immunological rules that allow tolerance to be broken and autoantibodies to form in this context.




Figure 1 | Model for the generation of systemic lupus erythematosus (SLE) by Epstein–Barr virus (EBV). After infection, EBV establishes a lifelong infection sustained by EBV in latency usually expressing at least Epstein–Barr nuclear antigen 1 (EBNA1). Anti-EBNA1 antibodies are produced in response to the EBV infection (green and dark blue Y). Eventually, one or more cross-reacting antibodies form (dark blue Y), binding both EBNA1 and lupus autoantigens (e.g., Sm B/B’) at structures that are antigenically similar (green triangle). This is the molecular mimicry step with heteroimmune antibodies making the transition to autoimmunity. Then, B-cell epitope spreading leads to a mature complex autoantibody (lighter blue Y) response, inducing the inflammatory changes that culminate in the systemic disease manifestations of SLE. The specific role of EBV transcription cofactors [e.g., EBNA2, not shown (22)] and other contributing components in this model of SLE pathogenesis remains to be defined. (The EBV image, courtesy: National Institute of Allergy and Infectious Diseases. The SLE malar rash image, courtesy: Mayo Foundation, all rights reserved).



Our earlier work establishes the cross-reacting peptides for the autoantigens Sm and Ro as being the first structures of the autoantibody response (9, 12). Over time, B-cell epitope spreading then generates a mature autoimmune response, which in the case of SmB/B’ tends to recognize identical peptide structures in different SLE patients (8, 9) but for anti-60 kD Ro tends to be much more heterogeneous and to have a strong conformational contribution to antigenicity (29–31). For anti-Ro, autoantibody responses are often present many years (>5 years) before the onset of SLE symptoms, while anti-Sm tends to appear much closer to the onset of symptoms (32). After the generation of pathological autoantibodies in the proposed model, along with the other components of cellular and innate immunity supporting inflammatory pathology, the patient then becomes ill with the autoimmune disease SLE (Figure 1).

Ascertainment bias has an impact on the conclusions that can be drawn from these data. The entry criterion in Cui et al. (1) was whether the responsible physician ordered EBV serology. Hence, neither the SLE cases nor the controls can be considered authentic samples from the community. Nevertheless, distortions from the expected population norms are not apparent and, therefore, do not invalidate the results of the analysis. For example, EBV infection is known to be associated with SLE, which is also present in these data. Also, about 80% of 5–10-year-old Chinese children are EBV-infected (33, 34), which is close to results from the non-SLE controls in Cui et al. (1).

On the other hand, this study has the advantage of being based upon the choices of a real-world practitioner standard of care and not distorted by requiring SLE patients to satisfy academic criteria for study inclusion. These results are, nevertheless, consistent with the academic inquiries into SLE epidemiology, being robust for actual clinical practice in this regard and here vice versa.

Furthermore, none of the biases that originate from how the dataset was assembled is suspected to influence the central purpose of this study, to test the prediction that the proportion of SLE cases with anti-EBNA1 IgG would be higher than that found in controls matched for age, sex, and EBV infection status as measured by anti-VCA IgG antibodies. That we find a strong association supporting this prediction, even considering possible biases, suggests that the hypothesis that SLE autoimmunity arises from the anti-EBNA1 heteroimmune response is worth serious consideration and detailed experimental inquiry into plausible immune mechanisms.

Many studies have observed an association with anti-EBNA1 in SLE (1–7, 14, 23), but they have not, with one exception (14), attempted to determine any additional independent contribution anti-EBNA1 provides to SLE risk beyond EBV infection. In that small pediatric study composed of European-Americans and African-Americans, all the SLE cases were EBV-infected and produced anti-EBNA1, while almost a third of the EBV-infected controls did not have detectable levels of anti-EBNA1 (OR = 30.4, p < 0.001) (14). The combined results of the earlier study and the data presented herein show that the anti-EBNA1 heteroimmune response is a risk factor for SLE beyond EBV infection. On the one hand, anti-EBNA1 antibodies make an independent contribution to SLE risk, but on the other hand, they are a dependent risk factor in that only EBV-infected individuals generate anti-EBNA1 antibodies. Therefore, isolating anti-EBNA1 to assess it as a possible risk factor, separate from the association with EBV infection, is critical. We do this by considering an association with anti-EBNA1 in only those cases and controls who are EBV-infected. Our conclusion that anti-EBNA1 is an independent risk factor, only occurring in EBV-infected individuals and therefore also dependent upon EBV infection, bolsters the argument that EBV infection is etiologic in SLE.

Our results from both this and the previous study (14) also suggest that the presence of anti-EBNA1 may be a general finding in SLE with ~90% attributable fraction, therefore further supporting EBNA1 immunity being an important candidate for the origin of SLE autoimmunity. Collectively, these considerations provide the broad outlines of a model of SLE pathological generation, progressing from a normal immune response to a systemic life-threatening autoimmune disease (Figure 1).

There is another recent evidence potentially implicating EBV in generating SLE. The association of SLE genetic risk loci with the DNA-binding patterns of EBNA2 (35–37), a virus-encoded transcriptional cofactor required for B-cell transformation in the Latency III state of EBV expression and generating EBV-transformed B cells is consistent with EBNA2 being involved in the genomic regulation that alters the risk of developing SLE. This observation was originally established in Europeans and has since been independently confirmed twice in East Asians (35–37), providing consistent findings across the major human ancestries. This association, by itself however, does not require a pathogenic role for EBNA2. There are other suggestive results increasing the circumstantial evidence that EBV infection contributes to the propensity for autoimmunity, especially with the latency expression programs of EBV infection. For example, the CD40-imitating capacity of LMP1  (latent membrane protein 1), an EBV gene product expressed in latency, appears to lower the threshold for humoral autoimmunity (38). However, when these observations are combined with the immunochemistry and epidemiological observations concerning autoantibody origin, the association of SLE with EBV infection, and the added risk from anti-EBNA1, the accumulated EBV-related evidence begins to nominate possible molecular components of mechanism and to provide a plausible outline of a mechanistic scenario for EBV action starting with EBV infection and progressing to the clinical manifestations of SLE (Figure 1).

The fraction of SLE attributable to EBV in this sample, using the matching strategy to remove the effects of sex and age, is complete at 100% and is consistent with a previous similarly high estimate (2). Together, they suggest that EBV infection contributes to SLE in the great majority of SLE patients, while major single gene causes of SLE such as C1q or TREX1 deficiencies are uncommon. While useful for understanding the mechanism to establish that EBV is the likely source for the pathophysiology in initiating the process culminating in SLE, EBV infection, by itself, does not much distinguish risk for SLE from the vast majority of the population that are also EBV-infected (>90% worldwide) but not afflicted with SLE. Consequently, other factors must contribute. Certainly, the collective vagaries of the mature host immune response are strong candidates for SLE disease risk. Our analyses combined with other contributing results would suggest that a molecular mimicry mechanism making the transition from heteroimmunity to autoimmunity contributes to the pathophysiology of SLE (Figure 1).

That SLE autoimmunity emerges from the anti-EBNA1 heteroimmune response came from an effort to work backward temporally. We began with the complex antigenic epitopes of the mature pathogenic SLE autoantibody responses, then reached back in time to find the simple, single, earliest antigenic autoimmune epitope. The goal was to discover the first initiating autoantibody that identifies the first autoimmune structure in SLE (9, 12). For both the Sm B/B’ and Ro SLE autoantigens, the earliest autoantibodies cross-reacted with EBNA1, leading to the hypothesis that anti-EBNA1 humoral immunity is the source of pathogenic SLE autoimmunity; hence, the prediction we test herein. Other investigators have developed data consistent with anti-EBNA1 being the origin of the anti-Sm D and anti-C1q autoimmune responses (10, 11, 14). If the hypothesis is indeed true that SLE autoimmunity has a strong tendency to originate from the anti-EBNA1 response, then one might suspect that other SLE autoantigens will eventually join these four.

A strong candidate SLE autoantibody that begs testing is anti-double-stranded (ds) DNA. Linda Spatz has shown that immunizing animals with EBNA1 generates anti-dsDNA antibodies (39–41), but to our knowledge, no one has evaluated whether the anti-dsDNA autoantibodies, which are almost unique to SLE and powerfully support an SLE diagnosis when present, also cross-react with EBNA1. The fact that EBNA1 is a DNA-binding protein raises interesting idiotype and anti-idiotype issues that await exploration.

Our results clearly show that anti-EBNA1 IgG is present in virtually all (>99%) SLE patients, providing an origin for SLE in as many as 90% of SLE cases (Table 1) and supporting the contention that EBV is the ordinary causal factor in the great majority of SLE cases. These results confirm the importance of EBV infection in SLE and provide a starting point for explaining the mysterious mechanistic steps that lead previously normal individuals to develop pathogenic SLE autoantibodies and self-destructive clinical manifestations.

Our model of pathogenesis presents a certain sequence of events in the following order: EBV infection, anti-EBNA1 antibodies, SLE autoantibodies, and pathogenic expression of disease. In the military serum collection (32), there are four SLE patients whose multiple serum samples show exactly this sequence of events. There are 17 SLE patients in this collection from whom there were sera available that discriminated the onset of anti-EBNA1 from SLE autoantibodies. In all 17 SLE cases, the anti-EBNA1 antibodies were detected in an earlier serum sample than was any SLE autoantibody. In no instance did autoantibodies precede anti-EBNA1 antibodies (p < 0.00002, binomial test). These data also support the model being proposed (Figure 1). While available data support the outlines of a proposed mechanism (Figure 1), we are missing the detailed cellular and molecular mechanism for how these steps lead to SLE. While the unusual T-cell antigenicity of EBNA1 has been subject of detailed inquiry (16–22), the humoral B-cell side of EBNA1 antigenicity has not.

The finding that EBNA2, not EBNA1, is associated with the risk loci of SLE (35–37) provides an important potential candidate for mechanistic involvement that increases the risk of developing SLE in genetically predisposed individuals and suggests that the cell types that harbor the EBV [infected B cells, T cells, natural killer (NK) cells, epithelial cells, and macrophages] would be the most attractive candidates for the cell types in which these mechanisms operate to alter the SLE risk. Such factors provide access to gene and environment interactive mechanisms that, once understood, may prove to place EBV infection and anti-EBNA1 antibodies in mechanistic context.

The increased anti-VCA IgA response is consistent with the mucosal interaction with EBV being more important in SLE patients than controls. As a result of its prevalence, anti-EBNA1 IgG would appear to be a better candidate for initiation of SLE autoimmunity than is anti-VCA IgA. Moreover, the increase in anti-VCA IgA is a relative result, and the fraction attributable to this immune response at 74.4% is much lower than it is with the anti-EBNA1 IgG humoral immune response at 89.7%.

In summary, the Cui et al. (1) data further confirm the association of SLE with EBV and extend these findings to East Asians. Matched analysis confirms the importance of anti-EBNA1 responses in SLE, consistent with this heteroimmune response being important in the origin of autoimmunity in SLE. Other data assembled show high EBV viral loads, increased EBV mRNA expression, elevated humoral responses against EBV in SLE (3–5), and the concentration of EBNA2 at SLE risk loci (35–37), all supporting a model of SLE pathogenesis involving EBV with SLE patients having an altered infection pattern with poor control of the latent EBV infection and incomplete EBV lytic reactivation and providing a synergistic environmental interaction with genetic risk loci through EBNA2. While there is much to learn concerning the mechanisms that generate the systemic autoimmunity in SLE, we are left with the conclusion that EBV, probably through EBNA1, is a strong candidate to be the initiating source for the autoimmune processes that culminate in SLE.
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Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disorder characterized by high autoantibodies levels and multiorgan tissue damage. The current study investigated the role of CD64 in SLE patients and animal models. According to a flow cytometry study, SLE patients showed an increase in CD64 expression in circulating monocytes. There was a correlation between CD64 and SLEDAI, blood urea nitrogen levels, and anti-Sm antibodies. In skin lesions of lupus MRL/lpr mice, there was high IgG deposition and CD64 expression. In vitro, cytokines IL-10 and IFN-γ upregulated CD64 expression in monocytes/macrophages that was inhibited by glucocorticoids. In CD64-deficient mice, skin inflammation induced by lupus serum was reduced. Furthermore, activation of spleen tyrosine kinase (Syk), Akt, and extracellular signal-regulated kinase (Erk) was inhibited in CD64-deficient monocytes. The results suggest that CD64 could be a biomarker for observing SLE progression, as well as a mechanistic checkpoint in lupus pathogenesis.
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Introduction

Systemic lupus erythematosus (SLE), an autoimmune disease with a complex pathophysiology and clinical manifestations, lacks specific prognostic indicators (1, 2). SLE is characterized by high autoantibodies levels (anti-dsDNA, anti-Sm, and anti-phospholipid antibodies) in serum and certain clinical manifestations such as skin inflammation and lupus nephritis (3, 4). Treatment of SLE with glucocorticoids, hydroxychloroquine, and immunomodulators (methotrexate, azathioprine, mycophenolate) has been recommended as the first-line treatment (5, 6).

FcγRs are receptors for the constant (Fc) region of IgG and are extensively expressed on the membrane of immune cells. CD64 (FcγRI) is the only known high-affinity FcγR for IgG with a restricted isotype specificity, whereas IgG affinity of CD32 (FcγRII) and CD16 (FcγRIII) is comparatively lower (7, 8). Activating FcγRs with immunoreceptor tyrosine-based activation motif (ITAM) in intracellular structure, CD64 and CD16 recruit spleen tyrosine kinase (Syk), which assembles into complexes at cell membrane via interaction between its SH2 domains and the receptor tyrosine-phosphorylated ITAM domains (9).

Phosphoinositide 3-kinase (PI3K)/Akt (Protein Kinase B) signaling pathway is firmly linked with Syk (10–12). Akt, a mechanistic target of rapamycin complex 2 (mTORC2) substrate, regulates various cellular responses through phosphorylation and inactivation (13). Mitogen-activated protein kinases (MAPKs) are serine/threonine-specific kinases family, comprising extracellular signal-regulated kinase (Erk) and c-Jun N-terminal kinase (JNK), which regulates cell proliferation, difference, motility, and death (14). Although PI3K/Akt and MAPKs signaling pathways are important in cellular responses, aberrant activation can result in inflammatory diseases (15).

Nuclear factor-kappa B (NF-κB), a promptly inducible transcription factor, is comprised of homo- and heterodimers of Rel A (p65), Rel B, p50, p52, and c-Rel in mammals (16). The NF-κB pathway modifies cell’s biology and is generally involved in multiple cell responses resulting from its hundreds of target genes. Activation of NF-κB is obtained through phosphorylation and degradation of IκB proteins (including IκBα), resulting in the release of NF-κB dimers (17).

Several of our previous studies indicate that infiltrated inflammatory cells, specifically monocytes, contribute to the pathogenesis of tissue injuries in SLE (18–22). Furthermore, we found that an animal model of lupus serum-induced skin inflammation is a useful tool to investigate the pathogenesis of skin injuries in SLE (19, 23). Herein, we studied the role of FcγRI/CD64 in the pathogenesis of lupus by analyzing the expression of CD64 in circulating monocytes from SLE patients and using a model of lupus serum-induced skin inflammation in CD64-deficient mice.



Results


CD64 Expression in Monocytes Increased in SLE Patients

In this study, we isolated peripheral blood mononuclear cells (PBMCs) from 45 SLE patients and 18 healthy controls and marked circulating monocytes with CD14. Data were collected on demographic, clinical characteristics, and medication (Table 1). The proportion of CD64+CD14+ and CD32+ CD14+ cells in PBMCs was about 3%, which accounts for almost all monocytes, but the proportion of CD16+ CD14+ cells was only about 1% in healthy controls and SLE patients (Figure 1A). CD64 expression was significantly increased in SLE patients compared with controls (Figure 1B), but CD32 and CD16 expression did not differ significantly (Figure 1B). These results revealed that CD64 was highly expressed on monocytes, and the CD64 expression increased in SLE patients.


Table 1 | Demographics clinical characteristics and medication use of subjects.






Figure 1 | CD64 expression in monocytes increased in SLE. (A) Representative flow cytometry of CD64, CD32 and CD16 expression on CD14+ monocytes of peripheral blood mononuclear cells from SLE patients and healthy controls. (B) Flow cytometry analysis of surface expression of CD64, CD32 and CD16 on circulating monocytes in healthy controls and SLE patients. Detection of CD64 expression comprises 18 healthy controls (male:female=2:16, age 40.33±3.03) and 45 SLE patients (male:female=5:40, age 40.78±2.21). CD32 data comprises 12 healthy controls (male:female=2:10, age 43.25±4.12) and 39 SLE patients (male:female=3:36 , age 41.31±2.35). CD16 data comprises 14 healthy controls (male:female=2:12, age 42.79±3.61) and 44 SLE patients (male:female=3:41, age 40.31±2.14). Bars represent the average mean fluorescent intensity (MFI) of CD64, CD32 or CD16 on monocytes. Error bars represent standard deviation. *p < 0.05; ns, not significant.





CD64 Expression Was Correlated With SLE Activity

To understand the potential role of dysregulation of CD64 in SLE, we estimated the relationship between CD64 expression on monocytes and SLE disease. In Table 2, clinical and laboratory data demonstrate the difference between high CD64 expression and low CD64 expression among patients with SLE. Patients with greater CD64 expression received a higher SLE disease activity index (SLEDAI) (Figure 2A). Furthermore, there were higher blood urea nitrogen levels, the indicator of nephritis, in high CD64 group patients (Figure 2B). Due to the important role of autoantibodies in the pathophysiology of SLE, we wondered if they have a correlation with CD64 expression. We certainly found a parallel upregulation of anti-Sm antibodies (Figure 2C). However, the elevation of anti-dsDNA antibodies was not significant (Figure 2D). These results showed that CD64 expression is related to lupus disease activity.


Table 2 | Comparisons of CD64 expression (MFI) with laboratory measurements and dose of glucocorticoids in SLE.






Figure 2 | CD64 expression in monocytes correlated with SLEDAI, anti-Sm antibodies and blood urea nitrogen levels in SLE. SLE patients were classified into low and high CD64 groups, and the analysis of their SLEDAI (A), blood urea nitrogen (B), anti-Sm antibodies (C) and anti-dsDNA antibodies (D) were presented. 21 of 22 low CD64 patients were tested anti-dsDNA and anti-Sm; 21 of 23 high CD64 patients were tested anti-Sm; 22 of 23 high CD64 patients were tested anti-dsDNA. *p < 0.05; n.s., not significant.





Large Amount of CD64 Expression in Skin Lesions in MRL/lpr Mice

MRL/lpr mice could develop lupus-like clinical symptoms spontaneously, including skin inflammation. We examined IgG deposition and CD64 expression in skin lesions in MRL/lpr mice. Histopathology indicated a number of inflammatory cells infiltrated in the skin (Figure 3A). Inflammatory sites have a large amount of IgG deposited (Figure 3B). Furthermore, we found that CD64 expression was related to IgG deposition in skin inflammatory sites of MRL/lpr mice (Figure 3B). Based on these findings, CD64 levels are related to IgG deposition and skin inflammation.




Figure 3 | CD64 markedly increased in skin damages in MRL/lpr mice. (A) Representative photograph of H&E staining skin inflammation of female 30-week-old MRL/lpr mice and normal C57BL/6 mice. (B) Representative photograph of IgG and CD64 deposition stained by immunohistochemistry in skins of female 30-week-old MRL/lpr mice and normal C57BL/6 mice.





IL-10 and IFN-γ Increased CD64 Expression in Monocytes/Macrophages

According to our previous studies, IgG in SLE serum effectively downregulated CD64 expression in monocytes (24). SLE patients, however, had higher levels of CD64 expression than controls. To investigate the potential inducer of upregulating CD64, we stimulated monocytes/macrophages isolated from mouse spleen with cytokines in vitro as cytokines in SLE serum are increased (Table 2). We found IL-10 (Figure 4A) and IFN-γ (Figure 4B) elevated CD64 expression in monocytes/macrophages, and the elevations were associated with the cytokines dose. As dexamethasone is commonly used to treat SLE patients, we investigated the effect of dexamethasone in CD64 upregulation induced by cytokines. We found that the CD64 upregulation induced by IL-10 and IFN-γ was prevented by the medication of high-dose of dexamethasone (Figures 4A, B). According to these findings, the therapeutic effect of glucocorticoids is mediated, at least partially, by inhibiting elevated CD64 expression induced by inflammatory cytokines.




Figure 4 | IL-10 and IFN-γ upregulated CD64 expression. (A) Flow cytometry detected CD64 expression in monocytes stimulated with various doses of IL-10 or 10 μM dexamethasone (DXM) for 20 h. Relative expression of CD64, showed as the fold group 0 ng/mL in MFI of monocytes. (B) Flow cytometry detected CD64 expression in monocytes stimulated with various doses of IFN-γ or 10 μM dexamethasone (DXM) for 20 h. Relative expression of CD64, displayed as the fold group 0 ng/mL in MFI of monocytes. *p < 0.05, **p < 0.01.





The Role of CD64 in Skin Inflammation Induced by Lupus Serum

To understand the role of CD64 in SLE, we established skin inflammation induced by lupus serum in CD64-deficient mice. There was no noteworthy difference in weight, skin, and spleen between CD64-deficient mice and wild-type mice. Flow cytometry data established that CD64 expression was knockout in monocytes from CD64-deficient mice that we used in research (Figure 5A). According to histopathology, the severity of skin inflammation induced by SLE serum was significantly reduced in CD64-deficient mice compared with wild mice (Figure 5B). Immunohistochemistry (IHC) staining revealed that activation of Syk was decreased in the skins of CD64-/- mice compared with wild mice (Figure 5C). The results showed that CD64 plays an important role in cutaneous injury in SLE.




Figure 5 | Deficiency of CD64 in mice alleviated skin inflammation induced by SLE serum. (A) Flow cytometry analysis of CD64 and CD11b in splenic cells. n=5 per group. **p < 0.01. (B) Representative histopathology of skin inflammation from CD64 deficient (-/-) mice and wild (+/+) mice with intradermal injection of 100 μL lupus serum. Black arrows refer to inflammatory cells. (C) Immunohistochemistry of phosphorylated Syk (p-Syk) in the skins from CD64-deficient and wild mice with intradermal injection of lupus serum. Black arrows refer to deposited p-Syk.





CD64 Is Required for SLE Serum-Mediated Activation of Syk, Akt, and Erk

To gain insight into the molecular mechanisms by which CD64 promotes inflammation, we examined the effects of CD64 knockout on the signaling pathways activated by SLE serum. We noticed that activation of Syk, Akt, and Erk was observed at 2 h after SLE serum treatment, and the activation was decreased in CD64-deficient monocytes compared with wild monocytes (Figures 6A, C–E). We further detected mTOR expression in cell expressing Akt-S473 as a mTORC2 substrate. There was a clear reduction in the mTOR in the CD64 knockout monocytes, neither with SLE serum-stimulated or not, representing that mTORC2 activity was significantly reduced (Figures 6A, F). Alternatively, activation of NF-κB (IκBα, p65) and JNK induced by lupus serum was not inhibited in CD64-deficient monocytes (Figure 6B). These results suggested that SLE serum-activation of Syk, Akt, and Erk requires CD64, while activation of NF-κB and JNK is not CD64-dependent.




Figure 6 | SLE serum promoted inflammation through CD64/Syk/Akt/Erk signaling pathway in macrophages. Bone marrow-derived macrophages (BMMs) were isolated from CD64 wild (+/+) and CD64 deficient (-/-) mice. Western blot identified protein levels in BMMs stimulated with 20μL SLE serum or normal saline for 2 h. (A) Representative picture of phosphorylated Syk (p-Syk) and total Syk, phosphorylated Akt (p-Akt) and total Akt, phosphorylated Erk (p-Erk) and total Erk, and mTOR protein levels measured by Western blot. (B) Western blot identified phosphorylated IκBα (p- IκBα) and total IκBα, phosphorylated p65 (p-p65) and total p65, phosphorylated JNK (p-JNK) and total JNK in BMMs. (C–F) Bar graphs depicting the changes in the relative expression of p-Syk (C), p-Akt (D), p-Erk (E) and mTOR (F). **p < 0.01, ****p < 0.0001.






Discussion

In previous studies, we demonstrated that tissue deposited lupus IgG could trigger tissue inflammation, and monocytes/macrophages, not lymphocytes or neutrophils play important roles in tissue inflammation triggered by lupus IgG (19, 23–25). As a promising new marker for bacterial sepsis, CD64 expression on neutrophils and monocytes had been linked with sepsis of critically ill neonates and children (26). The present study indicates that expression of CD64 but not CD32 and CD16 on monocytes is upregulated in SLE compared with healthy controls. In line with our observations, several studies had showed that expression of CD64 on circulating monocytes was in parallel with the serum immune complex level (27), ongoing inflammation and nephritis (28), and type-I interferon levels (29) in SLE. Our data show that the expression of CD64 on monocytes is associated with the SLEDAI, blood urea nitrogen levels, and anti-Sm antibodies in SLE patients, which indicate CD64 might be linked with the activity of diseases and organ damages.

The cytokine IL-10, which is anti-inflammatory and tolerogenic, promotes B cell responses and is pathogenic in SLE (30, 31). IFN- γ is one of the significant cytokines that stimulate monocytes to switch their differentiation from dendritic cells to CD14-CD64+ macrophages (32). In our study, both IL-10 and IFN-γ raise the expression of CD64 on monocytes/macrophages in a dose-dependent manner. Glucocorticoids block the effects of IL10 and IFN-γ on CD64 expression. Similar results had been reported with both cytokines upregulated CD64 surface expression in autologous monocytes; IL-10, but not IFN-γ failed to induce CD64 elevation in human neutrophils (33). Glucocorticoids may prevent the production of IL-10 and IFN-γ  (34). Therefore, glucocorticoids, as powerful therapeutic agents in SLE, are partly due to direct effects on cytokines like IL-10 and IFN-γ on CD64 expression. Nevertheless, it is unclear for us why levels of cytokines IL-10 and IFN-γ in SLE sera have no significant difference between high and low CD64 group patients.

There are large amounts of IgG and CD64 in skin lesions of MRL/lpr mice, and skin inflammation caused by lupus serum was reduced significantly in CD64-deficient mice. We presented that Syk inhibition suppresses the growth of lupus skin and kidney disease in lupus-prone mice (35). Syk mediated skin inflammation by activating Src family downstream (36). The inhibition of Syk reduced skin inflammation and improved epidermal barriers in vivo with atopic dermatitis (37). Variants of Syk were identified in patients with multiorgan inflammation accompanied by increased activation and increased downstream signaling (38). Especially, the outcomes here indicated that the expression of phosphorylated Syk was reduced in sites of lupus serum injection in CD64-deficient mice, showing alleviated skin inflammation.

We provide mechanistic insights into SLE with our studies. As we demonstrated previously, the most prominent component of lupus serum IgG-mediated inflammation is monocytes/macrophages (20–22). Lupus serum and its IgG activated Syk and NF-κB signaling, resulting in the release of TNF-α (19, 23). Herein, SLE serum also activates Akt and MAPKs (Erk and JNK) signaling. Consistently, Akt signaling and MAPKs signaling have been proved to be important in skin inflammation (15, 39–43). According to studies, ultraviolet B causes acute skin inflammation by phosphorylating MAPKs and Akt in human keratinocytes (39, 40). Likewise, amelioration of skin inflammation is achieved through inhibition of MAPK and Akt signaling (15). Funding et al. stated that oxazolone-induced skin inflammation is reduced in MAPK AP kinase 2 knockout mice (41). The inhibition of MAPK pathways is a significant step for glutamine and fish scale collagen peptides reducing skin inflammation (42, 43). Additionally, the reduction of phosphorylated Akt-S473 in the CD64 knockout mice represents the inhibition of mTORC2. The mTOR protein, with two complexes, mTORC1 and mTORC2, acts as a regulator of cell growth, metabolism, and diseases (44). Through Akt activation, mTORC2 increases mTORC1, which enhances protein synthesis and inhibits autophagy (45). The mTOR blockade with sirolimus (rapamycin) increases the T cell-mediated immunity and improves the diseases activity in SLE patients (46). mTOR-dependent lineage differentiation regulates inflammation in multiple ways, and mTOR blockade may be a therapeutic target (45). Here, the deficiency of CD64 obviously inhibits the activation of Syk, Akt, Erk and significantly reduces mTOR, suggesting that CD64-mediated skin inflammation is dependent on Syk, Akt, Erk, and mTOR.

NF-κB signaling controls the cell biology process in survival, inflammation, and other responses (47). However, the role of NF-κB activation in skin inflammation seems to be debatable. Although it has been reported that the epidermis-specific deletion IκB kinase 2 inhibits NF-κB activation, severe skin inflammation developed (48). Here, activation of NF-κB (p65 and IκBα) is still detected in monocytes/macrophages with deletion of CD64 induced by SLE serum, but skin inflammation is alleviated in CD64-deficient mice. It is thus crucial to understand why both enhanced and defective NF-κB signaling is able to cause skin inflammation.

There are a few limitations to be considered in this study. First, SLE patients with infectious diseases had not been excluded or categorized. As already stated, CD64 is also associated with bacterial infections or other pathogens. Second, CD64 expression in monocytes can be altered by glucocorticoids, while some of the patients had been treated with glucocorticoids before. Third, we studied a comparatively small number of SLE patients and healthy controls for a single data.

In conclusion, the current study has demonstrated that upregulation of surface CD64 expression in monocytes is related to elevated SLEDAI, blood urea nitrogen levels, and anti-Sm antibodies in SLE patients; IL-10 and IFN-γ elevate CD64 expression which can be eliminated by glucocorticoids. The deficiency of CD64 reduced lupus serum-induced skin inflammation and inhibited the activation of Syk, Akt, and Erk. These data suggest that monocytes/macrophages surface CD64 measurement might be a useful tool for diagnosing SLE, and specific blockade CD64 might signify a therapeutic target for organ tissue damage in SLE.



Materials and Methods


Patients and Controls

SLE patients were selected satisfying four or more of the revised 1997 American College of Rheumatology (ACR) (49) in Wuhan Union Hospital from January 2021 to December 2021. The study included 45 SLE patients and 18 healthy controls. In Table 1, demographic data (age and gender), clinical manifestations, laboratory measurements and medication usage were summarized. SLE patients were further categorized into low CD64 (MFI<13763, n=22) and high CD64 group (MFI≥13763, n=23) according to a median of MFI. Their laboratory measurements and dose of glucocorticoids were presented in Table 2. Informed consent was received from all participants under the Wuhan Union Hospital Review Board-approved protocol (Number: 0267-01).



Mice

CD64-deficient (18033) model organisms were obtained from Shanghai Model Organisms Center. C57BL/6 mice were procured from the Animal Center of Huazhong University of Science and Technology (HUST). MRL/lpr mice (000485) were procured from Jackson Laboratory (Bar Harbor, ME). All mice were kept and fed under standard pathogen-free environments with a 12 h light/dark cycle. The animal experiments protocol was approved by the Institutional Animal Care and Use Committee of HUST (IACUC Number: 2484).



Flow Cytometry

We collected heparinized whole blood (2mL) from SLE patients and controls and isolated PBMCs. In 100 mL PBS, 2×106 PBMCs were suspended. The cells were stained with allophycocyanin (APC)-conjugated anti-CD64 (10.1, BD), APC-conjugated anti-CD32 (FLI8.26, BD), APC-conjugated anti-CD16 (B73.1, BD). Cells were simultaneously stained with phycoerythrin (PE)-conjugated CD14 (M5E2, Biolegend) to characterize monocytes for 30 min in the dark. Mouse spleen cells were collected after lysis buffer was used to remove red cells from one half of the spleen. The cells were stained with PE-conjugated anti-CD64 (X54-5/7.1, BD) and APC-conjugated anti-CD11b (M1/70, Biolegend); 3×105 cells were analyzed by flow cytometer (BD). For monocytes/macrophages cultured and stimulated by IL-10, IFN-γ and dexamethasone (DXM) in vitro, 1×104 cells were analyzed by flow cytometer. Based on monocytes’ forward/sideward light scatter patterns and their expression of CD14, gates were set around them. All the flow cytometry data were analyzed using FlowJo 10 (TreeStar, USA).



Isolation and Culture of Bone Marrow-Derived Macrophages and Splenic Monocytes/Macrophages

To obtain bone marrow-derived macrophages (BMMs), 6-week-old C57BL/6 and CD64 deficient male mice were sacrificed by cervical dislocation. The bone marrow cells (BMCs) were isolated from the tibia and femur by instant high-speed centrifugation, and then cells were cultured for 3 h with a serum-free medium. We removed the adherent cells and cultured the non-adherent BMCs in suspension with α-MEM medium with 10% FBS, 1% penicillin-streptomycin, and 30 ng/mL of M-CSF for 6 d, and the medium was changed every 3 d. Then the BMMs were harvested and stimulated using 20 μL SLE serum for 2 h. Mouse spleens were ground, and mononuclear cells were isolated to obtain splenic monocytes/macrophages. Monocytes were obtained after suspended lymphocytes were removed by incubation at 37°C for 3 h. We added M-CSF (10 ng) to the plates and cultured them for 3 d. Then several dose (0 ng/mL, 2 ng/mL, 10 ng/mL, 20 ng/mL, 100 ng/mL) of IL-10 and IFN-γ, and 10 μM DXM were added and stimulated monocytes/macrophages for 20 h.



Injection Protocol, Histopathology and Immunohistochemistry (IHC)

8-week-old female C57BL/6 and CD64-deficient mice were intradermally injected 100 μL SLE serum to induce skin inflammation. Then skins were fixed in 4% paraformaldehyde three days after injection. After fixation, the samples were dehydrated in ethanol, embedded in paraffin, cut into 5 mm pieces, and stained with hematoxylin and eosin (HE). Skin inflammation was evaluated as our previous publication (18). The tissue slides were incubated overnight with an anti-phospho-Syk (TA8404, Abmart) antibody at 4°C for the IHC assay. Afterwards, slides were incubated with biotinylated secondary antibodies, and all sections were counterstained with Mayer’s hematoxylin.



Western Blotting

Immunoblotting experiments were conducted with whole-cell were lysed in radio immunoprecipitation assay (RIPA) buffer. Protease inhibitors and phosphatase inhibitors were added in RIPA buffer to avoid protein degradation. After eliminating cell debris, cell lysates were boiled for 5 min with SDS loading buffer, and resolved on SDS-PAGE gels. The proteins were then transferred onto polyvinylidene fluoride membranes (Millipore, USA) by using the Trans-Blot® Turbo™ Blotting System (Bio-Rad). Afterwards, the membranes were blocked with 5% bovine serum albumin (BSA) and further incubated with the indicated antibodies. Anti-phospho-Syk (AP0524), anti-Syk (A2123), anti-phospho-p65 (AP0123), anti-p65 (A19653) and anti-GAPDH (AC002) were procured from ABclonal. Anti-phospho-Akt (56569), anti-Akt (55561), anti-phospho-Erk (57165), and Erk (55487), anti-phospho-IκBα (56280), anti-IκBα (55026), anti-phospho-JNK (56315), and JNK (40073) were obtained from Abmart. Anti-mTOR (4517) was obtained was acquired from CST. For protein detection, ChemiDoc Touch Imaging System from Bio-Rad was used.



Statistical Analysis

All the results, including at least three independent experiments, are presented as mean ± SEM. Data were analyzed by unpaired two-tailed Student’s t-test (for two groups) or one-way ANOVA test (for ≥3 groups). GraphPad Prism 8 (GraphPad Software, Inc.) was used to execute all statistical analyses.




Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement 

The studies involving human participants were reviewed and approved by Wuhan Union Hospital Review Board. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Institutional Animal Care and Use Committee (IACUC) guidelines of Huazhong University of Science and Technology.



Author Contributions

G-MD and LJ: Design of research plan and experiments; analysis of results; writing of the manuscript. LJ: Conduction of major experiments; analysis of results. XH, WQ, TY, RF, XW, and XD: Contribution of data for the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by Free Research Fund (GM Deng, 02.03.2019-135) and Research Initiating Fund (GM Deng, 02.03.2018-41) of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China.



Acknowledgments

We thank doctors and nurses that help us collect lupus blood from Department of Rheumatology and Immunology, Wuhan Union Hospital.



References

1. Kaul, A, Gordon, C, Crow, MK, Touma, Z, Urowitz, MB, van Vollenhoven, R, et al. Systemic Lupus Erythematosus. Nat Rev Dis Primers (2016) 2:16039. doi: 10.1038/nrdp.2016.39

2. Durcan, L, O’Dwyer, T, and Petri, M. Management Strategies and Future Directions for Systemic Lupus Erythematosus in Adults. Lancet (2019) 393(10188):2332–43. doi: 10.1016/S0140-6736(19)30237-5

3. Tsokos, GC. Systemic Lupus Erythematosus. N Engl J Med (2011) 365(22):2110–21. doi: 10.1056/NEJMra1100359

4. Tsokos, GC. Autoimmunity and Organ Damage in Systemic Lupus Erythematosus. Nat Immunol (2020) 21(6):605–14. doi: 10.1038/s41590-020-0677-6

5. Merrill, JT, Erkan, D, and Buyon, JP. Challenges in Bringing the Bench to Bedside in Drug Development for SLE. Nat Rev Drug Discov (2004) 3(12):1036–46. doi: 10.1038/nrd1577

6. Fanouriakis, A, Tziolos, N, Bertsias, G, and Boumpas, DT. Update on the Diagnosis and Management of Systemic Lupus Erythematosus. Ann Rheum Dis (2021) 80(1):14–25. doi: 10.1136/annrheumdis-2020-218272

7. Bournazos, S, and Ravetch, JV. Fcγ Receptor Function and the Design of Vaccination Strategies. Immunity (2017) 47(2):224–33. doi: 10.1016/j.immuni.2017.07.009

8. Zuo, Y, and Deng, G-M. Fc Gamma Receptors as Regulators of Bone Destruction in Inflammatory Arthritis. Front Immunol (2021) 12:688201. doi: 10.3389/fimmu.2021.688201

9. Deng, G-M, and Tsokos, GC. The Role of Syk in Cutaneous Lupus Erythematosus. Exp Dermatol (2016) 25(9):674–5. doi: 10.1111/exd.13018

10. Deng, G-M, Kyttaris, VC, and Tsokos, GC. Targeting Syk in Autoimmune Rheumatic Diseases. Front Immunol (2016) 7:78. doi: 10.3389/fimmu.2016.00078

11. Geahlen, RL. Getting Syk: Spleen Tyrosine Kinase as a Therapeutic Target. Trends Pharmacol Sci (2014) 35(8):414–22. doi: 10.1016/j.tips.2014.05.007

12. Bournazos, S, and Ravetch, JV. Fcγ Receptor Pathways During Active and Passive Immunization. Immunol Rev (2015) 268(1):88–103. doi: 10.1111/imr.12343

13. Manning, BD, and Toker, A. AKT/PKB Signaling: Navigating the Network. Cell (2017) 169(3):381–405. doi: 10.1016/j.cell.2017.04.001

14. Kyriakis, JM, and Avruch, J. Mammalian MAPK Signal Transduction Pathways Activated by Stress and Inflammation: A 10-Year Update. Physiol Rev (2012) 92(2):689–737. doi: 10.1152/physrev.00028.2011

15. Jeon, Y-J, Kim, B-H, Kim, S, Oh, I, Lee, S, Shin, J, et al. Rhododendrin Ameliorates Skin Inflammation Through Inhibition of NF-κb, MAPK, and PI3K/Akt Signaling. Eur J Pharmacol (2013) 714:7–14. doi: 10.1016/j.ejphar.2013.05.041

16. Hayden, MS, and Ghosh, S. NF-κb, the First Quarter-Century: Remarkable Progress and Outstanding Questions. Genes Dev (2012) 26(3):203–34. doi: 10.1101/gad.183434.111

17. Zhang, Q, Lenardo, MJ, and Baltimore, D. 30 Years of NF-κb: A Blossoming of Relevance to Human Pathobiology. Cell (2017) 168(1-2):37–57. doi: 10.1016/j.cell.2016.12.012

18. Deng, G-M, Liu, L, and Tsokos, GC. Targeted Tumor Necrosis Factor Receptor I Preligand Assembly Domain Improves Skin Lesions in MRL/lpr Mice. Arthritis Rheum (2010) 62(8):2424–31. doi: 10.1002/art.27534

19. Deng, G-M, Liu, L, Kyttaris, VC, and Tsokos, GC. Lupus Serum IgG Induces Skin Inflammation Through the TNFR1 Signaling Pathway. JI (2010) 184(12):7154–61. doi: 10.4049/jimmunol.0902514

20. Cai, Z, Xie, C, Qiao, W, Fei, X, Guo, X, Liu, H, et al. The Role of Estrogen Membrane Receptor (G Protein-Coupled Estrogen Receptor 1) in Skin Inflammation Induced by Systemic Lupus Erythematosus Serum IgG. Front Immunol (2017) 8:1723. doi: 10.3389/fimmu.2017.01723

21. Fang, X, Zaman, MH, Guo, X, Ding, H, Xie, C, Zhang, X, et al. Role of Hepatic Deposited Immunoglobulin G in the Pathogenesis of Liver Damage in Systemic Lupus Erythematosus. Front Immunol (2018) 9:1457. doi: 10.3389/fimmu.2018.01457

22. Zhang, Q, Xiang, L, Zaman, MH, Dong, W, He, G, and Deng, G-M. Predominant Role of Immunoglobulin G in the Pathogenesis of Splenomegaly in Murine Lupus. Front Immunol (2020) 10:3020. doi: 10.3389/fimmu.2019.03020

23. Liu, L, Xu, G, Dou, H, and Deng, G-M. The Features of Skin Inflammation Induced by Lupus Serum. Clin Immunol (2016) 165:4–11. doi: 10.1016/j.clim.2016.02.007

24. Qiao, W, Ding, H, Zuo, Y, Jiang, L, Zhou, J, Han, X, et al. Lupus IgG Deposition Causes Arthritis But Inhibits Bone Destruction Through Competitive Occupation of Fcγri and Reduced RANKL Signalling. Clin Transl Immunol (2020) 9(9):e1174. doi: 10.1002/cti2.1174

25. Guo, X, Fang, X, He, G, Zaman, MH, Fei, X, Qiao, W, et al. The Role of Neutrophils in Skin Damage Induced by Tissue-Deposited Lupus IgG. Immunology (2018) 154(4):604–12. doi: 10.1111/imm.12908

26. Groselj-Grenc, M, Ihan, A, Pavcnik-Arnol, M, Kopitar, AN, Gmeiner-Stopar, T, and Derganc, M. Neutrophil and Monocyte CD64 Indexes, Lipopolysaccharide-Binding Protein, Procalcitonin and C-Reactive Protein in Sepsis of Critically Ill Neonates and Children. Intensive Care Med (2009) 35(11):1950–8. doi: 10.1007/s00134-009-1637-7

27. Szücs, G, Kávai, M, Surányi, P, Kiss, E, Csipö, I, and Szegedi, G. Correlations of Monocyte Phagocytic Receptor Expressions With Serum Immune Complex Level in Systemic Lupus Erythematosus. Scand J Immunol (1994) 40(5):481–4. doi: 10.1111/j.1365-3083.1994.tb03493.x

28. Li, Y, Lee, PY, Sobel, ES, Narain, S, Satoh, M, Segal, MS, et al. Increased Expression of Fcγri/CD64 on Circulating Monocytes Parallels Ongoing Inflammation and Nephritis in Lupus. Arthritis Res Ther (2009) 11(1):R6. doi: 10.1186/ar2590

29. Li, Y, Lee, PY, Kellner, ES, Paulus, M, Switanek, J, Xu, Y, et al. Monocyte Surface Expression of Fcγ Receptor RI (CD64), a Biomarker Reflecting Type-I Interferon Levels in Systemic Lupus Erythematosus. Arthritis Res Ther (2010) 12(3):R90. doi: 10.1186/ar3017

30. Geginat, J, Vasco, M, Gerosa, M, Tas, SW, Pagani, M, Grassi, F, et al. IL-10 Producing Regulatory and Helper T-Cells in Systemic Lupus Erythematosus. Semin Immunol (2019) 44:101330. doi: 10.1016/j.smim.2019.101330

31. Facciotti, F, Larghi, P, Bosotti, R, Vasco, C, Gagliani, N, Cordiglieri, C, et al. Evidence for a Pathogenic Role of Extrafollicular, IL-10-Producing CCR6B Helper T Cells in Systemic Lupus Erythematosus. Proc Natl Acad Sci USA (2020) 117(13):7305–16. doi: 10.1073/pnas.1917834117

32. Delneste, Y, Charbonnier, P, Herbault, N, Magistrelli, G, Caron, G, Bonnefoy, J-Y, et al. Interferon-γ Switches Monocyte Differentiation From Dendritic Cells to Macrophages. Blood (2003) 101(1):143–50. doi: 10.1182/blood-2002-04-1164

33. Bovolenta, C, Gasperini, S, McDonald, PP, and Cassatella, MA. High Affinity Receptor for IgG (Fcγri/CD64) Gene and STAT Protein Binding to the IFN- γ Response Region (GRR) Are Regulated Differentially in Human Neutrophils and Monocytes by IL-10. JI (1998) 160(2):911–9.

34. Almawi, WY, and Melemedjian, OK. Molecular Mechanisms of Glucocorticoid Antiproliferative Effects: Antagonism of Transcription Factor Activity by Glucocorticoid Receptor. J Leukoc Biol (2002) 71(1):9–15. doi: 10.1189/jlb.71.1.9

35. Deng, G-M, Liu, L, Bahjat, R, Pine, PR, and Tsokos, GC. Suppression of Skin and Kidney Disease by Inhibition of Spleen Tyrosine Kinase in Lupus-Prone Mice. Arthritis Rheum (2010) 62(7):2086–92. doi: 10.1002/art.27452

36. Németh, T, Virtic, O, Sitaru, C, and Mócsai, A. The Syk Tyrosine Kinase Is Required for Skin Inflammation in an In Vivo Mouse Model of Epidermolysis Bullosa Acquisita. J Invest Dermatol (2017) 137(10):2131–9. doi: 10.1016/j.jid.2017.05.017

37. Pavel, AB, Song, T, Kim, H-J, Del Duca, E, Krueger, JG, Dubin, C, et al. Oral Janus Kinase/SYK Inhibition (ASN002) Suppresses Inflammation and Improves Epidermal Barrier Markers in Patients With Atopic Dermatitis. J Allergy Clin Immunol (2019) 144(4):1011–24. doi: 10.1016/j.jaci.2019.07.013

38. Wang, L, Aschenbrenner, D, Zeng, Z, Cao, X, Mayr, D, Mehta, M, et al. Gain-Of-Function Variants in SYK Cause Immune Dysregulation and Systemic Inflammation in Humans and Mice. Nat Genet (2021) 53(4):500–10. doi: 10.1038/s41588-021-00803-4

39. Cho, J-W, Park, K, Kweon, GR, Jang, B-C, Baek, W-K, Suh, M-H, et al. Curcumin Inhibits the Expression of COX-2 in UVB-Irradiated Human Keratinocytes (HaCaT) by Inhibiting Activation of AP-1: P38 MAP Kinase and JNK as Potential Upstream Targets. Exp Mol Med (2005) 37(3):186–92. doi: 10.1038/emm.2005.25

40. So, BR, Yeo, HJ, Lee, JJ, Jung, YH, and Jung, SK. Cellulose Nanocrystal Preparation From Gelidium Amansii and Analysis of Its Anti-Inflammatory Effect on the Skin In Vitro and In Vivo. Carbohydr Polym (2021) 254:117315. doi: 10.1016/j.carbpol.2020.117315

41. Funding, AT, Johansen, C, Gaestel, M, Bibby, BM, Lilleholt, LL, Kragballe, K, et al. Reduced Oxazolone-Induced Skin Inflammation in MAPKAP Kinase 2 Knockout Mice. J Invest Dermatol (2009) 129(4):891–8. doi: 10.1038/jid.2008.322

42. Ayush, O, Lee, C-H, Kim, H-K, Im, S-Y, Cho, B-H, and Lee, H-K. Glutamine Suppresses DNFB-Induced Contact Dermatitis by Deactivating P38 Mitogen–Activated Protein Kinase via Induction of MAPK Phosphatase-1. J Invest Dermatol (2013) 133(3):723–31. doi: 10.1038/jid.2012.373

43. Subhan, F, Kang, HY, Lim, Y, Ikram, M, Baek, S-Y, Jin, S, et al. Fish Scale Collagen Peptides Protect Against CoCl 2/TNF- α -Induced Cytotoxicity and Inflammation via Inhibition of ROS, MAPK, and NF- κ B Pathways in HaCaT Cells. Oxid Med Cell Longev (2017) 2017:1–17. doi: 10.1155/2017/9703609

44. Saxton, RA, and Sabatini, DM. mTOR Signaling in Growth, Metabolism, and Disease. Cell (2017) 168(6):960–76. doi: 10.1016/j.cell.2017.02.004

45. Geier, C, and Perl, A. Therapeutic mTOR Blockade in Systemic Autoimmunity: Implications for Antiviral Immunity and Extension of Lifespan. Autoimmun Rev (2021) 20:102984. doi: 10.1016/j.autrev.2021.102984

46. Lai, Z-W, Kelly, R, Winans, T, Marchena, I, Shadakshari, A, Yu, J, et al. Sirolimus in Patients With Clinically Active Systemic Lupus Erythematosus Resistant to, or Intolerant of, Conventional Medications: A Single-Arm, Open-Label, Phase 1/2 Trial. Lancet (2018) 391(10126):1186–96. doi: 10.1016/S0140-6736(18)30485-9

47. Wang, M, Zhang, S, Zheng, G, Huang, J, Songyang, Z, Zhao, X, et al. Gain-Of-Function Mutation of Card14 Leads to Spontaneous Psoriasis-Like Skin Inflammation Through Enhanced Keratinocyte Response to IL-17a. Immunity (2018) 49(1):66–79.e5. doi: 10.1016/j.immuni.2018.05.012

48. Pasparakis, M, Courtois, G, Hafner, M, Schmidt-Supprian, M, Nenci, A, Toksoy, A, et al. TNF-Mediated Inflammatory Skin Disease in Mice With Epidermis-Specific Deletion of IKK2. Nature (2002) 417(6891):861–6. doi: 10.1038/nature00820

49. Hochberg, MC. Updating the American College of Rheumatology Revised Criteria for the Classification of Systemic Lupus Erythematosus. Arthritis Rheum (1997) 40(9):1725. doi: 10.1002/art.1780400928




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.

Copyright © 2022 Jiang, Han, Qiu, Yu, Feng, Wang, Duan and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 28 February 2022

doi: 10.3389/fimmu.2022.799331

[image: image2]


Insufficient Iron Improves Pristane-Induced Lupus by Promoting Treg Cell Expansion


Xiaofei Gao 1,2,3,4, Yang Song 1,2,3,4, Shuang Lu 1,2,3,4, Longyuan Hu 1,2,3,4, Meiling Zheng 1,2,3,4, Sujie Jia 2,5* and Ming Zhao 1,2,3,4*


1 Department of Dermatology, Second Xiangya Hospital, Central South University, Changsha, China, 2 Hunan Key Laboratory of Medical Epigenomics, Second Xiangya Hospital, Central South University, Changsha, China, 3 Research Unit of Key Technologies of Diagnosis and Treatment for Immune-related Skin Diseases, Chinese Academy of Medical Sciences, Changsha, China, 4 Clinical Medical Research Center of Major Skin Diseases and Skin Health of Hunan Province, Changsha, China, 5 Department of Pharmacy, The Third Xiangya Hospital, Central South University, Changsha, China




Edited by: 
Kerstin Nündel, University of Massachusetts Medical School, United States

Reviewed by: 

Yu Zhen, The First Hospital of Jilin University, China

Diego Luis Costa, Universidade de São Paulo, Brazil

*Correspondence: 

Sujie Jia
 sujiejia@csu.edu.cn

Ming Zhao
 zhaoming307@csu.edu.cn

Specialty section: 
 This article was submitted to Autoimmune and Autoinflammatory Disorders, a section of the journal Frontiers in Immunology


Received: 21 October 2021

Accepted: 07 February 2022

Published: 28 February 2022

Citation:
Gao X, Song Y, Lu S, Hu L, Zheng M, Jia S and Zhao M (2022) Insufficient Iron Improves Pristane-Induced Lupus by Promoting Treg Cell Expansion. Front. Immunol. 13:799331. doi: 10.3389/fimmu.2022.799331



Trace element iron affects T cell biology, but the knowledge about the role of iron in regulating Treg cell expansion is limited. Treg cells play an important role in keeping peripheral T cell tolerance, increasing Treg cell expansion is a promising therapeutic method for SLE. Here we showed that iron deficiency promotes Treg cell expansion by reducing ROS accumulation, improving the disease progression of pristane-induced lupus. Increased oxidative stress inhibits Treg cell differentiation by inducing cell apoptosis. Our data suggest that altering iron metabolism promotes Treg cell expansion by preventing oxidation-induced cell death, which may provide a potential therapeutic strategy for SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic complex autoimmune disease characterized by the overproduction of autoantibodies and multiple organ damage. Self-tolerance breakdown and effector T cell over-activation play an important role in the development of SLE. Treg cells serve as a key regulator for keeping peripheral T cell tolerance by restricting T cell overactivation, proliferation, and cytokine production (1). However, Treg cell dysfunction and overactivated effector T cells that produce pro-inflammatory cytokines are observed in SLE patients (2–4). Depletion of Treg cells accelerates the disease progression of SLE (5), while restoring Treg cell expansion by low-dose IL-2 treatment reduces the disease activity of SLE patients (6, 7), suggesting that increasing Treg cell expansion in vivo can be an effective method for SLE therapy.

Trace element iron is critical for T cell biology. Upon stimulation, T cells upregulate transferrin protein receptors to import serum iron for cell activation and energy metabolism (8, 9). However, excessive iron is harmful to cell biology. Intracellular iron overload promotes the secretion of inflammatory cytokines IFN-γ and GM-CSF, which contributes to the development of experimental autoimmune encephalomyelitis (EAE) (10). Iron metabolism is closely related to oxidative stress. Intracellular ferrous iron incorporates enzymes to catalyze ROS production, such as lipid ROS, which further induces ferroptosis and various diseases (11). Furthermore, iron accumulation is detrimental to SLE development. Iron deposition in the kidney worsens the progression of lupus nephritis (LN), leading to increased disease activity of SLE, while reducing the renal accumulation by iron chelator or hepcidin in the kidney improves the progression of LN in mice (12, 13), suggesting that altering iron homeostasis may be a promising therapeutic method for SLE.

A basic level of ROS is required for many biological processes such as cell proliferation and differentiation. However, increased oxidative stress is harmful to cell biologies, such as inducing DNA mutations, iron-dependent lipid oxidization, and cell death. In lupus, increased oxidative stress contributes to Treg cell depletion, suggesting that relieving oxidative stress may be an effective therapeutic method by promoting the differentiation of Treg cells (14).

In this study, we investigated the role of insufficient iron in Treg cell expansion and the development of SLE. We found that low iron diet (LID) promoted the expansion of Treg cells and reshaped the Th17/Treg cell ratio, thereby improving the disease progression of pristane-induced lupus. Insufficient iron contributes to Treg cell differentiation by reducing the ROS accumulation, which promotes cell death in Treg cells. Overall, our data show that reducing intracellular iron supports Treg cell expansion in SLE, which suggested a promising therapeutic method for SLE.



Materials and Methods


Human Subjects

Healthy donors were recruited from medical staff at the Second Xiangya Hospital.



Mice

C57BL/6 mice were purchased from Slack Company (shanghai, China). The mouse forage was purchased from Dyets, Inc (Wuxi, China). For the LID mouse model, 3 weeks old female C57BL/6 mice were fed with low iron diet (5mg/kg) for 5 weeks, age-matched female B6 mice fed with normal iron diet (ND, 50mg/kg) were served as the controls. The nutrient elements of LID forage were consistent with the ND group except for the content of trace element iron. All mice were maintained in specific pathogen-free conditions. After 5 weeks of LID treatment, the spleen and dLNs (isolated from the inguinal lymph nodes) were collected for flow cytometric analysis, and CD4+T cells were isolated from the spleen for qPCR analysis.



Pristane-Induced Lupus Mouse Model

For the pristane-induced lupus mouse model, 8-weeks old female mice were i.p. injected with 500 μl pristane(Sigma, catalog P9622) and fed with ND or LID for 6 months. After 6 months of pristane stimulation, mice were sacrificed for analysis. The urine protein was detected by a colorimetric assay strip (URIT). The spleen and dLNs (isolated from the inguinal lymph nodes) were collected for flow cytometric analysis, and the renal tissue was fixed in formalin and embedded in paraffin for histological analysis. Serum was collected for auto-antibody analysis.



Histology

Hematoxylin and eosin (H&E) staining were used to evaluate the morphological changes of the kidney. Based on the criterion of the previous study, renal damage can be scored from 0-3: 0, normal; 1, slight cell proliferation and cell infiltration; 2, mesangial proliferation and a lobular structure formation; 3, crescent formation with hyalinosis (15).



Immunofluorescent Staining

To determine the immune complex deposition in the kidney, paraffin-embedded renal sections were incubated with anti-mouse C3 antibody (Abcam, catalog ab200999) for mouse C3 staining and anti-mouse IgG antibody (Abcam, catalog ab205724) for mouse IgG staining. Fluorescence was labeled using Opal 7-color Manual IHC Kit (Perkin Elmer, catalog NEL811001KT). The image was captured by Perkin Elmer and analyzed by the Mantra system. The deposition of C3 and IgG was evaluated by Mean Fluorescence Intensity (MFI) using Fiji software (16).



Flow Cytometry

For surface marker, cells were incubated with fluorochrome-conjugated antibodies against surface markers at 4°C for 30 min in the dark. For cytokine, cells were stimulated with PMA and ionomycin with the addition of GolgiPlug (BD Biosciences, catalog 550583) at 37°C and 5% CO2 for 6hr. For intracellular markers, cells were fixed and permeabilized with Cytofix/Cytoperm TM Fixation/Permeabilization Solution Kit (BD Biosciences, catalog 554714) or Foxp3/Transcription Factor Staining Buffer Set (eBioscience, catalog 00-5523-00), and then incubated with fluorochrome-conjugated antibodies at 4°C for an additional 30 min. For ROS detection, cells were loaded with DCFH-DA probe (Beyotime, catalog S0033S) at 37°C for 30 min protected from the light and washed twice with 1×PBS. For cell apoptosis detection, Annexin V Apoptosis Detection Kit I (BD bioscience, catalog 556547) was used according to the manufacturer’s instructions. Annexin V+ PI+ cells were determined as apoptotic cells. For intracellular iron detection, cells were loaded with FerroOrange (DOJINDO, catalog F374) at 37°C for 30 min in the dark. The following antibodies were used: FITC anti-mouse CD4 (Biolegend, catalog 100406), PE anti-mouse CD25(Biolegend, catalog 102007), AF488 anti-mouse CD25 (Invitrogen, catalog 53-0251-82), APC anti-mouse FOXP3 (Invitrogen, catalog 17-4776-42), APCCY7 anti-mouse IL-17A (BD Pharmingen, catalog 560821), PERCP-CY5.5 anti-mouse IFN-γ (BD Pharmingen, catalog 560660), PERCP-CY5.5 anti-mouse TNF-α (Biolegend, catalog 506321), BV786 anti-mouse T-bet (BD Pharmingen, catalog 564141), PE anti-mouse RORγt (BD Pharmingen, catalog 562607), PECY7 anti-human CD4 (Biolegend, catalog 317414), APC anti-human CD127 (Invitrogen, catalog 17-1278-42), BB700 anti-human CD127 (BD Pharmingen, catalog 566398), APC anti-human CD25(BD Pharmingen, catalog 555434), PE anti-human CD25 (Invitrogen, catalog 12-0259-42), APC anti-human FOXP3 (Invitrogen, catalog 17-4776-42).



ELISA

Serum was collected for autoantibody detection. For anti-dsDNA IgGs, mouse anti-dsDNA IgG ELISA Kit (Alpha Diagnostic International, catalog 5120) was used according to the manufacturer’s instructions.



RT-qPCR

Total CD4+T cells were isolated from the spleen of mice by mouse CD4 microbeads (Miltenyi Biotec, catalog 130-117-043). TRIzol reagent (MRC, catalog TR118) was used to extract total RNA from cells. HiScript III All-in-one RT SuperMix (Vazyme, catalog R333) was used to generate cDNA according to the manufacturer’s instructions. ChamQ Universal SYBR qPCR Master Mix (Vazyme, catalog Q711) was used for selected gene amplification. The relative expression of selected genes was analyzed by ΔΔCt method, which normalized to the house-keeping gene β-actin. The following primers are used: β-actin: FP, GTGACGTTGACATCCGTAAAGA; RP, GCCGGACTCATCGTACTCC. Il2r: FP, TGGCAACACAGATGGAGGAAG; RP, ACAGCCGTTAGGTGAATGCT. Foxp3: FP, CCCCCTCTAGCAGTCCACTT; RP, AAGTTGCCGGGAGAGCTGAA. Tfrc: FP, TTCGCAGGCCAGTGCTAGG; RP, TACAAGGGAGTACCCCGACAG. Fth: FP, CAGACCGTGATGACTGGGAG; RP, TCAATGAAGTCACATAAGTGGGGA.



In Vitro Human Treg Cell Differentiation and ROSUP Treatment

Naive CD4+T cells were isolated from the peripheral blood of healthy donors, and cultured in the presence of anti-CD3 2 μg/ml (Calbiochem, catalog 217570), and anti-CD28 1μg/ml (Calbiochem, catalog 217669). For Treg cell differentiation, recombinant human TGF-β1 5 ng/ml (R&D, catalog 240-B-002), and recombinant human IL-2 10 ng/ml (PeproTech, catalog 200-02-10). Cells were cultured under the Treg cell-polarized conditions supplemented with 10% FBS (HyClone) at 37°C and 5% CO2 for 72 hr. For ROS stimulation, cells were treated with ROSUP (50 ug/mL) (Beyotime, catalog S0033S-2) for 12 hr, and then harvested for subsequent experiments. For iron supplementation, cells were treated with Hemin 100 μM (Selleck, catalog S5645) for 72 hr. For ROS inhibitor rescue, SOD 300U (Beyotime, catalog S0087) was added into cells after 24 hr of Hemin treatment.



Statistics

SPSS 25.0 software was used for statistical analysis. All statistical results were presented as the mean ± S.E.M. For normally distributed data, two-tailed Student’s t-test was used for evaluating the statistical differences between the two groups. For abnormally distributed data, two-tailed Mann-Whitney U-test was used for assessing the statistical differences between two groups. One-way analysis of variance (ANOVA) with relevant post hoc tests was used for multiple comparisons.




Results


Iron Deficiency Contributes to Treg Cell Expansion

To explore the role of iron deficiency to Treg cell expansion, we treated 3-weeks old female c57/B6 mice with 5 mg/kg low iron diet (LID) for 5 weeks, mice treated with 50 mg/kg normal iron diet (ND) was served as the control group. After 5 weeks of treatment, the weight of LID-treated mice was slightly reduced compared with the ND group (Supplementary Figure 1A). We did not observe significant changes in the sizes of dLNs (including cervical, axillar, and inguinal lymph nodes) and spleen between the ND and LID groups (Supplementary Figures 1B, C). The percentage and number of total CD4+T cells were also similar between the two groups (Supplementary Figures 2A, B). Transferrin receptor (Tfrc) is responsible for cellular iron uptake (17). Fth encodes the ferritin heavy polypeptide 1 which controls intracellular iron storage when cells are in the iron-sufficient condition (18). To determine the intracellular iron homeostasis, we detected the expression of Tfrc (Transferrin receptor) and Fth 1 (Ferritin Heavy Chain 1) genes in the splenic CD4+T cells. As expected, the gene expression of Tfrc and Fth was significantly reduced in splenic CD4+T cells of LID-treated mice (Figure 1A). Next, we examined the changes of Treg cells after LID treatment. The expression of Treg cell-related genes Il2r and Foxp3 was significantly increased in splenic CD4+T cells of LID mice (Figure 1B). Consistent with the mRNA expression, the frequency of CD4+CD25+Foxp3+ Treg cells was significantly elevated in the dLNs (inguinal lymph nodes) of LID-treated mice compared with the ND controls, but it has no significant changes in the spleen (Figures 1C, D). However, the cell numbers of Treg cells were increased in both dLNs (inguinal lymph nodes) and spleen of LID-treated mice (Figure 1E). These results show that insufficient iron may contribute to Treg cell differentiation and expansion.




Figure 1 | Insufficient iron contributes to Treg cell expansion. 3-weeks old female C57 mice were fed with ND or LID for 5 weeks and then were sacrificed for analysis. (A, B) qPCR of iron-related gene Tfrc and Fth1 (A) and Treg cell-related gene Il2r and Foxp3 (B) in splenic CD4+T cells of ND- and LID-treated mice. (C) Representative flow cytometry of Treg cells gated on CD4+T cells in dLNs and spleen of ND- and LID-treated mice. (D, E) quantification of the percentage and numbers of Treg cells in (C). **P < 0.01, *P < 0.05 (unpaired two-tailed Student’s t-test for A, B, D, E). Data are shown as mean ± S.E.M. Two independent experiments were performed, n = 4.





Insufficient Iron Improves the Disease Progression of Pristane-Induced Lupus

We assessed the disease progression of pristane-induced lupus in mice treated with ND or LID. 8-weeks old female C57/B6 mice were intraperitoneally injected with 500 μl pristane and fed with ND or LID for 6 months. Mice fed with 6 months of LID showed slight weight loss compared with the ND group (Supplementary Figure 3A). After 6 months of pristane stimulation, the urine protein level was reduced in mice treated with LID (Figure 2A). Morphological analysis also showed improved renal damage in LID-treated mice compared with the ND group (Figures 2B, C). Furthermore, the immune-complex deposition was reduced in the kidney of LID-treated mice (Figure 2D), and the titer of anti-dsDNA IgGs was also significantly decreased in mice fed with LID (Figure 2E). These results indicate that insufficient iron improves the disease progression of pristane-induced lupus.




Figure 2 | Insufficient iron improves the disease progression of pristane-induced lupus. 8-weeks old female mice were i.p. injected with 500 μl pristane and fed with ND or LID for 6 months. After 6-months of pristane stimulation, mice were sacrificed for analysis. (A) Urine protein levels of ND- and LID-treated mice. (B) Representative morphology of the renal tissues by H&E staining. Scale bar, 100 μm. (C) Histological scoring of the renal tissues in (B). (D) Representative immunofluorescent staining and quantification of C3 and IgG in kidney after 6-months of pristane stimulation. Green, C3; Red, IgG. Scale bar, 100 μm. (E) Serum level of anti-dsDNA IgGs after 6-months of pristane stimulation. ***P < 0.001, **P < 0.01, *P < 0.05 (unpaired two-tailed Mann-Whitney U tests for A, C; unpaired two-tailed Student’s t-test for D, E). Data are shown as mean ± S.E.M. Two independent experiments were performed, n = 4.





Insufficient iron Promotes Treg Cell Expansion in Pristane-Induced Lupus

Since the defects in the differentiation and functions of Treg cells play an important role in the development of lupus, we asked whether insufficient iron can improve lupus by promoting Treg cell expansion. After 6 months of pristane stimulation, mice treated with LID showed an elevated percentage of Treg cells in the spleen (Figures 3A, B), and the cell numbers of Treg cells in the dLNs and spleen were increased (Figure 3C). To assess whether Treg cell expansion influence the Th17/Treg balance, which contributes to the disease progression of lupus, we determined the proportions of Th17 cells in pristane-treated mice fed with LID. We found that in the pristane-induced lupus mouse model, mice fed with LID showed the fewer frequency and number of CD4+ IL17A+ Th17 cells (Figures 3D–F) and the lower ratio of Th17/Treg cells compared with the ND controls (Figure 3G). These results suggest that insufficient iron promotes Treg cell expansion and reshapes the Th17/Treg cell balance in pristane-induced lupus-like diseases. In addition, we found that IFN-γ production was also reduced in the splenic CD4+T cells of LID-treated mice (Supplementary Figure 4A). However, the production of TNF-α and the expression of T-bet and RORγt were slightly reduced in LID-treated mice but without significant difference (Supplementary Figures 4B-D).




Figure 3 | Insufficient iron promotes Treg cell expansion in pristane-induced lupus. 8-weeks old female mice were i.p. injected with 500 μl pristane and fed with ND or LID for 6 months. After 6-months of pristane stimulation, mice were sacrificed for analysis. (A) Representative flow cytometry of Treg cells gated CD4+T cells in dLNs and spleen of the ND- and LID-treated mice. (B, C) Quantification of the frequency and numbers of the Treg cells in (A). (D) Representative flow cytometry of Th17 cells gated on CD4+T cells in dLNs and spleen of the ND- and LID-treated mice. (E, F) Quantification of the frequency and numbers of Th17 cells in (D). (G) Quantification of the ratio of Th17 cells and Treg cells in (B, E). **P < 0.01, *P < 0.05 (unpaired two-tailed Student’s t-test for B, C, E–G). Data are shown as mean ± S.E.M. Two independent experiments were performed, n = 4.





Iron Deficiency Limits the Production of ROS in CD4+T Cells

Next, we sought to explore the mechanism of how iron deficiency affects the expansion of Treg cells. Previous studies have reported that iron promotes intracellular ROS production, which is harmful for Treg cell differentiation (11, 19, 20). Therefore, we determined the ROS levels in CD4+ T cells after LID treatment using DCFH probe (21, 22). We found that 5-weeks of LID treatment reduced the ROS levels in the CD4+ T cells of dLNs (Figures 4A, B), but there was no significant difference in the spleen (Figures 4C, D), which were consistent with the frequencies of Treg cells in the dLNs and spleen after 5 weeks of LID treatment (Figure 1D), indicating that Treg cell expansion is sensitive to intracellular ROS production.




Figure 4 | Iron deficiency limits the production of ROS in CD4+T cells. 3-weeks old female C57 mice were fed with ND or LID for 5 weeks and then were sacrificed for analysis. (A, B) Representative flow cytometry (A) and quantification (B) of total ROS in CD4+T cells of dLNs after 5-weeks of LID treatment. (C, D) Representative flow cytometry (C) and quantification (D) of total ROS in CD4+T cells of the spleen after 5-weeks of LID treatment. *P < 0.05 (unpaired two-tailed Student’s t-test for B, D). Data are shown as mean ± S.E.M. Two independent experiments were performed, n = 4.





ROS Inhibits Treg Cell Differentiation by Promoting Apoptosis

To confirm whether ROS affects the differentiation of Treg cells, we used ROSUP to induce the overproduction of ROS during in vitro differentiation process of Treg cells. We isolated naive CD4+T cells from the peripheral blood mononuclear cells (PBMCs) of healthy donors. The cells were cultured in Treg cell-polarized conditions for 3 days and stimulated with ROSUP for 12 hr. ROSUP treatment significantly increased the level of ROS in induced Treg cells compared with the control group (Figure 5A). The percentage of Treg cells (gated by CD4+CD25+CD127- and CD4+CD25+FOXP3+) was also significantly decreased in ROSUP treated group, which suggested that ROS impaired the differentiation of Treg cells (Figures 5B, C). ROS is harmful to cell biology, which can induce mitochondrial dysfunction and cell death. Therefore, we determined the cell apoptosis after ROSUP treatment. The result showed that ROSUP significantly elevated the frequency of cell death compared with the control group (Figure 5D). Next, we asked whether iron supplementation inhibits Treg cell differentiation by increasing ROS levels. FerroOrange was used to determine the levels of ferrous iron after iron supplementation treatment (23, 24). The results showed that iron supplementation by Hemin significantly increased the levels of ferrous iron and ROS in induced Treg cells (Figures 5E, F), and impaired the differentiation of Treg cells in vitro (Figure 5G). However, ROS inhibitor SOD rescued the defect of Treg cell differentiation in Hemin-treated cells by reducing ROS levels (Figures 5H, I). These data suggest that overproduction of ROS inhibits Treg cell differentiation by promoting cell apoptosis, and iron deficiency might promote Treg cell expansion by diminishing intracellular ROS accumulation.




Figure 5 | ROS inhibits Treg cell differentiation by promoting apoptosis. Human naive CD4+T cells were isolated from the peripheral blood of healthy donors and then cultured in Treg cell-polarized conditions with different treatments. After 3 days of Treg cell-polarization, cells were harvested for analysis. (A) Representative flow cytometry and quantification of total ROS in induced Treg cells after ROSUP treatment. (B) Representative flow cytometry and quantification of CD4+CD25+CD127- Treg cells after ROSUP treatment. (C) Representative flow cytometry and quantification of CD4+CD25+FOXP3+ Treg cells after ROSUP treatment. (D) Representative flow cytometry and quantification of apoptosis in cells treated with ROSUP. Annexin V+PI+ is determined as apoptosis. (E, F) Quantification of ferrous iron (E) and ROS (F) in induced Treg cells treated with DMSO or Hemin. (G) Representative flow cytometry and quantification of CD4+CD25+FOXP3+ Treg cells in cells treated with DMSO or Hemin. (H) Quantification of ROS in induced Treg cells treated with DMSO, Hemin, or Hemin plus SOD. (I) Representative flow cytometry and quantification of CD4+CD25+FOXP3+ Treg cells in cells treated with DMSO, Hemin, or Hemin plus SOD. ****P < 0.0001, ***P < 0.001, ** P < 0.01, *P < 0.05 (unpaired two-tailed Student’s t-test for A–G; one-way ANOVA and Tukey’s multiple comparisons test for H and I). Data are shown as mean ± S.E.M. Two independent experiments were performed (n = 3).






Discussion

Iron homeostasis plays an important role in immune cell biology, but the role of iron in regulating Treg cell expansion and function is far from clear. Defects in Treg cell differentiation and function promote autoimmune disorders, such as SLE (25). Th17/Treg cell imbalance was reported in SLE and positively correlated with the disease activity of SLE (26–28). Th17/Treg imbalance promotes autoimmune inflammation and organ damage in SLE, while altering the differentiation pattern of Th cells to reverse the imbalance of Th17/Treg cells promotes the disease remission of SLE (7, 27, 29, 30). Here we reported that insufficient iron promotes Treg cell differentiation. In the pristane-induced lupus mouse model, insufficient iron promoted the expansion of Treg cells and reshaped the Th17/Treg cell balance, leading to remission of renal damage and the lower level of autoimmune antibodies in pristane-induced lupus. Further study showed that iron deficiency inhibited the intracellular ROS accumulation which is harmful to Treg cell differentiation. These results demonstrate that altering the iron homeostasis reshapes the differentiation pattern of Th cells in autoimmune disorders, and intracellular iron status may be a key to regulating the metabolic characteristics and differentiation program of T cells.

Treg cell dysfunction contributes to effector T cell overactivation, which promotes autoimmune inflammation and the disease progression of SLE (25, 31). Therefore, expanding Treg cells and reconstituting the balance between the Treg cells and pathogenic Th cells provide a promising therapeutic strategy for SLE. However, the expanded Treg cells are short-lived and plastic, which may differentiate into pathogenic Th17 cells under the condition of IL-2 deficiency (32). Understanding the mechanism that regulates Treg cell expansion is needed to improve the effect of Treg cell-based therapy. We showed here that insufficient iron promotes the expansion of Treg cells, and reduces the Th17/Treg ratio in pristane-induced lupus, suggesting that intracellular iron homeostasis plays an important role in supporting Treg cell expansion.

ROS accumulation promotes abnormalities in Treg cell differentiation and function. Reducing ROS prevents Treg cell aging and inflammation, which improves the dysregulation of immune homeostasis (33). Inhibiting oxidative stress modulates the ratio of Th17/Treg cells, leading to the remission of psoriasis (34). Over-production of ROS can also kill T cells by oxidation (35, 36). Reducing intracellular ROS accumulation inhibits oxidative damage and the expression of apoptosis-related proteins P53 and Bax in splenic lymphocytes (37). Furthermore, ROS production of PBMCs is highly increased in SLE patients compared with healthy controls (38–40). ROS interferes with mTOR signaling to promote T cell overactivation in lupus, suggesting that ROS plays a pathogenic role in SLE development (41, 42). Our study demonstrates that insufficient iron promotes Treg cell expansion by reducing ROS accumulation in CD4+T cells, leading to the improvement of pristane-induced lupus. Furthermore, the increased ROS accumulation inhibits Treg cell differentiation by promoting cell apoptosis, suggesting that elevated oxidative stress may contribute to Treg cell dysfunction in SLE.

Together, our study shows that insufficient iron promotes Treg cell expansion by inhibiting ROS accumulation, improving the development of pristane-induced lupus. Our data suggest that keeping intracellular iron homeostasis is important for Treg cell differentiation. Furthermore, our study provides a possible mechanism that ROS over-production inhibits Treg cell differentiation by promoting cell apoptosis, which contributes to Treg cell dysfunction in SLE. Given that long-term iron deficiency may cause malnutrition and anemia, further study that specifically targets the iron metabolism in Treg cells is needed.
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Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by multisystemic and multi-organ involvement, recurrent relapses and remissions, and the presence of large amounts of autoantibodies in the body as the main clinical features. The mechanisms involved in this disease are complex and remain poorly understood; however, they are generally believed to be related to genetic susceptibility factors, external stimulation of the body’s immune dysfunction, and impaired immune regulation. The main immune disorders include the imbalance of T lymphocyte subsets, hyperfunction of B cells, production of large amounts of autoantibodies, and further deposition of immune complexes, which result in tissue damage. Among these, B cells play a major role as antibody-producing cells and have been studied extensively. B1 cells are a group of important innate-like immune cells, which participate in various innate and autoimmune processes. Yet the role of B1 cells in SLE remains unclear. In this review, we focus on the mechanism of B1 cells in SLE to provide new directions to explore the pathogenesis and treatment modalities of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with an incidence of approximately 0.3–241/100,000. It is characterized by abnormal activation of the immune system, overactivation of T and B cells, production of a large number of autoantibodies that bind to self-tissues to form immune complexes and deposits, and damage to multiple organ systems throughout the body; the condition has a poor prognosis (1–3). B cells are antibody-producing cells that play a crucial role in the development of SLE and have been studied extensively. B-cell antagonists, such as rituximab and belimumab, are effective in the treatment of SLE; however, therapeutic outcomes are inadequate, which may be related to the neglected B1 cell population. B1 cells are a group of B cells that are colonized in the peritoneum and pleural cavities, which enables them to evade drugs. Moreover, the growth and development of B1 cells do not depend on the B-cell activation factor; thus, drugs that target B cells are ineffective (4–8).

B cells are divided into three categories according to the order of their appearance during fetal development: B1 cells, B2 cells, and marginal zone (MZ) B cells. B2 cells, which are usually referred to as follicular B cells, are produced by bone marrow hematopoietic stem cells and subsequently mature in secondary lymphoid organs, where they participate in adaptive immunity by producing memory cells and antibodies. MZ B cells are a population of B cells located between the splenic red and white pulp that secrete IgM to participate in immunity (9–11). In contrast, B1 cells are a population of B cells that primarily arises during the fetal stage, colonizes the peritoneal cavity, and is capable of self-renewal and spontaneous IgM secretion. Initially, a population of B cells expressing CD5 molecules, now called B1a cells, was found in mice capable of spontaneous IgM secretion, and their development, phenotype, tissue distribution, and functional characteristics differed from B2 cells (11, 12). A population of B1 cells with a similar functional profile, but one that does not express CD5 molecules, was subsequently identified, which is known as B1b cells (13, 14). It is generally believed that B1b cells have a broader antigen repertoire and play a role in long-term humoral memory, known to be important in resolving Borrelia and other infections (15–19). Because the distinction between B1a and B1b cells is not entirely clear, we will refer to them as B1 cells. Under normal conditions, B1 cells primarily act as a bridge between intrinsic and adaptive immunity by spontaneously secreting multi-reactive IgM, clearing pathogenic bacteria at an early stage, and activating macrophages and dendritic cells by combining their own necrotic and apoptotic components to promote clearance and secrete cytokines (7, 11, 20). It has since been demonstrated that B1 cells are involved in numerous autoimmune diseases, such as rheumatoid arthritis, immune hemolytic anemia, and SLE (7, 13, 21, 22). Moreover, in some autoimmune disease models, such as SLE, diabetes, and autoimmune hemolytic anemia, B1 cells have been activated and proliferated (23–26). In addition, B1 cells have been linked to autoimmune diseases in a variety of gene-edited mice. In galectin-9-deficient mice, B1 cells are activated readily and expanded with autoantibodies, which drive autoimmune responses, such as spontaneous germinal center formation and nephritis (27). Generation and activation of self-reactive B1 cells have been found in cytotoxic T lymphocyte-associated antigen (CTLA-4)-deficient mice and SPA-1-deficient mice (28, 29). Therefore, this raises the question: what role do B1 cells play in SLE (Figure 1)?




Figure 1 | Role of B1 cells under normal conditions and systemic lupus erythematosus (SLE) conditions. In normal situations, B1 cells secrete nIgM binding invading pathogenic bacteria and necrotic and apoptotic cellular components. Then, phagocytosis and clearance are accelerated, and cytokines are secreted to activate macrophages and dendritic cells. In SLE conditions, B1 cells convert to secrete self-reactive IgG; promote the conversion of T cells to Th1/17 cells; migrate to the kidney, thymus, and spleen; and secrete IL-10.





Role of B1 Cells in Systemic Lupus Erythematosus Mice

B1 cells in mice, mainly with the CD5 molecule, are their marker. As early as the 1990s, numerous scholars found that clearance of B1 cells, could, to some extent, alleviate SLE, as observed in NZB/NZW F1 mice and NZM2410 lupus-prone mice (21, 30–33). Furthermore, a rise in the number of B1 cells has been found in various mouse models of SLE (8, 34). It has been found that the gene Cdkn2c, a gene encoding for cyclin-dependent kinase inhibitor p18Ink4c, which can regulate the cell cycle to control B-cell multiplication, is associated with the expansion of B1 cells and the development of glomerulonephritis (35–37). Therefore, how exactly do B1 cells contribute to the development and progression of SLE?


Antibody Secretion

Normally, as intrinsic immune cells, B1 cells do not require foreign antigen stimulation and spontaneously secrete large amounts of low-affinity, multi-reactive natural IgM (nIgM) in a T cell-independent manner. These nIgM bind to debris and recruit C1q, which activates the classical complementing pathway and promotes phagocytes (7, 38). However, it has been found that in addition to nIgM, B1 cells produce rheumatoid factor and immunoglobulin G (IgG) antibodies against single-stranded DNA (anti-ssDNA) (39, 40). Subsequent studies found that a class of B1 cells expressing programmed death-ligand 2, stimulated by interleukin (IL)-21, produces high-affinity anti-double-stranded DNA (anti-dsDNA) antibodies belonging to IgG1 and IgG2b types (39). Moreover, in vitro experiments have found that natural killer T cells assist B1 cells in producing IgG2a-type anti-dsDNA, which is an antibody that binds primarily to the glomerular basement membrane and causes glomerular damage (41, 42).

The generation of such high-affinity IgG antibodies that bind to its own tissues as described above may be associated with an increased expression of recombination activating genes (RAG) by B1 cells in SLE mice, and the number of B1 cells with high RAG expression has been shown to correlate with disease activity (43, 44). Normal B cells undergo recombination binding when developing in the bone marrow. Further receptor editing clears self-reactive cells, which results in immune tolerance, an important self-protective process (44–46). Normally, such B cells with high RAG expression are only found in the bone marrow and secondary lymphoid organs. However, when their antigen recognition profile changes, they become potentially auto-reactive antibody-producing cells. In SLE mice, the threshold for B1 cells to undergo rearrangement is reduced, and they exhibit frequent expression of RAG; moreover, the presence of a large number of uncleared autoantigenic stimuli makes B1 cells highly susceptible to switching, producing autoantibodies with high affinity, damaging tissue, and contributing to the development and progression of the disease.



The Stimulation of CD4+ T Cells

Although B1 cells produce antibodies in a T cell-independent manner, they can act as antigen-presenting cells and stimulate the proliferation, activation, and differentiation of T cells. With the help of CD80/86 expression, B1 cells can stimulate CD4+ T-cell activation in vitro and preferentially differentiate towards Th1 and Th17 cells (13). It has been found that B1 cells primarily induce T cells to secrete γ-interferon and IL-17, which reflects differentiation to Th1 and Th17 cells, and their induction ability is much greater than that of B2 and dendritic cells (47). Similar results were also observed in SLE-prone mice, and subsequent studies further demonstrated that CD86 is the primary costimulatory molecule, with CD80 playing a synergistic role, and that cytokines, such as IL-2/10, inhibit this process (26, 48). As a proinflammatory phenotype, Th1/17 cells can produce cytokines, such as γ-interferon and IL-17, which play a role in SLE (49–51). By stimulating the proliferation of CD4+ T cells and differentiation towards Th1/17 cells, B1 cells have a promotive effect on SLE.



Migration to Specific Target Organs

B1 cells predominantly accumulate in the peritoneum and pleural cavities, where they self-renew and produce natural antibodies that exert immune effects. Therefore, under normal conditions, B1 cells have difficulty encountering antigens and other immune cells in vivo and do not produce an autoimmune response (7, 8, 26, 52, 53). However, in SLE model mice, the abnormal distribution of multiple B lymphocyte chemoattractants (BLC) causes B1 cells to accumulate in various inflammatory regions, which damages target organs (8). Prior to the development of nephritis in BWF1 lupus mice, in vivo BLC expression was increased in the thymus, lungs, and kidneys and decreased in the peritoneal cavity for homing. B1 cells were more attracted to these BLC than to B2 cells, and thus, they aggregated in and infiltrated these target organs (53). Subsequent studies revealed that the perivascular space of the thymus is enlarged in BWF1 mice, and the thymic vascular endothelial cells increase the expression of BLC and adhesion factors, attracting B1 cells expressing CD11b, which stimulates thymic T-cell activation and proliferation in the presence of IL-2 (54). CXC chemokine ligand 13 (CXCL13) is an important chemokine that serves as a marker of SLE severity. Through the proteoglycan biglycan-toll-like receptor (TLR)2/4 pathway, CXCL13 levels can be increased in the kidney, which aggregates B1 cells that interact with other cells and damage the glomerular and tubular interstitium (55), whereas, through TLRs, the aggregation of B1 cells in the spleen can be regulated (52). Additionally, some of the B1 cells that aggregate in the target organ may be cells that produce IgG antibodies after the occurrence of class switching (56). However, it has been noted that B1 cells that aggregate in the renal mesenchyme do not produce antibodies; rather, they rely primarily on communication with other cells to induce an effect (34). By migrating to the inflamed organ, B1 cells that were originally confined to the peritoneal cavity are able to communicate with numerous other immune cells, exert their antigen-presenting cell capacity, stimulate the proliferation and differentiation of T cells, and switch to a proinflammatory phenotype. However, they are also exposed to more in vivo antigens, which may stimulate class switching, produce high-affinity auto-IgG, or release more multi-reactive IgM, which binds to tissue and exposes further autoantigens.



Secretion of Cytokines

B1 cells are a type of immune cell that can secrete cytokines that regulate immune function, such as interferon-γ, IL-6/10/12, and tumor necrosis factor α. Among these cytokines, the most well studied is IL-10 (8, 57–61). IL-10 plays a role in many autoimmune diseases, including SLE. On the one hand, IL-10 inhibits the production of inflammatory factors, the function of antigen-presenting cells, and Th2 and Th17 cell activation; on the other hand, IL-10 promotes B-cell survival, proliferation, differentiation, and antibody production. It is believed to have a dual role in SLE, where the relationship between IL-10 levels and disease activity is conflicting (62–66).




Role of B1 Cells in Human Systemic Lupus Erythematosus

As mentioned above, CD5 is a marker surface molecule for B1 cells in mice; however, in humans, it does not help to uniquely localize B1 cells. Initially, the CD5 molecule was used as a marker for human B1 cells. An increase in B1 cells that could produce multi-reactive antibodies was observed in patients with a variety of autoimmune diseases, such as rheumatoid arthritis and SLE (40, 67–69). However, it was subsequently found that some pre-naive, transitional, and activating phase B2 cells are also capable of expressing CD5 molecules. Furthermore, some CD5-negative B cells have the characteristic spontaneous antibody-secreting ability of B1 cells (70–75). Therefore, identifying B1 cells in humans is an important initial problem to be solved.

Based on the characteristic functional profile of B1 cells (i.e., spontaneous IgM secretion, stimulation of T-cell activation, and tonic intracellular signaling), Griffin et al. first identified CD20+CD27+CD43+CD70− cells in human umbilical cord blood and peripheral blood as human B1 cells and performed a detailed analysis of the expression of CD5 molecules in this cell type: approximately 75% of these cells expressed CD5 molecules, and the remainder were negative; in contrast, only around one-third of CD5+ cells matched this phenotype, which is consistent with previous reports of partially CD5-expressing B2 cells or CD5− B1 cells (73, 76). Several subsequent studies determined the presence, function, and variation of CD20+CD27+CD43+CD70− cells in human conditions, such as common immune deficiency, multiple sclerosis, and SLE, with different functional profiles (70, 72, 76–78). However, unlike mouse B1 cells, human B1 and B2 cells are derived from the same progenitor lineage: LIN-CD34+CD38lo stem cells (14). Having identified the phenotype of human B1 cells as CD20+CD27+CD43+CD70−, the following question remains: what is their role in SLE?


IgM Secretion

NIgM are mainly produced spontaneously by B1 cells, have low affinity and multi-reactivity, and act as the first line of immune defense as well as a scavenger of self-apoptotic components (8, 20, 39, 70, 74). It has been found that the presence of anti-phosphatidylcholine, malondialdehyde, and oxidized cardiolipin IgM in SLE patients is protective against cardiovascular disease, especially atherogenesis, via the possible mechanisms of increased phagocytosis of apoptotic cells and reduced oxidative stress (7, 79, 80). In addition, this multi-reactive IgM recognizes multiple autoantigens and under certain conditions serves as a template for high-affinity autoantibodies in SLE patients (81). As mentioned previously, a fraction of peripheral B1 cells have high RAG expression in mice, which has also been observed in SLE patients, where a proportion of CD5+ cells had high RAG expression, and this proportion was reduced following cyclophosphamide treatment (81, 82). From this perspective, when B1 cells are altered in SLE patients, such as through migration, class switching, and reduced numbers, they produce less nIgM for clearance of their own components, which results in greater exposure to self-antigen recognition by antigen-presenting cells. On the one hand, this stimulates B1 cells to enhance the expression of RAG and produce different antibodies; on the other hand, this is more likely to activate B2 cells and produce autoimmune antibodies (44).



Stimulation of CD4+ T Cells

Stimulation of T-cell proliferation, activation, and differentiation is a functional characteristic of B1 cells and is equally important in human B1 cells and animal B1 cells. This function was the target for the identification of the human B1 cell population. Studies later revealed that within the B1 cell population of SLE patients, a predominantly CD11b+ population activates CD4+ T cells, which stimulate the activation and proliferation of CD4+ T cells by upregulating the CD86 molecule, mainly toward the Th17 cell population. In contrast, the CD11b− B1 cells primarily act as antibody secretors (71, 73, 76, 77). However, it is not known whether these B1 cells stimulate T-cell proliferation in vivo.



Other Roles

As mentioned previously, B1 cells are a special type of Breg cells in mice, which secrete IL-10 and regulate immune function. It has been found that numerous CD5+ cells secrete IL-10 in neonates to inhibit inflammation and prevent excessive immune responses (83). Subsequently, an increase in IL-10-secreting CD5+ cells was also found in SLE patients, and Breg cells were mainly derived from innate immune cells, including B1 cells. At the same time, several scholars noted that although the number of Breg cells in SLE patients increases, their capacity to secrete IL-10 decreases (63). Moreover, B1 cells, namely, CD11b+ cells, secrete IL-10 to inhibit T-cell activation via the CD3 pathway (34, 77). In addition to secreting cytokines, B1 cells have been reported to exist in the kidneys of patients with lupus nephritis and may interact with other cells to participate in the local immune response.




Summary

The importance of B cells in SLE is indisputable, and various therapies targeting B cells have been successful to some extent. However, B cells, such as B2 and Breg cells, continue to be a research hotspot in SLE. Although several studies have revealed that B1 cells are involved in the development of SLE by secreting antibodies, activating T cells, producing cytokines, and migrating to target organs, their specific role in human autoimmune diseases requires further exploration. This review summarizes what is known currently about the role of B1 cells in SLE and provides new directions for exploring the pathogenesis and treatment modalities of SLE. Several questions still remain to be explored, such as how to determine the B1 cell phenotype in humans and how B1 cells regulate their own proliferation and secretion. The presence of other cells or factors that can regulate B1 cells is important for developing treatments.
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Systemic lupus erythematosus (SLE) is a complex autoimmune disease with heterogeneous clinical manifestations and the pathogenesis of SLE is still unclear. Various omics results have been reported for SLE, but the molecular hallmarks of SLE, especially in patients with different disease activity, using an integrated multi-omics approach have not been fully investigated. Here, we collected blood samples from 10 healthy controls (HCs) and 40 SLE patients with different clinical activity including inactive (IA), low activity (LA), and high activity (HA). Using an integrative analysis of proteomic, metabolomic and lipidomic profiles, we report the multi-omics landscape for SLE. The molecular changes suggest that both the complement system and the inflammatory response were activated in SLEs and were associated with disease activity. Additionally, activation of the immunoglobulin mediated immune response were observed in the LA stage of the disease, however this immune response was suppressed slightly in the HA stage. Finally, an imbalance in lipid metabolism, especially in sphingolipid metabolism, accompanied with dysregulated apolipoproteins were observed to contribute to the disease activity of SLE. The multi-omics data presented in this study and the characterization of peripheral blood from SLE patients may thus help provide important clues regarding the pathogenesis of SLE.
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Introduction

Systemic lupus erythematosus (SLE), a complex autoimmune disease with heterogeneous clinical manifestations, is characterized by an abnormal immune and inflammatory response (1). Whereas mild symptoms of SLE mainly affect the skin and joints, life-threatening illness involves multiple damage including hematological, neuropsychiatric, and cardiovascular induced by chronic inflammation or the immune system (2). As a consequence, SLE is still difficult to define and treat.

The pathogenesis of SLE is still unclear, but it is thought to be multifactorial involving aberrations in the immune system, as well as heritable, hormonal, and environmental factors, contributing to the tissue damage (1). Systemic tissue damage may arise from a series of complex factors (3), and as a consequence, may alter the proteins and metabolites involved in SLE activity. These proteomic and metabolic disorders indirectly reflect the status of the patients, and may be associated with multiple severe complications (4). Therefore, it will be worthwhile to analyze if host-derived proteins and metabolites in the circulation system are connected to the pathogenesis and activity of SLE.

Recently, the advancement of multi-omics research has aimed to resolve the complexity of the underlying molecular mechanism of diseases (5). Serum is a primary carrier of small molecules; whose relative concentrations directly reflect the physiological status of the organism and the pathogenesis of diseases. Therefore, serum proteins or metabolites are reported to be able to distinguish SLE from healthy controls (HCs). For example, a label free-based two dimensional liquid chromatography mass spectrometry platform (2D-LC-MS/MS) was used to identify potential biomarkers for SLE diagnosis (6). The metabolite profiles of SLE has also been previously investigated by several research groups and they showed that glycolysis and mitochondrial oxidative metabolism are activated in SLE patients. Additionally, lipid metabolism was also reported to be significantly altered in SLE patients and this change was correlated with disease activity (7). However, SLE is a multistep process with different stages of disease. Currently, the protein or metabolite profile which make up each distinct stage-specific phenotype has not yet been elucidated, hindering complete understanding of the pathogenesis of SLE. The combined roles of multi-omics in the pathogenesis of SLE has also not been determined. Thus, a comprehensive analysis of the proteome, metabolome and lipidome might therefore aide in uncovering the complexity of SLE.

To gain further insight into the molecular characteristics of SLE patients, a cohort of 10 HCs and 40 SLE patients, classified by clinical activity into inactive (IA), low activity (LA), and high activity (HA), were collected for multi-omics analysis. The primary aim of this study was to determine the proteomic, metabolic and lipidomic signatures of SLEs. The secondary aim was to determine the underlying pathogenies of SLE as well as disease activity. Our multi-omics insight into this disease will contribute to greater understanding of the underlying pathogenesis of SLE.



Material And Methods


Patient Enrollment

Blood samples from 40 SLE patients were collected between 26th of December 2019 and 8th of May 2021 from the Capital Institute of Pediatrics, Beijing. The SLE cases were divided into three subgroups according to the SLE Disease Activity Index 2000 (SLEDAI-2k): (i) IA subgroup: SLEDAI ≤4; (ii) LA subgroup: SLEDAI=5-9; and (iii) HA subgroup: SLEDAI ≥10 (8, 9). HCs were enrolled from children who underwent a health checkup at the Capital Institute of Pediatrics. This study was reviewed and approved by the Capital Institute of Pediatrics ethics committee (DWLL2018004). Written informed consent has been signed by patients or their parents.



Clinical Index

Laboratory findings including C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), serum complement levels (C3, C4), B cell numbers and percentage, IgG, IgA and IgM were detected. Serological screening for SLE included antinuclear antibody (ANA) and anti-double stranded DNA antibodies (anti-dsDNA), anti-smith nuclear antigen (anti-Sm) and anti-nuclear-ribonuclear-protein (anti-nRNP). Pro-inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-2R, IL-10 and IL-6 were measured by chemiluminescence immunoassay technology (CLIA) kit and detected with the Image Immunochemistry System Immulite1000 (Siemens, USA).



Proteomic Analysis

Firstly, serum samples from each participant were lysed at 25°C  for 30 min. The lysates were then reduced with Tris phosphine (Pierce, USA) and incubated at 37°C for 30 min with shaking. Then, iodoacetamide (Sigma-Aldrich, USA) was added for alkylation at 25°C, with agitation at 300 rpm for 1 h without light. Mass spectrometry-grade trypsin gold (Promega, USA) was then added to digest proteins overnight at 37°C. Next, 20μL loading buffer (1% formic acid, FA; 1% acetonitrile, ACN) was used to dissolve the dried peptides. Ten μL of product was then used for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis on an Orbitrap Fusion Lumos in data dependent acquisition (DDA) mode coupled with Ultimate 3000 (Thermo Fisher Scientific, USA).

MS detection parameters were set as follows: the ultra-high field Orbitrap analyzer adopts full MS survey scan with a resolution of 120,000 and an ion trap size of 500,000. Mass range was set at 300 to 1400 m/z. MS/MS was carried out in an IonTrap, and the top 20 peptides with the highest energy were identified for fragmentation. Peptides were screened for fragments with 2-7 charges (5×103 AGC target, 35 ms maximum ion time). Maxquant (Version 1.6.17) was used to analyze the mass spectrometry data. Maxquant parameters were set as follows: 20 ppm was the tolerance of precursor ion mass; full cleavage by trypsin was selected; a maximum of two missed cleavages was allowed; cysteine carbamidomethylation was set as a static modification; methionine oxidation and acetylation of peptides’ N-termini were set as variable modifications. Homo sapiens FASTA database (uniprot-proteome UP000005640.fasta) were used for protein searches with following the criteria: (1) peptide length ≥6 amino acids; (2) False Discovery Rate (FDR) ≤1% at the PSM, peptide and protein levels. Peptides were quantified using the peak area derived from their MS1 intensity by Perseus 1.6.15.0; R 3.6. The protein intensity was calculated by the intensity of unique and razor peptides.



Metabolomic Analysis

For each sample extraction, 400 μL of methanol (MeOH)/ACN (1:1, v/v) solvent mixture was added to 100 μL of serum (2:2:1 ratio, no H2O added) and violated vigorously for 5 min, incubated for 1 h at -20°C, and centrifuged for 10 minutes at 13,500 g at 4°C. Then, the supernatant of each sample was transferred to a new tube. To ensure data quality, quality control (QC) samples were collected, containing equal amounts of sera (0.75mL) from the 50 participants, and divided into 4 samples. The QC samples were pretreated in parallel with the study samples and added between each set of runs to monitor the stability. Two platforms, reverse-phase/ultra-performance liquid chromatography (RP/UPLC)-MS/MS methods with positive ion-mode electro spray ionization (ESI) and negative-ion mode ESI, were used to detect the metabolites.

ACQUITY 2D UPLC system (Waters, USA) and TripleTOF 5600+ (AB SCIEX, MA, USA) with ESI source and mass analyzer were applied in all UPLC-MS/MS methods. The mobile solutions used in the gradient elution were water and methanol containing 0.1% FA. The mass spectrometry analysis, with the scan range set at 70-1,500 m/z, alternated between MS and data-dependent MS2 scans using dynamic exclusion. The MS-DIAL software was used for raw data pre-processing, peak alignment and peak annotation. Then, metabolites were identified by matching the retention time, accurate mass, and MS/MS fragmentation data to the MS-DIAL software database and Human Metabolome Database (HMDB, https://hmdb.ca).



Lipidomic Analysis

Serum samples were mixed with 400uL methyl tert-butyl ether (MTBE) and 80uL MeOH (MTBE : MeOH:H2O=10:2:5, v/v) and vortexed for 30 s. The organic and aqueous phases were separated through centrifugation at 3,000 rpm for 15 min. The upper MTBE was transferred to a new microcentrifuge tube and dried. The dried extracts were then reconstituted with 100 μL of dichloromethane: MeOH (1:1,v/v).

Liquid chromatography (LC) was performed using an ExionLC AD system (AB SCIEX, USA). Phenomenex Kinetex 1.7u EVO C18 columns (2.1×50mm,100A; Agilent, USA) were used for LC separation and a total of 3μL of sample was loaded. The column temperature and flow rate was set to 40°C and 0.5 mL/min, respectively. The mobile phase A contained 50% water, 50% ACN, and 10mM ammonium formate while the mobile phase B contained 10% ACN, 90% isopropyl alcohol (IPA), and 10mM ammonium formate. MS was performed on a 5600+ quadrupole-time of flight/mass spectra (Q-TOF/MS, AB SCIEX, USA). The positive and negative ion ionization mode of electrospray ionization source was used. IDA-TOF-MS/MS with the quadrupole scanning rage set at 50-1500 m/z was used to collect the data. An independent reference, lock-mass ion, via the MS-DIAL (ver.3.70; 17 April 2021) was used to ensure mass accuracy during data acquisition. MS-DIAL Lipidomics MSP database was used to identify the assigned modified metabolite ions. To reduce false positive matches, chromatographic retention behavior was considered.



Statistical Analysis


Statistical Analysis of Clinical Data

Clinical data were analyzed using SPSS 16.0 and expressed as mean ± standard deviation (SD). Differences between 3 or 4 groups were calculated using one-way ANOVA while student’s t-test was used to compare between two groups. The level of significance was set at P < 0.05.



Statistical Analysis of Multi-Omics Data

We conducted Shapiro test for normality and found that the data from each group fit the normal distribution. For each pair of groups compared, the fold-change (FC) was calculated using the mean from that patient group (e.g. mean of IA vs mean of HC). Two-sided unpaired Welch’s t test was performed for each pair of groups compared. Statistically significant altered proteins, metabolites and lipids were identified using the following criteria: P value < 0.05 and |FC| >1.5 (log2FC| >0.58). Partial least squares-discriminate analysis (PLS-DA) was conducted using MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/MetaboAnalyst/). The PLS-DA models were cross-validated using a 10-fold method with unit variance scaling.

Volcano plots were calculated using a combination of FC and t tests, and the intensity data of these regions were used for GraphPad analysis, hierarchical clustering analysis, and metabolic pathway analysis. Heatmaps of the differential proteins, metabolites and lipids were created using the Multi Experiment Viewer software (MeV, version 4.7.4). Metaboanalyst 4.0 web portal and KEGG were used for pathway analysis. Analysis of different sub-clustering models of proteins were performed using Mfuzz v.2.46.0. String, a plug-in for Cytoscape (v.3.2.1), was used to build connected networks of the differentially expressed proteins. Correlation analysis were performed by SPSS16.0.





Results


Sample Cohort and Experimental Design

To elucidate the molecular characteristics of SLE patients, 10 HCs and 40 SLE patients with different activity: IAs, LAs and HAs, were collected for this multi-omics study. Throughout the course of this study, we measured autoantibodies, clinical parameters and cytokines. LC-MS/MS was applied to identify the proteomic, metabolomic, and lipidomic signatures in SLE patients. Meanwhile, these omic datasets were then integrated to provide an insight into the underlying pathogenesis of SLE (Figure 1A). To quantify the molecular features related to disease activity, we used pairwise comparisons between the four groups for each omic level to identify differentially expressed proteins, metabolites and lipids, respectively (Figure 1B).




Figure 1 | Patients, Study Design, and Multi-omics Profiling of SLEs. (A) Study overview. Fifty subjects including 10 HCs and 40 SLEs were recruited for multi-omics profiling analysis and investigation of the underlying pathogenesis. (B) Bar plot showing the numbers of significantly differentially expressed proteins, metabolites, and lipids in six pairwise comparisons.





Clinical and Laboratory Features

The demographic characteristics and laboratory results of enrolled patients are shown in Table 1. Increase in disease activity was associated with a gradual increase in disease score. Compared with LAs and HAs, IA patients had a lower percentage of positive anti-dsDNA (P = 0.048), implying a lower disease activity in IAs. Indicators of systemic inflammation, such as ESR (P = 0.0011), and pro-inflammatory cytokines, including TNF-α (P = 0.0127) and IL-10 (P = 0.0186), were increased as disease activity increased. Our observations are consistent with previous findings, which demonstrated that TNF-α and IL-10 levels were significantly increased in active SLE and correlated with clinical SLEDAI-2k (10). In contrast, expression of C3 (P <0.0001) and C4 (P = 0.013) were decreased in SLE patients compared to HCs, showing a decreased trend as disease activity increased.


Table 1 | Demographic characteristics of the participants.



Moreover, the number of B cells (P = 0.0033) as well as the levels of antibodies, including IgG (P = 0.0441), IgA (P = 0.0285) and IgM (P = 0.0189) were increased in IAs and LAs, but decreased slightly in HAs. Our observations are consistent with previous findings in SLE where abnormalities in B cells were identified to be involved in the pathogenesis of SLE (11).



Multi-Omic Profiling for SLE

After data preprocessing, the final dataset contained 3399 analytes, including 777 proteins, 1994 metabolites, and 628 complex lipids that were identified. Next, pairwise comparisons were applied to identify differentially expressed molecules, and identify the molecular signatures of SLE for each omic level.


Proteomic Changes in SLE

Of the 777 proteins (Supplementary Figure 1A), 231 were identified as differentially expressed among the four groups (Supplementary Data 1.1). We applied the PLS-DA analysis (Supplementary Figure 1B) and volcano plots (Supplementary Figure 1C) to show the different proteins. Seven expression patterns, including an inverted “V” cluster (C2), three increasing clusters (C1, C3 and C7), and three decreasing clusters (C4, C5 and C6), were identified across patients with different disease activity (Figure 2A and Supplementary Data 2.1).




Figure 2 | Landscape of Proteins in SLE. (A) Hierarchical clustering shows seven differential expression patterns across four groups. (B) GO terms enriched in cluster 2. Top 20 GO terms are shown. Red lines highlight immune-related terms. (C) GO terms enriched in the increasing clusters (C1, C3 and C7). Top 20 GO terms are shown. Red lines highlight lipoprotein-related terms. Blue line highlights the acute phase response terms. (D) GO terms enriched in the decreasing clusters (C4, C5 and C6). Top 20 GO terms are shown. Red line highlights the integrin-mediated signaling pathway term. Blue line highlights the response to wounding term.



Based on the seven expression clustering patterns, a variety of biological pathways were identified to be specifically enriched in patients with different disease severity. As shown in Figure 2B, C2 were enriched for proteins involved in immunoglobulin-related immune response pathways (Supplementary Data 2.2). Although expression of most immunoglobulin-related proteins were elevated in SLE patients, interestingly, we found that these levels decreased slightly in the HA group compared to LAs. This suggests that immunoglobulin-related immune responses, which were activated in SLEs, might be specifically suppressed in the HAs group. For the three increasing clusters (C1, C3 and C7), these contained proteins primarily involved in lipoprotein-related pathways and acute-phase response pathways (Figure 2C and Supplementary Data 2.2). The expression levels of apolipoproteins continuously increased in SLEs compared to HCs, suggesting that dysregulation of lipid metabolism in SLEs is associated with disease activity. For proteins in the three decreasing clusters (C4, C5 and C6), these were enriched in integrin-mediated signaling pathways and response to wounding (Figure 2D, Supplementary Figure 2 and Supplementary Data 2.2). Proteins found in the three decrease clusters might reflect the increased tissue damage and cell death associated with disease activity (Figure 2D).



Landscape of Metabolomic Profiles in SLE

To ensure reliability, a PLS-DA score plot (Supplementary Figure 3A) and relative standard deviation (RSD) % of all detected variables (Supplementary Figure 3B) were generated. Volcano plots from the metabolomic analyses highlight differentially expressed metabolites identified between each pairwise comparison (Supplementary Figure 3C). A summary of the differentially expressed metabolites in each pairwise comparison is shown in Supplementary Data 1.2. These differentially expressed metabolites were then used to characterize the metabolic pathways associated with different SLE disease activity (Figure 3A).




Figure 3 | Landscape of Metabolites and Lipids in SLE. (A) Venn diagram showing the overlapping number of differentially expressed metabolites in HC, IA, LA, and HA groups. (B) Pathway analysis of metabolomics data identified significant effects of SLE on sphingolipid metabolism. (C) Heatmap representing expression of metabolites in sphingolipid metabolism in HCs, IAs, LAs and HAs. (D) Representative lipid expression changes across four groups. Square and bars represent the mean and standard deviation, respectively. Squares that are left of the line represent ratios <1, while square that are right of the line represent ratios >1. (E) Representative lipid expression changes across four groups. Square and bars represent the mean and standard deviation, respectively. P values were calculated using Student’s t test and significant P values are shown in the boxplot. ** means P value < 0.01, and *** means P value < 0.001.



Notably, KEGG analysis indicted that sphingolipid metabolism was the top most significant pathway impacted and associated with SLE and disease activity (Figure 3B and Supplementary Data 3.1). Interestingly, a previous study suggested that sphingolipid metabolism may be a biomarker and therapeutic target for SLE (12). Consistently, we also observed that the expression of many metabolites in the sphingolipid pathway were gradually changed in SLE patients compared to HCs (Figure 3C). This suggests that sphingolipid metabolism may participate in the pathogenesis of SLE and supports the hypothesis that dysregulated lipid metabolism occurs in SLE.



Altered Lipid Profiles in SLE

We next investigated the lipid dynamics within the different disease activity groups. A PLS-DA score plot (Supplementary Figure 4A) and RSD% of all detected variables (Supplementary Figure 4B) were generated. Volcano plots analyses highlight the lipids that were altered between each pairwise comparison (Supplementary Figure 4C). These differentially expressed lipids are expressed in Supplementary Data 1.3.

Consistent with the metabolomics results above, sphingolipids, including ceramides (Cers), ceramide phosphoinositols (PI-Cers), and most classes of diradylglycerols (DAGs) were significantly increased in SLEs (IAs, LAs and HAs) compared to HCs (Figures 3D, E). Of particular interest, the expression of Cers were slightly decreased in LAs and HAs when compared to IAs (Figure 3E). Moreover, we observed a reduction in the major classes of serum glycerophospholipids including lysophosphatidylcholine (LPC), glycerophosphoethanolamines (LPE) and glycerophosphoinositols (PI). This indicates an enhanced phospholipase A2 activity in SLE patients compared to HCs (Figures 3D, E). LPCs are the major component of the cell membrane and can increase the production of pro-inflammatory cytokines. LPE were previously reported to prime the plant immune system however their function in mammals has not been well characterized (13). Here, down-regulated of LPC and LPE in SLE might imply the immune disorders of HAs (Figure 3E). Thus, an analysis of the serum lipidomic signatures, combined with the identification of increased apolipoprotein expression (Figure 2C) revealed that lipid changes, especially for sphingolipids is essential for SLE disease activity.




Dysfunctional Immune and Activated Inflammatory Response in High Activity Stage of SLE

SLE is a multifactorial and complex autoimmune disease, which is characterized by various immune-related and inflammation-related molecular aberrations. Although dysregulated immune responses and inflammation responses in SLE have been reported, the comprehensive analysis and the underling molecules participating the process at different stages of SLE disease activity is limited (14).

In this study, many complement components were significantly changed in SLEs, with the trend becoming more pronounced as disease activity increased (Figure 4A). As shown in Figure 4B, multiple complement-related proteins, including complement C1q subcomponent subunit C (C1QC), complement subcomponent C1r (C1R), complement C4-A (C4A), and complement C4-B (C4B) were downregulated in SLE, especially in LAs and HAs. Besides, the similar expression patterns of serum complements C3 and C4 were observed in SLEs (Figure 4C). The levels of C1QC, C1R, C4A, and C4B were positively associated with levels of C3 and C4 (Figure 4D and Supplementary Data 4.1). More interestingly, they were also negatively related to disease score of SLE (Figure 4E and Supplementary Data 4.2). This suggests that the complement system was activated in SLE and participated in the activity of SLE. Moreover, many immunoglobulins, such as immunoglobulin heavy constant gamma (IGHG)1, IGHG3, immunoglobulin kappa variable (IGKV) 2-24, and others were significantly increased in SLEs (Figure 4F). Interestingly, a new pattern of immune disorders at HA stage was observed. Many immunoglobulin proteins, which were increased in LA subgroup of SLEs, were specifically decreased in the HAs (Figure 4F). Consistently, the number of B cells and levels of IgG also showed similar expression patterns (Figure 4G), and were positively correlated with the immunoglobulins levels (Supplementary Figure 5A and Supplementary Data 4.3). Some immunoglobulin proteins, such as IGHM, IGHV 3-34, IGLV1-47, IGLV 3-10 were positive correlated with disease score of SLE (Figure 4H and Supplementary Data 4.2). Collectively, changed proteins in HAs implied the activation of complement system and suppression of immunoglobulin-related immune response at high activity stage.




Figure 4 | Dysfunctional Immune Response in High Activity Stage of SLE. (A) Heatmap depicting the levels of differentially expressed proteins related to immune responses, including complement, immunoglobulins and others in HCs, IAs, LAs, and HAs. (B) Expression of representative complement-related proteins across four groups. (C) Expression of serum complement C3 and C4 across four groups. Square and bars represent the mean and standard deviation, respectively. P values were calculated using Student’s t test and significant P values are shown. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001. (D) Spearman correlation heatmap between levels of differentially expressed proteins and complements. Red, purple, and white denote relatively higher, lower, and mean levels, respectively. * means correlation P value < 0.05. ** means correlation P value < 0.01. (E) Correlation analysis of complement-related proteins and SLE disease scores. Red and blue represent positive and negative correlation, respectively. * means correlation P value < 0.05. ** means correlation P value < 0.01. (F) Boxplots of representative immunoglobulin-related protein abundances across four groups. (G) Number of B cells, percentage of B cells and IgG level across four groups. P values were calculated using Student’s t test and significant P values are shown. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001. (H) Correlation analysis of the immunoglobulin-related proteins and SLE disease score. * means correlation P value < 0.05. ** means correlation P value < 0.01.



Next, we analyzed the expression of inflammation markers in different groups. Levels of ESR and pro-inflammatory cytokines, including TNF-α, IL-2R, IL-6 and IL-10 were elevated in SLE and this was associated with disease activity (Figure 5A). Besides, many proteins associated with inflammation identified by proteomics were also up-regulated (Figure 5B and Figure 5C). For example, the levels of acute-phase proteins (serum amyloid A [SAA] 1, SAA2, SAA2-SAA4) were increased in SLEs (Figure 5C). Circulatory SAA concentration was reported to be significantly increased during acute phase responses (15). Here, the expression of SAA1 was higher in SLEs compared to HCs, and was also further elevated in HAs compared to IAs (Figure 5C). The level of SAA2 was highest in HAs while the levels of SAA2-SAA4 was higher in LAs and HAs compared to HCs. More interestingly, the levels of SAA1 and SAA2 were positively correlated with SLE disease score (Figure 5D and Supplementary Data 4.2), and SAA1 alone was correlated with ESR and TNF-α (Figure 5F and Supplementary Data 4.4). Except for acute inflammatory-related pathway, mitogen-activated protein kinase (MAPK) signaling pathways and extracellular signal-regulated kinase (ERK) 1/2 signaling pathway were also changed in SLE patients (Figure 5E).




Figure 5 | Activated Inflammatory Response in SLE. (A) Expression of inflammatory markers and cytokines across four groups. P values were calculated using Student’s t test and significant P values are shown. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001. (B) Heatmap depicting expression levels of inflammation-related proteins in HCs, IAs, LAs, and HAs. (C) Expression of representative inflammation-related proteins across four groups. P values were calculated using Student’s t test and significant P values are shown. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001. (D) Correlation analysis of the inflammatory-related proteins and SLE disease score. Red and blue numbers represent positive and negative correlation, respectively. * means correlation P value < 0.05. ** means correlation P value < 0.01. (E) The interaction diagram of proteins involved in acute inflammation, inflammation, ERK1 signaling pathway, regulation of cytokine, MAPK signaling pathway. Blue squares represent the pathways; Green circle represent the changed proteins; Dotted lines represent the association between the pathways and the proteins. Solid lines represent the association between proteins. (F) Spearman correlation heat map between levels of differentially expressed proteins and clinical parameters for inflammation. Red, purple, and white denote relatively higher, lower, and mean levels, respectively. * means correlation P value < 0.05. ** means correlation P value < 0.01. *** means P value < 0.001.





Dysregulated Lipid Metabolism in SLE

Since chronic inflammation in patients with SLE can lead to accelerated atherosclerosis, it is reasonable to suspect that these risk factors can induce specific alterations in lipoprotein metabolism (16). In this study, we found a large number of apolipoproteins that were up-regulated in SLE, especially in HAs (Figure 6A). Compared with HCs, the expressions of apolipoprotein B (APOB), apolipoprotein C (APOC), apolipoprotein D (APOD), apolipoprotein E (APOE) and apolipoprotein L1 (APOL1) were increased in SLE patients (Figure 6B). Moreover, the expression of APOB and APOE were correlated to SLE disease score (Figure 6C). These results are consistent with previous findings demonstrating that APOE correlated with disease activity and related cytokines in SLE patients (17). Besides, APOC3 was strongly related to cardiovascular disease risk (18). Thus, high levels of APOC3 in HAs may be involved in the occurrence of atherosclerosis induced SLE.




Figure 6 | Dysregulated Lipid Metabolism in SLE. (A) Heatmap showing expression levels of apolipoproteins in HCs, IAs, LAs, and HAs. (B) Abundance levels of apolipoproteins across four groups. P values were calculated using Student’s t test and significant P values are shown. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001. (C) Correlation analysis of proteins and SLE disease score. x axis indicates Spearman’s correlation coefficients, and the y axis indicates the significance of the correlation (–log10 of P values for each correlate). Dotted line means P value of 0.05. Representative proteins, including APOB and APOE were related to disease score. (D) Heatmap of Spearman correlation coefficients between the levels of differentially expressed apolipoproteins and representative lipids. Red, purple, and white denote relatively higher, lower, and mean levels, respectively. * means correlation P value < 0.05. ** means correlation P value < 0.01.



As a lipid transport carrier, apolipoproteins participate in the pathogenesis of SLE, however, their relationship with lipids in SLE is still unclear (17). Here, we conducted a correlation analysis for apolipoproteins and lipid metabolism. As mentioned above, Cer, PI-Cer and DAG were increased, while LPC, LPE and PI were decreased as SLE disease activity increased (Figure 3E). Interestingly, we found the expression of APOB were positively connected with Cer, while negatively associated with LPC and LPE (Figure 6D and Supplementary Data 4.5). Further correlation between apolipoproteins and lipids are provided in Supplementary Figure 5B. In addition, many lipids were also observed to be correlated with SLE disease score (Supplementary Figure 6A). It has been reported that dyslipidemia occurs frequently in SLE and is characterized by elevated plasma levels of low-density lipoprotein (LDL), APOB, and decreased level of high-density lipoprotein (HDL) (16). Many studies have shown that dyslipidemia, is an important contributing factor that can also accelerate inflammation, autoimmunity, and atherosclerosis in autoimmune diseases (19). Therefore, an imbalance in lipid metabolism together with dysregulated apolipoproteins combined involved in the SLE activity.



Sphingolipid Metabolism Perturbed in High Activity Stage of SLE

As mentioned above, the metabolomics data revealed a significant impact on sphingolipid metabolism (Figure 3B). To determine whether this pathway is also involved in high disease activity, differentially expressed metabolites between HAs and other groups were identified (Figure 7A). Of note, sphingolipid metabolism was the top pathway affected in the high activity group from our metabolomics analysis (Figure 7B and Supplementary Data 3.2). As such, further analysis of this pathway highlighted significant increases in sphinganine, glucosylceramide, and phytosphingosine levels (Figure 7C). In contrast, decreases in sulfatide, sphingomyelin (SM), and sphingosine-1P suggested hyperactivation of the ceramide pathway in activity stage of SLE. Among them, glucosylceramide and SM levels were also associated with SLE disease score (Supplementary Figure 6B). Consistently, sphinganine and SM were reported to be changed in SLEs and related to complications, thus supporting our data (20). These data show the potential value of assessing sphingolipid changes in SLEs, especially in the HA group, and supports the use of sphingolipidomics as a tool to pinpoint a biomarker for early identification (12).




Figure 7 | Sphingolipid Metabolism Perturbations in High Activity Stage of SLE. (A) Venn diagram showing the number of differentially expressed metabolites in HA compared with HC, IA, LA groups, respectively. (B) KEGG analysis of differentially expressed metabolites in HAs compared with others. (C) A summary of sphingolipid metabolism pathways. Box plots show expression level changes of selected regulated metabolites in sphingolipid metabolism pathways across four disease severities. P values were calculated using Student’s t test and significant P values are shown in the boxplot. * means P value < 0.05, ** means P value < 0.01, and *** means P value < 0.001.






Discussion

To the best of our knowledge, this is the first integrated multi-omic analysis combining proteomic, metabolomic and lipidomic data obtained from SLE patients with different disease activity. Previous studies have observed abnormal alterations in many mRNAs, proteins and metabolites in SLE patients. For example, elevated expression of CTRP3 and TRYP2, which might participate in the pathogenesis, were observed in plasma from neuropsychiatric SLE (21). Additionally, serum properdin, collectin-11 and thrombospondin-4 levels were able to monitoring the diseases activity of SLE patients (6). These studies help to elucidate the pathogenesis of SLE; however, a common limitation of these studies is that they were performed using single omics technology. Recently, many researchers have applied multiple omics technologies and showed that this approach was able to provide a greater detailed view of the underlying mechanism of disease than when used individually (22, 23). However, to date there have been limited studies which have focused on a combined analysis of proteomics and metabolomics in SLE.

Multi-omics research from proteomics to metabolomics allows researchers to establish a systematic analysis to clarify the complete molecular pathology of SLE. In this study, we performed proteomics, metabolomics and lipidomics simultaneously in patients with different SLE activity stage and HCs. Through multi-omics analysis, levels of immune-related and inflammation-related proteins were found to be elevated in SLE patients compared to HCs. Unexpectedly, compared with LA patients, HA patients exhibited a discordance, with activation of inflammation but low IgG and immunonoglobulins secretion. Additionally, the number of B cells were also decreased in HAs and this was correlated with the levels of immunoglobulins. This indicates that patients in the high activity group might have a certain degree of immune damage. It is known that the innate immune system is activated by TLRs, which leads to downstream activation of MAP-kinases and ERK1/2 signaling pathways, which serve as transcription factors for the production of pro-inflammatory mediators (24). In this study, we observed several inflammation-related proteins in the MAP-kinases and ERK1/2 signaling pathways were significantly altered in SLE patients, consistent with previous studies (25). Acute inflammation proteins were also increased, implying that inflammation plays a key role in the pathogenesis of SLE. Moreover, cytokines such as TNF-α, IL-2R, IL-6, IL-18 were also increased in HCs and showed similar trends with inflammation-related proteins. These results suggested that the pathogenesis of SLE is accompanied by inflammatory activation and immune dysfunction, which play an essential role in the activity of SLE.

Together with the adaptive immune response, the complement system also plays an essential role in immunity. Complement activation is associated with systemic lupus erythematosus with expression of complement proteins decreased and complement deposition found in affected tissues (26). However, the coordinated changes in complements have not been analyzed as usually each molecule is analyzed independently using specific immunoassays. In this study, both proteomics and clinical indexes indicated that complement components, such as C1QC, C1R, C4A, C4B and others were significantly decreased in SLE and associated with disease activity. This revealed the importance of the classical pathway for lupus pathogenesis. The role of the complement system in SLE is complex. Complement activation can help aggravate SLE-associated inflammation while complement deficiency is also dangerous as it can exacerbate SLE activity (27). It has been reported that the complement component of the classical pathway, such as C1Q, C1R, C4 and C2, is genetically defective and involved in the progression of SLE (27, 28). Additionally, functional defects of C1Q can lead to a decrease in its ability to detect apoptotic cells, which further promotes progression of SLE (29). Moreover, low copy numbers of the two C4 genes, C4A and C4B, is also associated with increased risk of SLE (30), thus supporting our data. Together, these evidence show that (i) SLE is a multi-systemic and complex autoimmune disease, characterized by excessive inflammation (31); (ii) immunoglobulins facilitate inflammation activation in SLE; and (iii) The degree of complement cleavage is determined by the levels of inflammation response (32). These results suggest that the adaptive immune system, complement system and inflammation interacted with each other, influenced each other and are jointly involved in SLE disease activation.

Dyslipidemia is a common feature in patients with SLE, and includes elevated LDL, HDL and APOB (19). However, beyond these findings, very little information is available to assess whether defects in lipid metabolism are present in SLE. In this study, in addition to APOB, levels of APOC, APOD, APOE, and APOL1 were also significantly increased in SLE, especially in HA patients. This suggests that abnormal lipids metabolism not only occurs in SLE pathogenesis but is also associated with SLE disease activity. In addition, using metabolomics, we found that the lipidomics characteristics of SLE patients were significantly different from HCs. Importantly, sphingolipid metabolism was identified as the top pathway associated with high activity in SLE, consistent with previous research (12). Studies have shown that dyslipidemia may elevate the cardiovascular risk of SLEs (33, 34). Since atherosclerosis is induced by an imbalance in lipid metabolism, it is possible that the hyperlipidemic environment in vivo induced by dysregulated lipid metabolism is involved in the pathogenesis of SLE (35). Future research should investigate the mechanisms by which specific lipid contents stimulate autoimmune and inflammatory responses to promote the occurrence and development of SLE.

It should be noted that this was a single-center study with a relatively small sample size. Therefore, future large-sized cohort studies are necessary to confirm the results in this research. Additionally, some of the enrolled SLE patients had received treatment for more than a month. Thus, due to the cross-sectional nature of this study, correlation does not necessarily imply causation, especially when these factors include potential common dependent variables.

In summary, our study presented a multi-omics landscape of blood samples within a cohort of SLE patients with different disease activity, from non-activity to high activity. Overall, this study provides novel insights into SLE as well as valuable clues for deciphering the pathogenesis of SLE and its underlying mechanisms.
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Supplementary Figure 1 | Quality Control and Differentially Expressed Proteins in Different Groups, Related to Figure 2. (A) The distribution of the numbers of quantified peptides and proteins in the 50 plasma samples (B) PLS-DA was used to compare the proteomes of the different groups. (C) Volcano plots comparing protein expression between groups. Proteins with |FC| >1.5 and P value < 0.05 were considered to be significantly differentially expressed.

Supplementary Figure 2 | Expression of Representative Proteins in the Decreasing Clusters (C4, C5 and C6), Related to Figure 2. (A) Levels of tropomyosin (TPM) among HCs, IAs, LAs and HAs. (B) Levels of collagen proteins among HCs, IAs, LAs and HAs. (C) Levels of integrin proteins among HCs, IAs, LAs and HAs.

Supplementary Figure 3 | Quality Control and Differentially Expressed Metabolites in Different Groups, Related to Figure 3. (A) PLS-DA score plot used to compare the metabolites of different groups and demonstrates the reliability of the analytical method used on QC samples (n = 4). (B) RSD% of all detected variables. Number (%): percentage of the number of variables. Sum of intensity (%): percentage of the total response of the variables. (C) Volcano plots comparing metabolite expression between groups. Metabolites with |FC| >1.5 and P value < 0.05 were considered to be significantly differentially expressed.

Supplementary Figure 4 | Quality Control and Differentially Expressed lipids in Different Groups, Related to Figure 3. (A) PLS-DA score plot used to compare the lipids of different groups and demonstrates the reliability of the analytical method used on QC samples (n = 4). (B) RSD% of all detected variables. Number (%): percentage of the number of variables. Sum of intensity (%): percentage of the total response of the variables. (C) Volcano plots comparing lipid expression between groups. Lipids with |FC| >1.5 and P value < 0.05 were considered to be significantly differentially expressed.

Supplementary Figure 5 | Correlation Analysis of Omics-data and Clinical Index. (A) Correlation analysis of the immunoglobulin proteins versus B cell numbers and antibody levels. (B) Spearman correlation heatmap between levels of differentially expressed apolipoproteins and different lipids. The result was obtained using Pearson correlation coefficient analysis.

Supplementary Figure 6 | Correlation of Metabolites and Lipids with SLE Disease Score. (A) Metabolite levels were correlated to SLE disease score. (B) Lipid levels were correlated to SLE disease score. x axis indicates Spearman’s correlation coefficients, and the y axis indicates the significance of the correlation (–log10 of P values for each correlate).
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Systemic lupus erythematosus (SLE) is a complex, heterogeneous autoimmune disease. A common manifestation, lupus nephritis, arises from immune complex deposition in the kidney microvasculature promoting leukocyte activation and infiltration, which triggers glomerular damage and renal dysfunction. CD11b is a leukocyte integrin mainly expressed on myeloid cells, and aside from its well-ascribed roles in leukocyte trafficking and phagocytosis, it can also suppress cytokine production and autoreactivity. Genome-wide association studies have identified loss-of-function polymorphisms in the CD11b-encoding gene ITGAM that are strongly associated with SLE and lupus nephritis; however, it is not known whether these polymorphisms act alone to induce disease or in concert with other risk alleles. Herein we show using Itgam-/- mice that loss of CD11b led to mild inflammatory traits, which were insufficient to trigger autoimmunity or glomerulonephritis. However, deficiency of CD11b in autoimmune-prone Lyn-deficient mice (Lyn-/-Itgam-/-) accelerated lupus-like disease, driving early-onset immune cell dysregulation, autoantibody production and glomerulonephritis, impacting survival. Migration of leukocytes to the kidney in Lyn-/- mice was unhindered by lack of CD11b. Indeed, kidney inflammatory macrophages were further enriched, neutrophil retention in glomerular capillaries was increased and kidney inflammatory cytokine responses were enhanced in Lyn-/-Itgam-/- mice. These findings indicate that ITGAM is a non-monogenic autoimmune susceptibility gene, with loss of functional CD11b exacerbating disease without impeding glomerular leukocyte trafficking when in conjunction with other pre-disposing genetic mutations. This highlights a primarily protective role for CD11b in restraining inflammation and autoimmune disease and provides a potential therapeutic avenue for lupus treatment.
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Introduction

Systemic lupus erythematosus (SLE, lupus) is a multi-organ, heterogeneous autoimmune disease mediated by autoreactive B cells that generate autoantibodies to nuclear components (anti-nuclear antibodies, ANA). These autoantibodies form immune complexes that deposit within the microvasculature of various tissues, eliciting an inflammatory response (1). The immune response is typified by broad systemic activation and dysregulation of the innate, adaptive and humoral systems, with inflammatory cytokines and chemokines driving localized responses, which invoke the recruitment and activation of pathogenic cells that damage the tissue (2). The kidney is a common target of aberrant inflammation in SLE patients, and the progression of the resultant nephritic injury to end-stage organ failure adds significantly to SLE-associated morbidity and mortality (3). As SLE is diverse both clinically (pathogenesis and presentation) and genetically (susceptibility risk loci), diagnosis and treatment can be challenging; therefore, further understanding of the complex pathogenic processes and genetic risk associations will aid advancements in patient care.

Genome-wide association studies have identified single nucleotide polymorphisms (SNPs) in the ITGAM locus, which encodes the protein CD11b, that are strongly associated with SLE (4–6). CD11b (αM) is a leukocyte integrin that heterodimerizes with the common β2 integrin subunit (CD18) to form the adhesion molecule, Mac-1 (αMβ2), which is expressed mainly on leukocytes of the myeloid lineage (7). As an adhesion molecule, CD11b plays a key role in immune cell trafficking during inflammation, mediating leukocyte attachment to the vascular endothelium via interactions with numerous ligands, including ICAM-1 and VCAM-1 (8). In this capacity, CD11b shares a degree of functional redundancy with other members of the β2-pairing integrin family: CD11a (αLβ2, LFA-1), CD11c (αXβ2, p150/95) and CD11d (αDβ2) (9–11). However, CD11b has various specialized non-trafficking functions that promote inflammatory responses, prominently through facilitating iC3b complement-mediated phagocytosis, supporting FcγR-mediated processes including immune complex-mediated phagocytosis, antibody-dependent cellular cytotoxicity and NETosis, and activating neutrophil cytotoxic processes (10, 12, 13). Conversely, CD11b is also immunoregulatory, and can suppress autoreactivity through phagocytosis of cellular debris and immune complexes and suppression of autoimmune B cells (14) and myeloid inflammatory cytokine responses (15–17). As CD11b has several dichotomous functions, it has the potential to act in various capacities to both regulate and propagate immunopathology in lupus. Assessment of the common lupus-susceptibility variants in CD11b show diminished phagocytic capacity (18, 19), suggesting loss of function is associated with disease. However, the impact of CD11b-deficiency on lupus nephritis has not been extensively explored in spontaneous, chronic in vivo models, and it is unclear whether loss-of-function CD11b mutations are a monogenic risk for lupus.

Mice lacking the immunoregulatory Src family tyrosine kinase, Lyn (Lyn-/-), spontaneously develop immune cell defects, antinuclear antibodies, systemic inflammation, and immune-complex mediated glomerulonephritis, making it a robust pre-clinical model of lupus (20, 21). Lyn-/- mice also show dysregulation of CD11b, suggesting that this may contribute to disease (22). Therefore, to examine the influence of CD11b on lupus pathology, we generated Lyn-/- mice lacking CD11b (Lyn-/-Itgam-/-). We show that loss of CD11b alone is insufficient to drive autoimmune pathology, but on a Lyn-null genetic background, CD11b-deficiency accelerates systemic inflammation and local inflammatory responses in the kidney, exacerbating autoimmune kidney pathology without interfering with glomerular leukocyte trafficking. This study shows that CD11b-deficiency is associated with lupus in a non-monogenetic manner and CD11b can be dispensable for leukocyte trafficking in chronic renal disease.



Materials and Methods


Animals

C57BL/6 background Lyn-/- mice (L-/-) (20) and Itgamtm1Myd mice (Itgam-/-, M-/-) (23) were crossed to generate Lyn-/-Itgam-/- double deficient mice (LM-/-) and confirmed by genotyping. Mice were bred under specific pathogen-free conditions at the Monash University Animal Research Platform (Clayton, Australia) and housed at the Monash University Intensive Care Unit (Melbourne, Australia) for long-term studies. C57BL/6 control mice were obtained from Monash Animal Services (Clayton, Australia). Research was performed in accordance with the Australian Code for the Care and Use of Animals for Scientific Purposes and in agreement with NHMRC animal welfare guidelines. Approval for animal experimentation was obtained from the Alfred Research Alliance (E/1377/2013/M, E/1688/2016/M) and Monash Medical Centre B (2018/19) animal ethics committees.



Flow Cytometry

Single cell suspensions of spleen were prepared by extrusion. Saline-perfused kidneys were digested in RPMI + 0.1 mg/ml Liberase TL (Roche, 5401020001) + 0.1 mg/ml DNAse I at 37°C then mechanically dissociated to form a single cell suspension. Cells were treated with ACK red blood cell lysis buffer, filtered, counted and Fc receptors were blocked with anti-FcγRII/III F(ab’)2 (2.4G2, in-house). Cells were then stained with fluorophore-conjugated mAbs and acquired on an LSRFortessa (BD Biosciences) with FACSDiva™ software (BD Biosciences) and analyzed using FlowJo Software (BD Bioscience). Dead cells were excluded based on uptake of propidium iodide or FluoroGold. Splenic cell populations were defined as: erythroblasts: Ter119+CD71±; monocytes CD115+Ly6G-; neutrophils: Ly6G+CD115-; CD4+ T cells: CD4+CD8α-; CD8+ T cells: CD8α+CD4-. B cells: B220+CD138low; plasma cells: B220low-midCD138high. Monocytes were further classified as conventional/inflammatory: Ly6C+CD62L+; non-conventional/patrolling: Ly6C-CD62L-. CD4+ and CD8+ T cells were further classified as effector cells: CD44+CD62L-. B cells were further subdivided as follicular: CD23+CD21low; marginal zone: CD23-CD21+; or transitional: CD23-CD21-. Kidney lymphocytes were pre-gated CD45+CD11b-CD11c- and defined as: γδ T cells: CD3ϵ+γδTCR+; CD4+ T cells: γδTCR-CD3ϵ+CD4+; CD8+ T cells: γδTCR-CD4-CD3ϵ+CD8α+; B cells: γδTCR-CD4-CD8α-CD19+. Kidney granulocytes were pre-gated CD45+F4/80-CX3CR1- and defined as: eosinophils: SiglecF+Ly6G-; neutrophils: Ly6G+SiglecF-. Kidney mononuclear phagocytes were pre-gated CD45+F4/80+CX3CR1+ and defined as: resident macrophage-like phagocytes: CD11c+Ly6C-; inflammatory macrophages: CD11c+Ly6C+. Kidney endothelium was defined as CD45-CD326-CD31+. Absolute cell numbers from spleen were determined from total cell counts and cell proportions identified by flow cytometry; cell numbers from kidney were determined by flow cytometry gated event count outputs and proportion of whole tissue acquired. Expression of activation and phenotypic markers (CD11b, CD62L, FcγRII/III, IgM) were determined by normalizing the geometric mean fluorescence intensity (gMFI) by dividing the value of each sample by the mean value of the C57BL/6 group within each experiment, allowing pooling of data from multiple experiments. Negative expression controls for activation markers were derived from gating on the population of C57BL/6 splenocytes that do not express the marker.



Kidney Histopathology

Kidney histopathology was conducted as previously described (22). Briefly, formalin-fixed, paraffin-embedded sections of 3 µm thickness were stained with hematoxylin and eosin or Periodic Acid-Schiff (PAS) for histopathological analysis. PAS-stained slides were imaged by Aperio Scanscope AT Turbo (Leica Biosystems). Mean glomerular cross-sectional area was quantified by polygon tracing using ImageJ software (NIH, 1.52d). Mean disease score criteria were assessed blinded as follows; 0 – Normal glomerular cellularity and morphology; 1 – Mild cellular expansion and/or early-stage disrupted glomerular morphology which includes lobularity and/or Bowman’s space enlargement; 2 – Advanced cellular expansion with distinct disruption to glomerular morphology, pyknosis and/or karyorrhexis; 3 – Severe cellular expansion/consolidation with advanced lobularity or fragmentation and/or enlargement of the Bowman’s space with cellular infiltration (with or without crescent formation) and/or peri-glomerular cellular expansion and/or evidence of segmental necrosis; 4 – End-stage glomerular destruction, progressive or complete loss of cellularity and/or distinct glomerular morphology. At least 30 glomeruli were assessed for each kidney.



Survival Study

Ageing cohorts of sex-matched Lyn-/- (n=18) and Lyn-/-Itgam-/- (n=19) mice received daily condition checks and were euthanized when their condition had deteriorated to predefined ethical checkpoints set by researchers in consultation with veterinary staff. Lifespan in days were recorded at these time-points and graphed as a Kaplan-Meier survival curve.



Autoantibody Quantification by ELISA

Detection of autoantibodies was conducted as previously described (22). Briefly, 96-well plates (Maxisorp, Nunc) were coated with calf thymus DNA (Sigma-Aldrich). After incubation of serum samples and reference serum, goat anti-mouse IgG(H+L)-HRP (Southern Biotech) detection antibody followed by TMB chromogenic substrates A and B (BD Biosciences) elicited a colorimetric change which was recorded by a MultiSkan GO microplate spectrophotometer (Thermo Fisher Scientific). Relative titers were determined by plotting sample optical density against the reference serum-derived standard curve.



Quantitative Real-Time PCR

RNA was extracted from frozen kidney tissue by trizol and chloroform separation with genomic DNA removal by DNA-free DNA removal kit (Thermo Fisher). cDNA was generated by FireScript RT kit (Solis Biodyne) as per manufacturer’s instructions. RT-PCR was performed with validated primers for Gapdh (housekeeping control) (24), Il1b (25), Tnfa (Fwd 5’ CCCTCACACTCAGATCATCTTCT 3’, Rev 5’ GCTACGACGTGGGCTACAG 3’), Ccl2 (26), Cxcl1 (27) and PowerUp SYBR Green Master Mix (Applied Biosystems) for 40 cycles under single-plex conditions (QuantStudio 6, Life Technologies). cDNA-specific amplification was ensured by inclusion of reverse transcriptase-negative and template-negative controls. Samples were run in triplicate and cycle threshold values were determined by automatic threshold analysis (QuantStudio Software), with the 2-ΔΔCt method used to calculated relative gene expression from the average threshold of each sample, relative to the average of the C57BL/6 group.



Assessment of Kidney Leukocyte Infiltration by Immunohistochemistry

Formalin-fixed paraffin-embedded kidney sections (3 µm) underwent antigen-retrieval in DAKO antigen-retrieval buffer (Agilent). Sections were blocked with PBS/1% BSA, followed by incubation with rat anti-mouse CD45-biotin, then anti-rat-HRP secondary antibody (both in PBS/0.2% BSA). Chromogenic substrate (DAKO diaminobenzidine chromogen solution; Agilent) was added to sections followed by counter-staining with hematoxylin and coverslip mounting with DPX (Sigma-Aldrich). Sections were imaged using an Olympus BX-51 light microscope at 20x objective magnification (Olympus Australia), capturing at least six images of each kidney cortex. Images were analyzed using ImageJ software by isolating the red channel and setting the color threshold to 120 to visualize punctate staining. CD45+ staining was quantified using the polygon tool to trace each glomerulus and measuring the area fraction. A minimum of 30 glomeruli were analyzed per kidney, with the mean taken to represent each sample.



Assessment of Glomerular IgG Deposition by Immunofluorescence

Saline-perfused kidneys were fixed in PLP fixative (PBS + 1.37%w/v L-lysine + 2%w/v paraformaldehyde + 0.22%w/v sodium periodate), infused with 30%w/v sucrose solution then embedded and snap frozen in OCT. 7 μm kidney sections were cut and mounted on SuperFrost Plus slides, rehydrated in PBS, blocked (4% BSA + 0.05% sodium azide in PBS) then stained with 20 μg/mL goat anti-mouse IgG-AF488 (In vivogen, A11029). Stained sections were mounted with antifade (4%w/v n-propyl gallate in 90% glycerol + 10% PBS), cover-slipped and imaged using the Nikon Eclipse TE2000-U Inverted Fluorescence Microscope with DS-Ri2 camera and 470/40 filter. IgG deposition was quantified in a blinded fashion with ImageJ FIJI, using the polygon tool to trace the glomerular tissue and measuring the mean gray value. A minimum of 30 glomeruli were analyzed per kidney, with the mean taken to represent each sample.



Kidney Intravital Multiphoton Microscopy

Glomerular trafficking of neutrophils and Ly6C+ monocytes was assessed by intravital multiphoton microscopy using a modification of a previously published technique (28–30). In brief, mice were anesthetized with ketamine hydrochloride (150 mg kg-1)/xylazine hydrochloride (10 mg kg-1), a catheter was inserted into the jugular vein, and the left kidney exteriorized via a dorsal incision. The intact kidney was immobilized in a heated well incorporated in a custom-built stage, bathed in normal saline and cover-slipped. The renal microvasculature was visualised using an FVMPE-RS multiphoton microscope (Olympus Australia, Notting Hill, Vic.), equipped with a 25X 1.05 NA water-immersion objective and an InSight X3 laser (Spectra-Physics, Milpitas, CA) tuned to 800 nm. Two recordings of superficial glomeruli were made for 30 min in each mouse, recording images every 30 s, collecting z-stack images of ~100 µm depth at a step-size of 3 μm. Emitted fluorescence was collected in non-descanned detectors with 410-455 nm, 495-540 nm and 575-645 nm emission filters. The glomerular microvasculature was labelled with AlexaFluor (AF) 594-anti-CD31 (clone MEC 13.3, BioLegend, San Diego, CA; 2 μg), adherent neutrophils with AF488-anti-Ly6G (1A8, eBioscience, Scoresby, Vic.; 2 μg) and Ly6C+ monocytes with AF405-anti-Ly6C (HK1.4, Novus; 3 μg), all administered i.v. immediately prior to imaging. Glomeruli were located on the basis of anti-CD31 staining, and the adhesion (cells/glomerulus/30 min) and duration of intraglomerular retention (dwell; min) determined for neutrophils and Ly6C+ monocytes using Imaris (Bitplane, Zurich).



Statistical Analyses

Statistical significance was determined using Mann-Whitney non-parametric U test (for two groups) or Kruskal-Wallis H test followed by Dunn’s multiple comparisons test (for three groups). The Itgam-/- group, acting as a reference control, was excluded from multiple comparison tests. To confirm an intermediate phenotype, specific comparisons between the Lyn-/- and C57BL/6 or Lyn-/-Itgam-/- groups were also conducted using Mann-Whitney non-parametric U test. Horizontal bars represent median ± IQR where the data are displayed on a linear scale, or geometric mean ± geometric SD where logarithmic data are displayed. Significance by Mann-Whitney test (represented by #) and Dunn’s multiple comparisons test (represented by *) is denoted by p > 0.05 (not significant) ns or not stated, p < 0.05 # or *, p < 0.01 ## or **, p < 0.001 ### or ***, p < 0.0001 #### or ****. Significance of the survival study was determined by log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests where p < 0.05 is significant. Statistical analysis was conducted by GraphPad Prism software (version 9.0.1).




Results


CD11b-Deficiency Alone Is Insufficient to Drive Autoimmune Disease

Given the observations of increased susceptibility to SLE in individuals bearing ITGAM SNPs, we first determined whether deficiency of CD11b in mice was sufficient to drive changes in the immune system consistent with development of autoimmunity. Itgam-/- mice were assessed at 36 weeks of age, a time point where autoimmune disease development is severe in lupus-prone Lyn-/- mice (22, 31). Aged Itgam-/- mice exhibited splenomegaly (Figure 1A), due to expansion of splenic erythroblasts, monocytes, and neutrophils (Figures 1B–D). While CD4+ T cells, CD8+ T cells and B cells were unchanged (Figures 1E–G), plasma cells were significantly expanded in Itgam-/- mice (Figure 1H), although this correlated with only slight increases in autoantibody titers (Figure 1I). Histopathological assessment of kidneys revealed healthy glomeruli with no indication of cellular or morphological changes or enlargement of glomeruli in 36-wk old Itgam-/- mice (Figure 1J). These findings indicate that while some key effector immune cell populations are expanded in 36-week-old Itgam-/- mice, no overt autoimmunity or immunopathology is evident at this time.




Figure 1 | CD11b-deficiency elicits immune compartment changes but not autoimmune pathology. 36-week-old C57BL/6 and Itgam-/- mice were assessed for: (A) spleen weights; flow cytometric quantitation of splenic populations of (B) erythroblasts, (C) monocytes, (D) neutrophils, (E) CD4+ and (F) CD8+ T cells, (G) B cells and (H) plasma cells; (I) quantitation of systemic titers of anti-dsDNA IgG autoantibodies (with age-matched Lyn-/- (n = 6) positive controls); and (J) glomerular histopathology. For (A–I), n = 8-11 mice per group, pooled from four experiments. The images in (J) are representative of n = 8-11 mice per group. Not significant denoted as ns, #p < 0.05, ##p < 0.01, ####p < 0.0001 by Mann-Whitney U test.





Loss of CD11b Accelerates Autoimmune Disease and Inflammatory Traits in Lyn-/- Mice

Lupus-prone Lyn-/- mice exhibit intrinsic CD11b dysregulation, with neutrophils showing upregulated CD11b from a pre-disease age (12 weeks) and throughout early- (24 weeks) and late-stage (36 weeks) disease (Supplementary Figure 1A) (22), suggesting that CD11b may contribute to early and ongoing disease processes. Therefore, to establish whether CD11b influences the development of inflammation and autoimmune disease on an autoimmune-susceptible genetic background, Lyn-/-Itgam-/- mice (LM-/-) were generated and assessed. Initial survival studies revealed that Lyn-/-Itgam-/- mice had significantly poorer survival (median 332 days) compared to Lyn-/- mice (median 414.5 days) (Figure 2A). Histopathological analysis of kidneys at 36 weeks of age, where disease is typically maximal in Lyn-/- mice (22), showed similarly severe glomerular damage in both Lyn-/- and Lyn-/-Itgam-/- mice (Supplementary Figure 1B). However, assessment of renal pathology at 24 weeks of age, which captures early and progressing disease stages, showed that Lyn-/-Itgam-/- mice already exhibited significantly advanced glomerular enlargement (median area 4885 µm, IQR 4198-5849), lobularity and cellular expansion and periglomerular dysplasia (median disease score 2.029, IQR 1.676-2.612) well beyond the mild disease seen in Lyn-/- mice (median glomerular area 3590 µm, IQR 3235-4208; median disease score 0.894, IQR 0.600-1.611) (Figures 2B–D). Systemic indices of autoimmunity and inflammation were also assessed, and at 24 weeks of age, autoantibody titers were significantly elevated in Lyn-/-Itgam-/- mice compared to Lyn-/- mice (Figure 2E), and both splenomegaly (Figure 2F) and lymphadenopathy (Figure 2G) were pronounced in Lyn-/-Itgam-/- mice only. Collectively, these findings indicate that CD11b-deficiency accelerates systemic autoimmunity and renal disease progression in Lyn-/- mice.




Figure 2 | Lyn-/-Itgam-/- mice exhibit enhanced systemic autoimmune disease. (A) Survival of Lyn-/- and Lyn-/-Itgam-/- mice by Kaplan-Meier survival analyses. The indicated 24-week-old mice were evaluated for: (B) glomerular histopathology by PAS staining with quantitation of (C) glomerular cross-sectional area and (D) mean disease score; (E) anti-dsDNA IgG autoantibodies; (F) spleen weight and (G) axillary lymph node weight and size. For (A), n = 18-19 per group, significance determined by log-rank and Wilcoxon tests. Data in (C, D, F ,G) are of n = 7-12 per group pooled from three experiments and data in (E) are of n = 10-21 per group. Images in (B, G) are representative of three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Dunn’s multiple comparisons test and #p < 0.05, ##p < 0.01 by Mann-Whitney U test.





CD11b-Deficiency Further Enhances Peripheral Immune Cell Defects in Lyn-/- Mice

To assess the cellular impacts of CD11b-deficiency, flow cytometry was performed on splenocytes. Lyn-/- mice with late-stage disease typically present with expanded splenic myeloid cell populations (22, 32), however at 24 weeks, neutrophils (Ly6G+CD115-) were only expanded in Lyn-/-Itgam-/- but not Lyn-/- mice (Figures 3A, B), with both groups exhibiting downregulation of CD62L (Figure 3C). CD11b-deficiency further exacerbated expansion of splenic monocytes (CD115+Ly6G-) in Lyn-/- mice (Figures 3A, D), with both Lyn-/- and Lyn-/-Itgam-/- mice exhibiting a similar skewing toward CD62L-negative patrolling monocytes (Figure 3E). Interestingly, expression of FcγRII/III on these patrolling monocytes, which has implications for clearance of immunogenic cellular-debris and immune complexes, was progressively downregulated in Lyn-/- mice, yet more markedly lost on Lyn-/-Itgam-/- cells (Figure 3F). Together, this shows that CD11b-deficiency in Lyn-/- mice further promotes myeloid cell dysregulation.




Figure 3 | CD11b-deficiency augments splenic immune cell defects in Lyn-/- mice. Spleens from the indicated groups of 24-week-old mice were assessed by flow cytometry for: (A) proportions of neutrophils (Ly6G+CD115-) and monocytes (CD115+Ly6G-); (B) numbers of neutrophils with (C) relative expression of CD62L on neutrophils; (D) numbers of monocytes with (E) proportions of CD62L- non-conventional/patrolling monocytes and (F) relative expression of Fcγ receptors II and III on patrolling monocytes; (G) proportions of CD8+ (CD8α+CD4-) and CD4+ (CD4+CD8α-) cells with numbers of (H) CD8+ T cells and (I) CD4+ T cells; (J) proportions of effector (CD44+CD62L-) CD4+ T cells with numbers of (K) CD4+ effector T cells and (L) CD8+ effector T cells. For data in (B–F, H, I, K, L), n = 7-12 per group, pooled from three experiments. Flow plots and histograms in (A, C, E–G, J) are representative of three experiments. The negative expression control histograms (CD62L-ve in C, FcγRII/III-ve in F) were derived by gating on C57BL/6 splenocytes that do not express the respective markers. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Dunn’s multiple comparisons test and p value stated if approaching significance (p < 0.1), #p < 0.05, ##p < 0.01 by Mann-Whitney U test.



Assessment of the T cell compartment revealed that Lyn-/- mice displayed a typical age-associated T cell deficit, however, in 24-week-old Lyn-/-Itgam-/- mice, this was observed only in the CD8+ compartment and not the CD4+ compartment (Figures 3G-I). Skewing of the CD4+ T cell population towards effector cells (CD44hiCD62L-), which is typical in Lyn-/- mice with disease progression (22), was further enhanced in Lyn-/-Itgam-/- mice (Figures 3J, K), with a similar trend for CD8+ effector T cells (Figure 3L), indicating that CD11b-deficiency can further promote T cell activation phenotypes in Lyn-/- mice.

Assessment of the B cell compartment revealed that Lyn-/-Itgam-/- mice exhibited splenic B lymphopenia (Supplementary Figures 2A, B) and maturational defects (Supplementary Figure 2C) typical of Lyn-/- mice. Similarly, plasmacytosis was pronounced in Lyn-/-Itgam-/- mice (Supplementary Figures 2A, D), with a typical Lyn-/- phenotype; hyper-IgM and augmented FcγRII expression (Supplementary Figures 2E, F). Together, these data indicate that loss of CD11b has no overt influence on the intrinsic B cell and plasma cell defects in Lyn-/- mice.



Inflammatory Responses in the Kidney Are Further Enhanced by CD11b-Deficiency in Lyn-/- Mice

Given that CD11b-deficiency accelerates autoimmunity and lupus nephritis in Lyn-/- mice (Figure 2), we next examined the inflammatory responses in the kidney of 24-week-old mice. Flow cytometry was used to identify and quantify kidney immune cell populations (Supplementary Figure 3A). Total CD45+ leukocyte numbers in Lyn-/- kidneys were elevated above those in healthy C57BL/6 mice with a trend towards further expansion in Lyn-/-Itgam-/- mice (Supplementary Figure 3A). In comparison to healthy controls, Lyn-/- mice exhibited an expansion of γδ, CD4+ and CD8+ T cell subsets (Figures 4A–C), with almost no detection of intrarenal B cells (Figure 4D). A similar expansion in kidney lymphocytes was observed in Lyn-/-Itgam-/- mice, with the notable further enrichment of γδ T cells, and marked B cell infiltration (Figures 4A–D). Eosinophils were barely detected in kidneys across all groups (Figure 4E) while neutrophils were equally expanded in both Lyn-/- and Lyn-/-Itgam-/- kidneys (Figure 4F). Numbers of kidney-resident macrophage-like phagocytes (gated as CD45+F4/80+CX3CR1+CD11c+Ly6C-) were similar across all groups (Figures 4G, H), while infiltrating inflammatory macrophages (gated as CD45+F4/80+CX3CR1+CD11c+Ly6C+), were enriched in Lyn-/- kidneys but significantly further expanded in Lyn-/-Itgam-/- kidneys (Figures 4G, I). Together, these data indicate that the absence of CD11b enhances immune cell infiltration in Lyn-/- kidneys.




Figure 4 | Kidney inflammatory responses are enhanced by CD11b-deficiency in Lyn-/- mice. Perfused and digested kidneys of 24-week-old mice were assessed by flow cytometry for numbers of: (A) γδ T cells, (B) CD4+ and (C) CD8+ T cells, (D) B cells, (E) eosinophils and (F) neutrophils; (G) populations of phagocytes gating on CD45+F4/80+CXCR3+ cells to delineate numbers of (H) resident macrophage-like phagocytes (CD11c+Ly6C-, R) and (I) inflammatory macrophages (CD11c+Ly6C+, M); (J) qRT-PCR gene expression of 24-week-old kidneys for Il1b, Tnfa, Ccl2 and Cxcl1. For data in (A–F, H, I), n = 5-9 per group, pooled from two experiments. Flow plots in (G) are representative of two experiments. Data in (J) are of n = 5-8 per group. *p < 0.05, **p < 0.01, ***p < 0.001 by Dunn’s multiple comparisons test and #p < 0.05, ##p < 0.01, ###p < 0.001 by Mann-Whitney U test.



To examine this further, local inflammatory cytokine production in the kidney was measured by qRT-PCR. The inflammatory profile of the kidney in Lyn-/- mice was typified by increases in the proinflammatory cytokines Il1 and Tnfa and the monocyte-recruiting Ccl2, and neutrophil-recruiting Cxcl1 chemokines (Figure 4J). This was also observed in Lyn-/-Itgam-/- kidneys, yet with further significant increases in the expression of Tnfa and Ccl2 above Lyn-/- mice (Figure 4J). These observations provide evidence that loss of CD11b leads to enhanced inflammatory responses in the kidneys of Lyn-/- mice.



Leukocyte Trafficking to the Kidney Is not Perturbed by CD11b-Deficiency in Lyn-/- Mice

Given that Lyn-/-Itgam-/- mice exhibited increased immune cells in the kidney which counters our previous observations that CD11b is required for the recruitment of cells to the kidney in acute inflammatory settings (28), we investigated renal leukocyte trafficking in Lyn-/-Itgam-/- kidneys at 24 weeks of age. Immunohistochemistry staining of CD45+ leukocytes revealed that infiltration in the kidney was largely focused to the glomeruli, or peri-glomerular areas with notable tissue dysplasia, which was most frequently observed in Lyn-/-Itgam-/- mice (Figure 5A). When quantified, Lyn-/- mice exhibited a small increase in glomerular leukocyte infiltration at this time-point, however this was elevated significantly further in Lyn-/-Itgam-/- mice (Figure 5B). Glomerular immune-complex deposition assessment showed similar elevation in both Lyn-/- and Lyn-/-Itgam-/- kidneys (Supplementary Figure 4), indicating that this is not driving the increased kidney leukocyte infiltration observed in Lyn-/-Itgam-/- mice.




Figure 5 | Leukocyte trafficking to the kidney is not perturbed by deficiency of CD11b in Lyn-/- mice. (A) Kidneys from 24-week-old mice were assessed by immunohistochemistry for the presence of CD45+ cells with (B) quantitation of CD45+ staining within the glomeruli. Two-photon live fluorescence imaging of the glomerular vasculature of 24-week-old mice depicting (C) Ly6G+ labelled neutrophils with quantification of (D) neutrophil adhesion (number of cells adhering to the vascular endothelium within a 30-minute window per glomerulus) and (E) Ly6G+ neutrophil dwell time (average length of time each detected cell remains adhered to the vascular endothelium). Two-photon live fluorescence imaging of the glomerular vasculature depicting (F) Ly6C+ labelled migratory monocytes with quantification of (G) migratory monocyte adhesion and (H) monocyte dwell time. (I) Flow cytometric assessment of the expression of integrin CD11a (LFA-1) on kidney Ly6C+ inflammatory macrophages with (J) quantification and (K) quantification of CD11a expression on splenic Ly6C+ migratory monocytes. Images in (A, C, F) are representative of 3-5 experiments, white arrowheads indicate intravascular Ly6G+ or Ly6C+ cells. Data in (B) represent n = 7-12 per group and data in (D, E, G, H) are of n = 5-9 per group. Flow plots in (I) are representative of two experiments, data in (J) are of n = 5-9 per group and data in (K) are of n = 4-5 per group, both pooled from two experiments. *p < 0.05, **p < 0.01, ****p < 0.0001 by Dunn’s multiple comparisons test and p value stated if approaching significance (p < 0.1), #p < 0.05, by Mann-Whitney U test.



Intravital multiphoton microscopy was employed to visualize leukocyte recruitment and interaction with the vasculature in the glomeruli of 24-week-old mice. The number of adherent Ly6G+ neutrophils in glomerular capillaries did not significantly differ across all groups (Figures 5C, D, Supplementary Video 1). Neutrophil retention (dwell time), which serves as a sensitive readout of the degree of glomerular inflammation (28–30), was mildly elevated in Lyn-/- kidneys compared to C57BL/6 kidneys, yet significantly further increased in Lyn-/-Itgam-/- mice (Figure 5E, Supplementary Video 1). Intraglomerular adhesion and retention of Ly6C+ inflammatory monocytes, which are less inclined to patrol the vasculature but can give rise to inflammatory kidney macrophages (33), was rare in C57BL/6 and Itgam-/- mice, yet was similarly enhanced in both Lyn-/- and Lyn-/-Itgam-/- kidneys (Figures 5F–H, Supplementary Video 2). Together these findings demonstrate that in Lyn-deficient mice, CD11b is not required for intraglomerular adhesion of neutrophils and monocytes, and that the combined absence of Lyn and CD11b leads to increased neutrophil retention in glomeruli.

To further explore the mechanisms of inflammatory leukocyte trafficking, the induction of adhesion and trafficking molecules in the kidney was assessed by flow cytometry. On CD31+ renal microvascular endothelial cells, expression of VCAM-1 was ubiquitous in all groups, however ICAM-1 was significantly upregulated in Lyn-/- and Lyn-/-Itgam-/- kidneys, albeit similarly in both groups (Supplementary Figure 3B), indicating comparable activation of the renal endothelium in Lyn-/- and Lyn-/-Itgam-/- mice. Assessment of the β2-pairing integrin family on renal immune cells revealed high surface expression of CD11a and an absence of CD11c on kidney neutrophils, regardless of CD11b expression (Supplementary Figure 3C). Ly6C+ inflammatory kidney macrophages (which are gated CD11c+), exhibited a marked upregulation of CD11a, dependent on loss of Lyn but not Itgam (i.e., on Lyn-/- and Lyn-/-Itgam-/- cells) (Figures 5I, J), and this phenotype was also observed in the peripheral precursor Ly6C+ monocytes (Figure 5K). Altogether, these findings demonstrate that during chronic inflammation, CD11b is dispensable for leukocyte recruitment to the diseased kidney and suggest that CD11a is the dominant trafficking integrin in Lyn-/- mice.




Discussion

In this study, we examined the contribution of the leukocyte integrin CD11b in lupus-like autoimmune disease in mice, both as a stand-alone genetic deficiency, and in combination with Lyn-deficiency, a well-described lupus-susceptible model. In humans, two common SLE-associated CD11b variants from non-synonymous SNPs in the ITGAM locus have been described: R77H (rs1143679) confers an arginine to histidine substitution in the ligand-binding extracellular β propeller region, and P1146S (rs1143683) substitutes proline for serine in the cytoplasmic tail (18). Functional assessment of these variants showed impaired phagocytosis in neutrophils and monocytes without influencing the surface expression or activation of CD11b (18, 19), indicating loss-of-function, suggesting that CD11b function is largely protective against development of autoimmune pathology. As typically observed in spontaneous autoimmune-prone models, we demonstrate that deficiency of CD11b alone progressively drives some traits indicative of modest immune dysregulation and inflammation with age, yet Itgam-/- mice exhibit only very mild autoreactivity, which was insufficient to manifest typical autoimmune pathology. While this suggests that Itgam-deficiency is not a dominant monogenetic risk for lupus nephritis, it remains possible that Itgam-/- mice may progressively develop glomerulonephritis much later in life or with additional inflammatory triggers. Nonetheless, when coupled with Lyn-deficiency, CD11b-deficiency accelerated inflammation and autoimmune pathology, indicating that loss of functional CD11b is deleterious in inflammatory autoimmune disease settings. SLE is a notoriously heterogeneous disease, which requires a combination of multiple genetic defects together with environmental influences for disease to develop (34). To this effect and supported by our analysis of CD11b-deficient mice, loss-of-function SNPs in the ITGAM locus, while conferring elevated susceptibility to development of autoimmune disease, likely work in synergy with other predisposing mutations to drive disease.

Lyn is a major regulator of B cell responses (35), with B cells central to the development of inflammation and autoimmune pathology in clinical and experimental lupus (2, 36, 37). A key hallmark of immune dysregulation in Lyn-/- mice is severe B lymphopenia, a trait that is intrinsically linked to Lyn-deficiency, accompanied by expansion of plasma cells (20, 22, 32). These defects persist in Lyn-/-Itgam-/- mice, yet autoantibody titers were augmented, hinting that CD11b-deficiency may further promote autoimmunity. Interestingly, a mechanism by which CD11b can intrinsically restrain autoreactivity in B cells involves the Lyn-CD22-SHP-1 regulatory axis (14); therefore it is unsurprising that loss of two regulatory mediators in this model, Lyn and CD11b, exacerbated autoantibody responses. This also coincided with further enhanced skewing to effector CD4+ T cells, which are required for autoantibody production and disease manifestation in Lyn-/- mice (31, 38). While loss of CD11b may intrinsically promote T cell activation (39), it is likely the enhanced hyper-maturation observed in Lyn-/-Itgam-/- T cells is driven by further dysregulation of inflammatory signaling due to loss of CD11b-mediated regulation of the myeloid compartment (15–17, 31). Engagement of CD11b can induce inhibitory signaling pathways to suppress myeloid cell activation, and importantly these regulatory pathways are facilitated by Src family kinases, namely Lyn (15–17). We observed that the combined loss of Lyn and CD11b accelerated myeloid dysregulation systemically, and in the diseased kidney, manifesting as increased expansion of inflammatory macrophages and enhanced local inflammatory cytokine responses. This suggests that loss of CD11b reduces the threshold for activating inflammatory signals and reinforces an immunoregulatory role for CD11b in the myeloid compartment in lupus-like disease. In line with this, monocytes harboring the R77H loss-of-function CD11b variant also lost the ability to regulate cytokine production via iC3b engagement (19), further supporting a propensity for aberrant inflammatory signaling in the absence of functional CD11b.

Strikingly, in conjunction with increased populations of effector immune cells in the chronically inflamed kidney, we observed unperturbed leukocyte recruitment and interestingly, greater glomerular neutrophil adhesion in Lyn-/-Itgam-/- mice. This is notable as we and others have previously established that CD11b is important for effective recruitment of neutrophils and the induction of their responses in acute glomerular inflammation (28, 40). In this context, CD11a is potentially underpinning inflammatory leukocyte trafficking, as we see that it is highly expressed on neutrophils and markedly upregulated on both peripheral monocytes and local kidney macrophages, driven by loss of Lyn and independent of CD11b expression. This notion is supported by previous work in a passive lupus serum transfer nephritis model, which is FcγR-dependent and immune complex-mediated, showing that loss of CD11b facilitates glomerulonephritis via enhanced neutrophil vascular rolling and adhesion (41), indicating that CD11b may in fact regulate leukocyte trafficking under these conditions. Furthermore, these trafficking processes were completely lost with CD18-deficiency, attributed to the lack of functional LFA-1 (CD11a/CD18) (41), suggesting that LFA-1 may be sufficient to mediate trafficking during inflammation. The Mac-1 complex has been described to directly interact with the low-affinity, activating FcγRIIa (FcγRIII in mice), inhibiting their binding with immune complex, limiting glomerular neutrophil influx in an autoantibody induced nephritis model (42). Of note, the lupus-associated R77H ITGAM variant lacks this capacity to inhibit FcγR (42), suggesting regulation of immune complex-mediated leukocyte trafficking could be impaired in individuals with these mutations. Interestingly, in in vitro experimental systems, SLE-associated CD11b variants impaired non-immunoglobulin ligand-induced monocyte static adherence and neutrophil adherence under flow (18, 19). This highlights the contextual importance of the in vivo inflammatory environment in supporting leukocyte recruitment processes. Cell surface expression of CD11a was not reported with these variants, so it is unclear whether the upregulation we observed in our model is similarly observed on human monocytes with disease, or potentially, whether the in vitro processing and assessment of cells influenced their integrin expression or function. Furthermore, the interaction between loss-of-function CD11b variants and vascular adhesion molecules may block functional LFA-1 from binding, thus inhibiting leukocyte-endothelial attachment, which would not occur in a system such as ours, where CD11b is absent. Nonetheless, the fact that CD11b was dispensable for leukocyte recruitment to the kidney in our in vivo model reinforces the capacity for redundancy amongst integrins, but also that concomitant mutations and the disease-specific inflammatory environment may influence the ability of leukocyte trafficking molecules to drive tissue migration.

A previous study examined the role of leukocyte integrins on pathology and survival in the naturally occurring lupus-prone mouse model, MRL/MpJ-Faslpr, which harbors a loss-of-function mutation in the cell-death receptor Fas. Contrary to the exacerbation of kidney pathology and impaired survival we observed in Lyn-/-Itgam-/- mice, deficiency of CD11b in MRL/MpJ-Faslpr mice conferred no pathological or clinical differences (43). This could be due to more rapid development of disease and rate of mortality of MRL/MpJ-Faslpr mice and the primary focus of the study on end-stage disease, rather than the progressive stages of developing disease we assessed in this study. Alternatively, the specific combination of deleting Itgam concurrently with Lyn, which as discussed prior, are both key regulators of B cell autoreactivity and myeloid cell activation, may have a greater influence on disease than concurrent lymphoproliferative Fas mutations. This highlights the importance of interactions between specific disease susceptibility genes as being more influential to disease than the mere accumulation of genetic mutations in lupus.

Interestingly, a recent study has shown that mice expressing constitutively active CD11b exhibited reduced myeloid cell recruitment during peritonitis and were protected against atherosclerosis by limiting macrophage infiltration in lesions (44), suggesting agonism of CD11b may restrict leukocyte trafficking to sites of inflammation and protect from immunopathology. This has been recapitulated therapeutically in pre-clinical studies with the CD11b agonist leukadherin-1, which prevented kidney allograft rejection due to impaired leukocyte infiltration (45) and protected against glomerulonephritis in an induced injury model (46). Leukadherin-1 has also been shown to restrict the activation of the NF-κB and proinflammatory cytokine synthesis pathways, rescuing the MRL/MpJ-Faslpr lupus model from skin and renal pathology (47), supporting further exploration of CD11b agonism as a therapeutic approach for lupus and other nephritic diseases.

In summary, we have determined that CD11b-deficiency acts pathogenically in lupus to promote inflammatory responses and autoimmune disease on a susceptible genetic background, accelerating immune cell defects and autoimmune kidney pathology, and we have shown that leukocyte trafficking to the chronically inflamed glomerulus can occur in a CD11b-independent manner. This highlights a primarily immunoregulatory role for CD11b in lupus and supports further assessment of the CD11b pathway as a potential therapeutic avenue for lupus nephritis.
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Supplementary Figure 1 | CD11b expression is dysregulated in Lyn-/- mice and autoimmune pathology manifests in Lyn-/-Itgam-/- mice. (A) Flow cytometry assessment of CD11b expression on splenic neutrophils (CD11b+Ly6G+) of the indicated mice at 12-, 24- and 36-weeks of age; (B) Representative histopathology depicting glomeruli of the indicated 36-week-old mice with quantitation of glomerular cross-sectional area. For (A), histograms are representative, and data are derived from n = 7-12 per group, pooled from 3-4 experiments per time-point. The CD11b-ve histogram was derived by gating on the population of C57BL/6 cells that do not express CD11b. For (B), images are representative of four experiments and data are of n = 8-11 per group. **p < 0.01, ***p < 0.001 by Dunn’s multiple comparisons test and ####p < 0.0001 by Mann-Whitney U test.

Supplementary Figure 2 | The B cell compartment in Lyn-/-Itgam-/- mice is unchanged from that in Lyn-/- mice. Spleens from 24-week-old mice of the indicated genotypes were assessed by flow cytometry for: (A) populations of B cells (B220+CD138-) and plasma cells (CD138+B220-) cells; (B) numbers of B cells with (C) proportions of follicular (Fol.; CD23+CD21low), marginal zone (MZ; CD21+CD23-) and transitional stage 1-3 (T1-3; CD23-CD21-) subsets; (D) numbers of plasma cells, and relative surface expression of (E) IgM and (F) FcγRII on plasma cells. Flow plots in (A) are representative of three experiments. For data in (B-F), n = 7-12 per group, pooled from three experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by Dunn’s multiple comparisons test and # p < 0.05, ## p < 0.01 by Mann-Whitney U test.

Supplementary Figure 3 | Kidney flow cytometry gating strategy. Perfused and digested kidneys from 24-week-old mice of the indicated genotypes were assessed by flow cytometry for: (A) endothelial cells (CD45-CD31+EpCAM-); leukocytes (CD45+); lymphocyte populations (CD45+CD11b-CD11c-) including: γδ T cells (CD3ϵ+γδTCR+), CD4+ T cells (γδTCR-CD3ϵ+CD4+), CD8+ T cells (γδTCR-CD4-CD3ϵ+CD8α+) and B cells (γδTCR-CD3ϵ-CD4-CD8α-CD19+); granulocyte populations (CD45+CX3CR1-F4/80-) including: neutrophils (Ly6G+SiglecF+) and eosinophils (SiglecF+Ly6G-); and phagocyte populations (CD45+CX3CR1+F4/80+), further subdivided in . Flow cytometric assessment of the expression of (B) adhesion molecules VCAM-1 and ICAM-1 on kidney endothelium and (C) integrins CD11a (LFA-1) and CD11c on kidney neutrophils. Flow plots in (A) are illustrative of gating strategy only, flow plots in (B, C) are representative of two experiments. Data in (A) are n = 5-9 per group and data in (B) are n = 6-9 per group, both pooled from two experiments. *p < 0.05, **p < 0.01 by Dunn’s multiple comparisons test and p value stated if approaching significance (p < 0.1), ##p < 0.01, by Mann-Whitney U test

Supplementary Figure 4 | Immune complex deposition is not further enhanced by CD11b-deficiency in Lyn-/- mice. Immunofluorescence analysis and quantification of frozen kidney sections stained for glomerular IgG deposition. Images are representative and data is of n = 6-9 per group, scored blinded. **p < 0.01 by Dunn’s multiple comparisons test.
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In systemic lupus erythematosus, T cells display multiple abnormalities. They are abnormally activated, secrete pro-inflammatory cytokines, help B cells to generate pathogenic autoantibodies, and provoke the accumulation of autoreactive memory T cells. P140, a synthetic peptide evaluated in phase-III clinical trials for lupus, binds HSPA8/HSC70 chaperone protein. In vitro and in vivo, it interferes with hyperactivated chaperone-mediated autophagy, modifying overexpression of major histocompatibility complex class II molecules and antigen presentation to autoreactive T cells. Here, we show that in P140-treated lupus mice, abnormalities affecting T and B cells are no longer detectable in secondary lymphoid tissue and peripheral blood. Data indicate that P140 acts by depleting hyper-activated autoreactive T and B cells and restores normal immune homeostasis. Our findings suggest that P140 belongs to a new family of non-immunosuppressive immunoregulators that do not correct T and B cell abnormalities but rather contribute to the clearance of deleterious T and B cells.
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Introduction

Systemic lupus erythematosus (SLE) is a complex autoimmune disorder predominantly affecting young female population. It is characterized by unpredictable exacerbation and remission phases, hypocomplementemia and autoantibodies directed mostly against nuclear antigens (1, 2). Chronic inflammation occurring in SLE can virtually affect any organs making this syndrome highly polymorphic and sometimes difficult to diagnose (3–5). Successful genome wide association studies have shown that both common gene polymorphisms and rare genetic variants can both contribute to SLE susceptibility (6, 7). A polygenic predisposition, sex hormones, and environmental triggers are known drivers of the disordered immune response that typifies the disease. Both T and B cells are involved in the multiple, generally interconnected immunoregulatory abnormalities, which characterize lupus (1, 8–10). Solid evidence supports the notion that defects in their signaling and an abnormal skewing of the cytokine production contribute to the pathophysiology. The disturbed T cell biology in lupus is central (11). Functional abnormalities of T cells are notable in all T cell subtypes, including T helper (TH)1, TH2 and TH17 cells, T follicular helper CD4+ cells, γδ T cells [a subset of them expressing Vδ2 is reduced in peripheral blood but accumulates in kidneys from SLE patients (12)]. A population of mature double negative (DN) T cells likely arising from activated CD8+ T cells and defined as T cell receptor (TCR)αβ+CD3+CD4−CD8−B220/CD45R+ accumulate and produce pro-inflammatory cytokine IL-17 (13). This unique T cell compartment is particularly expanded in Fas (CD95/APO-1)-deficient Murphy Roths large (MRL)/lymphoproliferation (lpr) lupus-prone mice that develop massive lymphadenopathy associated with proliferation of aberrant T cells. Abnormalities also affect several subtypes of regulatory T (Treg) cells, including TCRαβ CD4+, TCRαβ CD8+ and γδ Treg cells. IL-17-producing T cells (TH17, γδ and DN T cells) amplify renal impairment by supporting self-reactive B-cell survival, differentiation, and subsequent antibody production, and by promoting inflammation in infiltrated tissues (14, 15).

Some years ago, we discovered a phosphopeptide, P140, which behaves as a potent non-immunosuppressive regulator of the autoimmune response. This synthetic 21-mer linear peptide initially identified from a cellular screen of overlapping peptides covering the small nuclear ribonucleoprotein U1-70K (16), exhibits protective activity in MRL/lpr mice and patients with SLE (17–20). In a multicenter, randomized, placebo-controlled phase-IIb clinical trial, P140/Lupuzor had no adverse safety signals in SLE patients and met its primary efficacy end points (19, 20). This peptide is stable and non-immunogenic in mice and patients (21). Our previous studies showed that P140 displays its protective effects via a mechanism that involves autophagy (22–26). Abnormalities in the autophagy pathway have been identified both in T and B cells from lupus patients (27–30). Naturally-occurring immunoglobulin (Ig)G antibodies reacting with lysosomal-associated membrane protein 2A (LAMP2A) have been characterized both in mice and patients with SLE (31). LAMP2A, in contrast to other spliced protein variants of the Lamp2 gene, is considered as a rate-limiting factor in the lysosomal degradation stage of autophagy; it plays a pivotal trafficking role in chaperone-mediated autophagy (CMA) by allowing the translocation across the lysosomal membrane of cytosolic proteins targeted by heat shock protein 8 (HSPA8)/HSC70 (32). In lupus T cells, and in naïve CD4+ T cells in particular, autophagic vacuoles are more abundant and autophagosome-associated microtubule-associated protein light chain 3 (MAP1LC3-II) isoform is over-expressed, indicating that macroautophagy is hyperactivated (27, 29). Autophagy appears particularly activated in naïve B cell subsets, and when autophagy inhibitors were used, plasmablast (PB) differentiation and survival hardly occurred (29). Upon treatment of MRL/lpr mice with P140, the abnormal expression of several autophagy markers returns to baseline level, reflecting potent effect of P140 on this process. Especially, the expression of autophagy markers sequestosome 1 (SQSTM1)/p62 and MAP1LC3 was corrected in B cells, indicating that excessive autophagic flux level was restored (22). Overexpression in MRL/lpr B cells of HSPA8, to which P140 readily interacts (23), and LAMP2A was globally down-regulated (22, 24). A range of alterations affecting lysosomes were no longer detectable (26). We have discovered that in MRL/lpr mice, the effect of P140 occurs at the step of substrate lysosomal uptake (26).

P140 uses the clathrin-dependent endo-lysosomal pathway to enter into MRL/lpr B lymphocytes and accumulates in the lysosomal lumen (24). Consistent with our experimental data, we proposed that within lysosome, P140 encounters and inhibits lysosomal HSP90AA1 and HSPA8, which are responsible of the assembly of LAMP2A multiplex and translocation of CMA substrates, respectively (26). P140 alters the composition of HSPA8 heterocomplexes and directly hampers HSPA8 chaperoning properties (22, 24) that are known in the context of autophagy to be decisive in antigen processing for major histocompatibility complex class II (MHCII) presentation (33–37). Upon P140 treatment (in vivo in MRL/lpr mice and ex vivo in SLE patients), we effectively observed a lower expression of MHCII molecules in antigen-presenting cells (APCs) that are mostly B cells in lupus (38), a weaker activity of autoreactive CD4+ T cells, and a lower number of plasma cells (17, 22, 25, 39, 40). A drop of autoantibody reactivity to double-stranded deoxyribonucleic acid (dsDNA) was found in the peripheral blood collected from patients (19). In the MRL/lpr mouse model, lupus-like disease correlates with proteinuria, an indicator of renal failure, and high anti-dsDNA antibody serum levels. Both were attenuated upon treatment with P140, as well as IgG antibodies to Ro52/TRIM1, with a prolongation of survival of P140 treated MRL/lpr mice (17, 18, 25). P140 diminished the extent of dermatitis, and vasculitis with less perivascular inflammatory infiltrates (17, 22). No effect was measured using saline or the non-phosphorylated peptide 131–151 as control treatment.

Even though we know that P140/Lupuzor exerts efficient therapeutic effects in mice and patients with lupus, virtually nothing is known about its capacity to reconstitute immune tolerance in treated MRL/lpr mice and especially how it can recover abnormalities of T and B cells. To address these questions, we compared several key cellular and molecular elements of the MRL/lpr autoimmune response with healthy MHC-matched CBA/J mice (trafficking properties of T and B cells, TCR and BCR repertoires of peripheral blood mononuclear cells (PBMCs) and splenocytes, ability of immune cells to secrete soluble cytokines, capacity of the immune system to mount a response to an exogenous antigen, ability of plasma cells (PCs) to secrete Ig). To complete the picture, experiments were also performed with defective MRL/lpr mice that spontaneously exhibit T cell impairment. Collectively, an unexpected finding emerged from these studies: via its effect on CMA and antigen presentation by APCs, P140 contributes to the clearance - not to an immune diversion - of pathology-associated lymphocyte compartments, thereby limiting the functional activity of potentially self-reactive CD4+ T and B cells.



Materials and Methods


Mice, Treatments and Classical Disease Monitoring Tests

Female CBA/J (cross between a Bagg albino female and a DBA male), C57BL/6 (cross between a female N.57 and a male N.52 from the A. Lathrop’lab) and MRL/lpr mice (composite genome derived 75.0% from LG/J, 12.6% AKR/J, 12.1% C3H/HeDi and 0.3% C57BL/6J) were purchased from Harlan-France or Charles River-France/Jackson Laboratory. Genotyping of mice (Fas gene) was done using the primers and PCR protocols provided by The Jackson laboratories for MRL/lpr mice. In most of experiments including those conducted to explore TCR and BCR V-J rearrangements, 11-13 week-old female MRL/lpr mice received a single intravenous (i.v.) administration of P140 peptide in saline or saline alone as control. MHC-matched CBA/J mice were used as healthy control. For testing the effect of P140 on the ability of MRL/lpr mice to mount an immune response to a foreign immunogen, 14 week-old female CBA/J and MRL/lpr mice received P140 at weeks 5, 7, 9, and 13 (100µg in 100µL saline per mouse) by the i.v. route, and then ovalbumin (OVA) (Sigma-Aldrich, ref. A5503) at weeks 14, 16 and 18 (100µg in 100µL saline, emulsified in complete Freund’s adjuvant (FA) for the first injection and in incomplete FA for the subsequent ones) by the subcutaneous route. They were bled at weeks 14 (control), 17 and 19. For continuous labeling experiments with bromodeoxyuridine (BrdU) in vivo, mice received first an intraperitoneal injection of BrdU (1mg/20g body weight; Sigma-Aldrich, ref. B5002) and then BrdU in drinking water for 10 days (0.8mg/mL). They received a single i.v. dose of P140 5 days after they received intraperitoneal injection of BrdU. Cell subsets were analyzed by flow cytometry.

Proteinuria, dermatitis and levels of antibodies to dsDNA were recorded in MRL/lpr mice (and CBA/J mice as control) as described (25). Urine protein levels were assessed semi-quantitatively using albumin reagent strips (0 = none, 1 = 30 to 100mg/dL, 2 = 100 to 300mg/dL, 3 = 300 to 1000mg/dL, 4 = >1000mg/dL; Albustix, Miles Scientific). The titer of circulating dsDNA antibodies was defined as the inverse of the dilution giving an absorbance value of 1.0 in our ELISA conditions (25).



Combinatorial Diversity Analysis of Mouse TRB and IGH

Throughout this study, the mouse murine T cell receptor β-chain (mTRB) VJ and immunoglobulin heavy (H) chain VJ (IGH VJ) genes are designed according to the international ImMunoGeneTics database (http://www.imgt.org). Samples were analyzed with ImmunTraCkeR kits, using the ImmunID IFS platform (ImmunID). Detailed protocols and expression of results have been published previously (41, 42). Briefly, three days after peptide (100µg per mouse) or placebo treatment, genomic DNA was extracted from CBA/J and MRL/lpr PBMCs or spleen cells. For each sample, multi-N-plex PCR was performed using an up-stream primer specific of all functional members of a given TRBV family and a downstream primer specific of a given TRBJ segment. An independent multi-N-plex PCR was also applied for IGHV and IGHJ amplification. These assays allow for the simultaneous detection of several V–J rearrangements in the same reaction. Using this technique, it was possible to detect 209 different mTRBV–TRBJ and 92 mIGHV-IGHJ rearrangements. All V–J1, J2, and Jn PCR products were separated according to their size. PCR products were separated on a 0.8%-agarose gel, directly stained with SYBR Green I, and quantified using a charge-coupled device camera equipped with a BIO-1D quantification software (Vilbert Lourmart). Constel ID software (ImmunID) was used for further analytical studies including the generation of three-dimensional repertoire illustration. Results are expressed as percentages of detected rearrangements among the total 209 mTRB and 92 mIGH possible combinatorial rearrangements. Of note, due to high number of sub-members in the V1 family, the latter one has been splitted into 8 tubes (V1a to V1h). IGH V1a comprises sub-members: V1-11, 12, 15, 67; IGH V1b: V1-49, 63; IGH V1c: V1-17-1, 18, 26, 34, 22, 62-2, 71, 76; IGH V1d: V1-14, 47, 80; IGH V1e: V1-5, 7, 4; IGH V1f: V1-20, 31, 37, 39, 42, 43, 66, 75, 77, 84, 78; IGH V1g: V1-9, 19, 36, 62-1, 58; IGH V1h: V1-50, 52, 53, 54, 55, 56, 59, 61, 62-3, 64, 69, 72, 74, 81, 82, 85. For the other IGH Vn families, they comprise all corresponding members.



Antibodies

The following antibodies were used: for the BrdU experiments, fluorescein isothiocyanate (FITC)-labeled CD3 monoclonal antibody (mAb) clone 145-2C11, peridinin chlorophyll (PerCP)-cyanin 5.5-B220 mAb clone RA3-6B2, phycoerythrin (PE)-CD138 mAb clone 281.2; for defining the cell subtypes that repopulate the peripheral blood, PerCP-Cy5.5-CD3 mAb clone 145-2C11, allophycocyanin-B220 mAb clone RA3-6B2, FITC-Ly6G mAb clone 1A8, PE-Gr1 mAb clone RB6-8C5, allophycocyanin-CD138 mAb clone 281.2, PerCP-Cy5.5 -CD19 mAb clone 1D3; for the B cell studies, FITC-CD19 mAb clone 1D3 and allophycocyanin-CD138 mAb clone 282-2 (all from BD PharMingen). For evaluating lymphocyte viability, splenocytes were stained with PE-Cy7-CD3e (Invitrogen, ref. 25-0031-82), eFluor506-CD45R/B220 (Invitrogen, ref. 69-0452-82), Alexa Fluor (AF) 700-CD4 (Invitrogen, ref. 56-0041-82), allophycocyanin-Cy7-CD8a (Molecular Probes, ref. A15386), PerCP-Cy5-CD25 (Invitrogen, ref 45-0251-82) and FITC-FOXP3 (Invitrogen, ref. 11-4776-42) mAbs. For the comparison of leukocytes in WT and T-deficient MRL/lpr mice, staining was done with FITC-TCRαβ (Invitrogen, ref. 11-5961-82), PE-TCRγδ (Invitrogen, ref. 12-5711-82), PerCP-Cy5.5-Ly6C (Invitrogen, ref. 45-5932-82), Pe-Cy7-CD45 (Invitrogen, ref. 25-0451-82), allophycocyanin-CD8a (Invitrogen, ref. 17-0081-82), AF700-CD3 (Invitrogen, ref. 56-0032-82), allophycocyanin-Cy7-CD4 (Invitrogen, ref. A15384), eFluor506-Ly-6G/Ly-6C (Invitrogen, ref. 69-5931-82), SB600-CD25 (Invitrogen, ref. 63-0251-82), SB702-B220 (Invitrogen, ref. 67-0452-82), PerCP-Cy5.5-CD19 (Invitrogen 45-0193-82) mAbs, and LIVE/DEAD Fixable Violet stain Super Bright 436 (Invitrogen, ref. L34955). Stained cells were analyzed on an Attune NxT cytometer (Invitrogen) and FlowJo software (TreeStar).



Viability of Cells Incubated In Vitro in the Presence of P140

Spleen cells of 11-13 week-old female MRL/lpr, CBA/J and C57BL/6 mice were cultured in 24-well plates (2x106 cells/well) were incubated for 24h at 37°C with increasing concentrations of P140. They were stained and analyzed by flow cytometry as above.



BrdU Intracellular Cell Staining

Intracellular cell staining was performed using the allophycocyanin-labeled BrdU flow kit (BD, ref. 552598). Briefly, 0.5x106 cells per condition were stained with surface markers, washed and permeabilized using cytofix/cytoperm solution and cytoperm permeabilization buffer plus. Cells were washed and incubated with DNase (30µg per 106 cells). In a last condition, cells were stained with anti-BrdU-allophycocyanin-labeled antibody, 20min at room temperature, washed and analyzed by cytometry.



Peripheral Hypercellularity Measurement

The method used was as described previously (18, 43). The number of leukocytes/mL in the peripheral blood was evaluated by counting cells five days after a single injection of P140 peptide (100µg/mouse) into MRL/lpr or CBA/J mice. White total cells and cell subsets were analyzed by flow cytometry.



Quantification of Serum Cytokines

For measuring IL-2, IL-4, IL-6, TNFα, IFNγ, IL-17a and IL-10 serum levels, we used the BD cytometric beads array mouse Th1, TH2, Th17 kit (BD, ref. 560485) according to the manufacturer protocol. Briefly, 25µL of MRL/lpr sera were diluted 1:1 with assay diluent, incubated with 50µL of capture beads and 50µL of Mouse Th1/Th2/Th17 PE detection reagent. Assay tubes were incubated for 2h at room temperature and protected from light. After one wash with 1 mL of wash buffer, beads were resuspended with 300µL of wash buffer and acquired on a FACSCalibur cytometer. A standard curve established with known concentrations of each cytokine was used for quantification.



PC Differentiation and Quantification of IgM-Secreting Cells by ELISpot Assay

Splenic B cells were isolated from MRL/lpr mice by negative selection (Pan B cell isolation kit mouse; Miltenyi Biotec, ref. 130-104-443). Biotinylated anti-CD138 antibodies (1µg/mL; clone 281-2, BD Pharmingen) were added to deprive preexisting PCs. MRL/lpr B cells (97-99% purity, as estimated by flow cytometry) were then let to differentiate for 5 days in the presence of anti-CD40 antibody (0.5µg/mL; BD Pharmingen, ref. 4045566), IL-21 (10ng/mL; R&D, ref. 594-ML-010) and increasing concentrations of P140. Antibodies secretion was measured by ELISpot as previously described with minor modifications (44). Briefly, 96-well multiscreen plats (Millipore) were coated 1h at 37°C with anti-mouse IgM or IgG (1µg/mL; Jackson ImmunoResearch) in phosphate-buffered saline (PBS), pH 7.4. After washing with PBS, membranes were saturated for 1h with RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum, 0.05mM β-mercaptoethanol, 10µg/mL gentamycin and 10 mM HEPES. Serial dilutions of differentiated B cell suspensions were incubated for 18-24h at 37°C. The last steps were as described (18) using anti-mouse IgM (µ chain-specific) biotin-labeled Ig or anti-mouse IgG (Fcγ-specific) biotin-labeled Ig (both 1:20,000 in PBS containing 0.05% (v/v) Tween (PBS-T); Jackson ImmunoResearch) that were added for 12h at 4°C, followed by alkaline phosphatase-labeled extravidin (Sigma-Aldrich) for 1h at 37°C and 5-bromo-4-chloro-indolyl phosphate and nitro-blue tetrazolium chloride substrate (Sigma-Aldrich). The reaction was stopped with water when spots were clearly visible. Spots were counted with a Bioreader4000 (BioSysGmbH). The results were expressed as the number of IgM or IgG-secreting cells/106 total cells using the following formula: (number of spots/well – background measured in control wells incubated with PBS or BSA) x dilution factor of the cell suspension.



Ethics Statement

Animal protocols were carried out with the approval of the local Institutional Animal Care and Use Committee (CREMEAS, Strasbourg, France) and the French Ministère de l’Enseignement Supérieur de la recherche et de l’innovation (APAFiS#2016112916066575 and APAFiS#23210-2019120617587704). According to our agreement, and taking into account the best European practices in the field, we took the necessary measures to avoid pain and minimize the distress and useless suffering of mice during the time of experiment and killing process.



Statistical Analysis

Statistical analyses were performed using Wilcoxon Rank Sum tests (comparison of diversity between two groups), nonparametric Mann-Whitney test, paired or unpaired t-tests when sample distribution followed a Gaussian distribution. P value <0.05 were considered statistically significant.




Results


Repopulation of Circulating Immune Cells Following P140 Treatment

We previously showed that P140 administration into MRL/lpr mice causes egress of several immune cell subtypes from the peripheral blood of treated mice without affecting T cell priming and the ability of P140-teated mice to resist to an infectious viral challenge (18, 22, 23, 39). This effect was very specific and was not seen with the numerous P140 analogues that were tested (18). To analyze further the characteristics of remaining cells, we first studied this egress from a dynamic viewpoint. The depleting effect of P140 was peptide dose-dependent until a threshold dose of 100µg P140/mouse/injection, which led to a peripheral cell balance similar to the one measured in healthy mice (Figure 1A). Increasing P140 dose at 200µg P140/mouse did not affect this balance further. Using the optimal dose of 100µg/mouse, we found that at day 3 post-P140 treatment, there was a drop of T cell (including DN T cell), B cell, PC, monocyte and granulocyte counts (Figures 1B–D; Supplementary Figure 1). On day 10 post-P140 treatment, the counts of monocytes and granulocytes still remained low, in contrast to the counts of T cells, DN T cells, B cells and PCs that reached again the basal level measured in untreated MRL/lpr mice.




Figure 1 | In vivo effect of P140 peptide on the activity of immune cells in the spleen and peripheral blood of MRL/lpr mice. (A–D). Reconstitution post-P140 treatment of the peripheral immune cell pool of normal and MRL/lpr lupus mice. 11-13 week-old female CBA/J or MRL/lpr mice received a single i.v. administration of either peptide P140 in saline (increasing doses in panel (A); fixed dose of 100 µg peptide/mouse in panels (B–D) or saline only. The number of leukocytes/mL was evaluated by counting cells 5 days later panel (A) or sequentially until day 10 post-P140 treatment by flow cytometry after labelling cells with appropriate fluorophores in panels (B–D). Each symbol represents one individual mouse (n = 10-48 MRL/lpr mice and 5-14 CBA/J in panel (A); n = 10 in panels (B–D). The results mixed from 2 independent experiments are presented. The horizontal bars represent the respective average cell count values. Statistical significance was assessed using unpaired t-test. Additional data are presented in the supplementary material. (E–H). Long-term in vivo BrdU incorporation in various immune cell subsets of CBA/J and MRL/lpr mice that received or not P140 peptide. Age-matched mice received each a first intraperitoneal injection of BrdU, which was then administrated in drinking water for 10 days. 10-11 week-old female MRL/lpr mice treated with P140 peptide were given a single i.v. dose of peptide 5 days after they received intraperitoneal injection of BrdU. Cells were collected from the spleen and PBMCs, stained by incubating them with fluorescently-tagged antibodies to appropriate surface markers, fixed stained with anti-BrdU antibodies, and analyzed by flow cytometry. Histograms represent the mean ± SD of BrdU + (cycling) or – (non-cycling) cells derived from 5 mice per group. Statistical significance was assessed using the Mann Whitney test. *p < 0.05; **p < 0.01; ns, non-significant. Additional data are presented in the supplementary material.





Effects In Vivo of P140 on Proliferative Activities of MRL/lpr Immune Cells

To investigate the functional status of T and B cells in the “depleted” compartment, then we measured the incorporation of BrdU in various immune cell subsets of CBA/J and MRL/lpr mice that received or not P140. Three groups of five mice each, were tested, namely MRL/lpr mice that received NaCl only (group 1), MRL/lpr mice that received P140 in saline (group 2) and control CBA/J mice that received NaCl only (group 3). Mice received a first i.v. injection of BrdU and then permanently, in drinking water, for 10 days. P140 was given once, intravenously, on day 5. On day 10, flow cytometry analysis of cell subtypes showed that in the spleen, although there were fewer T cells in group 2 compared to group 1, there was no change in the number of dividing T cells (BrdUhigh) (Figure 1E). As expected the number of cycling cells was elevated in the MRL/lpr DN T cell subset with regard to normal mice but these numbers were not different in treated and non-treated animals (Supplementary Figure 2A). In the PBMC fraction, in contrast, the total number of non-dividing (long-lived) T cells was not different in the three groups (Figure 1F), while the number of BrdUhigh T cells, which was raised in MRL/lpr mice compared to normal mice, was significantly reduced upon P140 treatment (Figure 1F). The proliferation of blood circulating DN T cells was apparently not modified upon P140 treatment (Supplementary Figure 2B).




Figure 2 | P140 alters the serum cytokine profile. (A–G) Two groups of MRL/lpr mice were injected i.v. with either 100µg/100µL of P140 (n = 16) or NaCl only (n = 20) on day 0 and 10. Sera were collected on day -2, 3, 7 and 13 and tested individually for their content in IL-2, IL-4, IL-6, IL-10, IL-17a, INF-γ and TNF-α. Due to substantial inter-mouse variability, cytokine secretion was measured in individual MRL/lpr mice and normalized, and the results were expressed in terms of cytokine levels relative changes (± SEM) in each mouse, overtime, in comparison to day -2. (H). Statistics. A paired t-test was used to compare the data obtained in each group on day 3, 7 and 13 relative to day -2. An unpaired t-test was applied to compare the two groups at each time point.



Regarding the B cell compartment, BrdU pulse chase experiments showed that the number of dividing and non-dividing MRL/lpr B cells was decreased upon P140 treatment both in the spleen and PBMC fraction (Figures 1G, H). Although no change was found in the spleen, fewer dividing PBs and PCs were counted in the peripheral blood (Supplementary Figures 2C– F). It has to be noticed however that although these results are statistically significant, they should be approached with cautious since the number of PCs and PBs was very small.

Together, these analyses indicate that following a single i.v. administration of P140, the proliferative status of total MRL/lpr T cells evaluated 5 days later is globally not changed in the secondary lymphoid tissue (spleen), while it is affected in the peripheral blood compartment. In parallel, the number of proliferating B cells is reduced both in the spleen and peripheral blood compartments. The proliferating rate of PBs and PCs, which remains broadly stable upon P140 administration tended to diminish in the peripheral blood.



Effect of P140 Treatment on the Pattern and Levels of Circulating Cytokines

The above data suggest that post-P140 treatment (one single i.v. injection), there is a window of about 10 days during which immune cell abnormalities seem to be reduced in the peripheral blood of MRL/lpr mice. Over this period, we found that while the level of blood-circulating IL-2, IL-4, IL-6, IL-10 and IFN-γ showed no or marginal variations in treated vs. untreated mice (Figure 2), there was a sharp significant drop of soluble IL-17a levels in P140-treated mice. Type-I interferon levels were not tested here since in contrast to other mouse models of lupus, MRL/lpr mice do not show evidence of type-I IFN signature (45).

These result, together with previous data showing that upon treatment with P140, a number of cytokine-encoding genes are significantly up- or down-regulated in non-activated lymph node CD4+ T cells (23), underline that the profile of secreted cytokines is shifted upon P140 treatment.



TCR Repertoire of Blood Circulating Cells in P140-Treated and Non-Treated MRL/lpr Mice

To gain relevant information regarding the characteristics of circulating lymphocytes that remain in the blood of mice shortly after P140 administration (“depleting” phase), next we analyzed the respective TCR and BCR repertoire of circulating T and B cells. The genomic DNA was prepared from PBMCs and spleen cells, 3 days post-P140 treatment, i.e. within the time window of P140 effect identified above at the periphery. Because of lack of documented information in the existing literature, the first step of this investigation was to compare TCR and BCR V-J rearrangements in CBA/J and MRL/lpr mice, which share the same MHC and mTRB haplotypes (46), and thereafter, the possible influence of P140 on these rearrangements. The experiments and the results are described in full detail in the supplementary material. The most relevant results are summarized below.

A thorough analysis of mTRB and mIGH diversity and combinatorial repertoire composition was performed from spleen and PBMC samples of CBA/J and MRL/lpr mice. We used a general immune companion diagnostic assay to monitor T and B cell responses and evaluate the immune status in the different strains of mice (41). The results were compared for each group of mice and for each repertoire. A total of 43 spleen and 44 PBMC samples were analyzed for mTRB repertoire, and 43 spleen and 39 PBMC samples were analyzed for mIGH repertoire (Supplementary Table 1). When CBA/J and MRL/lpr mice samples were compared, no statistically significant difference was observed in terms of mTRB and mIGH combinatorial diversity (Figure 3; Supplementary Figures 3A, B, D, E). However, the analyses of VJ rearrangements showed the existence of some specific mTRB VJ rearrangements that were statistically more frequently represented in MRL/lpr mice compared to CBA/J mice and could therefore be designed as a signature. No notable mIGH VJ repertoire signature was revealed (For full details see Supplementary material; Supplementary Figures 4, 5; Supplementary Tables 1–3).




Figure 3 | Dot, box plot and 3-D graph representations of combinatorial mTRB and mIGH diversity distribution in spleen and PBMC samples from CBA/J and MRL/lpr mice. The 4 representative images illustrate 3-D graph of the TRB and IGH immune repertoires generated by Constel ID software (ImmunID). Each peak represents the rearrangement of a VH (or VB) gene family relative to the rearrangement of JH (or JB) genes. Relative intensity of these rearrangements is represented on the z-axis. Graphs have been generated for each dot in (A–D). Combinatorial diversity (%) median into box plots are represented by the central line. n = number of samples examined. Comparison of diversity by Wilcoxon Rank Sum tests between two groups is indicated. *p < 0.05.



Next, we examined the influence of P140 on these rearrangements. When untreated and P140-treated MRL/lpr mice were compared, no difference was observed in splenocytes and PBMCs in terms of mTRB VJ combinatorial diversity (Figures 3A, B; Supplementary Figures 3B, C). The analysis done on the entire mTRB VJ repertoire (Supplementary Figures 4) revealed that compared to untreated MRL/lpr mice, one mTRB VJ rearrangement only in spleen and none in PBMCs was significantly more frequent in P140-treated mice (Supplementary Figures 6A; Supplementary Table 4). However, mTRB VJ rearrangements were found more frequently in untreated MRL/lpr mice compared to P140-treated mice. From those mTRB VJ rearrangements, V29-J2.1 and V3-J2.3, which were found both in splenocytes and PBMCs from untreated mice, could represent a signature that is absent in P140-treated mice. Regarding the fate of the mTRB VJ rearrangements distinguishing MRL/lpr spleen from CBA/J mice, some (V3-J2.3, V26-J2.4, V29-J2.1) also present a significant difference of frequency between treated and untreated MRL/lpr mice, meaning that they are apparently affected by the treatment. The analysis done with PBMC samples led to the same conclusions, which concern mTRB VJ rearrangements V29-J2.5 and V29-J1.5. These findings collectively suggest that pre- and post-P140 treatment, the distribution of frequencies of some mTRB VJ rearrangements is changed. To reinforce this assumption, we therefore compared the repertoire composition of the P140-treated MRL/lpr mice versus CBA/J control mice (Supplementary Figure 7; Supplementary Table 5). While P140 seemed to have no influence on the representation of certain rearrangements (see the details in the supplementary material), the frequency of others (V3-J2.3, V26-J2.4, and V29-J2.1 in spleen and V29-J2.5 and V29-J1.5 in PBMCs) were found levels that were very similar in P140-treated mice and CBA/J mice (no significant difference of frequency could be highlighted for these rearrangements between the two groups; Supplementary Figure 7A). These results highlight that treatment of MRL/lpr mice with P140 has an impact on the distribution frequency of rare mTRB VJ rearrangements observed in MRL/lpr prior to treatment, which reach levels similar to those found in healthy CBA/J mice.




Figure 4 | P140 peptide alters the ability of MRL/lpr B cells to differentiate. B cells collected from 12-13 week-old female MRL/lpr mice were let to differentiate in vitro in the presence of anti-CD40 antibodies and IL-21 and in the presence (with) or absence (w/o) of P140 peptide added at a 10, 20 and 30-µM concentration. The scrambled peptide ScP140 was used as control. Differentiation was assessed 5 days later by flow cytometry by evaluating CD19 and CD138 expression. We verified that apoptosis did not occur until at least 6 days after adding P140 or ScP140 in the culture. (A, B) A dot-plot of each condition is shown (representative of 7 independent experiments). The percentages of B cells expressing or not CD19 and CD138 are gathered in the graph. (C, D) The mean percentages of CD19+CD138+ PBs ± SD in panel C (n = 7) and reduction percentages illustrated in the case of 7 individual mice [panel (D)] are shown as a function of P140 concentration. Statistical significance was assessed using unpaired t-test. (E) The frequency of IgM-secreting cells was measured by ELISpot. The results are expressed as the number of IgM-secreting cells/1x106 total cells. A photograph of one culture well is shown for each condition (representative of 5 independent experiments corresponding to 5 individual mice). Statistical significance was assessed using Mann-Whitney test.



With regard to mIGH VJ repertoires of MRL/lpr mice treated or not with P140 (Supplementary Figures 4C, D) the comparison revealed that more frequent differences occur in PBMCs than in spleens, where 22 rearrangements were found significantly more often in P140-treated than in untreated MRL/lpr mice (Supplementary Figure 6B; Supplementary Table 4B). As also found in the case of mTRB VJ rearrangements, the distribution of the frequency of mIGH VJ rearrangements was affected by P140 treatment. However, since in our hands no mIGH VJ repertoire signature could be visualized in MRL/lpr B cells, it was not possible to investigate a potential effect of peptide on this specific repertoire with regard to the one of healthy mice (see details in Supplementary Figure 7B; Supplementary Table 5B).



Effects of P140 on the Capacity of MRL/lpr B Cell to Differentiate In Vitro Into Ig-Secreting PCs

To further decipher the downstream aftermath of P140, next we looked at whether P140 could modify the capacity of MRL/lpr B cells to differentiate into CD138/Syndecan-1+ PBs and PCs. We addressed this question in vitro using purified B cells from 12-week-old MRL/lpr mice, which were let to differentiate for 5 days in the presence of anti-CD40 antibody and IL-21 (47, 48). The number of CD19-CD138+ PCs was too low in the cultures to support any reliable conclusion (Figures 4A, B). However, we observed that the percentage of CD19+CD138+ PBs diminished in a P140 concentration-dependent manner (Figures 4C, D). A scrambled control analogue (ScP140) had no measurable effect. These results corroborate our previous flow cytometry results (23) showing the effect of P140 on CD138+B220- PCs, measured 20h after MRL/lpr PBMCs treatment, and data generated with cells from lupus patients treated ex vivo with P140 and ScP140 (40).

Since the size of CD19+CD138+ PBs compartment was significantly reduced in the presence of P140, we assessed the effect on Ig production and the number of antibody-secreting cells. The latter, which represent the terminally differentiated cells of the humoral immune response, are the main effector B cells that expand in acute SLE (49). Of note, autophagy has been seen to play a general role in the late stages of B cell activation and subsequent PC differentiation (50–52). In the experimental in vitro setting we applied, naïve B cells were not able to efficiently class-switch and therefore the fine specificity of secreted Ig could not be identified. However, ELISpot results clearly indicated that in a P140 concentration-dependent manner, the frequency of IgM-secreting cells was significantly diminished in the culture (Figure 4E). ScP140 had no measurable effect.



P140-Treated MRL/lpr Mice Respond Normally to an Exogenous Immunogen

Considering the changes of immune cell distribution and phenotypes described above, at this stage it was important to ensure that P140-treated mice were still able to mount a classical response to a foreign antigen. We immunized untreated and P140-treated MRL/lpr mice with soluble OVA used as a model immunogen and evaluated the antibody response by ELISA (Figure 5A). A strong anti-OVA IgG antibody response was measured in all mice of each study group. Compared to healthy mice, the mean anti-OVA antibody titers were particularly elevated in MRL/lpr mice after the second administration of immunogen, and then tend to decrease (Figure 5B). This hyper-responsiveness was not seen in MRL/lpr that received P140 prior immunization. With the exception of this feature, the mean anti-OVA antibody titers were of the same order in immunized untreated and P140-treated MRL/lpr mice. The data corroborate our previous observations indicating that P140 treatment did not affect the capacity of MRL/lpr mice challenged with an infectious dose of influenza virus given intranasally, to mount specific T- and B-cell responses against viral antigens and to recover from infection (39). Taken together, these past and present data convincingly support that the immune cells and associated molecular mechanisms are competent following administration of P140 to mice and able to develop an appropriate immune response to a given antigen. This indicates that P140 does not behave as an immunosuppressant and instead would help restore immune homeostasis.




Figure 5 | P140 mechanism of action. (A, B) P140 does not affect the ability of treated mice to mount an efficient response elicited by a foreign model immunogen. (A) Protocol of injections and bleedings used in this experiment. (B) The sera collected from CBA/J, untreated and P140-treated MRL/lpr mice that received ovalbumin (OVA) as model foreign immunogen, were tested by ELISA for their capacity to produced anti-OVA IgG antibodies. The trend shown here was confirmed in two independent experiments that altogether involved a total of 15 mice/study group (one of two independent experiments is shown). The titers were defined as the reciprocal of the dilution giving an absorbance value of 0.5. The average titer and the number of responder animal (titer>250) are indicated at the top of each histogram. P values measured using Mann-Whitney test. ns, non-significant. (C) Schematic representation of the domino mechanism of action of P140. (D) Characteristics of 13 week-old T-deficient MRL/lpr mice and comparative effect of P140 in 13-week old T-deficient and WT MRL/lpr mice. Top: number of total peripheral T cells and activated CD4+CD25+ cells per mL in 5 WT MRL/lpr and 12 T-deficient MRL/lpr mice; P values measured using Mann-Whitney test. Middle: number of white blood cells per mL, before and after P140 treatment (n = 20 and 13 in the group of WT MRL/lpr and T-deficient MRL/lpr mice, respectively); P values measured using unpaired t test. Bottom: genotyping of Fas as determined by PCR of genomic DNA from the tail of mice (n = 2-3 mice/group taken randomly). CBA/J mice were used a negative control. The arrow indicates the position of the band to detect Fas. Additional data are presented in the Supplementary Material.





P140 Exerts No Effect in the Absence of Functional T Cells

Previous data have shown that in vivo, P140 has no direct effect on post-BCR signaling of memory, naïve mature, transitional and B1 cells (40). Among other outcomes (22, 24, 40), these findings led us to propose that the effect of P140 likely occurs via a mechanism involving upstream steps of T cell regulation (T cell activation, proliferation and ability of signaling) with a strong downstream impact on B cell maturation and differentiation into antibody-secreting cells (Figure 5C). This scheme is further comforted here by our findings that in vitro, P140 has no direct impact on precursors (CD3+, B220-, CD4+, CD8-, CD25- , FOXP3+) and mature (CD3+, B220-, CD4+, CD8-, CD25+, FOXP3+) Tregs from MRL/lpr and healthy mice of different haplotypes (Supplementary Figure 8).

In this study, we confirm even further the sequence of events of the P140’ mechanism of action in showing that in the absence of activated peripheral CD4+ T cells, P140 exerts no protecting effect in MRL/lpr mice (Figure 5D; Supplementary Figures 9, 10). We unexpectedly identified a phenotypic drift of our in-house colony, which was a progeny of mice obtained from the Jackson Laboratory (MRL/MpJ-Faslpr/J mice; stocking number #00485). These mice displayed both cellular and clinical differences compared to wild-type (WT) MRL/lpr mice. While they retained expected genotype of WT MRL/lpr mice, as attested by classical genotyping of Fas gene by PCR (Figure 5D), and several pathophysiological characteristics of the WT MRL/lpr strain (splenomegaly, enlarged lymph nodes and salivary glands; Supplementary Figures 9A–C), they strikingly present a milder disease with a reduced level of proteinuria (Supplementary Figure 9D) and a decreased count of peripheral cells compared to MRL/lpr mice (Figure 5D; Supplementary Figure 10). The levels of circulating IgG antibodies to ds DNA were elevated in both, WT and T-cell defective MRL/lpr mice (titers were ~100, 1680 and 2145 in CBA/J, WT and T-deficient MRL/lpr mice, respectively, as measured by ELISA and calculated at an absorbance value of 1.0 in ELISA). We noted that in contrast to WT MRL/lpr mice, which often have a few (1, 2) successive litters of pups only, T-cell defective MRL/lpr mice had greater number of births (a full description of these mice will be published elsewhere). Detailed study of peripheral immune cell subsets showed that the myeloid lineage (granulocytes and monocytes) remained similar in the WT and spontaneously-derived MRL/lpr mice. However, in the latter the lymphoid lineage cells were significantly affected in the peripheral blood (Supplementary Figure 10). The number of circulating CD4+, CD8+, and DN T cells was significantly lower compared to WT MRL/lpr mice. Overall, the number of activated CD25+CD4+ T cells that are characteristic of the WT MRL/lpr mouse, was greatly reduced, and found at the baseline observed in healthy CBA/J mice (Figure 5D; Supplementary Figure 10). The compartment of unconventional T cells expressing a γδ TCR (a relatively small subset of T cells in peripheral blood that can be activated by lipids and phosphoantigens) was affected just like T cells expressing TCR α- and β-chains. An important result is that T-cell deficient MRL/lpr mice appeared totally refractory to P140 treatment (Figure 5D), which reinforces our operational scheme (Figure 5C). This finding is consistent with previous results generated in WT MRL/lpr mice depleted in γδ T cells (23). It corroborates past results showing the effects resulting from the depletion of cells of the lymphoid lineage on the course of the disease in WT MRL/lpr mice (38, 53, 54).




Discussion

The present study sought to dissect the molecular basis of the therapeutic effect of peptide P140 given to patients for SLE indication (19, 20). Our past investigations led us to characterize the upstream mechanism of action of P140 when the peptide enters cells and homes into lysosomes of MRL/lpr mice, where it compromises CMA that is abnormally upregulated in MRL/lpr mice (24, 26). We demonstrated that P140 induced a decreased expression of excessive MHCII molecules in mouse and human APCs (22, 25, 40) and a weaker or no priming of autoreactive MRL/lpr CD4+ T cells (39). These results could easily be explained by the binding of P140 to HSPA8 (18, 22), its subsequent destabilizing effect on the HSPA8/HSP90AA1 chaperone complex (22) and LAMP2A expression (26) [hence on CMA (24, 26)], which are crucial in the MHCII presentation of antigens to CD4+ T cells (33–35, 37). This domino process has a beneficial downstream result in lupus. Indeed, if autoreactive CD4+ T cells are no longer activated, they in turn cannot signal and activate autoreactive B cells, thus restricting their proliferation and differentiation, leading to a significant reduction in autoantibodies, especially antibodies to native DNA and an improvement in the clinical signs of the disease [as demonstrated in both mice and lupus patients (17, 19, 40)]. The unexpected generation of T-cell deficient MRL/lpr mice helped to consolidate this mechanism as these deficient mice, which had lower levels of proteinuria, reduced peripheral hypercellularity and a slightly longer half-life compared to MRL/lpr WT mice, are refractory to P140 treatment.

Overall, the results reported in the present study fully support and reinforce the overall model we proposed (19). Following the administration of P140, there is a significant decrease of activated cells that are over-represented in the spleen and peripheral blood and a decrease level of pro-inflammatory IL-17a in the serum of treated MRL/lpr mice, a cytokine involved in the pathogenesis of SLE (13). While the levels of serum autoantibodies were decreased in P140-treated MRL/lpr mice (17, 23, 25), the latter develop a classical and expected antibody response to a foreign antigen [shown here with OVA and previously against Influenza virus (39)].

One of the most important results presented in this report is that after P140 treatment, the mice retain the overall combinatorial diversity of TRB but no longer possess the combinations of TRB rearrangements observed in MRL/lpr and, instead, exhibit combinations of rearrangements of TRB similar to those identified in non-autoimmune MHC-matched mice. Since as mentioned above, P140-treated mice presented with a decreased autoantibody response but an apparent normal antibody response to foreign antigens, we propose that peptide P140 acts by depleting, at least in part, the pool of autoreactive T cell clones. This impoverishment of the harmful autoreactive T cell compartment (by T cell anergy or by depletion) may lead to normalize immune responses. P140-treated animals appear with an overall T cell repertoire that is close to the normal one in otherwise autoimmune MRL/lpr mice.

It is worth noting that the present data were obtained in a mouse model that is particularly severe in comparison with the pathophysiological features met in human SLE. The beneficial effect we describe above occurs transiently in diseased MRL/lpr mice, during a window of time following P140 administration given once here. It may be amplified following several administrations of P140, explaining the significantly longer half-life of P140-treated MRL/lpr mice that repetitively received the peptide (17, 18) and the efficacy in patients (19).

In this refined model, the place of the endolysosomal cellular axis and CMA remains a central node. This pathway is abnormally activated in lupus and very likely involved in the presentation of self-antigens to autoreactive CD4+ T cells. P140 could either eliminate B cell APCs that are CMA-hyper-responsive (22) or regulate their antigen-presenting functions (24). We have shown recently that P140 targets lysosomes that are CMA-positive and regulates their hyperactivity at the step of CMA substrate lysosomal uptake (26). P140 apparently does not affect the processing of foreign antigens. While counteracting the inflammatory process and regulating lysosomal alterations, P140 helps to restore physiological and antigen-presenting conditions, thereby preventing the activation of autoreactive T and B cells (55, 56).

In summary, our studies highlight an immunological explanation for the clinical benefit of P140 in MRL/lpr mice and potentially also in patients with lupus. By down-regulating the autophagic system involved in the processing of self-antigens by APC B cells, P140 is effective in depleting and eliminating autoreactive T and B cells from the immune system and restoring “normal” immune system function. This mechanism of clearance of autoreactive lymphocytes compromising the integrity of the immune system is not immunosuppressive as the immune responses observed in different models are normal. These results are therefore the more worthy of our attention. They could have many applications in immune diseases in which autophagy processes are unbalanced.
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T-cell–mediated autoimmunity reflects an imbalance in this compartment that is not restored by tolerogenic immune cells, e.g., regulatory T cells or tolerogenic dendritic cells (tolDCs). Although studies into T-cell equilibrium have mainly focused on regulatory CD4+FoxP3+ T cells (CD4+ Tregs), recent findings on the lesser known CD8+ Tregs (CD44+CD122+Ly49+) have highlighted their non-redundant role in regulating lupus-like disease and their regulatory phenotype facilitated by the transcription factor Helios in mice and humans. However, there are still remaining questions about Helios regulation and dynamics in different autoimmune contexts. Here, we show the absence of CD8+ Tregs in two lupus-prone murine models: MRL/MPJ and MRL/lpr, in comparison with a non-prone mouse strain like C57BL/6. We observed that all MRL animals showed a dramatically reduced population of CD8+ Tregs and a greater Helios downregulation on diseased mice. Helios induction was detected preferentially on CD8+ T cells from OT-I mice co-cultured with tolDCs from C57BL/6 but not in MRL animals. Furthermore, the Helios profile was also altered in other relevant T-cell populations implicated in lupus, such as CD4+ Tregs, conventional CD4+, and double-negative T cells. Together, these findings could make Helios a versatile maker across the T-cell repertoire that is capable of differentiating lupus disease states.
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Introduction

The immune system from highly developed animals is a complex and coordinated network of organs, cells, and proteins in equilibrium; the main objective of which is to maintain the host’s defenses against foreign pathogens while preventing the activation of self-reactive immune cells. Thus, optimal immune homeostasis requires implementing mechanisms that ensure specific tolerance against self-antigens (central and peripheral tolerance), and when this fails, more than 80 different autoimmune pathologies have been seen to emerge (1), including systemic lupus erythematosus (SLE) (2). Among the different adaptive immune cell populations (mainly B and T cells), autoreactive and immunosuppressive T lymphocytes have been studied in SLE, on either side of the immune balance, both as key mediators and therapeutic targets (3–5). Accordingly, in both human and murine SLE, there is an accumulation of autoreactive CD4+ and CD8+ memory T cells that cannot be counteracted by their regulatory T-cell (Treg) counterparts. Although most studies into autoimmunity and Treg function have focused largely on CD4+ Tregs [CD3+CD4+CD25+FoxP3+ (6, 7)], CD8+ Tregs are becoming increasingly relevant in autoimmunity (8, 9) and particularly in SLE (10, 11). In this regard, an emerging subpopulation of CD8+ Tregs (CD44+CD122+Ly49+) has recently been described as a non-redundant regulator of germinal center reaction and high-affinity antibody generation in mice mimicking SLE (12–14).

In contrast to CD4+ Tregs, the murine CD8+ Treg subpopulation does not express FoxP3 nor low levels of the IL-7 receptor-α (CD127), yet the homeostasis of these cells is controlled by IL-15 (15–17) and their Ly49 expression is induced post-thymically (18). However, both thymic-derived CD4+ Tregs and CD8+ Tregs do express the Helios transcription factor [encoded by Ikzf2 gene (13)]. Indeed, how Helios expression influences the stability of the immunosuppressive phenotype of CD8+ Tregs has been studied (16) and, more recently, how Helios deficiency in this particular cell subset may be associated with lupus-like disease in mice and SLE in humans (12). There is evidence that Helios induction depends on by Transforming Growth Factor β (TGF-β) signaling, specifically in CD8+ T cells (12), but, nevertheless, there are still questions that need to be addressed to better understand how Helios is induced or repressed in the context of autoimmunity (19). Likewise, to search for new, useful molecular markers that may be suitable to be used in clinic practice, it will be necessary to explore Helios modulation not only in CD8+ Tregs but also in other well-known components of the immune system involved in the pathology of lupus, e.g., CD4+ Tregs, conventional CD4+ T cells (CD4+ Tconvs), double-negative T cells (DN T cells), and gamma delta (γδ) T cells.

In the periphery, different functional types of dendritic cells [DCs (20, 21)] play an important role in coordinating the adaptive immune response (22). As pivotal regulators of immune homeostasis, plasmacytoid (pDCs) and conventional DCs (cDCs) have already been implicated in lupus (23–25), and CD8+ T-cell cross-tolerance through cDCs has been proposed as a fundamental mechanism in peripheral tissues to ensure antigenic tolerance (26–28). Accordingly, DC ablation in a mouse model produces lethal autoimmunity associated with a lupus-like symptomatology (29). Nevertheless, the possible link between Helios induction of CD8+ T cells and the tolerogenic activity and phenotype of cDCs in autoimmunity has yet to be defined.

Here, we show the differential expression of Helios in several T-cell populations associated with the pathological changes in two different mouse models of SLE: MRL/MPJ (Murphy Roths Large: MPJ mice) and MRL/lpr (LPR mice) (30, 31). Although Helios was elevated in effector CD4+ Tregs and effector CD4+ Tconvs, correlated with disease progression, lower levels of this transcription factor were detected in CD8+ Tregs (virtually absent in MRL cells), DN T cells, and a population of TCRγδ+ B220+ T cells. This is especially significant when we compare these mice to healthy C57BL/6 mice (without a lupus-prone genetic background, such as that in MRL). In addition, evaluating in more detail the possible cellular contexts that influence Helios expression on CD8+ T cells, we observed in vitro that those cells from OT-I mice expressed higher levels of Helios when they were co-cultured with different types of bone marrow–derived DCs from C57BL/6 mice. Interestingly, the greatest Helios upregulation was detected on CD8+ T cells in presence of tolerogenic DCs (tolDCs) relative to mature (mDCs) and immature (imDCs). However, this dendritic stimulation of Helios on CD8+ T compartment was impaired in co-cultures from MRL animals, specially from LPR mice. In line with this point, furthermore, we identified some phenotypic alterations in vivo and in vitro in DC subsets between MPJ and LPR mice. These findings suggest that cellular environment provided by DCs could display a role controlling Helios induction on CD8+ Tregs and thus modulating their immunosuppressive functions. This would be consistent with data indicating that a specific CD8+ Treg deficiency correlates with altered DC populations.

In addition, observations from mice on a MRL/MPJ genetic background enable us to reconsider this particular spontaneous model of chronic SLE as an interesting natural lupus-prone model in which CD8+ Tregs are practically abolished.



Materials and Methods


Mice

Female MRL/MPJ, MRL/lpr, C57BL/6, and OT-I mice were maintained in pathogen-free conditions at the Centro Nacional de Biotecnología (CNB-CSIC) Animal Facility (Madrid, Spain). In the case of the MRL strains, the mice were examined twice weekly, and, when severe SLE symptoms appeared, diseased mice were sacrificed and analyzed to avoid unnecessary suffering. All animal studies were reviewed and approved by the CNB Ethics Committee for Animal Experimentation, CSIC Ethics Committee, and by the Division of Animal Protection of the regional government of the Comunidad de Madrid, in compliance with the national (RD 53/2013) and European Union legislation (directive 2010/637EU).



Enzyme-Linked ImmunoSorbent Assay (ELISA)

Immediately after sacrifice, blood samples were extracted from the mice by cardiac puncture, and the serum was separated by centrifugation and stored at −20°C for future use. The anti-dsDNA Ig(G+A+M) antibodies were measured using a commercial ELISA kit (Cat. No. 5110, Alpha Diagnostic International) according to the manufacturer’s recommendations.



Renal Function

The presence of protein in the urine was estimated using a urine dipstick (Combur Test10: Roche). After sacrifice, the kidneys of MRL/MPJ and MRL/lpr animals were collected and washed in Phosphate Buffered Saline (PBS). The fresh organs were then dehydrated in sucrose solutions (15% and then 20%), placed in a cryoprotective medium (OCT: Tissue-Tek), and maintained at −80°C. Subsequently, 4- to 10-µm kidney cryostat sections were fixed with cold acetone and blocked in PBS with 10% goat serum and 2% Bovine Serum Albumin (BSA). For IgG immunofluorescence, the sections were probed with Alexa Fluor 488–conjugated goat anti-mouse IgG (Cat. No. A-11029, Invitrogen), and, for macrophage immunofluorescence, the primary antibody used was a rat anti-mouse F4/80 (BM8, eBioscience), and it was recognized with an Alexa Fluor 488–conjugated goat anti-rat IgG secondary antibody (Cat. No. A-11006, Invitrogen). Images were taken using a Leica DMi8 S wide-field epifluorescence microscope and analyzed with ImageJ.



Antibodies and Flow Cytometry

After sacrifice, the mouse spleens were dissected out in RPMI 1640 media and processed mechanically in a 40-µm cell strainer. After erythrocyte lysis (in an ammonium chloride solution), a single-cell suspension was obtained by passing the sample through a new 40-µm cell strainer. The cells were then counted and separated for flow cytometry experiments. In the case of flow cytometry for DCs, the cells were harvested in PBS Ethylenediaminetetraacetic acid (EDTA) (5 mM) on day 13, and the following conjugated antibodies were used: B220-efluor450 (RA3-6B2), CCR7-biotin (4B12), CD4-APCef780 (RM4.5), CD8α-APCef780 (53-6.7), CD11b-Alexaf700 (M1/70), CD11c-APC (N418), CD62L-APC (MEL-14), CD69-PeCy7 (H1.2F3), CD73-PeCy7 (eBioTY/11.8), CD80-PeCy5 (16-10A1), CD122-FITC (fluorescein isothiocyanate) (TM-b1), CD127-PeCy7 (A7R34), FoxP3-PE (FJK-16s), Helios-ef450 (22F6), inducible co-stimulator (ICOS)-FITC (7E.17G9), Ly49-PE (14B11), PDCA-1-PeCy7 (eBio927), RORγ(t)-PE (AFKJS-9), and TCRVα2-PE (B20.1, all from eBioscience); B220-PeCy7 (RA3-6B2), CD3-APC (145-2C11), CD3-PercP (145-2C11), CD4-APC (RM4.5), CD8α-APC (53-6.7), CD8α-PercP (53-6.7), CD44-PercP (IM7), CD49b-PE (DX5), CD86-PE (GL-1), CD335(NKp46)-APC (29A1.4), Major Histocompatibility Complex Class II (MHCII)-PE (M5/114.15.2), and PDL-1 (10F.9G2, all from BioLegend); CD11c-FITC (HL3), CD25-biotin (7D4), CD62L-PE (MEL-14), CD244.2-biotin (2B4), TCRβ-PE (H57-597), and TCRγδ-biotin (GL3, all from BD Biosciences); CD3-FITC (145-2C11), CD19-SPRD (6D5), and CD44-FITC (KM201, all from SouthernBiotech); CD244.1-biotin (REA524, Miltenyi Biotec). Secondary biotin staining was achieved with Streptavidin-APC (Beckman Coulter), Streptavidin-APCCy7 (BioLegend), or streptavidin-PercPef710 (eBioscience). Dead cells were distinguished using the Live/Dead red dye (Invitrogen) for fixed cells or Propidium Iodide (Beckman Coulter) for non-fixed cells. The gating strategies are detailed in the supplementary material. The cells were stained for FoxP3, Helios, and RORγ(t) following the instructions for the FoxP3/Transcription Factor Staining Buffer Set (eBioscience). All staining experiments were performed after incubation with an anti-CD16/32 antibody (93, SouthernBiotech) to block Fc receptors. Finally, the cells were analyzed in a Gallios flow cytometer (Beckman Coulter), and the data were analyzed with FlowJo software (TreeStar).



Bone Marrow–Derived DC Cultures

On the basis of low-density cultures on day 0 (32), bone marrow precursors were isolated from the femurs and tibiae of healthy 8- to 12-week-old mice (C57BL/6, MRL/MPJ, and MRL/lpr) in PBS containing EDTA (5 mM) and 3% Fetal Bovine Serum (FBS). After erythrocyte lysis in an ammonium chloride buffer, the cells were passed through a 40-µm strainer and counted. The single-cell suspension was then washed twice in complete RPMI 1640 media, and, finally, 40,000 cells/ml were seeded on non-tissue culture-treated plastic plates in DC media: complete RPMI 1640 media supplemented with murine Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) (20 ng/ml) (PeproTech). On day 3, more DC media were added, doubling the volume in each plate, and, on day 6, half of the DC media was removed and replaced with fresh DC media. On day 9, half of the media was refreshed and dexamethasone (final concentration of 1 µM; D8893, Merck) was added only to the cells differentiating to tolDCs. On day 12, the whole volume was collected and centrifuged, and Lipopolysaccharide (LPS) (100 ng/ml) (Escherichia coli O55:B5 Lipopolysaccharides; Merck) was added to mDC and tolDC plates in DC media for 20 h. On day 13, imDCs, mDCs, and tolDCs were harvested, analyzed phenotypically by flow cytometry, and used in co-culture experiments. More than 90% CD11c+ cells were obtained in each culture as a measure of the dendritic cell purity (a scheme of this protocol is summarized in Figure S6A).



Co-Culture Experiments

On day 13, imDCs, mDCs, and tolDCs from MRL/MPJ, MRL/lpr, and C57BL/6 mice were collected in PBS + EDTA (5 mM) and washed three times with RPMI 1640. After washing, the DCs were recovered and counted, and 2 × 104 cells were seeded on 96-well round bottom plates in DC media. In parallel, splenocytes from the corresponding mouse strains were filtered, washed, and counted after erythrocyte lysis. Then, 2 × 105 splenocytes were seeded to co-culture them with the DCs in DC media for 3 days. In the case of C57BL/6 (DCs)–OT-I experiments, OVA (OVA A5503, Merck) was added to the co-culture (50 µg/ml), and for CD3 and CD28 stimulation, anti-CD3e (145-2C11) and anti-CD28 were used (37.51, BD Biosciences). OT-I proliferation induced with OVA by imDCs, mDCs, and tolDCs was analyzed by Carboxyfluorescein succinimidyl ester (CFSE) (Cat. No. C34554, Invitrogen) according to the manufacturer’s recommendations. Finally, cells were stained and prepared for flow cytometry.



Statistical Analysis

Ordinary one-way ANOVA, RM (repeated measures) one-way ANOVA, two-way ANOVA, or a paired Student’s t-test was applied using Prism 9 software (GraphPad Software).




Results


MPJ Mice Develop a Less Severe Autoimmune Phenotype Than LPR Mice

Because of the lpr mutation in the Fas gene, for many years, LPR mice have been used to study lupus because they reproduce most of the classic and severe symptoms observed in patients with SLE in the short term (3–4 months): glomerulonephritis, circulating antibodies against nuclear antigens, central nervous system inflammation, skin rash, and an aberrant accumulation of inflammatory CD4 and DN T cells (33). However, little is known about evolution of newly reported T-cell populations that may be important in the pathology that develops in the control MPJ mouse strain that does not carry the lpr mutation but that exhibits a mild form of lupus relative to the LPR mice in aged animals (>5 months).

We first classified the MPJ and LPR mice as predisease and diseased mice according to the different parameters associated with lupus progression described previously (Table 1) (34). Diseased LPR mice displayed intense splenomegaly with an exacerbated number of cells, whereas only a subtle increase in spleen weight was detected in diseased MPJ mice (Figure 1A). We also measured total anti–double-stranded DNA (dsDNA) Ig(G+A+M) in blood serum, a canonical clinical sign that is strongly correlated with disease status (35). Diseased MPJ and LPR mice had elevated levels of anti-dsDNA antibodies relative to their prediseased counterparts (Figure 1B). As these antibodies could contribute to lupus glomerulonephritis through their accumulation in the kidneys, we also analyzed impaired renal function and glomerular histology. Indeed, proteinuria (Figure 1C), immune complex deposition, and macrophage infiltration (Figure 1D) were evident in diseased LPR and MPJ mice. At the cellular level, the proportions of different phenotypes (36) of splenic CD4+ and CD8+ T cells (Figure S1A) and the proportion of DN and DN B220+ T cells (Figures S1B, C) were analyzed by flow cytometry (see gating strategy in Figure S1D). A higher percent of effector (CD44+CD62L−CD25+CD69+) and effector memory (CD44+CD62L−CD25−) CD4+ T cells was detected in diseased MPJ and LPR mice (Figures 1E, F). However, the characteristic accumulation of DN T cells was only observed in LPR animals (Figures S1B, C). Globally, diseased animals showed alterations in all the classic parameters studied, yet diseased MPJ mice exhibited a less severe pathology compared to diseased LPR mice.


Table 1 | Summary of the parameters analyzed in the MRL/MPJ (MPJ) and MRL/lpr (LPR) animals classified as prediseased and diseased.






Figure 1 | Characterization of MPJ and LPR mice differentiating two lupus disease states. (A) Spleen weight (left) and cell number (right). (B) Levels of Ig(G+A+M) antibodies against double-stranded DNA (dsDNA) determined by ELISA. (C) Protein concentration in urine (0, 30, 100, and 500 mg/dl) determined using urine dipsticks. (D) Representative immunofluorescence images from frozen kidney sections (4–10 µm) stained with DAPI (4′,6-diamidino-2-phenylindole) (blue), goat anti-mouse IgG (green) for immunocomplexes (top), and a primary rat anti-mouse F4/80 with secondary goat anti-rat IgG (green) for macrophages (bottom). Scale bar is 50 µm. (E) Representative flow cytometry plots gated on splenic CD4+ T cells (CD3+B220−CD8−CD4+) showing effector (Eff), effector memory (EM), central memory (CM), and naïve (N) gates. (F) Proportion of effector (Eff: CD44+CD62L−CD25+CD69+) and effector memory (EM: CD44+CD62L−CD25−) phenotypes among splenic CD4+ T cells. The data represent the mean ± SD: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA with a Tukey multi-comparison post-test. Each point represents a single animal: prediseased MPJ (pre.MPJ), n = 20 (A) 10 (B) 6 (C) and 8 (E, F) diseased MPJ (dis.MPJ), n = 40 (A) 13 (B) 13 (C) and 14 (E, F); prediseased LPR (pre.LPR), n = 31 (A) 11 (B) 12 (C) and 12 (E , F) diseased LPR (dis.LPR), n = 74 (A) 29 (B) 38 (C) and 14 (E, F).





Helios Expression Is Associated With the CD4+ Tconv and CD4+ Treg Effector Phenotype in MPJ and LPR Mice

Once we had performed the general analysis to distinguish the disease states in the MPJ and LPR mice, we continued to evaluate the spleen in more detail, assessing Helios as a molecular marker of the CD4+ T-cell compartment as it has generated significant interest as a proposed marker of disease progression, particularly in rheumatoid diseases like SLE (37). We first identified three phenotypically different populations of Tconv CD4+ T cells (CD3+CD4+FoxP3−) in terms of their Helios signal intensity. Helios expression by CD4+ Tregs was established as a biological standard of strong expression (Helioshi), with the Helios levels in CD4+ Tconvs serving as a measure of weak expression (Helioslow) and intermediate Helios expression (Heliosmid) defined as the levels between these (see gating strategy in Figure S2A). Diseased MPJ and LPR animals all showed elevated proportions of Heliosmid/hi CD4+ Tconv cells relative to the prediseased MPJ mice (Figures S2B, C). Consequently, a phenotypic analysis of canonical T-cell activation markers (ICOS, CD127, CD44, and CD62L) was carried out by flow cytometry. As a result, Heliosmid/hi CD4+ Tconvs had an enhanced effector phenotype (CD44+CD62L−) relative to Helioslow CD4+ Tconvs in prediseased LPR and particularly in MPJ mice (Figures 2A, B). However, no significant difference was observed in CD4+ Tconvs from the diseased counterparts of these mice, probably because these cells are already maximally activated (Figures 2D, E). Interestingly, Heliosmid CD4+ Tconvs from prediseased animals seemed to present a stronger effector phenotype than Helioshi CD4+ Tconvs (Figure 2B). Nonetheless, there was a constant correlation between elevated Helios expression and CD127 downregulation in CD4+ Tconvs in all animals (Figures 2C, F).




Figure 2 | Helios expression and effector phenotype of CD4+ Tconvs in MPJ and LPR mice. (A) Representative flow cytometry plots pregated on splenic CD4+ T cells (CD3+CD4+) from prediseased MPJ (top) and LPR (bottom) mice, in which three different CD4+ Tconv (FoxP3−) populations are indicated through their Helios expression (Helioslow/mid/hi). (B) Representative effector phenotype (CD44+CD62L−) plots of Helioslow, Heliosmid and Helioshi CD4+ Tconv cells, and their percentages (right) relative to prediseased MPJ and LPR mice. (C) Representative CD127 histograms gated on CD4+ Tconv Helioslow, Heliosmid, or Helioshi (left), and their MFI quantification (right) in prediseased MPJ and LPR mice. (D) Same as in (A) but from diseased mice. (E) Same as in (B) but from diseased mice. (F) Same as in (C) but from diseased mice. The data represent the mean ± SD: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by RM one-way ANOVA with a Tukey multi-comparison post-test. Each point represents a single animal: prediseased MPJ (pre.MPJ), n = 10 (A–C) diseased MPJ (dis.MPJ), n = 4 (A–C) prediseased LPR (pre.LPR), n = 9 (D–F) and diseased LPR (dis.LPR), n = 12 (D–F).



In terms of CD4+ Tregs (CD3+CD4+FoxP3+Helioshi), diseased MPJ and LPR mice also had a higher proportion of effector cells in the spleen (Figures 3A, B), and the ICOS and CD127 surface receptors were upregulated, the latter in contrast to the expression seen in the CD4+ Tconvs (Figures 3C, D).




Figure 3 | Helios expression and effector phenotype of CD4+ Tregs in MPJ and LPR mice. (A) Representative flow cytometry plots pregated on splenic CD4+ T cells (CD3+CD4+), in which Treg (FoxP3+Helioshi, top) and their effector (CD44+CD62L−) populations (bottom) are indicated. (B) Percentage of splenic CD4+ Treg cells with an effector phenotype. (C) Representative ICOS and CD127 histograms gated on CD4+ Treg (left) and CD4+ Tconv (right). (D) MFI quantification of (C). The data represent the mean ± SD: *P < 0.05; ***P < 0.001; ****;P < 0.0001 by one-way ANOVA with a Tukey multi-comparison post-test. Each point represents a single animal: prediseased MPJ (pre.MPJ), n = 10 (A–D) diseased MPJ (dis.MPJ), n = 4 (A–D) prediseased LPR (pre.LPR), n = 9 (A–D) and diseased LPR (dis.LPR), n = 12 (A–D).



Because Helios is also present on activated CD4+ Tconvs (38) that are exposed chronically to cognate antigens (39, 40), our data suggest that a chronic autoimmune context is associated with the maintenance of the Heliosmid phenotype over time in a population of activated effector CD4+ T cells in these mouse models of lupus.



Distinct Helios Expression by CD4+ and CD8+ Tregs During the Pathological Stages of MPJ and LPR Mice

Because Helios expression in the CD4+ Tconv cell compartment is associated with disease progression, we wondered whether this enhanced expression is also found in other splenic immune cell populations that express Helios as a specific marker, such as CD4+ Tregs (see gating strategy on Figure S3A) and CD8+ Tregs (CD44+CD122+Ly49+; see gating strategy in Figure S3B). Because we used Helios in our previous definition of CD4+ Treg cells, we examined a new panel of markers commonly associated with these cells (CD3+CD8−CD4+CD25+FoxP3+). To ensure a bona fide detection of Ly49, we validated the antibody anti-Ly49C/I/F/H (clone 14B11) in MRL genetic background (Figures S7B, C). Furthermore, we also included an additional mouse strain as a reference: the C57BL/6 to address these populations in mice without genetic susceptibility to lupus. Unexpectedly, whereas the proportion of CD4+ Tregs increased in MPJ and LPR mice in the disease state (Figures 4A, B), CD8+ Tregs were almost completely absent from all MPJ and LPR animals, independent their pathological state and relative to C57BL/6 (Figures 4C, D). Although, absolute splenic numbers of CD8+CD44+CD122+ T cells were increased in diseased LPR mice because of an exacerbated splenomegaly (Figures S4A, B). Similar behavior was evident in terms of Helios expression, and, whereas Helios expression was enhanced in CD4+ Tregs from diseased MPJ and LPR mice (Figures 4E, F), its expression was dramatically reduced in CD8+ Tregs from these mice relative to the C57BL/6 mice (Figures 4G, H). In this regard, there was still a mild yet significant difference between prediseased and diseased MPJ and LPR mice, the latter presenting the weakest Helios expression (Figures 4G, H). In terms of the global spleen percentages and Helios expression, data showed a contrasting behavior between CD4+ Tregs and CD8+ Tregs from MPJ and LPR mice relative to the C57BL/6 mice, even in the prediseased animals.




Figure 4 | Helios expression in CD4+ and CD8+ Tregs from MPJ and LPR mice. (A) Representative flow cytometry plots pregated on splenic CD4+ T cells (CD3+CD8−CD4+). The CD4+ Treg (CD25+FoxP3+) gates are indicated. (B) Percentage of CD4+ Tregs among the CD4+ T cells. (C) Representative flow cytometry plots pregated on splenic CD8+ CD44+ T cells (CD3+CD8+CD44+), in which the CD8+ Treg (CD122+Ly49+) gates are indicated. (D) Percentage of CD8+ Treg among CD8+ CD44+ T cells. (E) Representative flow cytometry plots pregated on CD4+ Tregs with the Helioshi gate indicated. (F) Percentage of Helioshi cells among CD4+ Tregs. (G) Representative flow cytometry plots pregated on CD8+ CD127+ Tregs, with the Helios+ gate indicated. (H) Percentage of Helios+ cells among CD8+ Tregs. The data represent the mean ± SD: *P < 0.05, **P < 0.01; ***,P < 0.001; ****,P < 0.0001 for comparisons between MRL animals. One-way ANOVA with a Tukey multi-comparison post-test was used. Each point represents a single animal: C57BL/6, n = 3 (A, B), 5 (C, D), 4 (E, F), and 5 (G, H); prediseased MPJ (pre.MPJ), n = 6 (A, B), 4 (C, D), 10 (E, F), and 4 (G, H); diseased MPJ (dis.MPJ), n = 14 (A, B), 3 (C, D), 4 (E, F), and 3 (G, H); prediseased LPR (pre.LPR), n = 10 (A, B), 4 (C, D), 9 (E, F), and 4 (G, H); and diseased LPR (dis.LPR), n = 18 (A, B), 6 (C, D), 12 (E, F), and 6 (G, H).





The CD8mid CD44+ Population Does Not Present a Treg Phenotype in Prediseased MPJ and LPR Mice

Apart from its specific expression by Tregs, Helios has also been proposed as a marker of CD8 T cells that undergo CD8 downregulation after encountering antigens in unmanipulated naïve mice under pathogen-free conditions (41, 42). As a result, some proinflammatory DN T cells with an effector phenotype (CD127low) can be generated. Given that our experiments were performed in pathogen-free conditions, it would be reasonable to consider that the immune system of all the animals examined were only exposed to microorganisms from their diet and self-antigens. Indeed, Helios was particularly enriched in a small fraction of activated CD8mid CD44+ T cells, with a clear Treg phenotype (CD122+Ly49+CD127+Helios+) only evident in naïve C57BL/6 mice (Figures 5A–C). By contrast, the equivalent population in prediseased MPJ and LPR animals exhibited a non-Treg effector phenotype, with lower levels of CD122, CD127, Ly49, and Helios (Figure 5D). Hence, T cells undergoing CD8 downregulation from MRL animals could be more prone to adopt a non-Treg effector phenotype than equivalent cells from C57BL/6 mice.




Figure 5 | Phenotypic analysis of CD8mid CD44+ populations in prediseased MPJ and LPR mice. (A) Representative flow cytometry plots pregated on viable CD3+ T cell from prediseased MPJ (left) and C57BL/6 mice (right). (B) Representative flow cytometry plots of CD8+CD44+ and CD8midCD44+ gates from C57BL/6 mice and their Treg phenotype. (C) Percentage of Helios+ cells among CD8+ and CD8mid Tregs. The data represent the mean values. (D) Representative histograms pregated on CD8midCD44+ T cells from C57BL/6 (black), prediseased MPJ (blue), and prediseased LPR mice (orange): ****P < 0.0001 by a paired Student t-test. Each point represents a single animal (C57BL/6, n = 5).





Reduced Helios Expression in Different T-Cell Subsets From Diseased MPJ and LPR Mice

Apart from the CD8+ and CD4+ T cells, there are other T-cell populations in both human and mouse SLE that fulfill a relevant role in the immune pathology of this disease, such as DN T (4, 11) and γδ T cells (43). As such, we explored the Helios expression in these DN (CD3+TCRγδ−CD4−CD8−) and γδ (CD3+TCRγδ+) T cells, studying them in MPJ, LPR, and C57BL/6 mice. We divided Helios expression into the three different categories indicated previously (Helioslow/mid/hi, see Figure S2A), based on the levels in CD4+ T cells as internal biological controls for each mouse (see gating strategy in Figure S5A). Because B220 is a characteristic marker expressed by DN T cells from LPR mice, we separately analyzed DN B220+ and DN B220− T cells. In this regard, we observed a global reduction in the proportion of Helioshi DN B220+ and DN B220− T cells in diseased MPJ and LPR animals, in accordance with the results from CD8+ Tregs (Figures 6A–D). However, interestingly, Helios expression in DN B220− T cells was consistently higher than in their DN B220+ counterparts in all the animals tested (Figure 6E). The strongest Helios expression was also detected in both the B220+/− DN T-cell populations from C57BL/6 mice. By contrast, there were more TCRγδ+ B220+ T cells in all the MPJ and LPR mice than in the C57BL/6 mice (Figure S5B), most of which presented a Heliosmid phenotype and no RORγ(t) expression, in contrast to their TCRγδ+ B220− counterparts (Figure S5C). However, in diseased LPR mice, there was a significant reduction in Helios in TCRγδ+ B220+ cells (Figures 6F, G), a cell subset that is particularly enriched in those animals (Figure 6H). Together, these data reinforce the idea that there is a distinct pattern of Helios expression in different splenic T-cell subpopulations and that Helios downregulation in these cells is associated with more severe forms of lupus, irrespective of the increased levels of this factor in the CD4+ T-cell compartment.




Figure 6 | Helios levels in different T-cell subsets from MPJ and LPR mice. (A) Representative flow cytometry plots pregated on splenic DN B220+ T cells (CD3+TCRγδ−B220+CD4−CD8−), in which three different gates are indicated based on Helios expression (Helioslow/mid/hi). (B) Helioshi frequencies on DN B220+ T cells. (C) Representative flow cytometry plots pregated on splenic DN B220− T cells (CD3+TCRγδ−B220−CD4−CD8−). (D) Helioshi frequencies among DN B220− T cells. (E) Representative histograms of Helios in DN T-cell populations: DN B220+ (black) and DN B220− (red). (F) Representative flow cytometry plots pregated on splenic CD3+ T cells, indicating the TCRγδ+ B220+ gates. (G) Representative Helios histograms gated on TCRγδ+ B220+ (left) and their quantification (MFI: right). (H) Representative Helios histograms comparing two distinct TCRγδ+ B220+ subsets (red and black) from diseased LPR mice. The data represent the mean ± SD: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 for comparisons between MRL animals. One-way ANOVA with a Tukey multi-comparison post-test. Each point represents a single animal: prediseased MPJ (pre.MPJ), n = 5 (A–D, G); diseased MPJ (dis.MPJ), n = 6 (A–D, G); prediseased LPR (pre.LPR), n = 5 (A–D, G); and diseased LPR (dis.LPR), n = 5 (A–D, G).





Helios Expression in CD8+ T Cells Is Promoted In Vitro by DCs in C57BL/6 Mice

Having analyzed splenic Helios expression in different T-cell populations and in distinct states of lupus, we evaluated, specifically in CD8+ T cells, the influence of cellular context in modulating its expression. Given that antigenic presentation by functionally and phenotypically different types of DCs would provide distinct stimuli, we performed some classical co-culture experiments with DCs and CD8+ T cells. To address that, we generated in vitro conventional imDCs, mDCs, and tolDCs from C57BL/6 mice using a slightly modified version of a bone marrow–derived DC protocol described previously (32) (scheme in Figure S6A). After 13 days in culture, DCs (>90% CD11c+ cells; Figure 6B) from C57BL/6 mice were harvested, washed, and cultured with spleen cells from OT-I animals in a 1:10 (DC:splenocyte) ratio for 3 days.

We first performed a classic presentation-activation assay to evaluate the different DC activities by co-culturing them with splenocytes from OT-I mice, whose CD8+ T cells exhibit a transgenic TCR that primarily recognizes OVA257–264 when presented by MHC class I molecules. Using the CFSE dilution method, we measured the ability of OVA-incubated imDC, mDC, and tolDC cells from C57BL/6 mice to induce OT-I cell proliferation. As a positive control of proliferation, we used anti-CD3 and anti-CD28 stimulation. As expected, while mDCs exhibited the greatest OT-I cell proliferation (on TCR Vα2+CD8+ cells), tolDCs displayed the weakest proliferation and imDCs an intermediate response (Figure S6C). However, interestingly, in these C57BL/6 (DC)–OT-I (splenocyte) experiments, the highest Helios upregulation on TCR Vα2+CD8+ T cells was seen in presence of tolDCs, although mDC culture also provoked increased Helios expression relative to the response to anti-CD3 and anti-CD28 stimulation (Figures 7A, B). Alternatively, without OVA, mDCs were not able to induce OT-I cell proliferation and Helios levels remained low (Figures S6D, E). Overall, these in vitro data indicate that Helios expression on CD8+ T cells is facilitated by dendritic stimuli and, specifically, that the greatest Helios induction was reached when CD8+ T cells were co-cultured with tolDCs.




Figure 7 | Helios expression in CD8+ T cells from OT-I mice co-cultured with different types of DCs. (A) Representative flow cytometry plots gated on TCRVα2+ CD8+ showing Helios expression in a 3-day co-culture experiment. Bone marrow dendritic cells (DCs): immature (imDC), mature (mDC), and tolerogenic (tolDC) from C57BL/6 were co-cultured with splenocytes from OT-I mice in presence of OVA. As a positive control of stimulation, anti-CD3 and anti-CD28 antibodies were used. (B) Percentage of Helios+ cells among TCRVα2+ CD8+ T cells. The data represent the mean ± SD: *P < 0.05; **P < 0.01; ***P < 0.001 by one-way ANOVA with a Tukey multi-comparison post-test (n = 2–4 independent experiments).





Helios Expression in CD8+ T Cells Is Not Induced by DCs in MRL Animals

To address whether Helios expression in CD8+ T cells could be facilitated by DCs in MRL animals as well, we performed similar co-culture experiments as previously described. However, given that there are no specific antigens to be presented (in contrast to OVA presentation system), for these experiments, DCs were cultivated with splenocytes in presence of an anti-CD3 and anti-CD28 stimulation in all cases. In the MPJ (DC)–MPJ (splenocyte) experiments, there were no significant differences in terms of Helios expression in CD8+ T cells (TCRβ+CD8+CD4−) when tested with DCs and artificial stimuli or with artificial stimuli alone (Figures 8A, C). However, although Helios expression by MPJ and LPR splenocytes exposed to artificial stimuli was similar, the presence of LPR DCs downregulated Helios in LPR CD8+ T cells (Figures 8B, D).




Figure 8 | Helios expression in CD8+ T cells from MRL mice co-cultured with different types of DCs. (A) Representative flow cytometry plots gated on TCRβ+CD8+CD4− T cells showing Helios expression in a 3-day co-culture experiment with bone marrow derived dendritic cells (DCs) and splenocytes from MPJ mice in the presence of CD3 and CD28 stimuli. (B) Representative flow cytometry plots gated on TCRβ+CD8+CD4− T cells showing Helios expression in 3-day co-culture experiments with bone marrow–derived DCs and splenocytes from LPR mice, in the presence of CD3 and CD28 stimuli. (C) Percentage of Helios+ cells among MPJ TCRβ+CD8+CD4− T cells. (D) Percentage of Helios+ cells among LPR TCRβ+CD8+CD4− T cells. The data represent the mean ± SD: **P < 0.01 by one-way ANOVA with a Tukey multi-comparison post-test (n = 2–4 independent experiments).



In contrast to C57BL/6 experiments, these results suggest that Helios upregulation in CD8+ T cells from MRL animals does not occur in presence of dendritic stimuli. In that context, interestingly, Helios expression was diminished in CD8+ T cells co-cutured specifically with LPR DCs when compared with cells exposed to artificial stimuli alone.



Altered Phenotype of DCs From Diseased LPR Mice In Vitro and In Vivo

Finally, in our in vitro experiments, because we observed that dendritic context could influence Helios expression in CD8+ T cells, we decided to study the phenotype and proportions of different DC subsets in MPJ and LPR animals. In more detail, we first analysed in vivo the proportions and the MHCII and CD244.1 expression by flow cytometry on splenic pDCs (CD11clowCD11b−B220+PDCA-1+), cDC1 (CD11chiCD11b−CD8α+), and cDC2 cells (CD11chiCD11b+CD8α−) (see gating strategy in Figure S6F). We included CD244 because it has recently been described as a relevant receptor in DCs, with implications in SLE (44) and only the CD244.1 allotype because CD244.2 allotype does not seem to be present in MRL animals (Figure S7A). On the one hand, reduced proportions of pDCs were seen in diseased MPJ and LPR animals (Figure 9A), although the levels of MHCII and CD244.1 in these cells were higher in LPR mice than in MPJ mice (Figures 9B–D). Interestingly, there were significant differences and similarities between the two major types of conventional DCs (cDC1 and cDC2 cells). Whereas the proportions of cDC1 cells was lower and CD244.1 was expressed more weakly in diseased LPR relative to prediseased MPJ mice, cDC2 cells had higher levels of CD244.1, and there were no differences in terms of the proportions of these cells (Figures 9A, C). In both type of cDCs, MHCII downregulation was detected in diseased LPR animals (Figure 9B).




Figure 9 | In vitro and in vivo phenotypic analysis of DCs from MPJ and LPR mice. (A) Percentages of splenic plasmacytoid (pDC: CD11clowCD11b-B220+PDCA-1+CD3/CD19−, left), conventional type 1 (cDC1: CD11chiCD11b−CD8α+B220−PDCA-1−CD3/CD19−, middle), and conventional type 2 (cDC2: CD11chiCD11b+CD8α−B220−PDCA-1−CD3/CD19−, right) dendritic cells (DCs) among the total viable cells from MPJ and LPR mice. (B) Quantification (MFI) of the MHCII expression on pDCs (left), cDC1 (middle), and cDC2 (right). (C) Quantification (MFI) of the CD244.1 expression on pDCs (left), cDC1 (middle), and cDC2 (right). (D) Representative histograms of (B) (top) and (C) (bottom). The data represent the mean ± SD: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by one-way ANOVA with a Tukey multi-comparison post-test. Each point represents a single animal: prediseased MPJ (pre.MPJ), n = 8 (A–C); diseased MPJ (dis.MPJ), n = 10 (A–C); prediseased LPR (pre.LPR), n = 4–12 (A–C); and diseased LPR (dis.LPR), n = 16 (A–C). (E) Quantification (MFI) of different DC markers on immature (imDC), mature (mDC), and tolerogenic (tolDC) DCs from the bone marrow of MPJ and LPR mice. The data represent the mean ± SD: +P < 0.05, ++P < 0.01, +++P < 0.001, and ++++P < 0.0001 for comparisons between imDCs, mDCs, and tolDCs from MPJ or LPR animals; and ##P < 0.01, ###P < 0.001, and ####P < 0.0001 for the comparisons between mDCs from MPJ and LPR animals, using a two-way ANOVA with a Tukey multi-comparison post-test.



To explore any possible intrinsic defects in DC development, we differentiated imDCs, mDCs, and tolDCs from prediseased MPJ and LPR bone marrow, as described previously. After 13 days in culture, a phenotypic analysis of different markers of dendritic maturation (CD80, CD86, MHCII, CD244.1, and CCR7) and tolerogenic markers (CD73 and PDL-1) was performed. Regarding maturation markers, as expected mDCs presented higher levels of MHCII, CD80, CD86, CD244.1, and CCR7 in comparison to their imDC counterparts. However, consistent with the observations in vivo, mDCs from the LPR mice exhibited lower levels of these surface proteins than MPJ mDCs (Figure 9E). Conversely, tolDCs presented weaker MHCII, CD80, and CD86 expression yet increased expression of PDL-1 and CD73 compared to mDCs from both LPR and MPJ mice. Interestingly, the CD73 tolerogenic marker was significantly downregulated in LPR tolDCs relative to MPJ tolDCs (Figure 9E). In summary, these results suggest an intrinsic alteration in the DC compartment correlates with the severe forms of lupus in LPR mice.




Discussion

In the present work, we described aberrant Helios expression in different T-cell subsets from MPJ and LPR mouse models of lupus relative to C57BL/6 mice that are not prone to lupus. Assessing these well-known lupus models from this new perspective, most of the data obtained indicates that diseased MPJ mice exhibit a less severe pathology than LPR mice, although both consistently present an altered DC compartment and aberrant Helios expression in CD4+ Tconv, CD4+ Treg, CD8+ Treg, and DN T cells as the disease develops. Notably, the most evident difference between MRL and C57BL/6 mice is that, virtually, all CD8+ Tregs were absent in MRL animals, expressing virtually no Helios, even in young predisease MPJ mice. Thus, we propose here a new link between the disruption of tolDCs activity and CD8+ Treg deficiencies in this autoimmune disease.

As one of the classic parameters examined in relation to lupus, the proportion of splenic effector memory CD4+ T cells has, for many years, been used to evaluate immune status in models of lupus. Although we did find significant differences between diseased MPJ and diseased LPR mice in terms of effector (CD44+CD62L−CD25+CD69+) CD4+ T cells, more robust differences were found by comparing CD127, ICOS, and Helios expression, specifically in CD4+ Tregs, revealing a stronger correlation between disease severity and the effector CD4+ Treg cell repertoire. Because these markers are associated with a stronger activation phenotype of mouse CD4+ Tregs (45), it seems that their upregulation may be a compensatory mechanism, albeit unsuccessful, to avoid enhanced autoimmunity. Although contrasting results have been reported previously in terms of the total number of CD4+ FoxP3+ Tregs in patients with SLE (46–48), elsewhere consistently high CD4+ FoxP3+ Helios+ numbers were correlated with disease activity (48–50). Furthermore, from a flow cytometry Helios analysis, we provide more insights about its distinct levels of expression, Helioslow/mid/hi, beyond a mere Helios+/− discrimination.

Among the different CD8+ Treg cell subsets defined (51, 52), we focused on CD8+ Tregs expressing the triad of the CD44, CD122, and Ly49 surface markers (in addition to Helios) due to their presence in steady-state naïve animals and their reported implications in the lupus-like phenotypes (12, 15), as well as in other autoimmune models (17, 53), and their very recent description in human autoimmunity as KIR+ CD8+ T cells (9). In this sense, although other CD8+ Treg populations have been described with important roles in cell therapy, such as CD8+CD103+ (54), CD8+FoxP3+, and CD8+CD28− Tregs (55), most of them are essentially induced in vitro and barely in young unmanipulated mice, unlike CD8+ Tregs [CD44+CD122+Ly49+ (12, 52)].

Interestingly, MPJ and LPR mice had neither an evident CD8+ Treg population compared to naïve C57BL/6 mice nor abundant Helios expression, regardless of their pathological status and their enhanced CD4+ Helioshi Treg compartment. Nonetheless, there was a slight but significant reduction in Helios expression by CD8+CD127+ Tregs from diseased MPJ and LPR mice relative to the predisease MPJ and LPR mice. Given the non-redundant role of CD8+ Tregs in controlling germinal center reactions by eliminating activated CD4+ T-follicular helper cells (12, 13), this intrinsic absence of CD8+ Treg cells could be one of the main unknown drivers of lupus in the MRL background. Indeed, other groups have reported lupus-like phenotypes after 5 months (as in MPJ) in mice with specific CD8+ Treg deficiencies (12, 14, 15), and, very recently, a significant reduction of Helios was described in total CD8+ T cells from patients with SLE (56) and in the equivalent human population to murine CD8+CD44+CD122+Ly49+ Tregs, called KIR+ CD8+ Tregs (9, 12). Together, these data suggest a pivotal role for these Helios expressing CD8+ Tregs in human and murine lupus, which could be further explored in future studies. In contrast, it was proposed that lupus-prone C57BL6/lpr animals presented a higher proportion of CD8+ Tregs and an impaired suppressive capacity due to defective killing of activated cells via the Fas/FasL pathway (57). However, a distinct genetic background (C57BL/6) for the lpr mutation was used in that work and the definition of CD8+ Tregs differed (CD122+CD49dlow). This might reflect the importance of genetic background in immunopathologies and that better definitions for true Treg CD8+ cells are necessary to avoid the overlap between immune populations.

Intriguingly, the Treg phenotype (CD122+Ly49+), as well as high CD127 and Helios expression, was enriched in a CD8mid CD44+ population found preferentially in naïve C57BL/6 mice. This is consistent with recent studies on steady-state inflammatory DN T-cell generation via CD8 downregulation in self-reactive CD8+ T cells (42, 58). This proinflammatory DN T-cell subpopulation exhibits an effector phenotype (CD127low) in naïve animals (41) and in lupus (59). Accordingly, and in contrast to C57BL/6 mice, the absence of the CD8+ Treg phenotype and the lower levels of CD127 could indicate that CD8midCD44+ T cells from a MRL background (even predisease MPJ animals) are more prone to inflammatory DN T-cell conversion. This is also consistent with the weaker CD127 expression by Helios-deficient CD8+Ly49+ Tregs under proinflammatory conditions (16). Furthermore, inflammatory DN T cells derived from CD8+ T cells undergo transient Helios expression (41). As such, although specific Helios upregulation in DN B220− T cells from diseased MPJ and LPR mice could indicate recent antigen exposure, lower levels of this transcription factor in their B220+ counterparts suggest a long-lasting presence of the T-cell repertoire and a more proinflammatory phenotype.

We also found in vitro that Helios was preferentially boosted in CD8+ T OT-I cells in the presence of tolDCs from C57BL/6 mice relative to their imDC and mDC counterparts, but not in CD8+ T cells co-cultured with DCs from a MRL background. Indeed, glucocorticoid induced tolDCs were also seen to elevate the CD8+ Treg (FoxP3+) numbers in the context of cancer (60) and human CD14+ monocytes displayed a similar behavior (61). In addition, the role of TGF-β in modulating Helios in CD8+ Tregs has been studied (CD44+CD122+Ly49+) (12), this regulatory cytokine being mainly produced by tolDCs (62). The importance of DCs in regulating the CD8+ Treg compartment of naïve mice is supported by the notable reduction in the CD8+ CD44+ population in a mouse model lacking DCs that also develop an autoimmune phenotype, along with splenomegaly and antinuclear antibody production (29).

Given that dendritic context seems to be important in controlling Helios on CD8+ T, we also analyzed phenotypically this cell compartment in MRL animals. Correlating with impaired Helios induction observed on DCs from LPR co-culture experiments, intrinsic phenotypic alterations were observed in vivo and in vivo in the DC compartment of these animals. A generalized downregulation of classic markers of dendritic maturation (MHCII, CD80, CD86, CCR7, and CD244.1) and of the tolerogenic CD73 marker could suggest a relevant role of dendritic maturation in tolerogenic function (63), thereby influencing the immune equilibrium through CD8+ T cells. Interestingly, CD244 KO mice present a Natural Killer (NK) cell–independent lupus-like phenotype (64), and their DCs also exhibit an aberrant proinflammatory cytokine profile, as well as less MHCII and CD86 (65). Regarding patients with SLE, CD244 was also seen to be downregulated in monocytes (66), and early studies showed reduced levels of co-stimulatory molecules on DCs and a poor stimulation of allogenic T cells (67). Future research will be needed to elucidate the specific mechanisms that drive this interaction between mature tolDCs and CD8+ Tregs to boost this critical regulatory subset in therapies for SLE.

In conclusion, a CD8+ Treg (CD44+CD122+Ly49+) population expressing low levels of Helios was detected in lupus-prone genetic backgrounds. Given the extended dysregulation of Helios expression to other pivotal T-cell subsets in lupus, such as CD4+ Tregs, Tconvs, DN, and γδ T cells, Helios expression may be a good candidate as a new and versatile marker for patients with SLE and perhaps for other autoimmune pathologies.
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Bruton tyrosine kinase (Btk) plays a vital role in activating and differentiating B-cells and regulating signaling in myeloid cells. Indeed, the potential use of Btk inhibitors in preventing lupus has been reported. Here, we extend these observations to 4 additional models of end-organ inflammation: (a) BWF1 lupus nephritis mice, (b) anti-GBM nephritis, (c) bleomycin-induced systemic sclerosis like skin disease, and (d) bleomycin-induced lung disease. In agreement with the previous studies, BTK inhibitor (BTKB66) treatment was effective in treating lupus nephritis in terms of reducing renal damage both functionally and histologically, accompanied by significant decrease in proteinuria. Both low-dose and high-dose BTKB66 profoundly blocked renal disease in the anti-GBM nephritis model, with efficacy that was comparable to that seen with dexamethasone. This study provides the first evidence that BTK inhibition has both therapeutic and preventative effects in bleomycin-induced SSc-like disease, in terms of reducing skin thickness, fibrosis, collagen deposition, and inflammation. Likewise, significantly lower lung inflammatory cell infiltration was observed after treatment with BTKB66. Therapeutic benefit was associated with lower numbers of macrophages, proliferating macrophages and activated T-cells in the respective injured organs. The observation that these immune cells play key roles in driving end organ inflammation in multiple systemic rheumatic diseases have broad implications for the use of BTKB66 in managing patients with systemic rheumatic diseases where multiple end organs are afflicted, including lupus and systemic sclerosis.
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Introduction

Bruton tyrosine kinase (Btk) is cytoplasmic nonreceptor protein tyrosine kinase in the Tec family. It is predominantly expressed in B cells, but also expressed in other hematopoietic cells including myeloid cells (1, 2). In the B-cell receptor (BCR) signaling pathway, the Src family kinase, spleen tyrosine kinase (SYK) initiates the activation of Btk, which enhances the catalytic activity of Btk and results in the activation of downstream NF-κB and MAP kinase pathways (1). Btk also participates in other signaling pathways including chemokine receptor signaling, FcγR mediated signaling, and toll-like receptor (TLR) signaling. Btk mutations in humans cause X-linked agammaglobulinaemia (XLA) which is characterized by a lack of peripheral blood B cells and immunoglobulins with intact T-cell function and cellular immunity (3, 4). Although the clinical use of Btk inhibitors has been limited to B-cell malignancies, animal studies have demonstrated the potential efficacy of Btk inhibition in autoimmune diseases, particularly rheumatoid arthritis and SLE (5–10). In this study, we examine if Btk inhibition might be suitable for ameliorating disease in additional target organs commonly afflicted in systemic rheumatic diseases.

Systemic sclerosis (SSc), another systemic autoimmune disease, is marked by sclerotic and fibrotic changes in multiple organ systems, including the skin, pulmonary and gastrointestinal systems. B cells have been shown to play pathogenic roles in this disease. Several genome-wide association (GWS) studies have identified B cell related genes in SSc, such as B-cell scaffold protein with Ankryn repeats (BANK1), B lymphoid kinase (Blk), and Tumor Necrosis Factor Superfamily-4 (TNFSF4) (11–13). In animal models, the link between B-cell hyperactivity and fibrosis has been established in the tight skin mouse (TSK) model of systemic sclerosis (14). A deficiency of the CD19 gene leads to diminished skin thickening and lung fibrosis in the Bleomycin (BLM)-induced SSc mouse model when compared to BLM-treated WT littermates, indicating that B cells are actively involved in the fibrotic process that mediates skin and lung disease (15). Moreover, BAFF blockade and B-cell depletion therapies have also been effective in some patients with this disease (16–18). However, long-term clinical outcome in this disease is still dismal, particularly due to progressive pulmonary fibrotic disease (19). Considering the significant role of B cells (and myeloid cells) in the development of SSc, we examined the effect of BTK inhibition on both skin and lung fibrosis in a BLM-induced mouse model of this disease, as well as in two additional mouse models of end organ inflammation, as described below.

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease that affects multiple organs and produces a wide array of autoantibodies. The kidney is one of the most commonly targeted organs, and lupus nephritis (LN) contributes significantly to morbidity and mortality in SLE (20). It is associated with an estimated 6-fold increase in mortality compared to the general population (21). Partly due to the complexity and heterogeneity of human SLE, murine models have been used to investigate the pathogenesis and therapeutic targets in LN. Abnormal B-cell activation and immune complex formation are major immunopathological features of LN (22). NZB mice B cells have demonstrated a higher level of phosphorylation of tyrosine residues and a strong response to BCR mediated activation (22, 23). In NZBW F1 mice, the activation of FcRs on circulating hemopoietic cells is required for immune-complex mediated disease pathogenesis (24). Since Btk participates in both BCR and FcγR signaling pathways, it is considered an attractive target in LN treatment. Treating NZBW/F1 lupus mice with the Btk inhibitor RN486 ameliorated lupus disease progression as determined by histologic and functional analyses of glomerulonephritis (9). Similarly, in MRL/lpr mice, another spontaneous lupus murine model, Btk inhibition was able to normalize proteinuria with early treatment, and reverse established proteinuria when administrated at the late phase of the disease (25). Similar findings have been reported in C57BL/6-based congenic models of lupus (8).

Anti-Glomerular Membrane Nephritis (anti-GBM) is a classic antibody-mediated autoimmune disease, characterized by marked crescent formation and progressive renal failure. Cumulative evidence has implicated that both cell-mediated processes and humoral mechanisms in the development of renal injury in anti-GBM disease. For example, transferring heterologous antibodies from humans to new world monkeys could induce proteinuria and renal injury, while plasmapheresis is the standard treatment for human anti-GBM disease (26). Rituximab, a B-cell depleting agent, has also been effectively used for the treatment of anti-GBM disease (27). Given the demonstrated role of B-cells and myeloid cells in this disease, we reasoned that Btk inhibition would also be therapeutically effective in this disease.



Material and methods


Animal Experiment

All mice used in these studies were purchased from The Jackson Laboratory (Bar Harbor, ME). C3H/HeJ strain was used to generate the Bleomycin-induced systemic sclerosis (SSc) murine model, 129x1/svJ mice were used for anti-GBM nephritis, and NZB/WF1 is a typical spontaneous lupus nephritis (SLN) model. C57BL/6J mice were used as controls and for the in vitro experiments. All mice were housed in a pathogen-free animal facility at the University of Houston, TX, USA. All experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NAP 2011) and have been approved by the Institutional Animal Care and Use Committee at the University of Houston.



BTK Inhibitor (BTKB66)

BTKB66 (Pharmacyclics Inc.) was formulated in 0.16M citric acid to a final concentration of 4 mg/ml (28). The drug was administrated by oral gavage at 25 mg/kg or 50 mg/kg per day for 4-8 weeks, as indicated in each experiment. The control group was given 0.16M citric acid using the same schedule. The dose and route of administration was chosen based on previously established concentrations needed for significant inhibition of Btk activity using this drug (28) or its structural analogue ibrutinib (8). The chosen drug, BTKB66, has been shown to be selective for BTK as it targets BTK with an IC50 of 13.3 nM, targeting TEC, BLK, FGR and PTK6 with IC50 values of 195-493 nM, but with absence of targeting of 100 other kinases at IC50 values >1000, including Itk (28). The safety profiles of these inhibitors have previously been reported (29). The salubrious effect of BTKB66 on liver damage has been examined and reported in detail (28).



BLM-Induced SSc Mouse Model and BTKB66 Treatment

A murine model that mirrors the inflammation-driven aspects of human SSc was induced by intradermal injection of Bleomycin 100 μg per day over a total of 4 weeks in C3H/HeJ mice. To gauge the preventative and therapeutic effects of BTK inhibition on SSc-like disease, mice were randomly categorized into two groups: 1) BTKB66-4W: the BTK treatment was initiated at the same time as the BLM injection; 2) BTKB66-8W: BTK inhibitor treatment was started 4 weeks after BLM injection, when SSc disease was already present. In both groups, BTKB66 and the vehicle control were administered by oral gavage once per day at the dosage of 25 mg/kg/d, over 4 weeks. At the end of treatment, skin and lung tissue were collected for pathology evaluation, skin thickness measurement, and Collagen IV content determination. The skin and lung collagen content were determined using commercial kits, as detailed in Supplementary Information. The treatment was repeated twice, with a total of 10-15 mice per group.



Spontaneous Lupus Nephritis and BTKB66 Treatment

26-week old female NZB/W F1 mice were randomized into treatment and control groups (n=10 in each group). BTKB66 was administered by oral gavage once per day at the dosage of 25 mg/kg/d, while the control group was given the vehicle buffer. Blood and urine samples were collected once per month for renal function tests and autoimmunity detection. One kidney from each mouse was used for pathology evaluation, and the other was used for flow cytometry analysis.



Anti-GBM Nephritis Model and BTKB66 Treatment

Thirty-two 129x1/svJ mice were used to induce anti-GBM nephritis, as described (30). In brief, mice were pre-immunized using Rabbit IgG (250μg/20g mouse body weight, Sigma) mixed with CFA (100 μL/20g mouse body weight, Sigma), then, i.v injected with 200 µl rabbit anti-mouse GBM serum on D5. The mice were categorized into BTKB66 low dose (25 mg/kg/d), BTKB66 high dose (50 mg/kg/d), Dexamethasone (Dex, 0.4 mg/kg/d), or the PBS control group (n=6-8, per group). The treatment was started three days after anti-GBM injection. Blood and 24hr urine samples were collected once per week for BUN and 24-hrs proteinuria measurements. Kidneys were subjected to pathology assessment.



The Impact of BTK Inhibitor on B Cells and Bone Marrow-Driven Macrophages

B cells were purified from 2-month-old C57BL/6J mice spleens by negative selection using a commercial bead kit purchased from Stem Cells. Bone marrow- derived macrophages (BMDM) were generated from B6 bone marrow cells incubated with 10 ng/ml MCSF for five days. B cells were stimulated with anti-IgM or anti-IgM with different concentrations of BTKB66, while BMDMs were incubated with 100 ng/ml LPS, or LPS with different concentrations of BTK inhibitor (10, 100, 1000 ng/ml) for 24hrs. Activation of B cells and BMDMs were accessed by flow cytometry using the indicated cell surface markers. Pro-inflammatory cytokine levels in the BMDM culture medium were measured using commercial ELISA kits (R&D, USA)



Pathology Evaluation

At the end of each experiment, the targeted tissues were harvested for pathology evaluation. For SSc mice, the skin and lung were collected for hematoxylin and eosin (H&E) and Masson Trichome staining, while kidneys from the SLN and anti-GBM nephritic mice were subjected to H&E and periodic-acid Schiff (PAS) staining. For skin tissue, dermal thickness, defined as the thickness of the skin from the top of the granular layer to the junction between the dermis and subcutaneous fat, was measured. A blinded pathologist (JH) read and assessed all histology changes blindly using standard scoring systems. For dermatologic changes, epidermal and dermal inflammation, skin fibrosis, and vasculitis were evaluated. For lung histopathology grading, the severity of inflammatory infiltration, airspace dilation, interstitial fibrosis, and vasculitis were determined. Renal pathology changes were scored using a well-established grading method, which evaluated the histological changes in glomerular and tubulointerstitial lesions, and the severity of crescent formation, as described (30, 31). The scoring criteria are detailed in Supplementary Information.



Flow Cytometry Analysis of Renal Infiltrating Inflammatory Cells

To analyze renal inflammation, renal infiltrating inflammatory cells were extracted and analyzed using flow cytometry. In brief, one kidney from each SLN mouse underwent flow cytometry analysis. Kidneys were minced with a razor blade and digested with 1mg/ml collagenase type 4 (Cat.# LS004188, Worthington Biochemical Corp, NJ, USA) for 30 minutes at 37°C in a shaking incubator. After incubation, cells were immediately moved onto ice, and the digestion was stopped by adding RPMI media 1640 (Cat. # 12633, Thermo Fisher Scientific Inc, MA, USA). Red blood cells were lysed using RBC lysing buffer (Sigma). Cell clumps were disrupted using a syringe with 22G needle and then forced through a 70 µm filter. For flow cytometric analysis, cells were stained with antibodies against B220, CD3, CD4, CD8, CD11b, CD11c, CD21, CD23, CD25, CD45, CD69, CD80, CD86, F4/80, Gr1 (BD Biosciences, CA, USA). Approximately 50,000 events were acquired from each sample. All samples were run on a NovoCyte flow cytometer (ACEA Biosciences, CA, USA). Analysis was performed using Novoexpress (ACEA Biosciences, CA, USA). Experimental details are included in Supplementary Information.



Tissue Macrophage Staining

Kidneys from anti-GBM nephritis mice, and skin and lung tissue from mice with SSc-like disease were subjected to immunofluorescence staining for macrophages. Anti-Iba1 (Wako, Cat.# 019-19741, 1:300) was used to label macrophages, while anti-PCNA (Abcam, Cat.#ab29, 1:200) was used to stain proliferating cells. Briefly, after deparaffinization and rehydration, sections were boiled for antigen-retrieval using Citrate buffer (PH6.0). Then, sections were blocked with 5% goat serum with 0.25% Triton X-100 for 2hrs and incubated with primary Abs overnight at 4°C. Alexa Fluor 488, Goat anti-Rabbit IgG (H+L) and Alexa Fluor 555, Goat anti-mouse IgG (H+L) were added as 2nd Abs (1;1000) for 2hr at RT. After final washing and mounting, a Nikon confocal microscope was used for imaging. For each section, 10 random fields were selected to count positive staining. Iba1+ PCNA+ cells are indicative of proliferating macrophages.



Statistical Analysis

All data are expressed as mean ± SD. Comparison between two groups was performed using a parametric Student t-test or non-parametric Mann Whitney U test (when data was not normally distributed), as indicated in the figure legends. Comparison between multiple groups was conducted using one-way ANOVA followed with Tukey’s post-hoc test. P values < 0.05 were considered statistically significant. All statistical analysis was performed using GraphPad Prism (V.10.0, GraphPad, CA, USA).




Results


BTK Inhibition Yields Strong Therapeutic Efficacy Against BLM-Induced SSc-Like Fibrotic Skin Disease

Compared to normal skin, BLM-SSc skin exhibited a significant increase in dermal thickness, prominent inflammatory cell infiltration, robust deposition of collagen in the skin, and less subcutaneous fat tissue, as shown in Figure 1A. However, both the BTK-4W and BTK-8w treated groups exhibited less skin fibrosis, less collagen deposition, and decreased inflammatory cell infiltration. Pathology assessment indicated that both BTK-treated groups had significant decrease in skin thickness (Figure 1B), less inflammatory cell infiltration (Figure 1C), and a lower skin fibrosis score (Figure 1D). Lower hydroxyproline content was noted after BTK treatment, compared to that of the PBS control group (Figure 1E, 2-tailed t -test, p <0.05, n= 10-15 each group).




Figure 1 | BTK inhibition ameliorates skin disease in BLM-SSc mice, with reduced skin thickness, inflammation, fibrosis score and hydroxyproline content. (A) Representative H&E (top) and Masson (bottom) staining from each group are shown (n= 10-15 per group, 20x). Compared to normal skin, BLM-SSc skin exhibited a significant increase in dermal thickness, a decrease in the amount of subcutaneous fat tissue, an infiltration of inflammatory cells, and robust deposition of collagen in the skin. (B) both the BTKB66-4W and BTKB66-8w treated groups exhibited lower skin thickness (B), decreased inflammatory cell infiltration (C), lower skin fibrosis score (D), and less skin hydroxyproline content (E). The treatment was repeated twice, with a total of 10-15 mice per group, one-way ANOVA, P <0.05.





BTK Inhibition Ameliorates Lung Inflammation in BLM-Induced SSc-Like Disease

As lung fibrosis is a major cause of death in SSc patients, we also investigated the effect of the BTK inhibitor on lung histopathologic changes, including inflammation, airspace dilation, fibrosis, and vasculitis. As shown in Figure 2, BTK-treated mice exhibited significantly lower inflammation with fewer inflammatory cell infiltrates compared to BLM-SSc lungs. Since lung fibrosis was not prominent in BLM-SSc mice, we were not able to assess the impact of BTK inhibition on this phenotype. No significant hydroxyproline content differences were noted in the lungs of these mice (data not shown).




Figure 2 | The effect of BTK Inhibition on lung inflammation in BLM-SSc mice. Pulmonary histopathologic changes, including inflammation, airspace dilation, fibrosis, and vasculitis, were evaluated in BLM-SSc mice. (A) Representative H&E-stained lung tissue images from each group are shown (n= 10-15, 20x). (B) Displayed are inflammation score and airspace dilation score in each group (n= 10-15; one-way ANOVA). SSc mice exhibited higher lung inflammation score, compared to the BTK-treated group. (C) Increased airspace dilation score was assessed in all SSc mice. However, no significant difference was detected.





BTK Inhibition Improved Renal Damage in SLN Model and in Anti-GBM Model

Several studies have examined the effect of BTK inhibition on SLN mice and found that BTK inhibition ameliorates renal, skin, and brain disease in MRL/lpr mice (7–10). Taking advantage of the improved selectivity and specificity of BTKB66 used in this study, we extended our studies to another commonly studied SLN murine model: NZB/WF1. Treatment was started at 26 weeks of age, at which point some mice were proteinuric. After 8 weeks of treatment, BTKB66 was associated with less renal damage and renal dysfunction in NZB/WF1 mice as evidenced by decreased 24-hr-proteinuria (Supplementary Figure 1A). Consistent with improved renal function, BTKB66 treated mice exhibited significantly lower GN scores compared to the control group (1.0 ± 0.38 vs 2.7 ± 0.57, P =0.02, Supplementary Figures 1C, E).

To explore the effect of BTKB66 on systemic autoimmunity, serum auto-Ab levels were measured by ELISA and the phenotype of splenocytes was determined by flow cytometry. At the end of treatment, the average spleen to body weight ratio was 0.0024 ± 0.0003 in the treatment group and 0.0046 ± 0.0013 in the control group (p = 0.03), indicating that BTKB66 treatment was associated with ~41% reduction in spleen:body weight ratios compared to the control group (Supplementary Figure 2A). Serum total IgG, IgM, and anti-dsDNA levels were compared between the treatment and control groups. Total IgM and IgG levels were similar between the treatment and control groups (Supplementary Figures 2C, D). Similarly, we did not find significant differences in autoantibody levels between the two groups. However, there was a trend towards lower IgG anti-dsDNA autoantibody levels in the treatment group (Supplementary Figures 2E, F)

Anti-GBM nephritis shares similar cellular and molecular downstream mechanisms with lupus nephritis (22), although it results in nephritis that is more acute in nature, and less dependent on systemic autoimmunity. Hence, we also examined the therapeutic efficacy of BTK inhibition on anti-GBM nephritis. As shown in Supplementary Figure 3, the anti-GBM challenged mice exhibited worse renal function, with significantly higher 24hr-proteinuria (A), increased BUN levels (B), and higher GN/TIN scores (C-E), compared to the BTKB66-treated mice. The BTKB66 low and high dose treatment groups both demonstrated therapeutic efficacy with significantly lower levels of BUN and 24-hr proteinuria levels, with significantly improved GN and TI disease scores, comparable to the therapeutic efficacy seen with dexamethasone treatment.



BTK Inhibition Was Associated With Reduced Systemic and End-Organ T Cell and Myeloid Cell Infiltration and Activation

To investigate the underlying pathogenic mechanism mediated by BTKB66 treatment, we next examined the cell populations in both the kidneys (Supplementary Table S1) and the spleen (Supplementary Table S2) of NZBW F1 mice after 8-week BTK inhibition, using flow cytometry.

Activated CD3+ T cell and CD4+ T cell numbers in spleen was lower by 36% and 37% respectively in the BTKB66 treated group as compared to the control group (both, p = 0.03, Supplementary Figures 4A, C). Total CD4+ T cell numbers decreased by 13% and total CD8+ T cell numbers increased by 37% in the spleen (p= 0.01 and p = 0.04, respectively, Supplementary Figure S4B). However, we did not detect any difference in B cell numbers or subsets, including total B cells, follicular B cells, and marginal zone B cells, following BTKB66 treatment.

In addition, BTKB66 had a strong inhibitory effect on the numbers of intra-renal activated T-cells and myeloid cells, as detailed in Supplementary Table S1. Mice in BTKB66 treated group exhibited reduced total CD4+ and activated CD4+ T cells and reduced CD11b+, and CD86+ cells. There was no significant difference in the total number of CD45+ Gr-1+ cells between these two groups. However, CD45+Gr1+ cells in the treatment group expressed less CD86 than the controls(4.06 x 103 vs 1.52 x 105, respectively, P <0.01) indicating decreased activation. Additionally, F4/80+ and activated F4/80+ macrophages were lower in the treatment group (4.60 x 103 vs 1.07 x 104 respectively, P <0.01)

Collectively, these results indicate that the reduced renal pathology; proteinuria; and splenomegaly in lupus mice following BTK inhibition is associated with significantly lower peripheral and intra-renal T-cell numbers, and myeloid cell activation, although the impact on B-cells and autoantibodies was minimal.



BTK Inhibition Is Associated With Reduced Both B Cell and Macrophage Activation In Vitro

Both B cells and macrophages play critical roles in the development of various autoimmune diseases including SSc and lupus nephritis, and are both impacted by BTK activation (6, 10, 16). The immunomodulatory effects of BTK inhibition on B cells and macrophages was explored following in vitro culture. B cells were purified from 2-month-old C57BL/6J mice spleen by negative selection. One group of B cells was stimulated with anti-IgM or anti-IgM with different concentrations of BTKB66 (10,100, and1000 ng/ml) for 24hrs. As shown in Figure 3, BTK inhibition reduced BTK phosphorylation in B cells (Figure 3A). The percentages of CD86+B220+, CD80+B220, MHC II+B220+, and CD69+B220+ cells were significantly reduced after co-culture with BTKB66, in a dose-dependent manner (Figures 3B, C). Another group of B cells was stimulated with LPS, with or without BTKB66. As noted above, a dose-dependent suppressive effect of BTKB66 on LPS-induced B-cell proliferation was observed (Figure 3D).




Figure 3 | BTK inhibition dampened B cell activation in a dose-dependent manner in vitro. B cells were isolated by negative selection using commercial bead-based kits. Then these purified B cells were seeded at 1x 106 cell per well and incubated with either anti-IgM or LPS, PMA, with or without BTKB66 at different concentrations (10, 100, 1000 ng/ml) for 24hrs (n =6 per group). Cells without any stimulation served as control (NT). (A) BTK inhibition reduced BTK phosphorylation in B cells. (B) Representative flow cytometry images of B cell activation showed decreased CD86+B220+; MHC-II+ B220+ cells after coculture with BTKB66. (C) From the left to right: CD80+ B220+; CD69+B220+, CD86+B220+; MHC-II+ B220+. All 4 of these markers represent different B-cell activation markers. The BTK inhibitor demonstrated a dose-dependent inhibition of B cell activation. (D) Inhibitory effect BTKB66 on LPS-stimulated B cell activation. One-way ANOVA, followed with Turkey test was used to compare the difference between two groups.



BMDMs were generated from C57BL/6J mouse bone marrow cells with 5-days MCSF (10 ng/ml) incubation and then stimulated with LPS (50ng/ml), or LPS with different concentrations of BTKB66 (n = 6 per group). Culture supernatant was collected at 12hrs and 24hrs for pro-inflammatory cytokine detection, and cells were harvested at 24 hrs for FACS. As Figure 4 indicates, the percentage of CD68+ BMDMs was increased after 24 hrs LPS stimulation, but it was significantly reduced in all BTK inhibition groups. Similarly, TNF-α and IL-6 levels in cell culture supernatant were reduced following BTK inhibition in a dose dependent manner. However, we did not detect any difference in IL-10 levels among the groups. Together, this data supports the in vitro inhibitory effect of BTK inhibition on both B-cell and macrophage activation, although the in vivo changes in B-cells were not detected.




Figure 4 | BTK inhibition reduced LPS-induced BMDM activation and pro-inflammatory cytokine production in vitro. Bone marrow derived macrophages (BMDMs) were generated from C57BL/6J mouse bone marrow with MCSF (10 ng/ml) incubation for 5 days. Then, these BMDM cells were incubated with LPS (50 ng/ml), or LPS with varying doses of BTKB66 (10, 100, 1000 ng/ml) for 24 hrs (n = 6 per group). Cells were harvested at 24 hrs for flow cytometry, and culture supernatant was collected at 12 hrs and 24 hrs for pro-inflammatory cytokine detection. BMDMs without any stimulation served as control (NT). Shown are (A) Representative flow cytometry images of Macrophage activation showed decreased CD86+ macrophage after coculture with BTKB66. (B) Percentage of CD86+ macrophages, (C) TNF-α, IL-6, IL-10 levels in cell culture supernatant. The levels of pro-inflammatory cytokines, TNF-α and IL-6, were reduced by BTK inhibition in a dose dependent manner. No changes in IL-10 could be detected (one-way ANOVA).





BTK Inhibition Significantly Inhibited In Vivo Macrophage Infiltration and Activation

As Figure 5 (left) shows, Iba1+ positive cells and Iba1+ PCNA + cells were increased in the kidneys of anti-GBM nephritic mice treated with PBS (PBS group), while it was significantly lower in BTKB66 treated mice, comparable to the effects of Dex. Similarly, both skin (Figure 5, right) and lung (Figure 5, middle) tissue from the SSc group exhibited significantly increased infiltration by macrophages and proliferating cells (including proliferating macrophages), compared to that of the control group. With BTKB66 treatment, these cells were significantly lower, both in skin and lung. Collectively, these results suggest that BTK inhibition may significantly reduce target organ infiltration by macrophages, including proliferating macrophages.




Figure 5 | BTK inhibition was associated with significantly lower macrophages infiltration into targeted end-organs. Renal tissue from anti-GBM nephritis model, and skin and lung tissue from BLM-SSc mice were interrogated for macrophages (Iba1+, green color) and proliferating cells (PNCA, red color). Ten random fields per section were selected for counting positive-stained cells. Shown are (A) representative image from PBS, BTKB66 and Dex groups among the anti-GBM nephritis mice; (B) representative lung macrophage infiltration image from Control, SSc and BTKB66 groups; (C) representative skin macrophage infiltration image from Control, SSc and BTKB66 groups. For each tissue, total macrophage counts, and proliferating macrophage counts are plotted. In all tissues, BTKB66 was associated with significantly reduced numbers of macrophages and proliferating macrophages (n= 4-6 per group, one-way ANOVA).






Discussion

Bruton tyrosine kinase (Btk) plays a vital role in activating and differentiating B-cells and regulating signaling in myeloid cells. Besides B-cell receptor signaling, Btk functions through multiple signaling pathways including CD40 ligation, Toll-like receptor triggering, and Fc-receptor signaling. Hence, it is likely that targeting Btk could prove beneficial in autoimmune diseases characterized by pathologic autoantibodies, macrophage activation, and myeloid-derived type I interferon responses (1, 32, 33). Given that these pathogenic mechanisms mediate multiple end organ diseases in systemic rheumatic diseases, it becomes important to systematically assess the impact of BTKB66 on various end organ diseases.

Indeed, the potential use of Btk inhibitors in treating lupus has been reported and reproduced since 2010 (7–10). Data from these studies suggested that BTK inhibitors may simultaneously target autoantibody-producing and effector cells in SLE, thus preventing renal injury and improving renal pathology. In the current study, we explored the efficacy of a BTKB66 on mice with spontaneous LN at the nephritic phase. In agreement with the previous studies, BTKB66 was effective in treating LN in terms of reducing renal damage both functionally and histologically, accompanied by significant decrease in proteinuria. The studies with the acute anti-GBM model further bolsters the therapeutic potential of BTKB66 in immune-mediated renal diseases. Indeed, both low-dose and high-dose BTKB66 profoundly blocked renal disease in this induced model, with efficacy that was comparable to that seen with dexamethasone.

However, unlike the previously reported effects of other Btk inhibitors on autoantibody production, this study using NZBW/F1 mice did not demonstrate significant inhibition of total immunoglobulins and autoantibodies, though a decreasing trend in IgG anti-dsDNA levels were noted following BTKB66 treatment. In contrast, we observed a significant shift in the T-cell population. BTKB66 treatment was associated with significantly reduced T-cell activation as indicated by the lower numbers activated total T cells and CD4+ T cells, both in the spleen and the kidneys. Similarly, our previous work using a BTKB66 in B6.Sle1.Sle3 mice also showed dampened activation of T cells (8). Previously used Btk inhibitors have been shown to be irreversible interleukin-2-inducible kinase (ITK) inhibitors which drive Th1-based immune response in T cells (34). Since the BTKB66 used in this study does not inhibit T-cell kinases (28), and BTK is not expressed in T-cells, the observation of BTKB66’s effect on T cells clearly warrants further investigation.

Similar to SLE, B cells and myeloid cells play prominent roles in SSc pathogenesis. It is not surprising that deficiency of CD19 was protective against BLM-SSc disease and blocking B cell function reduced skin fibrosis in BLM induced SSc (16–19). Macrophages and plasmacytoid dendritic cells (pDCs) also have been shown to play a critical role in SSc. For example, pDCs from SSc patients highly express CXCL4 protein, which facilitates the release of IFN-γ, activates endothelial cells, and potentially promotes fibrosis (35). This study provides the first evidence that BTK inhibition has both therapeutic and preventative effects on a BLM-induced SSc model, in terms of reducing skin thickness, fibrosis, collagen deposition, and inflammation. Likewise, we observed significantly lower lung inflammatory cell infiltration after BTKB66 treatment, and a trend towards improved airspace dilation. Both skin and lung fibrosis are leading pathological changes in SSc, and lung involvement is the leading cause of mortality in this disease. These results raise hope that targeting BTK could have therapeutic potential in SSc, and this clearly merits further study.

Using in vitro cell culture, the completed studies reveal that BTKB66 could inhibit B-cell activation following IgM stimulation and B-cell proliferation following LPS stimulation in a dose-dependent manner, consistent with previous reports examining the role of BTK in B-cell signaling. Likewise, BTKB66 also inhibited BMDM activation and pro-inflammatory cytokine production in vitro. Given these in vitro findings, it is likely that several of the observed outcomes in the in vivo disease models reported here are mediated by direct targeting of these immune cells. The fact that these immune cells play key roles in driving end organ inflammation in multiple systemic rheumatic diseases, and previous reports of BTK inhibition of lupus and rheumatoid arthritis (5–10), taken together, have broad implications for the use of BTKB66 in managing patients with systemic rheumatic diseases where multiple end organs are afflicted.
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Objectives

The goal of this exploratory study is to determine if urine:serum fractional excretion ratios can outperform the corresponding urinary biomarker proteins in identifying active renal disease in systemic lupus erythematosus (SLE).



Methods

Thirty-six adult SLE patients and twelve healthy controls were examined for serum and urine levels of 8 protein markers, namely ALCAM, calpastatin, hemopexin, peroxiredoxin 6 (PRDX6), platelet factor 4 (PF4), properdin, TFPI and VCAM-1, by ELISA. Fractional excretion of analyzed biomarkers was calculated after normalizing both the urine and serum biomarker levels against creatinine. A further validation cohort of fifty SLE patients was included to validate the initial findings.



Results

The FE ratios of all 8 proteins interrogated outperformed conventional disease activity markers such as anti-dsDNA, C3 and C4 in identifying renal disease activity. All but VCAM-1FE were superior to the corresponding urine biomarkers levels in differentiating LN activity, exhibiting positive correlation with renal SLEDAI. ALCAMFE, PF4FE and properdinFE ratios exhibited the highest accuracy (AUC>0.9) in distinguishing active LN from inactive SLE. Four of the FE ratios exhibited perfect sensitivity (calpastatin, PRDX6, PF4 and properdin), while ALCAMFE, PF4FE and properdinFE exhibited the highest specificity values for active LN. In addition, several of these novel biomarkers were associated with higher renal pathology activity indices. In the validation cohort ALCAMFE, PF4FE and properdinFE once again exhibited higher accuracy metrics, surpassing corresponding urine and serum biomarkers levels, with ALCAMFE exhibiting 95% accuracy in distinguishing active LN from inactive SLE.



Conclusions

With most of the tested proteins, urine:serum fractional excretion ratios outperformed corresponding urine and serum protein measurements in identifying active renal involvement in SLE. Hence, this novel class of biomarkers in SLE ought to be systemically evaluated in larger independent cohorts for their diagnostic utility in LN assessment.





Keywords: biomarker, lupus nephritis, fractional excretion, ALCAM, platelet factor-4, properdin



Introduction

Systemic lupus erythematosus (SLE) is a complex chronic autoimmune disease distinct from other organ-specific autoimmune disorders in terms of its wide spectrum of presentation and accumulation of manifestations over time, making diagnosis difficult, especially at the early stage. In SLE patients, lupus nephritis (LN) is a prominent cause of morbidity and mortality. LN affects the overall quality of life, beginning with mild adverse effects on daily activities, ability to work and eventually progressing to total impairment as end-stage renal disease (ESRD) sets in (1–3). A real challenge has been the finding of a less invasive substitute to renal biopsy, the gold standard for LN diagnosis and classification. Despite being feasible for routine follow-up, current LN laboratory screenings lack both sensitivity and specificity for detecting active renal lesions in SLE (4–6). Consequently, the pursuit for superior biomarkers that can detect and predict renal disease flares in SLE patients remains pressing.

Recently, focus on urine (u) biomarkers in LN has grown as they appear to be more appealing and practical than serum (s) markers since they originate directly from the source of inflammation. In contrast to conventional biomarker discovery studies, high-throughput proteomics-based approaches such as electrochemiluminescence (ECL) immunoassays, aptamer-based assays, antibody-based microarrays and mass spectrometry fuel the discovery of new biomarker candidates in an unbiased manner via comprehensive screening of large numbers of molecules, not only those already known to be involved in pathogenesis of the disease (7, 8).

Stanley et al. (8) investigated more than 1000 distinct proteins in the urine of active LN patients of different ethnicities, using an aptamer-based approach. This comprehensive screening revealed several proteins that were considerably higher in active LN urine compared to inactive SLE urine. Based on Ingenuity Pathway Analysis, the elevated proteins clustered into multiple biological pathways including interleukins, chemokines, TNF/TNF-receptor superfamily members, proteins fundamental for extracellular matrix turnover and/or fibrosis, metalloproteases, and cadherins (8). Among the urinary proteins that performed best in distinguishing and correlating with renal disease activity with high sensitivity and specificity were activated leukocyte cell adhesion molecule (ALCAM), calpastatin, hemopexin, peroxiredoxin-6 (PRX6), platelet factor-4 (PF-4), properdin, tissue factor pathway inhibitor (TFPI), and vascular cell adhesion protein-1 (VCAM-1).

The origin of the elevated urinary proteins in LN is uncertain as they may potentially be serum derived; alternatively, they may relate to increased renal expression and secretion into the urine or result from reduced tubular reabsorption due to cell injury. Here, we assess the diagnostic utility of serum and urine levels of the same biomarker candidates, as well as the relative enrichment of the biomarker protein in the urine compared to the serum, calculated using fractional excretion (FE) rates, as described (9, 10). Specifically, we explore the use of FE rates of selected proteins instead of absolute urinary levels of biomarkers in LN, and whether they exhibit enhanced diagnostic performance compared to creatinine-normalized urine biomarkers using a well-phenotyped SLE cohort with concurrent serum and urine samples.



Patients and methods


Patients

Initially, serum and urine samples were obtained from thirty-six consecutive adult patients (≥18 years of age) fulfilling ≥4 of the 1997 American College of Rheumatology (ACR) classification criteria for SLE (11), who attended to the rheumatology outpatient clinics or when hospitalized inpatient at the Tuen Mun Hospital, Hong Kong, China. Biosamples from an additional fifty SLE patients were included as a validation cohort, again drawn from the same clinics. The study was approved by the Ethics Committees of Tuen Mun hospital and the University of Houston. All enrolled patients completed a written informed consent based on good clinical practice and the Declaration of Helsinki. Demographic, clinical data and conventional measures of disease activity were collected prospectively. Serum and urine samples from twelve healthy individuals of comparable sex and age were included as controls.



Assessment of SLE disease activity and flares

SLE disease activity was assessed using SLEDAI-2K, a validated tool in clinical practice and research (12). Renal activity was assessed using the renal domain scores of SLEDAI (range 0–16; 0 = inactive LN). At enrollment, patients were categorized into 3 groups; active renal SLE (LN, patients with renal SLEDAI score ≥ 4), active non-renal SLE (patients with total clinical SLEDAI ≥1, but renal SLEDAI=0) and inactive SLE (patients with total clinical SLEDAI = 0, asymptomatic with no findings of organ activity, subclinical hypocomplementemia and/or elevated autoantibodies allowed). The physician’s global assessment (PGA) of disease activity of SLE (range 0–3) (13) was performed by the attending physician to score his/her impression of the patient’s disease activity at the time of assessment.



Serum and urine biomarker assays

Serum and urine samples were prepared, aliquoted and frozen at -80°C within 2 hours of sample collection. Biomarker levels in serum and urine were assayed using human enzyme-linked immunosorbent assay (ELISA) kits. ALCAM (Cat.#:DY656), PF-4 (Cat.#:DY795), TFPI (Cat.#:DY2974), VCAM-1 (Cat. #:DY809) were assayed using ELISA kits from R&D Systems (Minneapolis, Minnesota, USA). Calpastatin (Cat. #:MBS075904) was assayed using an ELISA kit from MyBioSource, Inc. (San Diego, California, USA), whereas Hemopexin (Cat.#:E-80HX), Peroxiredoxin 6 (Cat. #: ab187406) and Properdin (Cat. #:LS-F6408-1) were assayed using an ELISA kit from Immunology Consultants (Portland, OR, USA), Abcam (Waltham, MA, USA), and LifeSpan BioSciences, Inc. (Seattle, WA, USA), respectively, according to the manufacturer’s manual. Optical densities at 450 nm were measured using a microplate reader ELX808 (BioTek Instruments, Winooski, VT) and sample concentrations were calculated using a standard curve. All measurements were assayed in duplicate. Serum samples were diluted 1:2 (Calpastatin, properdin and TFPI), 1:5 (PF-4), 1:10 (VCAM-1), 1:50 (ALCAM and hemopexin), while Peroxiredoxin 6 serum assays was not diluted. Urine samples were diluted 1:50 (both ALCAM and hemopexin), 1:5 (PF-4), 1:2 (both properdin and TFPI), 1:10 (VCAM-1), while for calpastatin and peroxiredoxin 6 assays, the urine was not diluted, as detailed before (8). These dilutions were selected to ensure all biomarker concentrations were within the linear range of the assays. The assay range for the different biomarkers are detailed in Supplementary Table 2. The values of urinary protein markers were normalized to urine creatinine. Performers/readers of biomarker assays were blinded to patient groups and clinical information. Fractional excretion (FE) ratios of the protein markers in urine relative to the serum were calculated using the following equation, the same way fractional excretion of sodium is calculated:

Fractional Excretion (FE)=(Urine biomarker/urine Cr) ÷ (Serum biomarker/serum Cr)



Renal histology

The renal histopathologic features of the active LN patients were analyzed using a kidney biopsy performed by a nephropathologist. LN classification, histologic signs of active inflammation, and features of chronicity or degenerative damage associated with LN were determined using the International Society of Nephrology/Renal Pathology Society (ISN/RPS) criteria (14). In accordance with the National Institute of Health’s LN recommendations, renal pathology activity and chronicity were assessed using biopsy activity and chronicity indices (AI, CI, respectively). Numeric values were assigned to each of the activity and chronicity component variables, which were then summated to calculate the AI score (range 0-24; 0= no LN activity) and CI score (range 0-12; 0= no LN chronicity) (15). The time interval between the renal biopsy and serum/urine procurement was 2-4 weeks.



Statistical analysis

Continuous variables were expressed as mean ± standard error of the mean (SEM) or as medians with interquartile range (IQR) and range, while percentages are displayed for categorical variables. Comparison of values among different groups was performed using the non-parametric Mann Whitney U-tests. Pearson’s correlation coefficient was used for correlation analysis of continuous and normally distributed data. Otherwise, the nonparametric Spearman’s correlation coefficient was used. Rho values between 0.2–0.4 were considered weak; 0.4-0.6, modest; >0.6 strong. A two-tailed P value less than 0.05 was considered statistically significant.

The diagnostic accuracy of fractional excretion of each biomarker as well as conventional markers of SLE were assessed using receiver operating characteristic curve (ROC) analysis, and the corresponding area under the curve (AUC; range 0–1) was calculated. ROC analysis was also used to ascertain the sensitivity, specificity, and optimal cut-off values. The criteria for improved performance by a FE ratio biomarker was increased ROC AUC accuracy value, with statistical significance of equal or higher value, compared to that of the corresponding urine biomarker. All statistical analyses were performed using GraphPad Prism v.6.0 (GraphPad, San Diego, CA, USA).




Results


Clinical characteristics of study population

A total of 36 SLE patients (94.4% females) and 12 healthy controls were included in the cross-sectional study, where concurrent serum and urine samples were available from the same patients. Their mean age was 42.5 ± 17.14 years. The mean SLEDAI score of the patients was 11.2 ± 9.0, ranging from 2 to 42. Based on SLEDAI assessment, 12 patients were categorized as active renal SLE (active LN), 12 patients were active non-renal and 12 patients were classified as having clinically inactive SLE. 12 healthy female subjects, age and sex matched (100% females, mean age 44.7± 6.3) served as controls. The validation cohort included 25 active LN patients and 25 inactive SLE patients, drawn from the same outpatient clinics, not overlapping with the subjects used for the initial study.

Clinical characteristics of the studied SLE patients are summarized in Table 1. The total SLEDAI and PGA scores were significantly higher in active renal patients compared to those with non-renal and inactive SLE. The SLICC organ damage scores, however, were comparable among the 3 groups of SLE patients. Prednisolone, hydroxychloroquine, and azathioprine were used by patients in the 3 groups, while mycophenolate mofetil (MMF) was significantly more frequently used by patients with active renal SLE.


Table 1 | Demographic and clinical characteristics of SLE patients.



Among the active renal SLE group, median renal SLEDAI score was 8 (range 4-16). The uPCR concentrations ranged from 0.3 to 10.5 mg/mg, with significant increase in active renal patients compared to active non-renal and inactive SLE (P<0.001). In 12 (100%), 10 (83.3%), and 3 (25%) patients, respectively, pyuria, hematuria, and active urinary casts were present. A kidney biopsy was conducted in all 12 active LN patients. Table 2 illustrates the histopathologic features in this group. ISN/RPS LN classes III and VI were identified in 4 (33.3%) patients each, ISN/RPS classes II and V in 1 (8.3%) patient each, and mixed class LN (III+V or IV+V) in 2 (16.6%) patients. Renal pathology activity and chronicity were also assessed in these biopsies (Table 2), with a median biopsy activity index of 7 (range 2-11) and chronicity index of 3 (range 0-6).


Table 2 | Histopathologic features of the active lupus nephritis patients.





Serum and urine levels of assayed biomarkers

Serum and urine levels of the eight tested biomarker proteins among the three groups of SLE patients as well as healthy controls, as assayed by ELISA, are illustrated in Figure 1. Urine levels of all biomarker proteins assayed were highest among active LN patients, as previously reported (8). Levels of uALCAM, u PRX6, uPF4, uProperdin and uTFPI protein markers were significantly higher in patients with active renal disease than active non-renal disease, inactive SLE or healthy controls. uCalpastatin levels showed significant difference between active renal and active non-renal disease subjects, as well as controls. Both uHPX and uVCAM-1 exhibited significantly higher levels in active renal compared to inactive SLE and controls, as reported (8). However, the serum levels of the assayed proteins from the same patients were not significantly different between active renal SLE patients and inactive SLE controls, with the exception of VCAM-1 (Figure 1). Interestingly, the urine levels of the biomarker proteins correlated with the serum levels of the same proteins, particularly in active LN patients, weakly (ALCAM), modestly (Hemopexin, PF-4, TFPI, VCAM-1) or strongly (properdin), as plotted in Figure 2, even though the serum levels could not distinguish active LN from other SLE patients, with most of the biomarkers.




Figure 1 | Serum and urine levels of 8 protein biomarkers in SLE patients and controls. The Y axes show the values of the 8 studied biomarkers (inter-quartile and range), while the X axes display the 4 groups interrogated (12 healthy controls; 12 inactive SLE; 12 active non-renal SLE; 12 active renal disease(LN)). Urinary biomarker levels were normalized to urinary creatinine. Within each set of plots, the urine profiles are plotted to the left (Cr normalized), while the serum profiles are presented to the right. The urine biomarker data has been reported previously (8). * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001.






Figure 2 | Correlation of Serum and Urine protein biomarkers in SLE patients and controls. For each subject, the corresponding values of the protein in urine and serum were considered, in order to ascertain any correlation between these 2 measures. Intensity of blue color represents the strength of serum/urine correlations in each of the 4 subject groups examined, while the size of the circles represents urine biomarker level in each group compared to the level in the active LN group; in all cases the biomarker level in active LN was set to be 100%, corresponding to the maximal circle size.





Fractional excretion ratios of assayed biomarkers

To assess if the biomarker proteins were enriched in the urine relative to the serum, we next calculated the fractional excretion ratios of these biomarkers, by dividing the urine biomarker levels by the corresponding serum biomarker levels, after normalizing both against urine or serum creatinine, respectively. Figure 3 shows the fractional excretion ratios of the eight biomarker proteins measured in the four groups of subjects studied. Fractional excretion ratios of all biomarkers were highest in active LN patients. ALCAMFE, calpastatinFE, PF4FE, properdinFE, TFPIFE and VCAM-1FE markers were significantly increased in active LN patients than those with active non-renal disease, inactive SLE or healthy controls. HemopexinFE was significantly higher in active LN compared to active non-renal as well as controls, PRX6FE while showed significant difference between active renal, inactive SLE and controls.




Figure 3 | Fractional Excretion ratios of eight protein biomarkers in SLE patients and controls. Fractional excretion (FE) ratios of all 8 biomarker proteins were calculated by dividing the urine biomarker levels by the corresponding serum biomarker levels, after normalizing both against urine or serum creatinine, respectively. The Y axes show the values of the fractional excretion ratios of studied biomarkers (inter-quartile and range), while the X axes display the 4 groups interrogated (12 healthy controls; 12 inactive SLE; 12 active non-renal disease; 12 active renal disease). * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001.





Correlation of biomarker fractional excretion ratios with SLE conventional disease activity parameters




Figure 4 | Correlation of Fractional Excretion (FE) ratios of eight protein biomarkers with conventional disease activity measures in SLE. The derived FE ratios of the eight interrogated biomarkers were examined for their correlation with SLEDAI, renal-SLEDAI, C3, C4, anti-dsDNA and Physician Global Assessment (PGA) values. Positive and negative correlations are denoted by orange and blue circles respectively, while statistical significance is denoted using grey-scale boxes. Overall, the urine biomarker fractional excretion ratios correlate best with renal-SLEDAI in LN.



Among patients with SLE (N=36), PF4FE correlated significantly with all conventional disease activity parameters including SLEDAI, renal SLEDAI, PGA, complement C3, C4 and anti-dsDNA, while hemopexinFE did not correlate with any of disease activity parameters, as shown in Figure 4. Renal SLEDAI scores exhibited the best correlation coefficients with FE ratios of the assayed biomarkers, showing strong significant correlation with properdinFE (Rho 0.79, P< 0.0001), followed by ALCAMFE (Rho 0.64, P<0.0001), calpastatinFE (Rho 0.64, P<0.001), and PRX6FE (Rho 0.64, P 0.01). PF4FE, TFPIFE and VCAM-1FE values showed “good” significant correlations with renal SLEDAI (Rho 0.58, 0.58, 0.49 respectively). The biomarkers’ FE correlations with SLEDAI scores were significant but weaker compared to those with renal SLEDAI, with only properdinFE displaying a strong significant correlation (Rho 0.65, P<0.001). TFPIFE correlated weakly with SLEDAI (Rho 0.37, P<0.05). Apart from hemopexinFE, all other biomarker FE ratios significantly correlated positively with PGA score.

Only PF4FE exhibited significant inverse correlation with complement C3 and C4 values [(Rho -0.43, P<0.01), (Rho -0.44, P<0.01)] respectively, while anti-dsDNA values were significantly correlated with ALCAMFE (Rho 0.35, P<0.05) and PF4FE (Rho 0.44, P<0.01), as shown in Figure 4.

In this small cohort, since all but 2 of the subjects had proliferative LN, we were not able to assess if the interrogated biomarkers were predictive of LN class. Importantly, several FE ratios (but not the corresponding urine protein levels) were higher in LN patients with high AI (≥7) compared to patients with lower AI (0–6), including ALCAMFE (p=0.03), properdinFE (p=0.02), PF4FE (p=0.06) and hemopexinFE (p=0.07), with the former two attaining statistical significance and the latter two barely missing significance (using a 2-tailed t-test), despite the relatively small sample size. In contrast, complement C3, C4, anti-dsDNA and uPCR were not significantly different in patients with higher AI or CI. In addition, hemopexinFE correlated strongly with the renal biopsy chronicity index (Pearson correlation r = 0.65; p = 0.023).



Comparing the diagnostic performance of urine:serum FE ratios in LN against conventional and emerging biomarkers

To compare the diagnostic performance of the urine:serum fractional excretion ratios of the eight biomarkers assayed against the performance of the creatinine-normalized urinary biomarkers, ROC analysis was performed. As detailed in Table 3 and Figure 5, three FE biomarkers (ALCAMFE, PF4FE and properdinFE) exhibited ROC AUC values exceeding 0.9 (p<0.001) in distinguishing active LN from inactive SLE, followed closely by calpastatinFE and TFPIFE. Four of the FE ratios exhibited perfect sensitivity (calpastatinFE, PRDX6FE, PF4FE and properdinFE), while ALCAMFE, PF4FE and properdinFE exhibited the highest specificity values for active LN. Overall, the three biomarkers exhibiting the highest ROC AUC statistic, sensitivity, and specificity values were ALCAMFE, PF4FE and properdinFE, with the latter exhibiting perfect discrimination between active LN and inactive SLE, with 100% accuracy. As shown in Table 3, all biomarker FE ratios performed better than the conventional disease activity markers, anti-dsDNA, C3 and C4 (ROC AUC values: 0.63, 0.67 and 0.65, respectively) in detecting LN disease activity. At the other end of the spectrum were the serum levels of the proteins, which were generally poor in distinguishing active LN from inactive SLE.


Table 3 | Diagnostic performance of serum, urine, and fractional excretion of biomarkers in active LN vs. inactive SLE.






Figure 5 | Comparing the diagnostic potential of FE ratios and their corresponding urine biomarkers in identifying active LN. Receiver Operating Characteristic (ROC) curves were generated for the 8 urine protein markers (blue line) and their corresponding FE ratios (red line) in differentiating active lupus nephritis from inactive SLE (top) and active lupus nephritis from all other SLE patients (active non-renal and inactive SLE) (bottom). The 95% confidence intervals, sensitivity and specificity values for these markers are detailed in Table 2.



For this analysis, the FE biomarker is regarded as having improved diagnostic performance if it exhibits increased ROC AUC accuracy value, with statistical significance of equal or higher value, compared to that of the urine biomarker. Indeed, the FE biomarker exhibited increased ROC AUC accuracy value, with statistical significance of equal or higher value, compared to that of the corresponding urine biomarker, in the case of ALCAMFE, PF4FE and properdinFE, calpastatinFE and TFPIFE, as indicated in red font in Table 3. Interestingly, use of the FE marker instead of the urine protein increased the sensitivity of detection of active LN in three cases (calpastatinFE, PF4FE and properdinFE). The most dramatic improvement was seen with properdin, where the accuracy value increased from 0.89 (P<0.01) to 1.00 (P<0.001) when the FE ratio was used instead of the urine protein (Table 3).

Comparing the discriminatory potential of the urine:serum FE ratios against that of just the Cr-normalized urine and serum biomarkers in distinguishing active LN versus active non-renal lupus, as illustrated in Supplementary Table 1, properdinFE exhibited the best performance (AUC 0.92, P<0.01), with excellent specificity (100%) and sensitivity (87.5%). Similar improvements in diagnostic accuracy were also noted when FE ratios were used to discriminate active LN from all other SLE patients (Figure 5). Again, properdinFE showed superior performance (AUC 0.96, P<0.001), followed by ALCAMFE, calpastatinFE, PRX6FE, VCAM-1FE, and hemopexinFE.



Validating the utility of FE ratios in identifying active LN in an independent validation cohort

In an independent validation cohort comprised of 25 active LN and 25 inactive SLE patients, we examined the top 3 biomarkers from the initial study (ALCAM, PF4, and properdin). As illustrated in Table 4, the AUCs of ALCAMFE, PF4FE and properdinFE surpassed corresponding urine and serum biomarker levels in predicting LN activity, validating our earlier findings. In this replication cohort, ALCAMFE exhibited 95% accuracy in distinguishing active LN from inactive SLE, validating earlier findings and highlighting this as a novel biomarker for distinguishing active LN.


Table 4 | Validation of FE ratios in an extended cohort of 50 LN patients.






Discussion

Fractional excretion is the fraction of a substance filtered by the kidney that is excreted in the urine. To provide an accurate picture of renal handling of a filtered molecule, the urine and plasma concentrations must be compared (16). In clinical practice, FE of sodium is commonly used as part of the evaluation of acute kidney failure. However, the efficacy of the test is best when used in conjunction with other clinical data. A few reports have also examined the utility of FE in chronic kidney disease (CKD). FE of sclerostin, MCP-1, and a couple of other proteins have been reported to be useful in assessing renal injury or monitoring chronic kidney disease (9, 17). Likewise, Deekajorndech (18) reported that FE of magnesium (Mg) was associated with the magnitude of tubulointerstitial fibrosis, whereas normal FE values were associated with intact tubulointerstitial structure, beating creatinine clearance. FE is influenced by at least two major determinants, including the renal tubular cells’ reabsorption capacity and the relative distribution of the molecule in question in relation to the tubular cell (18, 19).

This cross-sectional study represents the first analysis of FE ratios of urine biomarker proteins in SLE, using a cohort of 36 patients from whom both serum and urine samples were available. The FE ratios of all 8 proteins interrogated outperformed conventional disease activity markers such as anti-dsDNA, C3 and C4 in identifying renal disease activity. Renal SLEDAI (and PGA) scores correlated strongly with FE ratios of the assayed biomarkers, showing strong significant correlation with properdinFE, followed by ALCAMFE, calpastatinFE and PRX6FE. ProperdinFE, PF4FE, ALCAMFE, calpastatinFE, and TFPIFE ratios exhibited the highest accuracy in distinguishing active LN from inactive SLE. Four of the FE ratios exhibited perfect sensitivity (calpastatinFE, PRDX6FE, PF4FE and properdinFE), while ALCAMFE, PF4FE and properdinFE exhibited the highest specificity values for active LN. Overall, the three FE biomarkers exhibiting the highest ROC AUC c statistic, sensitivity, and specificity values for distinguishing active LN were ALCAMFE, PF4FE and properdinFE.

The goal of this exploratory study was to determine if the FE biomarkers can outperform the corresponding urinary biomarker proteins. In this respect, it is noteworthy that the FE ratios exhibited increased ROC AUC accuracy value, with statistical significance of equal or higher value, compared to that of the corresponding urine biomarker, in the case of 5 of the eight markers interrogated, namely ALCAMFE, PF4FE, properdinFE, calpastatinFE and TFPIFE. Two additional biomarkers, HemopexinFE and peroxiredoxin-6FE also exhibited increases in ROC AUC values compared to the corresponding urine proteins, in discriminating active LN, though these were not associated with increased statistical significance. The observation that the accuracy values associated with seven of the eight markers tested increased when FE ratios were used call for further investigation of FE ratios as potential markers of active renal involvement in SLE. The exception to this rule was VCAM-1, whose levels in serum alone was discriminatory; indeed sVCAM1 was the strongest serum biomarker of active LN, alluding to the potential systemic origin and role of this adhesion molecule in disease.

In the present study, ALCAMFE exhibited consistently high (>90%) accuracy, sensitivity, and specificity values in distinguishing active LN from active non-renal, inactive SLE and healthy controls, outperforming uALCAM. Of significance, in the validation cohort, ALCAMFE exhibited 95% accuracy in distinguishing active LN from inactive SLE, validating earlier findings and highlighting this as a novel biomarker for distinguishing active LN. ALCAMFE also revealed strong positive correlation with renal-SLEDAI and good correlation with SLEDAI, anti-dsDNA and PGA, as well as an association with higher renal pathology AI. This finding is in line with recent studies (8, 20–22) where urinary ALCAM was increased in active LN patients especially those with proliferative LN. ALCAM (CD166) is a glycoprotein and adhesion molecule of the immunoglobulin superfamily that is involved in T-cell co-stimulation, cell adhesion, angiogenesis, monocyte transmigration, and leukocyte intravasation into tissues (20, 23–26). Not surprisingly, this protein predicts renal function deterioration on long-term follow-up, and also exhibits a direct pathogenic role in LN, based on recent preclinical studies (20, 21).

PF4FE exhibited outstanding accuracy (0.95), sensitivity (100%), and good specificity (>90%) in distinguishing active LN from other SLE, outperforming uPF4 as well as conventional disease activity markers such as anti-dsDNA, C3 and C4. PF4FE also showed significant positive correlations with all SLE activity measures, and significant negative correlations with complement C3 and C4, and association with higher renal pathology AI. These findings are consistent with earlier reports reporting uPF4 as a promising biomarker for distinguishing active LN patients and for predicting biopsy activity changes in LN (3, 8, 27). PF4 functions in integrin-dependent mechanism controlling angiogenesis, promotes the expression of pro-fibrotic cytokines such as IL-4 and IL-13, enhances the proliferation of regulatory T cells, and plays a role in multiple diseases including systemic sclerosis and antiphospholipid syndrome (28–34). Whether PF4 plays a direct pathogenic role in LN remains unknown.

ProperdinFE exhibited perfect diagnostic metrics (100% accuracy, specificity and sensitivity) in distinguishing active LN from other SLE, and from inactive SLE, outperforming uProperdin as well as conventional disease activity markers such as anti-dsDNA, C3 and C4. Importantly, it showed the strongest positive correlation with renal SLEDAI (Rho 0.79, P< 0.0001), as well as an association with higher renal pathology AI. Properdin, a ~50 kDa plasma glycoprotein, is the only established positive regulator of the alternative pathway (AP) of complement activation via stabilizing C3 and C5 convertases, thus prolonging their half-life (35–39). Not surprisingly, targeting properdin, either genetically or pharmacologically, has been shown to effective in countering a number of renal diseases where properdin is elevated, including hemolytic uremic syndrome, ANCA-associated vasculitis, C3 glomerulopathy, IgA nephropathy, renal transplantation and murine model of acute anti-glomerular basement membrane disease (36–45). Recently, it has been shown that properdin-deficient MRL/lpr mice have reduced LN, again underscoring the pathogenic relevance of this molecule in this disease (46). Taken together with its outstanding diagnostic metrics, properdin warrants further study as a disease biomarker and potential therapeutic target in LN.

In summary, given that the urine:serum fractional excretion ratios of most of the urine biomarkers interrogated in this exploratory study outperformed corresponding urine protein measurements in identifying active LN, FE ratios ought to be systemically evaluated for their diagnostic utility in LN assessment. Specifically, the superior diagnostic metrics associated with ALCAM, PF4 and properdin FE ratios in distinguishing clinically active LN and higher renal pathology AI, warrant further investigation of these 3 proteins as potential harbingers of renal injury in SLE, and predictors of short-term and long-term renal function in LN. These same proteins may also hold promise in monitoring treatment response following induction therapy in LN. On the flip-side, FE calculations necessitate more assays to be performed (i.e., serum biomarker assays and Cr assays) and the supporting logistics to carefully collect paired urine/serum samples from the same patients at the same time. Also, the overlap of the confidence intervals for the ROC AUC accuracy values of the FE marker for ALCAM, calpastatin, PF4, Properdin and TFPI and their corresponding urine protein biomarkers raises the need for further validation of these novel metrics in independent cohorts and larger sample sizes, to ascertain if the FE ratios continue to show improved potential to distinguish active LN from inactive disease, compared to the corresponding urine proteins.

The limitations of this study include the limited cohort size and its cross-sectional nature. Despite including only 12 subjects per group, this study already underscores the diagnostic potential of FE biomarkers in LN, as several of these outperform the corresponding urinary protein biomarkers and conventional clinical measures (including proteinuria) in identifying clinical or renal pathology activity in LN. Furthermore, replication studies in the validation cohort substantiated findings in the initial discovery cohort, with ALCAMFE exhibiting the highest diagnostic accuracy. Thus, this study will help guide future validation studies in larger cohorts, including subjects of multiple ethnicities. Finally, longitudinal studies are warranted to assess if ALCAMFE, PF4FE, properdinFE can be used to track renal disease serially in LN or to track changes in renal pathology activity.
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Background

Lupus nephritis (LN) is one of the most common and serious complications of systemic lupus erythaematosus (SLE). Genetic factors play important roles in the pathogenesis of LN and could be used to predict who might develop LN. The purpose of this study was to screen for susceptible candidates of LN across the whole genome in the Han Chinese population.



Methods

592 LN patients and 453 SLE patients without renal damage were genotyped at 492,970 single nucleotide polymorphisms (SNPs) in the genome-wide association study (GWAS). Fifty-six SNPs were selected for replication in an independent cohort of 188 LN and 171 SLE without LN patients. Further quantitative real-time (qRT) PCR was carried out in 6 LN patients and 6 healthy controls. Gene-based analysis was conducted using the versatile gene-based test for GWAS. Subsequently, enrichment and pathway analyses were performed in the DAVID database.



Results

The GWAS analysis and the following replication research identified 9 SNPs showing suggestive correlation with LN (P<10-4). The most significant SNP was rs12606116 (18p11.32), at P=8.72×10−6. The qRT-PCR results verified the mRNA levels of LINC00470 and ADCYAP1, the closest genes to rs12606116, were significantly lower in LN patients. From the gene-based analysis, 690 genes had suggestive evidence of association (P<0.05), including LINC00470. The enrichment analysis identified the involvement of transforming growth factor beta (TGF-β) signalings in the development of LN. Lower plasma level of TGF-β1 (P<0.05) in LN patients and lower expression of transforming growth factor beta receptor 2 in lupus mice kidney (P<0.05) futher indicate the involvement of TGF-β in LN.



Conclusions

Our analyses identified several promising susceptibility candidates involved in LN, and further verification of these candidates was necessary.





Keywords: lupus nephritis, systemic lupus erythaematosus, genome-wide association study, susceptibility gene, gene-based analysis



Introduction

Lupus nephritis (LN) is a major risk factor for morbidity and mortality in systemic lupus erythaematosus (SLE), which is an autoimmune disease characterized by the loss of self-tolerance and formation of nuclear autoantibodies and immune complexes (1, 2). Up to 60% of adult SLE patients will develops to LN and 10% to 30% of severe LN (Class III and above) cases might progress to end-stage renal disease (ESRD) (3). Indeed, patients with LN often have higher mortality and die earlier than the SLE patients without LN (4). LN is also associated with a 6-fold increase in mortality compared with the general population, and ESRD patients show a 26-fold increase (5). Thus, it is important to be able to predict individuals who might develop LN.

Genetic factors play an important role in the pathogenesis of LN (6). Most studies aiming to identify susceptibility genes for LN are candidate gene association analyses. In such studies, SLE-associated genes, mostly related to immunology/inflammation, are often selected to examine their role in LN. However, this approach might lead to the omission of a large number of genes with other roles in the pathogenesis of LN. Genome-wide association studies (GWAS) can explore susceptibility genes in the whole genome and have been successfully applied to multiple complex diseases.

We aimed to find susceptible candidates of LN across the whole genome in the Han Chinese population. We previously performed a GWAS for SLE by genotyping 1,047 SLE cases and 1,205 healthy controls by using Illumina Human610-Quad BeadChips in a Han Chinese population (7). Based on this GWAS data set we performed whole genome single-nucleotide polymorphism (SNP)- and gene -based analyses for the first time to explore LN susceptibility polymorphisms, genes, or loci in the Han Chinese population in the present study.



Material and methods


Subjects and phenotype definition

All the samples used in this study were obtained from multiple hospitals in China. Clinical information was collected from questionnaires and clinical records. Informed consent was obtained from all participants, and the study was approved by the institutional review board at each institution.

In this study, LN patients were cases, while the SLE without LN were the controls, who were genetically comparable to the LN patients. All patients met the American College of Rheumatology criteria (1997) (8). As shown in Table 1, there were no significant differences in sex or age between the two groups. LN was diagnosed according to the renal sub-phenotype data using ACR classification (proteinuria of >500 mg/24 hours or >3+, or the presence of cellular casts, or diagnosed as LN by renal biopsy). SLE without LN was diagnosed as SLE without the above renal disorder. There were 592 LN and 453 SLE without LN patients in the discovery stage, 188 LN and 171 SLE without LN patients in the replication study, 6 LN patients and 6 healthy controls in the quantitative real-time PCR experiment and 39 LN patients and 35 healthy controls in the Enzyme-linked immunosorbent assay experiment.


Table 1 | Characteristics of patients in the study.





Genotyping and quality controls in the discovery stage

This analysis was based on genotyping data from the Chinese SLE GWAS, including 1,099 SLE cases. As described previously, SNP genotyping was performed using Illumina Human 610-Quard BeadChips (7).

A total of 1,099 SLE cases were genotyped initially. Cases with genotyping call rates less than 98% or repeated or related samples were removed (52 SLE patients); 2 SLE cases without renal information were also removed. Subsequently, principal component analysis (PCA) was performed to assess genetic heterogeneity using EIGENSTRAT. No outlier was revealed by the PCA plots (S1 Figure). In total, 1,045 SLE patients (592 LN patients and 453 SLE without LN patients) were included in genome-wide association analysis.

All SNPs on the X, Y and mitochondrial chromosomes were removed, after which SNPs with unclear cluster patterns of the genotyping data were removed. SNPs with genotyping call rates less than 90% or Hardy-Weinberg equilibrium P <10-7 were also removed. Thus, 492,970 SNPs were included in genome-wide association analysis.



Imputation

Genotypes were imputed on the basis of the 1000 Genomes Project phase 3 (hg19) using the IMPUTE program (v2.0). A total of 14,076,911 SNPs were imputed. A quality control was applied for the imputed SNPs: all SNPs on the X, Y and mitochondrial chromosomes were removed. SNPs with genotyping call rates less than 90% or Hardy-Weinberg equilibrium P <10-7 were also removed.



SNP selection for replication analysis

As the P values of the imputed SNPs were also modest, the SNP selection for the replication study was based on the results of genome-wide association analysis without imputation. SNPs with P<5×10-4 in the genome-wide association analysis were selected, and those with high P values of Hardy-Weinberg equilibrium (P>5×10-4 in controls), high call rates (>95%), high minor allele frequencies (>0.05 both in cases and controls), and proximity to genes associated with LN pathogenesis (immunology, inflammation, renal resident cell, and so on) remained. The top one or two tag SNPs with the lowest P value were selected when multiple SNPs were localized to one distinct genomic locus based on physical location. Ultimately, 56 SNPs in 34 loci were selected for replication analysis.



Genotyping and quality controls in the replication study

The 56 SNPs were genotyped in 191 LN patients and 171 SLE without LN patients by using the Agena MassARRAY system. Agena MassARRAY Assay Design 3.1 software was used to design a multiplexed SNP MassEXTEND assay, and SNP genotyping was performed using Agena MassARRAY RS1000 with the manufacturer’s protocols. Agena Typer 4.0 software was employed to perform data management and analyses. Three cases with call rates <90% were excluded. Two SNPs were excluded because of a call rate <90% or a P value of Hardy-Weinberg equilibrium <0.001. The remaining SNP cluster patterns from the genotyping data were checked to confirm their good quality. After quality control, 54 SNPs in 188 LN patients and 171 SLE without LN patients were remained in the replication stage analysis.



Association analysis

In the discovery stage, association analyses were performed with PLINK using logistic regression with age and sex as covariates. In the replication study, the 54 SNPs were analysed with the same association test. To combine the association evidence from the GWAS and SNP replication samples, a joint analysis of all combined samples was performed using meta-analysis with PLINK. SNPs with P<5×10−8 were considered genome-wide significant, and those with P<10−4 were considered as suggestive association.



Bioinformatics analysis and expression analysis

To evaluate the potential biological function of the most significant SNP, rs12606116, and related genes, we used QTLbase (http://mulinlab.org/qtlbase/), GTEx (https://gtexportal.org/home/), and GEO (https://www.ncbi.nlm.nih.gov/geoprofiles/) databases to conduct expression quantitative trait locus (eQTL) analysis and gene expression difference analysis. The gene expression data of LN and normal kidney tissues were downloaded from the GEO database. Those genes around rs12606116 ± 400 kb were focused on. The eQTL data of rs12606116 and genes around rs12606116 ± 400 kb were downloaded from QTLbase and GTEx databases.



Gene-based and gene set enrichment analysis

Gene-based analysis was performed with the versatile gene-based test for GWAS (VEGAS), which uses SNP-level data to incorporate information from a full set of markers annotated to each gene and accounts for linkage disequilibrium (LD) between markers (9, 10). The association P-values of a given gene with n SNPs were converted to upper tail chi-square statistics with 1 degree of freedom. Then the empirical gene-based P-value was calculated using the Monte Carlo simulation (11).

To explore the biological functions and cellular signaling pathways, all genes with P<0.05 in the gene-based test were used as input to perform gene set enrichment analysis using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). GO analysis was performed in three aspects: biological process (BP), cellular component (CC), and molecular function (MF). GO analysis and KEGG pathway analysis were both conducted by the Database for Annotation, Visualization, and Integrated Discovery (DAVID).



Animals

Three 6-8 weeks old MRL/lpr mice were purchased from Shanghai Model Organisms and subsequently maintained in the animal facility at the Chinese People’s Liberation Army General Hospital. Mice were monitored for lupus for 12 weeks, at which time they were sacrificed for renal tissue. Renal tissue from three BALB/c mice were served as control. All animal experiments conducted have been approved by the Animal Ethics Committee of the Chinese People’s Liberation Army General Hospital.



Quantitative real-time PCR

The gene expression differentiation of ADCYAP1 and LINC00470 genes was analysed in peripheral blood mononuclear cell (PBMC) samples of 6 LN patients and 6 healthy controls. Besides, the gene expression of transforming growth factor beta receptor 2 (TGFBR2) gene was analysed in renal tissue of 3 MRL/lpr lupus mice and 3 BALB/c mice. RNA templates were extracted from PBMC or renal tissue samples with TRIzol. cDNA was synthesized from 1 μg of RNA templates using reverse transcriptase and oligo(dT) primers (NEB). The sequences of the primers used for amplification are given in S1 Table. 18S was used as a reference for normalization. The qRT-PCR reaction was carried out in triplicate using SYBR Green on an ABI7500 Real-Time PCR System.



Enzyme-linked immunosorbent assay

Human transforming growth factor beta1 ELISA Kit (ab100647; Abcam) was used to measure plasma levels of transforming growth factor beta1 (TGF-β1) according to the manufacturer’s instructions.



Statistical analysis

Data were analysed using SPSS 21.0 (SPSS, Chicago, IL, USA) statistical software. Continuous variables were expressed as median (inter-quartile range) or mean ± standard deviation according to the distribution, and categorical variables were expressed as frequency (percentage). Differences between the two groups were examined using the Mann-Whitney U-test or Student’s t-test. For categorical variables, differences between groups were analysed using the χ2 test. P values<0.05 were considered statistically significant.




Results


Genome-wide association of LN

There were 592 LN patients and 453 SLE without LN patients included in the GWAS discovery stage. As shown in Table 1, there were no significant differences in sex or age between the two groups.Manhattan and quantile-quantile plots (q-q plots) are shown in S2 Figure (492,970 tag SNPs). The genome inflation factor (λGC) of 1.018 indicated adequate control for population stratification. Although no SNP achieved genome-wide significance (P< 5×10−8), 44 SNPs achieved suggestive significance (P< 10−4) (S2 Table). The most significant SNP was rs10151371 (P=9.90×10−6) at 14q31.3.



Imputation

A total of 14,076,911 SNPs were imputed. After quality control, the most significant imputed SNP was rs117609374 (P=3.67×10−6) at 14q31.3. Considering the modest P value of the imputation results, only the imputed region plots of the 9 SNPs from 7 loci described below are presented in Figure 1.




Figure 1 | Region plots of the genome-wide association results of the suggestive single-nucleotide polymorphisms (SNPs). These region plots were made in LocusZoom (http://locuszoom.sph.umich.edu) with hg19/1000 Genomes Nov 2014 ASN as the LD Population. The selected SNP was in purple and its linkage disequilibrium values (r2) with nearby SNPs are indicated by different colours. (A) rs12606116 ± 400 kb (18p11.32) (B) rs11826924 ± 400 kb (11p15.2) (C) rs203339 ± 400 kb (rs433091, 12q24.23) (D) rs10151371 ± 400 kb (rs17124022, 14q31.3) (E) rs10435744 ± 400 kb (9p24.1) (F) rs7157731 ± 400 kb (14q32.2) (G) rs17146331 ± 400 kb (5q23.1). The Y axis was -log10 P values.





Replication study

To assess the association of possible SNPs with LN, 56 SNPs in GWAS were selected for genotyping in another 191 LN and 171 SLE without LN patients. After quality control, 54 SNPs in 188 LN patients and 171 SLE without LN patients were analysed. Due to limited power of the replication samples, only one SNP rs12606116 exhibits P< 0.05 (S3 Table).



Meta-analysis of the GWAS and replication results

In the meta-analysis of the GWAS and SNP replication results, 9 SNPs showed a suggestive association with LN, at P< 10-4 (Table 2). The most significant SNP was rs12606116 (P=8.72×10−6), located at 18p11.32. This SNP localizes to an intergenic region close to LINC00470, a long intergenic non-protein coding RNA gene, and the ADCYAP1 gene, which encodes a potent renoprotective peptide. The P values of the remaining 8 SNPs were between 10-5 and 10-4 (Table 2). Region plots of the 9 SNPs from 7 loci are presented in Figure 1.


Table 2 | Summary results of 9 SNPs in the GWAS, replication and meta-analysis.





qRT-PCR

Further studies were applied to verify the biological function of rs12606116 and related genes. Data in the GEO database showed that mRNA expression of ADCYAP1, which was the closest coding gene to rs12606116, was significantly different in the renal tubules of LN patients and healthy controls (GSE32591, P=1.06×10−3, logFC=0.16). The QTLbase database showed an association between rs12606116 and LINC00470, which was the closest gene, in CD4+ T cells and CD14+ monocytes cells. Thus, we measured the mRNA levels of LINC00470 and ADCYAP1 in PBMCs of 6 LN patients and 6 healthy controls using qRT-PCR. As shown in Figure 2, the expression of LINC00470 and ADCYAP1 in the PBMCs of LN patients was significantly lower than that in healthy controls. These results further indicated LINC00470 and ADCYAP1 in 18p11.32 might be involved in the development of LN.




Figure 2 | mRNA expression of LINC00470 (A) and ADCYAP1 (B) in PBMCs of 6 LN patients and 6 healthy controls assessed by qRT-PCR. *P<0.05.





Results of gene-based and gene set enrichment analysis

To explore additional susceptibility genes associated with LN, we optimally use the GWAS data sets to conducted gene-based analysis using VEGAS. In the gene-based analysis, the SNPs in the GWAS were mapped to 14,012 genes (nSNP>1). In total, 690 genes showed evidence of association with LN (P<0.05), including LINC00470, identified by the above SNP-based analysis (S4 Table).

Table 3 shows the top 10 genes ranked by their P-values from the VEGAS analysis. The topmost hit was LINC01146 with P=1.20×10−5. Two of the 10 genes also featured in the list from the SNP-based analysis: CIT (P=2.78×10−4) and WDR25 (P=3.39×10−4).


Table 3 | The top 10 genes from the gene-based analysis.



Furthermore, we carried out enrichment analysis with all the 690 genes those presented P<0.05 in the gene-based analysis. The ten most significant GO terms and pathways are shown in Figure 3. Top associated GO terms included “cell adhesion”, “positive regulation of MAPK cascade”, “protein kinase activity”, “Chemokine signaling pathway”, “TNF signaling pathway”, and so on. Interestingly, “transforming growth factor beta receptor signaling pathway”, ‘‘type I transforming growth factor beta receptor binding’’ and ‘‘transforming growth factor beta binding’’ were significantly enriched, highlighting the involvement of transforming growth factor beta (TGF-β) signalings in the pathogenic mechanisms of LN.




Figure 3 | GO and pathway enrichment analysis of genes with P<0.05 in gene-based analysis. (A) top 10 biological process GO terms. (B) top 10 cellular component GO terms. (C) top 10 molecular function GO terms. (D) top 10 KEGG pathway terms.





Detection of related molecules in TGF-β signaling pathway

We further examined the key molecules, TGFBR2 and TGF-β1, in TGF-β signaling pathway. The MRL/lpr mouse is a spontaneous disease model for complement-associated inflammatory kidney disease, similar to LN (12, 13). Thus, qRT-PCR was performed to assess the expression of TGFBR2 gene in renal tissue of 3 MRL/lpr mice (LN group) and 3 BALB/c mice (control group). As shown in Figure 4A, the expression of TGFBR2 gene in the LN group was significantly lower than that in controls. Then the plasma levels of TGF-β1 were detected using ELISA in 39 LN patients and 34 healthy controls. It was observed that plasma levels of TGF-β1 was significantly lower in patients with LN comparing to control group (Figure 4B).




Figure 4 | Detection of TGFBR2 and TGF-β1 in TGF-β signaling pathway. (A) mRNA expression of TGFBR2 in renal tissue of 3 MRL/lpr mice (LN) and 3 BALB/c mice (control) assessed by qRT-PCR. (B) the plasma levels of TGF-β1 in 39 LN patients and 35 healthy controls assessed by ELISA. *P<0.05.






Discussion

We performed GWAS of SNP- and gene- based analyses to identify susceptibility SNPs, genes and loci associated with LN in the Han Chinese population for the first time. In the SNP-based GWAS results, 9 SNPs showed suggestive associations with LN (P< 10−4), among which rs12606116 was the most significant SNP. Subsequently, bioinformatics analysis and qRT-PCR research verified the mRNA levels of LINC00470 and ADCYAP1, the closest genes to rs12606116, in PBMCs were significantly lower in LN patients than in healthy controls. Gene-based analysis further validates the association of LINC00470 with LN. These results indicated that LINC00470 and ADCYAP1 in 18p11.32 might be involved in the development of LN. Besides LINC00470, the gene-based analysis found 690 genes associated with LN (P<0.05). The subsequent gene set enrichment analysis identified several pathways involved in LN, especially the signalings of TGF-β. Lower plasma level of TGF-β1 in LN patients and lower expression of TGFBR2 in lupus mice kidney futher indicate the involvement of TGF-β in LN. This first GWAS of LN in the Han Chinese population provide several promising susceptibility candidates involved in LN.

Two GWASs were performed to identify loci predisposing individuals towards LN. Chung et al. completed a meta-analysis of three GWASs of SLE, containing 588 European women with LN and 1,412 SLE women without LN, to identify LN-associated loci (14). The strongest evidence for association was observed localizing to 4q11-q13 (PDGFRA, P=4.5×10−7). Chen et al. performed a meta-analysis of two GWASs of European SLE (1,152 LN and 1,949 SLE without LN patients), they also did not identify any genome-wide loci significantly associated with LN (P< 5×10−8) (15). Similar to the two GWASs, we did not find SNPs with P< 5×10−8. The less significance of those results might be due to the control group, namely, SLE patients without renal damage. Some of these patients in the control group might already have kidney damage without clinical manifestations, or they might develop LN in the future. All these factors potentially reduce statistical power and increase type 2 error rather than false positive findings. Nonetheless, there is a clear trend in our results. We identified nine new suggestive SNPs associated with LN (P< 10−4). The most significant SNP was rs12606116 (P=8.72×10-6), which is located close to LINC00470 and ADCYAP1 at 18p11.32, the new locus reported in LN GWASs. Thus, we believe that the results is a new suggestive locus for LN in the Han Chinese population.

The qRT-PCR replication research in the PBMCs further illustrated our findings. In the biological analysis, we found that the mRNA expression of ADCYAP1 was different in the renal tubules of LN patients and healthy controls. The QTLbase database also showed an association between rs12606116 and LINC00470. Further qRT-PCR replicated that the expression of LINC00470 and ADCYAP1 in the PBMCs of LN patients was significantly lower than that of healthy controls. Especially, LINC00470 was also identified in the gene-based analysis.

LINC00470 is a long intergenic non-protein coding RNA gene and is affiliated with the lncRNA class. Noncoding RNAs, particularly microRNAs and lncRNAs, have been implicated in multiple biological processes in normal and various diseases. There are few reports about this gene. As reported, LINC00470 is a new AKT activator that mediates glioblastoma cell autophagy (16). It also facilitates malignant proliferation in hepatocellular carcinoma, lung cancer, and gastric cancer (17–19). However, its function in LN needs further study.

ADCYAP1 encodes pituitary adenylate cyclase-activating polypeptide (PACAP), which is a multifunctional neuropeptide that might act as a potent renoprotective peptide (20). Experiments in PACAP-deficient mice showed that a lack of endogenous PACAP leads to higher susceptibility to in vivo renal ischaemia/reperfusion, suggesting that PACAP protects the kidney against oxidative stress (21, 22). In addition, PACAP may have an immunomodulatory role. As reported, PACAP was widely distributed in the organism including the immune system, such as thymus, lymph nodes and spleen. While exposed to proinflammatory stimuli, PACAP may prevent inflammation by down-regulating a series of cytokines and chemokines produced by innate immune cells (such as macrophages). It has been also shown that PACAP can participate in the immune response by inducing the production of regulatory T cells (23, 24).

Interestingly, two genes (CIT and WDR25) showed suggestive association with LN in both the SNP-based and gene-based analyses. CIT gene encodes a serine/threonine-protein kinase that functions in cell division. CIT has been reported to play a role in cancer proliferation and central nervous system development (25). WDR25 encodes a protein containing 7 WD repeats, involved in cell cycle progression, signal transduction, apoptosis, and gene regulation (26). Gene-based analysis also highlighted several other genes, including a gene implicated in polycystic kidney disease (TMEM207), a gene expressed at the tight junction of renal tubule epithelial cells (CLDN1), and a gene associated with cell proliferation (GNL2) (27–29). It would be interesting to see whether these genes could be replicated in future studies.

Our enrichment analysis revealed several pathways, especially the TGF-β signaling pathways, including “transforming growth factor beta receptor signaling pathway”, ‘‘type I transforming growth factor beta receptor binding’’ and ‘‘transforming growth factor beta binding’’. There have been many studies, including cohorts and animal models, suggesting the involvement of TGF-β, especially TGF-β1, in SLE. Our results also highlighted the important role of TGF-β in LN. TGF-β signalings regulate various biological responses, including proliferation, migration, differentiation, apoptosis, and the immune response (30). There are three TGF-β forms (TGF-β1, 2, and 3) and three TGF-β receptors (TGFBR1, 2, and 3). Among them, TGF-β1 was the first fully cloned of the TGF-β superfamily members, and was crucial in the signaling pathway (31). Besides, TGFBR2 is the receptor directly bounds to TGF-β, and thus it is also a key molecule for activation of downstream signaling (30). To verify the involvement of TGF-β in LN, we further detected TGFBR2 and TGF-β1. We found that TGFBR2 mRNA expression decreased in the LN mice kidneys, and plasma TGF-β1 levels also decreased in LN patients. As reported, SLE/LN patients often produce lower levels of TGF-β1 when compared with healthy individuals (32–36). However, there are limited studies on the mechanism of TGFBR2 in LN. Saxena et al. reported that expression of TGF-β receptor type II was increased in the kidneys of autoimmune-prone BWF1 mice (32). Differences in animal models might partly explain the opposite results. Taken together, these findings in our study indicate that reduced TGF-β production might predispose for the development of lupus and target organ damage. However, those association need to be verified in larger sample and the mechanisms remains to be further tested.

Over the past decade, an explosion of SLE GWASs in different races have greatly improved our understanding of the genetic basis of SLE. Over 100 susceptibility loci and hundreds of SNPs for polygenic, multifactorial SLE have been identified. We systematically collected 405 SLE associated SNPs from the GWAS catalogue (https://www.ebi.ac.uk/gwas/) and previous reported SLE GWASs. Among them, 144 SNPs were genotyped in this study. Results of the 144 known SLE susceptible SNPs in this LN GWAS were listed in S5 Table. Unexpectedly, only 9 SNPs showed P<0.05 in this LN GWAS, and only 3 SNPs had consistant OR (rs4622329, rs3093030, rs11117432). Furthermore, genes showed in Table 2 and Table 3 also have not been identified in SLE GWASs. It might suggest that, SNPs those play important roles in the pathogenesis of SLE might not play an equally critical role in LN. There might be some differences between SNPs involved in SLE vs. in LN. We further paid attention to the monogenic causes of SLE and the pathways involved. As reviewed by Demirkaya, there have been more than 30 genes causing the monogenic form of SLE identified, involved in pathways of complement, Type I IFN, self-tolerance, RAS, and so on (37). One patient with NS/Noonan-related syndrome phenotype and SLE characteristics had been reported to have a PTPN11 mutation (37). Coincidentally, PTPN11 gene showed a P value<0.05 in our gene-based analysis. As a member of the RAS/MAPK cascade, PTPN11 plays pivotal roles in cell proliferation, differentiation, survival and cell death (38). As we know, MAPK pathway is closely related to renal physiology and pathophysiology (39). The “positive regulation of MAPK cascade” was also enriched in our analysis (Figure 3). We speculate that PTPN11 might be involved in LN by activating MAPK downstream cytokine and pathways. The mechanism remains to be verified. Mutation in TNFAIP3, encoding the NF-kB regulatory protein A20, was also reported to associated with SLE (40). TNFAIP3 is an ubiquitin-editing enzyme with a critical function in the inhibition of key proinflammatory molecules, mainly functions as an endogenous regulator of inflammation through termination of nuclear factor (NF)-κB activation (41). TNFAIP3 is downstream of TNF signaling pathway and can be induced by TNF. In our enrichment analysis, TNF signaling pathway was also enriched, indicating that TNFAIP3 and other members of TNF signaling pathway might play a role in the pathogenesis of lupus and LN (Figure 3).

There are some limitations in this study. First, the sample size in the discovery stage and SNP replication study was not appreciable enough. With 1,404 SLE participants, we had limited power, at a genome-wide significance level, to uncover an association with small-to-moderate effect sizes. Studies with larger sample sizes or multi-team cooperation of GWAS meta-analyses might be helpful for identifying significant loci. Second, as mentioned above, the control group, namely, SLE patients without renal damage, was clinically evaluated, and some of these patients might already have kidney damage without clinical manifestations. In addition, some patients might develop LN in the future. All these factors potentially reduce statistical power and increase type 2 error rather than false positive findings; thus, they do not decrease the robustness of the associations reported here. Thirdly, compared with SLE without LN patients, the heritability of LN might not be significant enough. Some variants with lower allele frequencies and weaker genetic effects that are difficult to identify might exist. Finally, the expression data of ADCYAP1 and LINC00470 genes in the kidney was not available. We have tried to analyse the gene expression differentiation of the two genes in kidney tissues of lupus prone mice. However, the expression of the two genes in kidney was too low to acquire in the qRT-PCR. Thus, we collected the PBMC, which included both the CD4+ T cells and CD14+ monocytes cells. Moreover, larger sample sizes in the qRT-PCR and ELISA parts might be needed to verify the differences.



Conclusion

In summary, we performed SNP- and gene-based GWAS of LN for the first time in the Han Chinese population and found some promising candidates that exhibit suggestive associations with LN. In particular, the association between rs12606116 in 18p11.32 and LN was replicated, indicating that it was a new suggestive locus for LN in the Han Chinese population. We also identified several other promising genes and pathways for LN, especially the involvement of TGF-β pathways. These findings enrich our understanding of LN inheritance in the Han Chinese population and provide important clues for future genetic research on LN. However, further exploration in the future is warranted.
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Systemic lupus erythematosus (SLE), often known simply as lupus, is a severe chronic autoimmune disease that is characterized by multi-organ and tissue damage and high levels of autoantibodies in serum. We have recently investigated, using animal models, the role of organ-deposited IgG autoantibodies in the pathogenesis of organ and tissue damage in SLE. We found that intra-organ injection of serum from mice with lupus (i.e., lupus mice) into healthy mice triggered inflammation in tissue and organs but that serum from other healthy mice did not, and that the severity of inflammation was related to the dose of serum injected. Immunohistochemistry showed that a large number of IgG molecules are deposited at the site of organ and tissue damage in lupus mice, and that IgG is a major contributor to the development of tissue inflammation triggered by serum from lupus mice or patients. The development of tissue inflammation induced by IgG in serum from lupus mice requires the presence of monocytes/macrophages, but not of lymphocytes or neutrophils; tumor necrosis factor (TNF)/tumor necrosis factor receptor 1 (TNFR1) and interleukin 1 (IL-1) also play essential roles in the development of tissue inflammation triggered by IgG. In addition, it has been found that TNFR1 inhibitors can suppress skin injury in lupus mice and that spleen tyrosine kinase (Syk) inhibitors, which can block the signaling transduction of IgG/Fc gamma receptors (FcγRs), can prevent and treat skin injury and kidney damage in lupus mice. We have also observed that lupus IgG might protect against bone erosion. Based on these results, we conclude that IgG plays a crucial role in the development of organ and tissue damage in SLE and in protecting bone erosion and arthritis, and we suggest that the IgG/FcγR signaling pathway is an important therapeutic target in SLE.
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Introduction

Systemic lupus erythematosus (SLE), which affects mostly women of childbearing age, is a chronic severe autoimmune disease characterized by damage to multiple organs and tissues and a high level of autoantibodies in serum (1–3). The incidence and prevalence of SLE vary considerably between different regions of the world (1, 4). In adults, the prevalence of SLE worldwide ranges from 30 to 150 per 100,000, and the incidence ranges from 2.2 to 23.1 per 100,000 per year (4). The typical initial symptoms of lupus are fever, erythema, and arthritis (5). Renal involvement is the most common manifestation: the prevalence of nephritis among lupus patients is 29–82% (6). Skin injury is the second most common symptom, and occurs in 70–85% of all lupus patients (7). Arthralgia is also common, and lupus patients with arthralgia often suffer from varying degrees of synovitis, but without bone erosion (8). Only 2.8–4.3% of patients have Jaccoud’s arthropathy, which may result in joint deformities (8). With advancements in therapies, 5-, 10-, 15-, and 20-year survival rates have risen to 95%, 91%, 85%, and 78%, respectively (4). The main causes of death in SLE patients are infection, cardiovascular events, and active disease (4, 9). Glucocorticoids and antimalarial agents (especially hydroxychloroquine) are the most important and most common first-line agents for the treatment of SLE, but B-cell-targeting drugs have shown promising results (4, 5). Belimumab, a humanized monoclonal antibody targeting soluble B-cell activating factor (BAFF), a B-cell stimulator, can significantly and sustainedly reduce the level of IgG autoantibodies, including anti-double-stranded DNA (anti-dsDNA), anti-Smith (anti-Sm), anti-cardiolipin, and anti-ribosomal P autoantibodies (10). In addition, the immature dendritic cell (iDC) vaccine, an underdeveloped therapy, has been shown to have a protective effect in lupus-like nephritis induced by pathogenic autoantibodies (11). These indicates that SLE IgG is involved in the therapy of SLE.

The organ and tissue damage that occurs in the region of IgG deposition, is due to infiltration by inflammatory cells, leading to the destruction of tissue organization. Severe damage to multiple organs is one of the leading causes of death in patients with SLE (3, 12). Commonly damaged organs include the kidneys, skin, joints, liver, spleen, lungs, and brain (1–3).

The immune system is damaged in SLE patients, and B cells are abnormally over activated and produce multiple types of autoantibodies. Patients with SLE produce IgA, IgE, IgG, and IgM autoantibodies (12), but IgG autoantibodies predominate. Inflammation is the pathological basis of organ and tissue damage caused by the local deposition of IgG and immune complexes (ICs) (12–17). The pathogenesis of SLE is closely associated with a high level of autoreactive IgG (2, 3, 18, 19). However, the mechanism by which IgG causes organ and tissue damage is still unclear.

Tissue-deposited ICs formed by autoantibodies and autoantigens activate immune cells to produce inflammatory cytokines by binding to Fc gamma receptors (FcγRs) (20–24). Recently, we have demonstrated that organ-deposited IgG induces local inflammation by binding to FcγRs on the surface of monocytes/macrophages, resulting in multi-organ and tissue damage (20–28).

In this review, we summarize recent studies of the role of organ-deposited IgG in the pathogenesis of inflammation and organ and tissue damage in SLE, and potential therapeutic targets in the IgG/FcγRs signaling pathways, including studies investigating animal models, immune cells, cytokines (Figure 1).



IgG deposited in tissues and organs

IgG and ICs have been found in the kidneys of SLE patients, and the most common autoantibodies identified are anti-dsDNA antibodies (18). IgM and IgG autoantibodies are deposited at the dermis–epidermis junction (29), forming so-called “lupus bands,” which can be detected using direct immunofluorescence (30, 31). Some autoantibodies, including anti-galectin 3 antibody, anti-acidic ribosomal protein P0 antibody (anti-RPLP0), and anti-Ro52 antibody, have been reported to be deposited in the skin and to be involved in the development of skin damage (32–34). We have demonstrated that IgG is deposited in the skin, liver, spleen, and joints of MRL/lpr mice (17, 23, 27, 28), and shown that the level of IgG deposited is correlated with the severity of tissue damage (17, 23, 27, 28). These findings suggest that tissue-deposited IgG may have an essential role in the pathogenesis of multi-organ and tissue damage in SLE.



Serum-induced inflammation in organs and tissue

We investigated whether or not serum containing a high level of IgG induces tissue inflammation in order to determine the role of tissue-deposited IgG in the multi-organ and tissue damage that occurs in SLE. Through intra-organ injection of serum from lupus mice and SLE patients (lupus serum), we have established an animal model of SLE organ and tissue damage (17, 20–22, 24, 27, 28). We found that intra-organ injection of serum from SLE patients and lupus mice, but not from healthy humans and mice, induced tissue inflammation in the skin, liver, spleen, and joints, and that the severity of the inflammation was dose-dependent (17, 23, 27, 28). Using toll-like receptor 4 (TLR4)-deficient mice that were lipopolysaccharide (LPS) resistant, we established that organ and tissue inflammation could be induced by serum from SLE patients and lupus-prone mice, but not by LPS contamination (17, 27). We found that tissue inflammation caused by SLE serum appeared in the skin, liver, spleen, and joints a few hours after intra-organ injection, reached its peak after 3 days, and lasted for up to 14 days (17, 23, 27, 28).

Inflammatory skin reactions were induced by injecting serum from SLE patients into six different mouse strains: C57BL/6, SWISS, BALB/c, C3H/HeN, C3H/HeJ, and B-17 mice (23). Skin inflammation was induced by injection of serum only if the patients from which the serum was derived also exhibited skin inflammation and the severity of skin inflammation was not correlated with the severity of systemic disease (23); lupus serum had a synergistic effect with CpG DNA in inducing skin inflammation (23, 35).

Other studies have also shown that intracerebroventricular injection of lupus serum induces an inflammatory response (36–38). These studies suggest that lupus serum can cause organ and tissue inflammation.





Figure 1 | The role of IgG in organ and tissue damage in systemic lupus erythematosus (SLE). Lupus IgG and immune complexes (ICs) deposited in several organs and tissues cause multi-organ and tissue damage. IgG and ICs binding to Fc gamma receptors (FcγRs) activate monocytes/macrophages to secret cytokines. IgG inhibits osteoclastogenesis induced by the receptor activator of nuclear factor kappa B ligand (RANKL) to protect against bone erosion by binding to FcγRI and induces inflammation by activating the spleen tyrosine kinase (Syk)/nuclear factor kappa B (NF-κB) signal pathway to upregulate the transcription of inflammatory genes in monocytes/macrophages.




IgG plays a key role in inflammation induced by lupus serum

SLE is characterized by a high level of autoantibodies, particularly IgG. Many studies have shown that IgG is involved in the pathogenesis of organ and tissue inflammation and organ damage (17, 20–22, 24, 27, 28, 39, 40). We removed IgG from lupus serum to evaluate the role of IgG in the development of tissue inflammation. We found that the inflammation was significantly less severe in mice that received intra-organ injection of IgG-depleted lupus serum than in those injected with IgG-containing lupus serum (17, 23, 27, 28). The skin, liver, spleen, and joints could be directly inflamed by IgG isolated from lupus serum (17, 23, 27, 28). Furthermore, IgG extracted from lupus serum caused more severe inflammation than the same dose of IgG extracted from healthy serum (17, 23, 27, 28). The severity of inflammation was also related to the dose of lupus IgG (17, 23, 27, 28).

Recently, antibody glycosylation in autoimmune diseases has attracted attention, and the importance of Fc regions for inflammation development has been demonstrated (41, 42). In addition to the antigen-binding site, the level of antibody glycosylation may differ in serum from healthy individuals and SLE patients. In vitro experiments have revealed that microglia are activated by phagocytosis of IgG (36). In a study in which mice received intrasplenic injection of lupus serum or of IgG-depleted lupus serum, the numbers of germinal centers(GCs) and IgG-secreting plasmacytes incresased after 8 days in the whole lupus serum group. (28). IgG has also been shown to induce monocyte differentiation into dendritic cells (DCs) (24). In addition, intrahepatic injection of IgG has also been shown to increase levels of ALT alanine transaminase (ALT) and aspartate aminotransferase (AST) in serum and to cause accumulation of apoptotic hepatocytes around the region of inflammation (17).

In another study, the severity of IgG-induced skin inflammation was found not to be related to the titer of the anti-dsDNA antibody and anti-Ro antibody (23). In addition, it has been reported that injection of anti-DNA antibodies causes proteinuria and promotes lupus nephritis in mice only when the antibodies were bound to the basement membrane (43). These findings demonstrate that IgG plays a key role in tissue inflammation induced by lupus serum.



FcγRI is important for the development of inflammation induced by SLE IgG

The effect of IgG is mediated by FcγR (44). FcγRI and FcγRIII are activating receptors, and FcγRII is the inhibitory receptor. The only inhibitory receptor, FcγRIIB, transmits its inhibitory signal through the immunoreceptor tyrosine-based inhibitory motif (ITIM) (45). Polymorphism of the genes encoding FcγRs has been reported and confirmed to be a heritable susceptibility factor for SLE (2, 3, 46). It has been reported that the FCGR2B-I232T genotype suppresses ligand binding, leading to low affinity for IgG (47). Because FcγRIIB is an inhibitory receptor, the low affinity for IgG contributes to a reduction in inhibitory signals, thus reducing inflammation, and alters the balance between inhibitory and activatory signals, which is associated with susceptibility to SLE (45, 47).

Similarly, polymorphism of the genes encoding activating receptors also influences susceptibility to SLE (2, 3, 47). FcγRI is the only high-affinity FcγR for IgG, and is usually expressed on the surface of monocytes/macrophages (48). The immunoreceptor tyrosine-based activation motif (ITAM) embedded in the intracellular structure of FcγR is responsible for signal transduction of IgG and ICs (44, 48). The expression of FcγRI, but not of FcγRII and FcγRIII, has been found to be increased in monocytes from SLE patients, and the level of FcγRI expression was found to be related to the SLE disease activity index (SLEDAI) (49).

We used FcγRI-deficient mice with IgG-induced inflammation to investigate the role of FcγRI in the inflammation induced by SLE (49). The inflammation induced by IgG was reduced in FcγRI-deficient mice compared with wild-type mice (49). In addition, the expression level of FcγRI was associated with IgG deposition and skin inflammation in MRL/lpr mice (37). Activation of the inflammatory signal pathway in monocytes/macrophages required FcγR expression (49). However, in vitro experiments have shown that IgG reduces the surface expression of FcγRI, but not of FcγRII and FcγRIII, on monocytes/macrophages (27). N-glycosylation of antibodies and IgG subclasses affects the binding affinity of antibodies to different Fc receptors (50). Abnormal glycosylation of autoreactive IgG may have a higher affinity to FcγRI, suggesting that the molecular modification of autoreactive IgG may influence its pathogenicity. Further work is required to identify the Fc region provided by which state of the SLE IgG.



Monocytes/macrophages are required for inflammation induced by SLE IgG

Using various strains of cell-deficient and cell-depleted mice, we investigated the role of different types of immune cells in inflammation induced by IgG. Immunohistochemistry demonstrated that regions of tissue inflammation in the skin, kidneys, liver, and spleen are characterized by infiltration of a large number of monocytes/macrophages (17, 23, 27, 28, 51). For example, F4/80+ macrophages were identified in the red pulp of the spleen (28), liver macrophages (Kupffer cells) were seen in areas of hepatitis induced by SLE IgG (17), and large numbers of CD11b+ monocytes/macrophage and CD11c+ DCs were detected in sites of skin inflammation; however, CD3+ T cells and CD20+ B cells were absent (23, 52). The injection of lupus serum and IgG significantly reduced the inflammation caused by the depletion of monocytes/macrophages (17, 23, 27, 28).

Furthermore, skin inflammation induced by lupus IgG did not develop in Csf1-deficient mice lacking mature monocytes (21). Rag 1-deficient mice (which lack mature T and B cells but whose monocytes/macrophages are intact) were used to identify the role of T and B cells in IgG-induced inflammation (17, 24, 27). The lack of mature T and B cells did not affect the development of organ tissue inflammation induced by IgG (17, 24, 27). Neutrophil depletion by anti-Ly6G antibody injection did not affect the development of IgG-induced arthritis and dermatitis (20, 27). Another study showed that IgG induced lupus nephritis by activating macrophages (51).

In yet another study, IgG activated microglia to produce proinflammatory cytokines (53). In addition, polymorphism of the ITGAM (integrin subunit alpha M) gene (a gene associated with the activation of monocytes/macrophages) is associated with SLE susceptibility (11), and inflammation and organ damage in lupus-prone mice were suppressed, and splenic macrophages decreased, after treatment with the agonist of ITGAM (54). These findings indicated that monocytes/macrophages but not T cells, B cells, or neutrophils, play a crucial role in IgG-induced inflammation.



TNF-α/TNFR1 plays a major role in the development of inflammation induced by SLE IgG

Many cytokines are involved in inflammation induced by IgG. Tumor necrosis factor alpha (TNF-α) is an important proinflammatory cytokine that is mainly secreted by macrophages and associated with SLE activity (55, 56). TNF-α has been found to be highly expressed in the kidneys and skin of SLE patients (57), and in the joints, skin, and kidneys of MRL/lpr mice (21, 27, 58). In vitro stimulation of macrophages with IgG has been found to cause IC to produce TNF-α (17, 28, 51),, and the severity of inflammation induced by IgG in skin, liver, spleen, and joints has been shown to be significantly reduced in mice with a TNF-α deficiency (17, 22, 27, 28). TNF exerts its effect through its receptors, such as TNFR1 and TNFR2. The skin inflammation induced by IgG was found to be reduced in mice with a TNFR1 deficiency, but not in those mice with a TNFR2 deficiency (24). Furthermore, we found that a deficiency of interleukin (IL) 1 (IL1) relieved inflammation induced by IgG by reducing the production of TNF-α (22). These results suggest that TNF-α/TNFR1 is crucial for inflammation induced by IgG in lupus serum. In addition, BAFF, produced by activated macrophages, was found in the region of inflammation to prolong the survival of macrophages in lupus nephritis (59, 60). In addition, IL-10, interferon alpha (IFN-α), and interferon gamma (IFN-γ) have been shown to increase CD64 expression in monocytes/macrophages (49, 61). In one study, a lack of macrophage migration inhibitory factor (MIF) attenuated infiltration of macrophages and alleviated lupus nephritis (62).



Inhibitor of/FcγRs signaling pathway suppressed organ and tissue damage in lupus mice

Based on the findings from animal models of tissue inflammation induced by lupus IgG, the IgG/FcγRs signaling pathway is an important therapeutic target. Thus, we investigated whether an IgG/FcγRs signaling molecule inhibitor prevents and alleviates multi-organ and tissue damage in SLE. Spleen tyrosine kinase (Syk), a non-receptor tyrosine kinase of the Src family, plays a fundamental role in IgG/FcγRs signaling pathway conduction in autoimmune diseases (27, 63–65). FcγRI was required to activate Syk induced by SLE serum in macrophages (49). Syk inhibitors were used to treat lupus MRL/lpr mice, and have been found to prevent and treat damaged skin, kidneys, and spleen in MRL/lpr mice (28, 63). In addition, Syk inhibitors reduced inflammation and damage in the spleen, liver, and skin induced by injection of IgG from lupus serum (17, 23, 28). Intravenous immunoglobin (IVIG) is an anti-inflammation therapy used to treat various acute and chronic autoimmune diseases (66). Its anti-inflammation effect is due to the blocking of Fc receptors, which cannot bind with pathological autoantibodies (66). Glycosylation of the Fc region of IgG affects its function of inflammation modulation. The sialic acid-rich IgG fraction of IVIG has an improved anti-inflammatory activity (66). These results suggest that IgG/FcγRs signaling molecules may be a potential therapeutic target in multi-organ tissue damage of SLE.




IgG protects against bone erosion in SLE arthritis

Bone erosion is an important feature in inflammatory arthritis, such as rheumatoid arthritis; however, it does not occur in SLE arthritis. The receptor activator of nuclear factor kappa B ligand (RANKL) induces monocytes/macrophages to separate into osteoclasts that mitigate bone erosion (26). FcγRI is a costimulatory molecule of RANK, the receptor for RANKL that activates macrophage differentiation into osteoclasts (14). We investigated the role of IgG in macrophage differentiation to understand the mechanism by which IgG from lupus serum induces arthritis without bone erosion (27). We found that IgG inhibited osteoclastogenesis induced by RANKL in a dose-dependent manner, and deficiency of FcγRII and FcγRIII did not influence the inhibitory effect of IgG in the formation of osteoclasts; both IgG from lupus serum and RANKL reduced the level of FcγRI (27). The inhibitory effect on osteoclastogenesis was greater at high doses than in at doses of IgG, and increasing doses of RANKL gradually blocked the inhibitory effects of lupus IgG. The stronger inhibitory effects of lupus IgG on RANKL-mediated osteoclastogenesis were presented in cells pre-treated for 24 hours when compared with cells treated with both RANKL and lupus IgG at the same time; at 24 hours after RANKL stimulation, the inhibitory effect of lupus IgG on osteoclastogenesis was eliminated (27). Based on these data, it appears that the relationship between IgG and RANKL is competition for FcγRI. IgG inhibits RANKL-induced osteoclastogenesis through competition for FcγRI binding. The binding of IgG to FcγRI may lead to a functional deficiency of FcγRI on the cellular membrane, which is required for RANKL-induced osteoclastogenesis. The competitive occupation of FcγRI by IgG may be exploited to develop therapeutic approaches to prevent bone destruction in autoimmune/inflammatory arthritis.



Conclusion

Based on these results, we conclude that IgG plays a crucial role in developing organ and tissue damage in SLE and in protecting against bone erosion in SLE arthritis, and that the IgG/FcγRs signaling pathway is an important therapeutic target in SLE.
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Vitamin D (VD) deficiency is a highly prevalent worldwide phenomenon and is extensively discussed as a risk factor for the development of systemic lupus erythematosus (SLE) and other immune-mediated diseases. In addition, it is now appreciated that VD possesses multiple immunomodulatory effects. This study aims to explore the impact of dietary VD intake on lupus manifestation and pathology in lupus-prone NZB/W F1 mice and identify the underlying immunological mechanisms modulated by VD. Here, we show that low VD intake accelerates lupus progression, reflected in reduced overall survival and an earlier onset of proteinuria, as well higher concentrations of anti-double-stranded DNA autoantibodies. This unfavorable effect gained statistical significance with additional low maternal VD intake during the prenatal period. Among examined immunological effects, we found that low VD intake consistently hampered the adoption of a regulatory phenotype in lymphocytes, significantly reducing both IL-10-expressing and regulatory CD4+ T cells. This goes along with a mildly decreased frequency of IL-10-expressing B cells. We did not observe consistent effects on the phenotype and function of innate immune cells, including cytokine production, costimulatory molecule expression, and phagocytic capacity. Hence, our study reveals that low VD intake promotes lupus pathology, likely via the deviation of adaptive immunity, and suggests that the correction of VD deficiency might not only exert beneficial functions by preventing osteoporosis but also serve as an important module in prophylaxis and as an add-on in the treatment of lupus and possibly other immune-mediated diseases. Further research is required to determine the most appropriate dosage, as too-high VD serum levels may also induce adverse effects, possibly also on lupus pathology.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease affecting many organs and causing significant morbidity and mortality. SLE is characterized by immune dysregulation and a breakdown of tolerance to self-antigens. This results in the production of autoantibodies, which are most commonly directed against nuclear self-antigens, in particular double-stranded DNA (dsDNA). These autoantibodies may form immune complexes (ICs) with autoantigens, ultimately leading to inflammation and tissue damage (1, 2). In SLE, the kidneys are often afflicted by this inflammation, which can result in lupus nephritis (LN), which eventually leads to renal failure (3).

Generally, in SLE, there may be defects in various branches of the immune system, explaining the great heterogeneity of clinical presentations. Several dysregulations within the innate immune compartment have been reported in the context of SLE, including an impaired clearance of apoptotic debris by macrophages. For instance, in the germinal centers (GCs) of the lymph nodes, this results in an increased exposure of nuclear self-antigens and increases the risk of autoreactive B-cell activation by follicular dendritic cells and ultimately drives the production of autoantibodies (4–7). Furthermore, monocytes and macrophages in SLE display abnormal cytokine production, adopting a more pro-inflammatory cytokine profile (8–10). The adaptive immune system is also afflicted by dysregulation in patients with SLE. For instance, studies have reported an increased presence of B-cell survival factors that increase the activation and survival of autoreactive B cells (11, 12). In addition, an increase in follicular T helper (TFH) cells and a decrease of regulatory T cells (Tregs) has been reported in SLE (13–15).

The observation that autoimmune diseases, such as SLE, are usually rare among non-Westernized populations suggests a significant impact of the profound lifestyle and environmental changes in modern Western societies on the development of such diseases. Although the exact pathological mechanisms underlying SLE are still elusive, it is becoming increasingly clear that the pathogenesis of SLE and other immune-mediated diseases are the result of a complex interplay between genetic and environmental factors. The environmental factors that have been suggested to pose a risk for developing SLE include infectious agents, Western dietary habits, and ultraviolet (UV) radiation inducing apoptotic cell death. A highly discussed environmental risk factor for SLE and other autoimmune diseases is the deficiency of vitamin D (VD) (16–20). Multiple studies have shown a high prevalence of VD deficiency among SLE patients, likely, in part, due to the fact that the majority of SLE patients are hypersensitive to disease-triggering UV light and thus protect themselves from sunlight (21–29). However, the relevance of VD on the pathogenesis, whether it is a secondary phenomenon or involved in disease manifestation and progression, is not entirely clear.

VD is a secosteroid hormone and is biosynthesized in the epidermis upon exposure to UV-B radiation, or ingested from dietary sources, such as cod liver oil, and supplements, all in the form of cholecalciferol (vitamin D3). VD ultimately exerts its effects via the regulation of genes and the epigenome, through the actions of the active VD metabolite 1,25(OH)2D3 (calcitriol) binding the VD receptor, which is expressed by many immune cells (30–35). Although VD is most prominently known for its regulatory role in calcium and phosphate homeostasis, the immunomodulatory effects of VD have become increasingly appreciated. For instance, VD promotes the differentiation of monocytes into macrophages while inhibiting the maturation of differentiating dendritic cells (DCs) (36–39). In the latter, VD induces a tolerogenic phenotype by suppressing their antigen-presenting capacity, thus inhibiting the ability to activate T cells (39–41). In the adaptive immune system, VD is known to promote Treg differentiation while inhibiting TH1 and TH17 cell differentiation (42–46). There is also in vitro evidence showing that VD inhibits the differentiation of B cells into plasma cells, decreases antibody production, and promotes IL-10 expression (47–51).

The ability of VD to regulate antigen presentation and tip lymphocyte differentiation toward a more anti-inflammatory or immunoregulatory phenotype suggests therapeutic potential for SLE and other autoimmune diseases. Therefore, we investigated the effects of dietary VD intake on lupus pathology and associated immunological effects in NZB/W F1 mice, a spontaneous model of murine lupus (52). We found that low VD intake accelerates lupus progression, with this effect becoming significant when low VD intake commenced during the prenatal period. In our broad immune-phenotypic analysis, we found that low VD intake consistently hampered the adoption of a regulatory phenotype in lymphocytes. Hence, our data provide evidence of possible adverse effects of VD deficiency on lupus progression and encourage further studies to elucidate detailed mechanisms. These should also address optimal dosage, as excessively elevated VD serum levels may exert adverse effects, possibly also on lupus progression.



Materials and methods


Mice and models

Lupus-prone NZB/W F1 mice were generated by crossing NZB/BlNJ with NZW/LacJ mice, which were purchased from The Jackson Laboratory. CD45.1 C57BL/6 animals (B6.SJL-Ptprca Pepcb/BoyJ) were bred in our own facility. For all experiments, the mice were housed in individually ventilated cages on a 12 h light/dark cycle, with food and water ad libitum. To test the influence of VD, randomized mice were fed the following diets: a low-VD diet (< 50 IU/kg cholecalciferol and Ca:P=2.5:1, Altromin C 1017 mod.), a normal VD diet (500 IU/kg cholecalciferol and Ca:P=1.2:1, Altromin C 1000 control diet) or a high-VD diet (76,500 or 38,000 IU/kg cholecalciferol and Ca:P=1.5:1, Altromin C 1017 mod.). All diets were purchased from Altromin. In a first VD-feeding approach, treatments were started after weaning at roughly 5 weeks of age and continued throughout the entire duration of the experiment. In a second VD-feeding approach, NZB/BlNJ and NZW/LacJ parent animals were also fed the different VD diets and NZB/W F1 offspring were weaned on the same food that was fed continuously throughout the entire duration of the experiment. Blood and urine were collected and mice were euthanized at defined time points for organ harvest and downstream experiments. Animals were regularly monitored and euthanized when reaching defined ethical endpoints [proteinuria in addition to a deteriorating general health condition and/or significant weight loss (≥ 20% over the course of 2 days)].



Inverted screen test

To determine grip strength, mice were placed individually on top of the center of a stainless-steel grid (50 cm × 30 cm) with a mesh size of 12 mm and a thickness of 1.6 mm. The grid was subsequently inverted by 180°, resulting in mice hanging upside down on all four limbs roughly 30 cm over a soft landing spot. The duration of hanging time was measured and normalized to bodyweight.



Measurement of bone density

For the µCT scanning of the tibiae, a dedicated preclinical scanner (Siemens Inveon PET/CT/SPECT Multimodality System, Siemens Healthineers, Germany) was used at a tube voltage of 80 kV and a tube current of 500 μA. The samples were positioned, fixed, and images were acquired with an isotropic resolution of 17.04 μm.



Assessment of proteinuria

Urine samples were collected by spontaneous urination. For a semiquantitative measurement of proteinuria, Albustix test strips (Siemens) were used. According to the color scale provided by the manufacturer, albuminuria was categorized as follows: 0–1 = trace, 1 = 30 mg/dl, 2 = 100 mg/dl, 3 = 300 mg/dl, and 4 > 2,000 mg/dl. Mice were deemed proteinuric after scoring a 2 on the color scale for at least two consecutive weeks.



Assessment of anti-double-stranded DNA  Immunoglobulin G (IgG) autoantibodies and total IgG antibodies

Serum titers of IgG autoantibodies directed against dsDNA, as well as serum titers of total IgG were determined by enzyme-linked immunosorbent assay (ELISA). For anti-dsDNA IgG ELISAs, 384-well microtiter plates (Greiner Bio One) were precoated with 15 µl 20 µg/ml Poly-L-Lysin (Sigma-Aldrich) for 1 h at 37°C, followed by coating with 15 µl 20 µg/ml calf thymus DNA (Sigma-Aldrich) at 4°C overnight (o/n). Plates were blocked with 2% fetal calf serum (FCS) in Phosphate-buffered saline (PBS) for 2 h at RT. For total IgG ELISAs, 384-well microtiter plates were coated with 15 µl 1 µg/ml goat anti-mouse IgG (Jackson ImmunoResearch) at 4°C o/n. The plates were blocked with 2% FCS in PBS for 2 h at RT. Samples were diluted in 2% FCS in PBS and 40 µl incubated for 2 h at RT. Bound IgG was detected with 15 µl 160 ng/µl HRP-conjugated goat anti-mouse IgG secondary antibody (Jackson ImmunoResearch). Development was performed with a 3,3’5,5’-Tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific), according to the manufacturer’s protocol. The absorbance at 450 nm was measured using the Spark® 10 M multimode microplate reader (Tecan). To determine anti-dsDNA IgG titers, expressed as arbitrary units (A.U.), reference sera of nephritic female NZB/W F1 mice were used to create a standard curve. To determine total IgG titers, expressed as A.U., reference sera of wild-type C57BL/6 mice were used to create a standard curve.



Flow cytometry

Single-cell suspensions of the spleen were obtained by the mechanic dissociation of the spleen and of the bone marrow by flushing out the bone marrow from truncated tibiae and femurs via centrifugation. Peritoneal exudate cells (PECs) were obtained via peritoneal lavage; peripheral blood immune cells were retrieved from blood collected in Ethylenediaminetetraacetic acid (EDTA)-coated tubes. Red blood cell (RBC) lysis was performed for 5 min, for all cell suspensions, except PECs. Following incubation with anti-CD16/32 antibodies (101330, BioLegend) to block non-specific Fc receptor binding, single-cell suspensions were stained with Biotin- or fluorochrome-conjugated monoclonal antibodies diluted in 2% FCS/PBS for 30 min on ice. For intracellular and intranuclear staining, cells were fixed and permeabilized with BD Cytofix/Cytoperm (BD Biosciences) and the eBioscience FoxP3/Transcription Factor Staining Buffer Set (eBioscience), respectively. For intracellular cytokine staining, cells were stimulated with 50 ng/ml PMA (Sigma-Aldrich), 1 µg/ml ionomycin (Sigma-Aldrich), and brefeldin A (eBioscience) for 4 h at 37°C/5% CO2 prior to staining and fixation. To identify apoptotic cells, annexin V staining was performed using Annexin V Binding Buffer (BD Biosciences). The following anti-mouse antibodies were used: B220/CD45R Biotin (103204, BioLegend), B220/CD45R Pacific Blue (103230, BioLegend), B220/CD45R APC-Cy7 (103224, BioLegend), CD11b Biotin (13-0112-82, eBioscience), CD11b FITC (101206, BioLegend), CD11b PE-Cy7 (101215, BioLegend), CD11c APC (117309, BioLegend), CD11c Biotin (117303, BioLegend), CD11c PE-Cy7 (117318, BioLegend), CD127/IL-7Rα PE-Cy7 (135014, BioLegend), CD138 BV421 (142508, BioLegend), CD16/32 (101330, BioLegend), CD16/32 FITC (MCA2305F, Serotec), CD19 Biotin (115504, BioLegend), CD200R PE (123907, BioLegend), CD206 APC (141707, BioLegend), CD2 Biotin (100103, BioLegend), CD34 APC (128606, BioLegend), CD301 PE-Cy7 (145705, BioLegend), CD36 APC/Fire 750 (102617, BioLegend), CD3ϵ Biotin (13-0031-85, eBioscience), CD4 Biotin (100404, BioLegend), CD4 PE-Cy7 (100421, BioLegend), CD45 eFluor506 (69-0451-82, eBioscience), CD45.1 APC (110714, BioLegend), CD45.2 Pacific Blue (109819, BioLegend), CD80 APC/Fire 750 (104739, BioLegend), CD86 APC (105011, BioLegend), CD8α PerCP (100732, BioLegend), CD8β PerCP-Cy5.5 (140417, BioLegend), c-kit/CD117 PE (553355, BD Pharmingen), CXCR5 Biotin (551960, BD Pharmingen), F4/80 APC-Cy7 (123117, BioLegend), F4/80 FITC (123107, BioLegend), Fas/CD95 PE (554258, BD Pharmingen), FoxP3 APC (14-5773-82, eBioscience), GL7 FITC (553666, BD Pharmingen), I-A/I-E Pacific Blue (107619, BioLegend), ICOS-L PE (107405, BioLegend), IFN-γ APC (505809, BioLegend), IL-10 FITC (505006, BioLegend), IL-17A PE (559502, BD Pharmingen), Ly6C PE-Cy7 (560593, BD Pharmingen), Ly6G Biotin (127604 BioLegend), Ly6G Pacific Blue (127611, BioLegend), MerTK PE (151505, BioLegend), NK1.1 APC-Cy7 (108723, BioLegend), NK1.1 Biotin (108704, BioLegend), PD-1/CD279 PE (12-9985-83, eBioscience), PDCA-1/CD317 PE (12-3172-82 eBioscience), Sca-1/Ly6A/E Pacific Blue (108120, BioLegend), TACI/CD267 APC (17-5942-81, eBioscience), TCR-β APC-Cy7 (109220, BioLegend), TCR-β Biotin (109204, BioLegend), TCR-β PerCP-Cy5.5 (109227, BioLegend), TER-119 Biotin (116203, BioLegend), Tim-4 PE-Cy7 (130009, BioLegend).

As described previously (53), the following immune cell subsets were identified: B cells (% TCR-β-B220+/single cells), germinal center B cells (GC B cells) (% FashiGL7hi/B cells), CD4+ and CD8+ T cells (% TCR-β+B220-CD4+CD8- or TCR-β+B220-CD4-CD8+/single cells), expression of IL-10 in B cells, as well as IL-10, IL-17A and IFN-γ in CD4+ or CD8+ T cells, regulatory T cells (Tregs) (% FoxP3+/CD4+ T cells), follicular T helper (TFH) cells (% CXCR5hiPD-1hi/CD4+ T cells), conventional dendritic cells (cDCs) and plasmacytoid dendritic cells (pDCs) (% CD11chiPDCA-1-CD19-TCR-β-NK1.1- or PDCA-1hiCD19-TCR-β-NK1.1-/single cells), CD11b+ monocytic cells (% CD19-TCR-β-NK1.1-PDCA-1-CD11c-CD11b+Ly6G-/single cells), circulating CD11b+ monocytic cells (% Ly6G-CD11b+/CD45+ cells), neutrophils (%CD19-TCR-β-NK1.1-PDCA-1-CD11c-CD11b+Ly6Ghi/single cells), circulating neutrophils (% CD11b+ Ly6Ghi/CD45+ cells), natural killer (NK) cells (% CD19-TCR-β-NK1.1+/single cells) and expression of CD80 and CD86 on CD11b+ monocytic cells, cDCs, peritoneal macrophages, and B cells (Supplementary Figures 11, 12). Further immune cell subsets were also identified: plasma cells (PCs) (% CD138hi/single cells); peritoneal macrophages (F4/80+Ly6Gint/-); Ly6Chi peritoneal macrophages (% Ly6Chi/peritoneal macrophages); Ly6Chi CD11b+ monocytic cells (% Ly6Chi/CD11b+ monocytic cells); the expression of ICOS-L on CD11b+ monocytic cells, cDCs, peritoneal macrophages and B cells; and the expression of Tim-4, MerTK, CD206, I-A/I-E, CD36, CD301 and CD200R on peritoneal macrophages and bone marrow–derived macrophages (BMDMs). In peripheral blood, additional CD45-staining was included to identify leukocytes. Flow cytometric analysis was performed at the BD LSR Fortessa flow cytometer (Becton Dickinson) followed by data analysis using FlowJo™ Software (Becton Dickinson).



Fluorescence-activated cell sorting of splenic CD11b+ innate immune cells and peritoneal macrophages

Single-cell suspensions of splenocytes were obtained by mechanic dissociation of the spleen, while the single-cell suspensions of PECs were obtained following peritoneal lavage. RBC lysis was performed for 5 min for the single-cell suspensions of splenocytes. Cells were subsequently stained with a cocktail of antibodies. The following anti-mouse antibodies were used: CD11b FITC (101206, BioLegend), CD11b PE (101207, BioLegend), CD11c APC (117309, BioLegend), CD19 FITC (115505, BioLegend), F4/80 PE (123109, BioLegend), Ly6G Pacific Blue (127611, BioLegend), NK1.1 FITC (108705, BioLegend), and TCR-β FITC (109205, BioLegend). Splenic CD11b+ innate immune cells were sorted as CD19-TCR-β-NK1.1-Ly6G-CD11b+, while peritoneal macrophages were sorted as F4/80+CD11c-Ly6G-CD11b+ (Supplementary Figure 13). Splenic CD11b+ innate immune cells and peritoneal macrophages were sorted by BD FACSMelody™ (Becton Dickinson) and stimulated with 50 ng/ml LPS for 2 h 45 min at 37°C/5% CO2 followed by RNA isolation.



Assessment of cytokine secretion by bone marrow–derived innate immune cells and macrophages

0.4 × 106 murine bone marrow (BM) cells were seeded per well in a 48-well culture plate and cultured for 5 days in the presence of 20 ng/ml GM-CSF (Peprotech) or 20 ng/ml M-CSF (Peprotech) to generate BM-derived innate immune cells and BM-derived macrophages (BMDMs), respectively. The medium supplemented with GM-CSF or M-CSF was refreshed on day 3. On day 5 of incubation and immediately after an additional exchange of the culture medium, cells were stimulated with either 50 ng/ml LPS (Sigma-Aldrich) and 50 ng/ml Pam3CSK4 (In vivogen) or 1 µM CpG (In vivogen) and 1 µM R848 (Enzo Life Science) for 20 h. Cytokine concentrations in the culture supernatants were assessed by ELISA. Cytokine concentrations were determined using the IL-10, IL-1β, and TNF-α DuoSet kits (R&D Systems), according to the manufacturer’s protocol. The absorbance at 450 nm was measured using the Spark® 10 M multimode microplate reader (Tecan). Cytokine concentrations in supernatants were normalized to the total protein content of adherent cells, which was determined via BCA assay, according to the manufacturer’s protocol (Thermo Fisher Scientific).



Phagocytosis assay

The phagocytic capacity of both murine peritoneal macrophages and BMDMs (both CD45.2+) was investigated, by co-culturing said cells with CD45.1+ apoptotic thymocytes (ATs). Thymocytes were isolated from CD45.1+ C57BL/6 mice. After mechanical disruption to generate a single-cell suspension, thymocytes were treated with 1 µM dexamethasone for 6 h to induce apoptosis and subsequently labeled with CFDA-SE. 0.5 × 106 PECs were seeded per well in a 96-well U-bottom culture plate and rested for 2 h at 37°C/5% CO2. 2.5 × 106 CFDA-SE-labeled ATs were then added to PECs and coincubated for 1 h at 37°C/5% CO2. PECs were then placed on ice and washed and stained for flow cytometry in order to identify the percentage of peritoneal macrophages that had phagocytosed ATs. In a second phagocytosis assay, 0.4 × 106 murine BM cells were seeded per well in a 48-well culture plate and cultured for 5 days in the presence of 20 ng/ml M-CSF (Peprotech) to generate differentiated adherent BMDMs. The medium supplemented with M-CSF was refreshed on day 3. On day 5 of incubation, 2.5 × 106 ATs were added to BMDMs and coincubated for 1 h at 37°C/5% CO2. BMDMs were then washed, detached from the well bottom with trypsin 0.25% (Anprotec), and stained for flow cytometry in order to identify the percentage of BMDMs that had phagocytosed ATs.



Quantitative reverse transcription PCR

Total RNA was extracted from homogenized kidney tissue or purified cells using TRIzol reagent (Invitrogen) or the RNeasy® Micro Kit (Qiagen), respectively. The QuantiTect Reverse Transcription Kit (Qiagen) was used for cDNA synthesis according to the manufacturer’s protocol. Transcripts were quantified by quantitative reverse transcription PCR (RT-qPCR) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems) with predesigned TaqMan Gene Expression Assays and reagents according to the manufacturer’s instructions (Applied Biosystems), alternatively with predesigned SYBR Green master mixes (Thermo Fisher Scientific) and custom-designed primers (Supplementary Table 1). Probes with the following Applied Biosystems assay identification numbers were used: Mm99999915_g1 (GAPDH), Mm01288386_m1 (IL1B), Mm00446190_m1 (IL6), and Mm00443258_m1 (TNF). For each sample, mRNA abundance was normalized to the amount of GAPDH and is presented as fold gene expression (2(ΔΔCt)).



Immunofluorescence

Kidney specimens were embedded in O.C.T. compound (Tissue-Tek), snap-frozen on dry ice, and cut into 8 µm sections using a cryotome (Zeiss, Germany). Dried kidney sections were immersed in pre-cooled acetone for 20 min on ice for fixation. Kidney sections were blocked with 10% FCS, 0.3% Triton in PBS for 2 h at RT and stained with FITC-conjugated polyclonal goat anti-mouse IgG (SouthernBiotech) overnight at 4°C. After washing with 0.05% Tween 20 in PBS, sections were fixed again in 4% PFA in PBS for 15 min at RT. After four rounds of washing, sections were incubated with DAPI (Roche) for 10 min at RT for the labeling of nuclei. Sections were mounted with a fluorescent Mounting Medium (Dako) and imaged with a fluorescence microscope (AxioImager 2, Zeiss), using a monochrome camera at ×20 magnification. For IgG quantification, the mean intensity of fluorescence in 30 glomeruli per section was determined.



Blood cell counts

Cell counts, including RBCs, platelets, white blood cells (WBCs), and WBC subtypes, in freshly isolated murine blood were determined by collecting blood in EDTA-coated tubes and analyzing them using a hematology cell counter (Scil Vet abc and Scil Vet abc Plus+).



Statistical analysis

For statistical analysis, InStat software Prism 9 (GraphPad software) was used. P-values less than or equal to 0.05 were considered significant. A statistical comparison between two experimental groups was performed using an unpaired t-test (normally distributed data), or a Mann–Whitney U-test (non-parametric data). A statistical comparison between three experimental groups was performed using an ordinary one-way ANOVA (normally distributed data) or a Kruskal–Wallis test (non-parametric data). The Kaplan–Meier method was used for estimating and displaying overall survival (OS) rates and onset of proteinuria. Outliers were determined via the Robust regression and outlier removal (ROUT) method and excluded in all data. To analyze the association between different parameters, Spearman’s rank correlation coefficients were calculated. In figures, asterisks denote statistical significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001).



Study approval

Animal experiments were approved by the local governmental commission for animal protection in Freiburg (Regierungspräsidium Freiburg, approval nos. G15/164, G18/80 and G21/98).




Results


Low vitamin D intake accelerates disease progression in lupus-prone NZB/W F1 mice

VD deficiency is suggested to be an environmental risk factor for SLE, and the therapeutic potential of VD for SLE is being studied intensively. In light of this, we sought to explore the effects of long-term treatment with different dietary concentrations of cholecalciferol (VD) on lupus progression in female lupus-prone NZB/W F1 mice. Mice were continuously fed either a low-VD diet (<50 IU/kg; “LVD mice”), a normal-VD diet (500 IU/kg; “NVD mice”), or a high-VD diet (76,500 IU/kg; “HVD mice”) starting at 5 weeks of age. These dietary VD concentrations are based on previously published animal studies implementing comparable cholecalciferol concentrations (54–57), as well as human studies showing that high VD doses can be safely applied and may even be required to achieve VD sufficiency (58, 59). The measurement of serum concentrations of 25(OH)D3 (calcidiol), the main circulating VD metabolite, at 19–20 weeks of age revealed that the low-VD diet resulted in very low 25(OH)D3 concentrations (0–4 ng/ml; mean 2.2 ng/ml) indicative of severe VD deficiency (defined as <5 ng/ml in humans), while the normal-VD diet resulted in concentrations (22–45 ng/ml; mean: 32.9 ng/ml) that lie within the range of VD sufficiency for humans (30–60 ng/ml) and the high-VD diet produced high concentrations (90–171 ng/ml; mean: 121.2 ng/ml) in the upper range of tolerable VD levels and, in a few cases, in the lower end of the VD toxicity range for humans (>150 ng/ml) (60) (Figure 1A). Although no statistical significance was reached, our data point toward dose-dependent effects of VD on disease progression. LVD mice displayed the shortest OS and earliest onset of proteinuria, a clinical hallmark of LN (median survival: 33.0 weeks; median onset of proteinuria: 30.1 weeks), while NVD mice displayed intermediate OS and proteinuria onset (median survival: 39.9 weeks; median onset of proteinuria: 32.6 weeks) and HVD mice the longest OS and latest proteinuria onset (median survival: 41.4 weeks; median onset of proteinuria: 34.1 weeks) (Figures 1B, C). At 19–20 weeks of age, we detected significantly elevated serum anti-dsDNA IgG titers in LVD mice compared to HVD mice; in addition, there was a trend toward elevated total IgG concentrations in LVD mice. These differences were no longer observed at 28–30 weeks of age (Figures 1D, E).




Figure 1 | Low vitamin D (VD) intake, starting at 5 weeks of age, mildly accelerates disease progression in female lupus-prone NZB/W F1 mice. (A) Serum 25(OH)D3 concentrations were determined in 19–20-week-old female mice (n = 15–17), fed either a low-, normal-, or high-VD diet, with the latter containing 76,500 IU/kg. (B) Overall survival (OS) of LVD mice (n = 17), NVD mice (n = 18) and HVD mice (n = 18). The Kaplan–Meier method was used for estimating OS. Disease progression was monitored, including (C) proteinuria development, which was assessed semiquantitatively once a week, as well as serum (D) anti-dsDNA IgG and (E) total IgG titers, which were determined at an age of 19–20 weeks and 28–30 weeks in LVD mice (n = 13–15), NVD mice (n = 13–18), and (HVD mice (n = 13–18). Results are displayed as (B) survival curves, (C) time curves, and (D, E) scatter plots, with each data point representing an individual mouse in the latter. Data are expressed as (C) percents ± SEM or (D, E) mean ± SEM. P ≤ 0.05 was considered significant, p ≥ 0.2 is indicated as ns, not significant. O.D., optical density; A.U., arbitrary unit; LVD, low vitamin D; NVD, normal vitamin D; HVD, high vitamin D. ** = p < 0.01; **** = p < 0.0001



The maternal VD status during pregnancy and early-life VD exposure have been suggested to be important determinants of immune regulation and the development of immune-mediated disorders in later life (61–68). When differential VD feeding commenced at 5 weeks of age, an age at which mice can almost be considered “adolescent” (69), we observed only mild effects of VD. Therefore, we decided to additionally explore the effects of VD when already administered during gestation and infancy and continued into adulthood. Since we observed the strongest differences between LVD and HVD animals, all further experiments were performed with a comparison of low-VD versus high-VD treatments only. In experiments involving maternal VD feeding, we reduced the cholecalciferol dose of the high-VD diet to 38,000 IU/kg, to avoid VD toxicity, which still produced comparably high serum concentrations of 25(OH)D3 in HVD mice (70–155 ng/ml; mean: 104.3 ng/ml) (Supplementary Figure 1). Following this approach, we did indeed observe stronger effects, with LVD mice exhibiting significantly reduced OS and significantly earlier proteinuria onset (Figures 2A, B). At 20 weeks of age, anti-dsDNA IgG and total IgG concentrations were once again significantly reduced in LVD mice (Figures 2C, D).




Figure 2 | Low VD intake from the prenatal period onward accelerates disease progression in female lupus-prone NZB/W F1 mice. (A) OS of LVD mice (n = 11) and HVD mice (n = 13). The Kaplan–Meier method was used for estimating OS. Disease progression was monitored, including (B) proteinuria development, which was assessed semiquantitatively once a week, as well as serum (C) anti-dsDNA IgG and (D) total IgG titers, which were determined at an age of 20 and 28 weeks in LVD mice (n = 10–12), and HVD mice (n = 10–13). Results are displayed as (A) survival curves, (B) time curves, and (C, D) scatter plots, with each data point representing an individual mouse in the latter. Data are expressed as (B) percents ± SE or (C, D) mean ± SEM. P ≤ 0.05 was considered significant, p ≥ 0.2 is indicated as ns, not significant. O.D., optical density; A.U., arbitrary unit; LVD, low vitamin D; HVD, high vitamin D. * = p < 0.05



These differences in anti-dsDNA IgG were only significant at an early time point (20 weeks), when there was no relevant proteinuria detectable in the mice. At later time points, there was no difference in the concentrations of anti-dsDNA IgG and total IgG observed between the groups. This finding may indicate that beneficial effects of VD are more pronounced before the onset of disease or at the early stages of lupus. To obtain information on whether VD may also have prevented inflammation in the kidney, we performed immunofluorescence analysis for renal IgG deposits and determined TLR-7 and TLR-9 mRNA levels as a putative measure of downstream activation induced by the deposition of nucleic acid–containing immune complexes (ICs) in animals with beginning nephritis (25–26 weeks) (70, 71). We found that the concentrations of anti-dsDNA IgG in serum correlated with the amount of IgG deposits in kidneys, while no association was found between IC deposition or TLR-7/TLR-9 levels and proteinuria onset (Supplementary Figures 3, 4). Thus, it may be speculated that other, possibly VD-associated factors, than IC deposition influence the progression of nephritis and proteinuria.

To confirm that the reduced OS in LVD mice was not due to aberrant bone metabolism as a result of VD deficiency, bone density and grip strength were measured, revealing no significant differences between LVD and HVD mice (Supplementary Figure 5). Serum VD levels increased further upon longer exposure to the HVD diet, as shown when comparing the serum 25(OH)D3 levels of young (40–70 ng/ml; mean: 55.0 ng/ml) and older (70–155 ng/ml; mean: 104.3 ng/ml) HVD animals Supplementary Figure 1). These data suggest the accumulation of VD in the mice over time. However, HVD mice did not show signs of hypercalcemia due to VD intoxication, such as more frequent urination or increased water consumption, reduced/changed mobility indicative of fatigue or bone pain, weight loss, or reduced food intake indicative of reduced appetite or vomiting (data not shown).

Altogether, these results suggest detrimental effects of low VD intake on lupus progression in NZB/W F1 mice, with a stronger effect arising as a result of additional low maternal VD intake during gestation and lactation. The positive correlation between serum VD levels and age at proteinuria development as well as OS and the negative association with anti-dsDNA IgG support the dose-dependent beneficial effects of VD (Supplementary Figure 2). The fact that no such correlation was found within the individual groups indicates that rather global changes in the VD status matter, such as the presence of VD deficiency or not, while subtle changes within a high or low VD serum level range only have a minor impact (Supplementary Table 2).



Low vitamin D intake reduces the differentiation of regulatory lymphocyte populations

In search of potential immunological effects of low VD intake that may contribute to the accelerated lupus progression in LVD mice, we compared the distribution, differentiation, and phenotype of adaptive and innate immune cell populations between LVD and HVD mice. This analysis was performed in the experiment where mice received either a low- or high-VD diet from the prenatal period onward, considering that under these conditions, effects on disease progression were most pronounced. We primarily explored these immunological parameters in 12–15-week-old male NZB/W F1 animals that do not display signs of lupus-like disease, since a skewed immune status, due to disease activity, is unlikely in these mice. This facilitates the identification of truly VD-mediated immunological effects. Considering that SLE patients have altered immune cell subset distribution, we additionally performed this immunological examination in 25–26-week-old female animals with established autoantibodies and beginning proteinuria, as these results might be of higher relevance for an active disease state.

Upon examination of circulating blood cell populations, we found a significantly higher frequency of eosinophils in young healthy LVD mice, while total circulating granulocytes in these mice were unaffected (Figure 3A). However, this effect had vanished in 25–26-week-old female animals with beginning proteinuria (Figure 3B). While LVD females displayed elevated RBC counts and a higher frequency of circulating lymphocytes, in yet-healthy LVD males, RBCs, total WBCs, and other WBC subtypes were unchanged in the blood compared to HVD mice. (Supplementary Figure 6; Supplementary Table 3)




Figure 3 | Low VD intake consistently hampers the adoption of a regulatory phenotype in lymphocytes. (A, B) Hematology analysis of granulocytes and eosinophils in the peripheral blood of (A) 12–15-week-old male and (B) 25–26-week-old female NZB/W F1 LVD and HVD mice. (C, D) Frequencies of Tregs, IL-10+ CD4+ T cells, IL-10+ B cells, IFN-γ+ CD4+ T cells, IL-17+ CD4+ T cells, and cDCs in the spleen of (C) 12–15-week-old LVD and HVD male NZB/W F1 mice, as well as (D) 25–26-week-old LVD and HVD female NZB/W F1 mice. Results are displayed as scatter plots, with each data point representing an individual mouse. Data are expressed as mean ± SEM. N/group: males = 7–20; females = 9–13. P ≤ 0.05 was considered significant, p ≥ 0.2 is indicated as ns, not significant. Tregs, regulatory T cells; cDCs, conventional dendritic cells; LVD, low vitamin D; HVD, high vitamin D. * = p < 0.05; ** = p < 0.01; **** = p < 0.0001.



As previously described (53), the frequencies of B cells, plasma cells, CD4+ and CD8+ T cells, CD4+ T cell differentiation into Tregs and TFH cells, IL-10 expression in B cells, and IL-10, IL-17A and IFN-γ expression in CD4+ and CD8+ T cells were explored in the spleen via flow cytometry. Within the compartment of innate immune cells, the frequencies of CD11b+ monocytic cells, conventional dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs), NK cells and neutrophils were determined in the spleen (Table 1). The only consistent effects we could identify in both healthy male and in early-diseased female mice were the significantly decreased frequencies of Tregs and IL-10+ CD4+ T cells in LVD mice as well as a trend of lower frequencies of IL-10+ B cells, suggesting that low VD intake reduces the differentiation of these lymphocyte populations (Figures 3C, D). Low VD intake did not result in any shifts in the distribution of main innate immune cell populations in the spleen of male animals, and only LVD females displayed decreased frequencies of cDCs (Table 1; Supplementary Figure 7; Figure 3D). The frequencies of other effector T cell subsets, including IL-17+ CD4+ T cells, TFH cells, and IFN-γ+ CD4+ and CD8+ T cells, were unchanged between LVD and HVD males, which was also true for B-cell subsets such as germinal center (GC) B cells and plasma cells. Among females, however, HVD mice displayed significantly increased frequencies of IL-17+ CD4+ T cells, as well as IFN-γ+ CD4+, and CD8+ T cells (Table 1; Figure 3D).


Table 1 | Immunological changes in spleen of LVD and HVD mice.



To summarize, these data reveal the consistent inhibitory effects of low VD intake on the differentiation of regulatory lymphocyte populations and sporadic somewhat pro-inflammatory effects in early-diseased animals; the latter might have been provoked by the long-term intake of high VD doses or the inflammatory milieu.



Low vitamin D intake has no consistent effects on phenotype and function of innate immune cells

Innate immune cells are reported to play a significant role in lupus pathogenesis, with their phagocytic capacity and cytokine production having been shown to be abnormal in SLE patients (4–10). An increased production of pro-inflammatory cytokines is also characteristic of innate immune cell reprogramming, termed “trained immunity,” induced by not only infectious but also sterile triggers such as Western dietary habits (72–76).

Having observed no differences in the distribution of main innate immune cells between LVD and HVD mice (Table 1; Supplementary Figure 7), we examined in more detail the impact of low VD intake on their functionality and the potential adoption of a trained immunity phenotype. To that end, as reported by Christ et al. (76), we investigated whether our dietary modification would affect the expression of costimulatory molecules and cytokine production in innate immune cells from different sites in young male mice. The production of the pro-inflammatory cytokines TNF-α, IL-1ß, and IL-6 in purified splenic CD11b+ innate immune cells and peritoneal macrophages was explored by quantitative reverse transcription PCR, after short-term stimulation with LPS (Supplementary Figure 13). In addition, we explored cytokine production in BM cells after 5-day differentiation into BM-derived innate immune cells, comprising a mix of dendritic cells and macrophages, and BM-derived macrophages (BMDMs), via the addition of GM-CSF or M-CSF, respectively (77, 78). Here, the secretion of TNF-α, IL-1ß, and IL-10 was determined by ELISA after 20 h stimulation with a panel of TLR ligands. Purified splenic CD11b+ innate immune cells displayed significantly increased TNF mRNA levels and a trend of elevated IL1B mRNA levels in LVD mice (Figure 4A), while this effect was not reflected in purified peritoneal macrophages (Figure 4B). In contrast, we found no significant differences in cytokine secretion by BM-derived innate immune cells or BMDMs between LVD and HVD mice (Figures 4C, D).




Figure 4 | Low VD intake has no consistent effects on cytokine production in innate immune cells. (A, B) Fold gene expression of pro-inflammatory cytokines, following stimulation with 50 ng/ml LPS for 2 h 45 min, in (A) splenic CD11b+ innate immune cells and (B) peritoneal macrophages of 12–15-week-old male NZB/W F1 mice. (C, D) Cytokine levels in culture supernatants of (C) BM-derived innate immune cells (+ GM-CSF) and (D) BMDMs (+ M-CSF) from 12–15-week-old male NZB/W F1 mice, following stimulation with either 50 ng/ml LPS and 50 ng/ml Pam3CSK4, or 1 µM CpG and 1 µM R848, for 20 h, normalized to total protein content of adherent cells. Results are displayed as scatter plots, with each data point representing an individual mouse. Data are expressed as mean ± SEM. N/group: LVD = 9-11; HVD = 6-9. P ≤ 0.05 was considered significant, p ≥ 0.2 is indicated as ns, not significant. BM, bone marrow; BMDMs, BM-derived macrophages; Pam3, Pam3CSK4; unstim., unstimulated; LVD, low vitamin D; HVD, high vitamin D. * = p < 0.05



Trained immunity has also been reported to entail an increased expression of costimulatory molecules (75, 76, 79, 80). Thus, we measured the surface expression of CD86, CD80, and ICOS-L on splenic cDCs and CD11b+ monocytic cells, circulating CD11b+ monocytic cells and peritoneal macrophages. We observed no differences between LVD and HVD mice (Supplementary Figure 9). In support of this, we also found no increase in the frequencies of splenic or circulating Ly6ChiCD11b+ monocytic cells, which are considered pro-inflammatory and have been reported to be increased following the induction of trained immunity (Supplementary Figure 10A) (81–84).

Impaired phagocytosis of apoptotic cells by macrophages has been implicated in SLE pathogenesis. Therefore, we next determined the effect of low VD intake on the phagocytosis of apoptotic cells by both peritoneal macrophages and BMDMs, the latter being generated by a 5-day culture of BM cells with M-CSF. Phagocytosis was measured by co-culturing CD45.2+ macrophages with CD45.1+ CFDA-SE-labeled apoptotic thymocytes (ATs) and quantifying phagocytes that had phagocytosed ATs as CD45.2+CD45.1-CD11b+F4/80+CFDA-SE+ cells via flow cytometry (Supplementary Figure 14). As CD45.2+CD45.1+CFDA-SE+ cells represent cells with non-ingested ATs attached to their surface, these cells were not counted. In addition to measuring phagocytic capacity, we examined the expression of surface markers associated with phagocytosis. Between LVD and HVD mice, there were no differences in the phagocytic capacity of peritoneal macrophages or BMDMs, or the surface expression of phagocytosis-associated markers on these cells (Figure 5).




Figure 5 | Low VD intake has no effect on phagocytic capacity and surface expression of phagocytosis-associated markers in macrophages. (A, C) Phagocytic uptake of apoptotic thymocytes by (A) peritoneal macrophages and (C) BM-derived macrophages (BMDMs) of 12–15-week-old LVD (n = 10) and HVD (n = 11-12) male animals. (B, D) Surface expression of phagocytosis-associated markers by (B) peritoneal macrophages and (D) BMDMs of 12–15-week-old LVD (n = 7-10) and HVD (n= 10-12) male animals. Results are displayed as scatter plots, with each data point representing an individual mouse. Data are expressed as mean ± SEM. P ≤ 0.05 was considered significant, p ≥ 0.2 is indicated as ns, not significant. MFI, mean fluorescence intensity; BMDMs, BM-derived macrophages; LVD, low vitamin D; HVD, high vitamin D.



Together, these data do not suggest stringent effects of low VD intake on the phenotype and function of innate immune cells, including cytokine production, costimulatory molecule expression, and phagocytic capacity.




Discussion

Environmental factors are becoming increasingly acknowledged as triggers of the development of autoimmune diseases such as SLE. Since VD is known to exert immunomodulatory effects and there is a high prevalence of VD deficiency among SLE patients, VD deficiency has been thoroughly contemplated as a risk factor for SLE (21–27). In this study, we explored the effects of dietary VD on lupus-prone NZB/W F1 mice and attempted to identify the immunological effects of low VD intake that could promote lupus progression. We report that low VD intake accelerates lupus progression, with this effect becoming significant when low VD intake commenced during the prenatal period. Our data reveal that low VD intake reduces the differentiation of immunoregulatory lymphocyte populations. Thus, these data add to the understanding of how VD deficiency may play a role in promoting lupus development.

While many studies demonstrate an inverse relationship between VD levels and disease activity in SLE patients (85–87), the collective data from interventional studies investigating the effects of oral VD supplementation on SLE disease activity are inconsistent (88–91). Contradictory results may, in part, be due to variations in the administered cholecalciferol dose, study design, and placebo group, as well as different treatment durations. The age groups of cohorts also differ between studies, since some studies investigate the effect of oral VD supplementation in pediatric or juvenile patients, while most others involve adults. Age-dependent effects were also addressed in our study. Our data demonstrating the detrimental effects of low VD feeding on lupus progression did not achieve statistical significance when fed from an age of 5 weeks onward, in contrast to when low VD intake commenced during the prenatal period. This suggests that the maternal VD status during gestation may play a role in autoimmune development in offspring. Some, but not all studies, support the notion of a role of the maternal VD status during pregnancy in the risk of the development of immune-mediated diseases in offspring (61–66, 92–96). VD is known to be a potent epigenetic modulator, and epigenetic abnormalities have been reported in SLE (32, 33, 97, 98). Interestingly, both human and mouse studies have demonstrated that the maternal VD status during pregnancy affects DNA methylation in offspring, including genes involved in apoptosis regulation and immune function (99, 100). Furthermore, it has been suggested that the effectiveness of an individual’s response to VD can vary and that individuals can be categorized as high-, mid-, or low-VD responders (101, 102). Accordingly, there is some dispute on the desired VD status and the recommended daily intake. Our results support the recommendations of sufficient daily intake of VD and the relevance of avoiding VD deficiency. However, and as discussed below, our data and others also show that it needs to be considered that very high VD levels over a longer period may not only bear the risk of hypercalcemia but also, even below toxic levels, they might induce somewhat pro-inflammatory changes with potentially adverse effects on the progression of autoimmune pathology (54, 103). As this was not reported by other trials (58, 59), more work is required to elucidate the relevance and impact of VD dosage in health and disease.

To the best of our knowledge, there have been no studies investigating the effect of dietary cholecalciferol feeding on murine lupus pathology. As an alternative to oral cholecalciferol treatment, many preclinical studies employ the application of calcitriol, the active VD metabolite. Calcitriol application may generally induce stronger effects than oral cholecalciferol supplementation, since direct calcitriol application bypasses regulatory steps within physiological VD metabolism (104, 105). Two studies involving lupus-prone MRL/l mice receiving calcitriol treatment show effectiveness in ameliorating disease (106, 107). We also explored the effects of continuous calcitriol injections in female NZB/W F1 mice from 5 weeks of age onward and found that it neither improved OS and proteinuria, nor inhibited autoantibody production (data not shown). As calcitriol application resulted in slight weight loss and a mild deterioration of general health in some animals, interfering side effects by the continuous application were likely. Therefore, a long-term treatment of mice with calcitriol may entail difficulties, in contrast to cholecalciferol, which has a wider therapeutic index.

We observed that low VD intake resulted in elevated anti-dsDNA IgG and total IgG concentrations. This finding is in concordance with a study by Terrier et al. that reported a significant reduction in anti-dsDNA levels in VD-deficient SLE patients, following an oral cholecalciferol supplementation regimen (108). The fact that we observed no significant difference in autoantibody titers between the groups at 28 weeks of age may suggest that VD primarily delays the rise in autoantibody titers during early disease pathogenesis (20 weeks) and that later during pathogenesis (28 weeks), the moderate effects of VD are no longer sufficient to dampen the production of autoantibodies. Indeed, it has been observed in the context of a different experimental model that the immunoregulatory effects of VD are overridden by strong immune activity (109). As discussed below, it could also be speculated that increasingly high VD levels might, over time, weaken the initially preponderant immunoregulatory effects. Alternatively, increased proteinuria in 28-week-old LVD mice may result in the increased renal loss of immunoglobulins, thereby resulting in the decreased serum concentrations of anti-dsDNA as well as total IgG.

Alongside autoantibody-mediated IC deposition, there are other factors that contribute to the development of nephritis and proteinuria that may be regulated by VD. Indeed, VD and VD analogs have various antiproteinuric and anti-inflammatory effects on the kidneys (110–115). Thus, it is possible that the accelerated proteinuria development we observed in LVD mice was due to a combination of elevated autoantibody titers and a lack of VD-mediated nephroprotective effects. Some data exist on the effects of VD in the context of LN; a recent study put the nephroprotective effects of VD to the test and reported that in vitro calcitriol treatment protects podocytes from autoantibody-induced injury by reducing aberrant autophagy (116). Moreover, the treatment of MRL/l mice with a calcitriol analog inhibits the development of LN (117). Mechanistically, VD was reported to exert its antiproteinuric effect by inhibiting the expression of heparanase and by modulating the renin–angiotensin–aldosterone system (110, 111). In addition, immunological effects of VD and VD analogs have been reported in mouse models of renal fibrosis and obstructive nephropathy, such as a reduction of IL-6 and IL-1β in the kidney and reduced T cell and macrophage infiltration (113, 115). We also examined the immunological effects of low VD intake, starting at 5 weeks of age, in the kidneys of 27-week-old female animals with beginning nephritis, but observed no significant differences between LVD and HVD mice in the frequencies of immune cells (data not shown). In contrast to our data and numerous studies demonstrating the nephroprotective effects of VD, Vaisberg et al. reported a worsening of histopathological findings in the kidneys of female NZB/W F1 mice receiving long-term intraperitoneal (i.p.) cholecalciferol treatment (118). The possible explanations for these contradictory results remain elusive. We can only speculate that application route or dose might play a role.

Generally, our results suggest that VD could have beneficial effects on the early disease phase and delay its onset, while during a later stage, it may limit nephritis progression. The beneficial impact on the early disease phase is supported by reduced anti-dsDNA IgG in 20-week-old HVD female mice and the increased frequencies of regulatory lymphocyte subsets in yet-healthy HVD animals. Further, our data do not prove, but indirectly suggest, that other factors than IC deposition might influence the progression of nephritis and proteinuria, such as renal VD-mediated effects, since we found a correlation between anti-dsDNA IgG in serum and IgG deposition in the kidney but no association between IgG deposition or renal TLR-7/TLR-9 levels and proteinuria onset. However, some limitations need to be considered; immunofluorescence only allows a semiquantitative analysis of IC deposition. Moreover, the disease activity of LN may be influenced by other factors than IC deposition, such as IC composition, autoantibody subclass as well as glycosylation pattern, renal cellular composition, and cellular activation and differentiation status. The exact significance of the causative relationship between IC quantity versus other factors and nephritis progression is not clearly established. As these indications are only indirect, future studies should address in more detail the important question at which phase of disease pathogenesis exactly VD exerts its beneficial effects.

Given the effects of low VD intake on autoantibody production and lupus progression, we suspected immunological effects. We observed an increase in the frequency of circulating eosinophils in yet-healthy LVD mice, while the total circulating granulocytes in these mice were not elevated, suggesting increased eosinophil differentiation. This is supported by human studies demonstrating a negative correlation between serum VD and blood eosinophil levels (119–121). However, in SLE, the role of eosinophils has hardly been studied. While there are a small number of case studies of patients with SLE and various other autoimmune disorders displaying hypereosinophilic syndrome (HES) (122–126), it is not evident whether HES precedes SLE or vice versa. Similarly, the role of eosinophils in LN is not well explored. One study reported an increased frequency of eosinophiluria in LN patients compared to SLE patients without renal involvement (127). However, this does not necessarily implicate eosinophils in LN pathogenesis. On the other hand, in another study on patients with various immune and non-immune kidney diseases, peripheral eosinophilia was associated with increased renal eosinophil infiltration and progression to end-stage kidney disease (128). Since we no longer observed elevated levels of circulating eosinophils in females with beginning nephritis, it is possible that this could indeed be due to increased renal eosinophil infiltration, although this needs to be investigated. As eosinophils are potent producers of the plasma cell survival factor APRIL (129, 130), one could further speculate about them representing an important factor in sustaining lupus and nephritis progression.

As the most consistent immunological effect occurring in both healthy animals and those with beginning disease, we observed an inhibitory effect of low VD intake on the differentiation of regulatory lymphocyte populations, encompassing Tregs and IL-10-producing lymphocytes. This is in concordance with previous studies showing that VD promotes Treg differentiation and augments IL-10 production in CD4+ T cells and B cells (42–44, 51, 57, 131). This is relevant in the context of lupus since Tregs and IL-10 play an established and important immunoregulatory role in constraining the development of autoimmunity (132–139). Furthermore, IL-10-producing putative regulatory B cells have also been reported to exert protective effects in lupus-prone mice (140, 141). However, IL-10 possesses context-dependent dual functions that can also involve pro-inflammatory effects and may support antibody responses (142–144). Only in female mice with beginning disease did we note sporadic pro-inflammatory immunological effects in the HVD group, including the increased frequencies of cDCs, IL17+ and IFN-γ+ T cells. Considering that most studies have reported the ability of VD to lower the expression of pro-inflammatory cytokines, such as IFN-γ (145–147), these results were surprising at first. On the other hand, some studies report enhancing effects of VD on IFN-γ expression (148, 149). In our study, the significance and cause of the sporadic pro-inflammatory changes observed in diseased HVD mice remain unresolved. A possible explanation might be that inflammation and the disease context could have modulated the effects of VD on immune cells. In addition, the adverse effects of very high and long-term serum 25(OH)D3 concentrations in the upper tolerable range cannot be excluded. In support of such a scenario, Häusler et al. have shown that mice supplemented with high doses of cholecalciferol and displaying high serum VD levels developed fulminant experimental autoimmune encephalomyelitis (EAE) with a massive infiltration of the central nervous system by activated myeloid cells, TH1 and TH17 cells. In contrast, moderate supplementation reduced EAE severity along with an expansion of Tregs (54). Considering that VD seemed to successively accumulate in our mice fed the high-VD diet, there may be similar effects explaining our observations; in young HVD mice displaying serum VD levels in a healthy range, only an increase in putatively beneficial immunoregulatory lymphocyte subsets was found, while in older HVD mice with markedly elevated serum VD levels, additional and putatively pro-inflammatory immune effects comparable to those reported by Häusler et al. (54) were noted. As high VD intake still conferred beneficial effects on disease pathology in our study, we suspect that beneficial high VD effects may have outweighed pro-inflammatory effects occurring at later disease stages. This may also explain why serum anti-dsDNA IgG was only decreased in HVD mice at 20 but not 28 weeks of age. Further, and as discussed above, VD may exert additional nephroprotective effects limiting nephritis progression. This underlines the importance of exploring the influence of VD dosage, as still, it is not fully resolved whether normal or rather high-normal serum VD levels should be aimed for to reach optimal beneficial effects in inflammatory immune-mediated diseases and autoimmunity (103, 150–152). To address these questions, future studies should monitor more closely the development of disease and immunological changes in relation to serum VD levels and the intake of different VD doses. Thus, in retrospect, one limitation of our study is that immunological effects have not additionally been explored for the NVD group.

We also explored the effects of VD on the phenotype and function of innate immune cells in more detail. Dysregulated production of pro-inflammatory cytokines plays a central role in autoimmunity. An increased production of pro-inflammatory cytokines is characteristic of a trained immunity phenotype in innate immune cells, and it has been argued that monocytes and macrophages from patients with autoimmune disease display such features (8, 9, 72). Alongside infectious triggers, environmental factors can also induce such reprogramming of innate immune cells, as previously shown by a study on myeloid cells from mice fed a Western diet (76). We therefore sought to investigate whether low VD intake similarly affects cytokine production, since VD regulates the epigenome and epigenetic rewiring underlies the adoption of a trained immunity phenotype (153, 154). We examined cytokine production by various innate immune cells but only observed increased pro-inflammatory cytokine production in splenic CD11b+ innate immune cells of LVD mice. In accordance with the overall inconsistent effects of VD on the cytokine milieu, we did not observe any differences between LVD and HVD mice in the upregulation of costimulatory molecules in innate immune cells, which is another feature of trained immunity (75, 76, 79, 80). In summary, our data demonstrate the effects of VD on the cells of the adaptive immune system but do not suggest a major impact on the cytokine production, phagocytic capacity, or activation status of innate immune cells in the employed setting.

In conclusion, low VD intake has detrimental effects on the manifestation and progression of lupus-like disease in NZB/W F1 mice. Since SLE is a multifactorial disease with an important contribution of environmental factors to disease manifestation, it is likely that VD deficiency represents an important environmental factor that may tip the balance toward the development of manifest autoimmunity. Therefore, adequate VD intake remains important in SLE, especially for VD-deficient patients. Moreover, sufficient VD intake may delay or prevent the manifestations of SLE in individuals at risk, such as relatives of SLE patients, especially if they are positive for antinuclear antibodies. Further research is necessary to better understand the immunological mechanisms underlying the effects of VD in lupus and to determine optimal VD dosage and serum concentrations.
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*p < 0.05; **p < 0.01; ***p < 0.001. Highlighted in red font are biomarkers where the FE metric outperformed the corresponding urine biomarker, in terms of test accuracy and statistical
significance.

# It should be stressed that the new biomarkers should not be compared to uPCR for distinguishing active LN from other groups because uPCR is a major determinant of this clinical
distinction, by definition.
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ISN/RPS classification (n=12)

Class II, N (%)

Class III, N (%)

Class IV, N (%)

Class V (pure), N (%)
Mixed class III/IV+V, N (%)

Histopathologic features

Activity Index, median (IQR)S

Endocapillary proliferation score >0, N (%)
Glomerular WBC infiltration score >0, N (%)
Hyaline deposits score >0, N (%)
Karyorrhexis score >0, N (%)

Cellular crescents score >0, N (%)

Interstitial inflammation score >0, N (%)

Chronicity Index, median (IQR) ¢

ISN/RPS: International Society of Nephrology/Renal Pathology Society

Glomerulosclerosis score >0, N (%)

Fibrous crescents score >0, N (%)

Tubular atrophy and interstitial fibrosis scores >0, N (%)

1(8.33)
4(33.33)
4(33.33)
1(833)
2 (16.66)

7 (2-11)
7 (58.33)
5 (41.66)
4(33.33)
3(25)
3(25)
4 (33.33)
3 (0-6)
3(25)
1(8.33)
1(8.33)

§: Range 0-24; 0 = no LN activity features, €: Range 0-12; 0 = no LN chronic changes.
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Variable

Gender (male/female)
Age, mean + SD

Score, mean + SD
Autoantibodies, n (%)
ANA

Anti-dsDNA

Anti-SM

Anti-nRNP

Complement, mean + SD
C3 (/L)

C4 (/L)

Inflammation markers, mean + SD
ESR (mm/60min)

CRP (mg/L)

TNF-o (pg/ml)

IL-2R (U/mi)

IL-10 (pg/mi)

IL-6 (pg/ml)

B cells and antibody, mean + SD
B cells (no.)

B cells (%)

I9G (/L)

IgA (/L)

IgM (/L)

HC (n=10)

5/5
12+ 0.471
00

~~~~

1.193 + 0.063
0.194 + 0.024

4.9 +0.875
0.78 0
5.693 + 0.412
419 + 54.75
50
2.775 + 0.349

416.6 + 33.32

17.3+0.473
11.64 + 0.636
1.505 £ 0.115
0.975 + 0.125

SLE patients
1A (n=10) LA (n=10) HA (n=20)
37 19 317

12.52 + 0.877 10.6 = 0.521 11.85 + 0,530
1.7+ 0597 7.5+0373 14.7 + 1.093

10 (100) 10 (100) 20 (100)

3(30) 7(70) 15 (75)

1(10) 4(40) 6 (30)

1(10) 3(30) 10 (50)
0.995 + 0.096 0.673 + 0.075 0.537 +0.077
0.18+ 0,032 0.099 + 0.019 0.090 + 0.025
15,6 + 4.812 50.9 = 12.89 411£7219
2.382 + 1,108 11.88 + 7.544 3.1+0884
18.76 + 6.563 22,21 + 2.445 25.72 + 4,002
876.3 + 333.1 1179 + 209.4 1249 £ 213.7
7.788 + 1.834 9.875 + 3.038 15.08 + 2.479
7.088 +3.29 6.554 + 2.272 8.081 + 1.836
1759 + 24.71 468.8 + 107.3 242.4 + 42,89
14.38 + 1.523 21.21 + 3.086 14.71 + 1.909
16.56 + 2.567 20.61 +3.155 16.97 + 1.528
1.25 + 0.1545 2186 + 0.236 2.11 £ 0.258
2.084 + 0.389 1.779 + 0.236 1.541 +0.162

P value

0.118
0.2325
<0.0001

1.000
0.048
0.304
0.089

<0.0001
0.013

0.0011
0.1173
0.0127
0.2057
0.0186
0.3395

0.0033
0.1261
0.0441
0.0285
0.0189

SLE, systemic lupus erythematosus; HC, healthy control; IA, inactivity; LA, low activity; HA, high activity; ANA, antinuclear antibody; dsDNA, double-stranded DNA; SM, Smith nuclear
antigen; nRNP, nuclear-ribonuclear-protein; C3, serum complement 3; C4, serum complement 4; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; TNF, tumor necrosis

factor: IL, interfeukin.
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Active renal SLE(N=12) Active non-renal SLE (N=12) Inactive SLE(N=12) *P-value
Mean + SEM; Median (IQR); N (%)
Age, years 411 £17.8 374 £16.8 48.9 £ 162 0.25
Females 2 (100) 11(91.7) 11(91.7) 0.59
SLE duration, years 3.8+6.0 3250 11.1+56 0.003
Clinical disease activity
Neuropsychiatric 3(25) 1(83) 0(0) 0.14
Musculoskeletal 6 (50) 7 (58.3) 0 (0) 0.006
Renal 12 (100) 0(0) 0(0) <0.001
Mucocutaneous 2(16.7) 9 (75) 0 (0) 0.004
Serositis 2(167) 2(16.7) 0(0) 0.33
Hematological 3(25) 10 (83.3) 0 (0) 0.001
Laboratory assessment
Anti-dsDNA titer 208.4 + 30.02 186.3 + 33.03 125.8 + 31.08 0.228
Anti-Sm positive 3(25) 4(33.3) 3(25) 0.934
Anti-Ro positive 3(25) 6 (50) 2(16.7) 0.097
Anti-La positive 4 (33.3) 5(41.7) 5(41.7) 0.978
Complement C3 (mg/dl) 60.7 + 4.6 654 + 3.5 98.4 + 3.8 < 0.001
urine PCR, mg/mg 344+ 077 0.12 + 0.08 0.11 £ 0.09 < 0.001
SLEDALI Score 19.1+98 112 +39 27£11 <0.001
- Renal SLEDAI scoret 8(4-16) 0 0 <0.001
PGA score 22+02 18+03 03+02 <0.001
SLICC damage score 1.5+ 14 11+14 0.7 £05 0.48
Medications
Prednisolone 10 (83.3) 10 (83.3) 6 (50) 025
Prednisolone dose 40+ 219 178 £7.7 5£22 <0.001
Hydroxychloroquine 8 (66.7) 10 (83.3) 7 (58.3) 0.54
Azathioprine 6 (50) 8 (66.7) 5 (41.7) 0.62
Cyclophosphamide 2 (16.7) 1(8.3) 0(0) 0.39
Mycophenolate mofetil 7 (58.3) 2(167) 1(83) 0.02
Cyclosporin A 1(83) 2 (16.7) 0 (0) 0.39
Tacrolimus 4(333) 1(83) 1(83) 0.21

IQR, Interquartile range; PCR, Protein: Creatinine ratio; PGA, physicians’ global assessment; SLE, systemic lupus erythematosus; SEM, standard error of mean; SLEDAI, SLE disease activity
index; SLICC, SLE international collaborative clinic. f: Range 0-16; 0 = inactive LN.
*P: comparison among the three groups.
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Primers

Tumor necrosis factor a (TNF-a)
Interleukin-10 (L-10)

Phosphatidylethanolamine N-methyltransferase (pemt)
Choline/ethanolamine phosphotransferase (cept1)
Ethanolamine kinase (ek2)

Phosphatidylserine decarboxylase (psd)
Phosphocholine cytidylylransferase (petf)

B2 microglobulin (B2M)

Forward

&'-CCTCACACTCAGATCATCTTCTC-3
5'-GCTCTTACTGACTGGCATGAG-3'
&-TGGCTGCTGGGTTACATGG-3'
&'-GCTCACTCTAATCATCACTA-3
&'-AGCATCCTCTTCCACTTCTC-8
5'-TGAGGACAATGACTAATGATG-3
&/-CTTCTATCAGATTGACAGT-3

5 -TTCTGGTGCTTGTCTCACTGA-3'

Reverse

5'-AGATCCATGCCG TTGGCCAG-3'
5-CGCAGCTCTAGGAGCATGTG-3'
5'-GCTTCCGAGTTCTCTGCTCC-3
&-CCTGTTGTCCTTAATATGTTC-3
&'-TTCCGCCATTCAGTTCCA-3'

5'- ACCAGACAAGCCAGTAAT-3'
5'-CTAATTCCTTGGCTTCTT-3'
5'-CAGTATGTTCGGCTTCCCATTC-
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Controls (n = 18) SLE (n = 45)

Male:Female 2:16 5:40
Age (years) 40.33 + 3.03 40.78 + 2.21
SLE manifestation (%)?
CNS - 22.22
Skin - 42.22
Joint - 20.00
Anti-dsDNA - 46.51°
Anti-Sm - 42.86°
Anti-phospholipid - 11.63°
Medication use (%)
Glucocorticoids - 95.56
Antimalarials - 55.56
Cyclophosphamide - 26.67
Mofetil mycophenolate - 25.49

ASLE manifestations were recorded at any point during the course of the disease.

©43 of 45 SLE patients were tested anti-dsDNA and anti-phospholipid.

°42 of 45 SLE patients were tested anti-Sm. SLE, systemic lupus erythematosus; CNS,
central nervous system.





OPS/images/fimmu-11-00408/fimmu-11-00408-g004.gif





OPS/images/fimmu.2022.824008/table2.jpg
Low CD64 patients (n = 22) High CD64 patients (n = 23) P valve

MFI of CD64 9481 + 588.7 18600 + 897.3 0.0464"
SLEDAI 55+0.86 9.0+1.09 0.0161*
C3 (g/L) 0.58 + 0.05% 0.60 + 0.04° 0.7211
C4 () 0.14 + 0.02* 0.12 £ 0.01° 0.3747
I9G (/L) 14.61 + 1.50 13.44 = 1.00° 0.5333
Anti-dsDNA (IU/mL) 25.19 + 14.80% 46.77 £ 18.21° 0.3656
Anti-Sm (Al) 1.30 + 0.45% 3.09 + 0.76° 0.0482*
CRP (mg/L) 6.08 + 1.959 713 +1.44° 0.6614
ESR (mm/h) 22,05 + 4.89 26.09 + 5.35 0.5810
Urea nitrogen (mmol/L) 527 +0.38 7.80 + 1.04 0.0303*
Creatinine (mmol/L) 57.39 + 3.43 65.34 + 5.34 0.2215
IL-2 (pg/mL) 1.86 +0.18 1.50 + 0.24° 0.2264
IL-4 (pg/mL) 1.67 + 0.09 1.82 +0.08° 0.2439
IL-6 (pg/mL) 6.63 + 0.87 25.64 + 11.05° 0.0796
IL-10 (pg/mL) 3.65 + 0.34 4.55 + 1.35° 0.5040
TNF-o: (pg/mL) 12.43 + 4.34 11.41 = 4.04° 0.8650
IFN-y (pg/mL) 2.35 + 0.49 6.43 + 4.80' 0.3683
Dose of GCs (mg/d) 28.55 + 6.11 38.12+5.78 0.2612

According to the surface CD64 expression in circulating monocytes, SLE patients were classified into low and high CD64 groups. Laboratory measurements and dose of GCs (converted
into prednisone) were showed by mean + standard error of the mean (SEM).

21 of 22 low CD64 patients were tested C3, C4, anti-dsDNA and anti-Sm;

521 of 23 high CD64 patients were tested C3, C4, CRP and anti-Sm;

°22 of 23 high CD64 patients were tested IgG and anti-dsDNA.

918 of 22 low CD64 patients were tested CRP;

°20 of 23 high CD64 patients were tested IL-2, IL-4, IL-6, IL-10, TNF-c;

19 of 23 high CD64 patients were tested IFN-y. *P < 0.05: P < 0.05 is considered statistically significant. Glucocorticoids, GCs.
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Spleen

Adaptive immune cells
Distribution of immune cell populations
CD4" T cells: TCR-B*B220°CD4"CD8’ / single cells [%]
Tregs: FoxP3" / CD4" T cells (%]
Ten cells: CXCR5"PD-1" / CD4" T cells (%]
CD8" T cells: TCR-B*B220"CD8"CD4" / single cells [%]
B cells: TCR-B'B220" / single cells [%]
GC B cells: Fas"GL7" / B cells %]
Plasma cells: CD138" / single cells [%]
Co-stimulatory molecules

B cells:
CD86 MFI
CD80 MFI
ICOS-L MFI

Cytokines

CD4" T cells:
IEN-y* / CDA4" T cells [%]
IL-17"/ CD4" T cells [%]
IL-10" / CD4" T cells [%]

CD8" T cells

IFN-y" / CD8" T cells [%]
B cells
IL-10* / B cells [%]

Innate immune cells

Distribution of immune cell populations

<DCs: TCR-B"CD19'NK1.1'PDCA-1"CD11c" / single cells [%)

pDCs: TCR-B"CD19'NK1.1'PDCA-1" / single cells [%]
NK cells: TCR-B"CD19'NKL1* / single cells [%]

Neutrophils: TCR-B"CD19'NK1.1'CD11b*Ly6G"/ single cells (%]
CD11b" Monocytic cells: TCR-B'CD19'NK1.1'CD11b*Ly6G" / single

cells [%]

Ly6C" CD11b* Monocytic cells: Ly6C" / CD11b* Monocytic cells

[%]
Co-stimulatory molecules
<DCs:
CD86 MFI
CD80 MFI
ICOS-L MFI
Total CD11b" Monocytic cells:
CD86 MFI
CD80 MFI
ICOS-L MFI

12-15 w (males)

LVD
Mean +/-
SEM

22.12 +/- 0.43
12.25 +/- 0.50
0450 +/- 0.057
16.49 +/- 0.32
37.82 +/- 0.63
0.525 +/- 0.079
0.497 +/- 0.037

557.4 +/- 10.17
121.8 +/- 7,03
469.4 +/- 30.72

1,787 +/- 0.139
0.202 +/- 0.026
0.766 +/- 0.052

2.707 +/- 0.147

0.751 +/- 0.035

0.396 +/- 0.026

0.646 +/- 0.078
6.116 +/- 0.173

0.128 +/- 0.025
0.600 +/- 0.087

61.97 +/- 2.59

994.7 +/- 29.56
1056.9 +/- 46.87
573.6 +/- 27.45

8759 +/- 38.16
239.1 +/- 7.30
1137.9 +/- 66.56

HVD
Mean +/-
SEM

20.80 +/- 0.61
13.92 +/- 045
0.588 +/- 0.086
15.96 +/- 0.56
39.42 +/- 072
0.542 +/- 0.064
0.543 +/- 0.032

558.6 +/- 9.77
1343 +/- 6.58
484.8 +/- 44.67

2.265 +/- 0.205
0.204 +/- 0.019
1.014 +/- 0.077

2.519 +/- 0.147

0.847 +/- 0.041

0.394 +/- 0.019

0.663 +/- 0.076
6.329 +/- 0.188

0.148 +/- 0.025
0.558 +/- 0.068

61.14 +/- 2.27

982.9 +/- 22.21
1035.4 +/- 48.32
597.7 +/- 30.14

800.2 +/- 31.83
235.6 +/- 104
1138.6 +/- 53.50

P-
value

0.0910
0.0219*

ns

0.1277

ns

ns
0.1039
ns

0.0690
ns

0.0132*

ns

0.0813

ns

ns
ns

ns

ns

ns

ns
ns

ns

0.1453
ns

ns

25-26 w (females)

LVD
Mean +/-
SEM

22.83 +/- 0.86
15.50 +/- 0.98
1.132 +/- 0,212
15.49 +/- 0.81
35.84 +/-2.23
1.302 +/- 0.332
1.492 +/-0.086

8.247 +/- 1.252
0.169 +/- 0.006
3.136 +/- 0.410

3.995 +/- 1.201

2.417 +/- 0.202

0.226 +/- 0.024

0351 +/- 0.033
4.672 +/- 0.178

0391 +/- 0.072
0.245 +/- 0.034

52.08 +/- 3.89

HVD
Mean +/-
SEM

2233 +/- 0.65
23.62 +/- 1.54
2.167 +/- 0,406
12.75 +/- 1.40
36.93 +/- 2.02
2.284 +/- 0.529
1.643 +/- 0.137

20.030 +/- 1.335
0277 +/- 0.010
10.608 +/- 1.043

12.383 +/- 2.650

3.613 +/- 0.368

0.355 +/- 0.032

0.371 +/- 0.028
5.434 +/- 0.308

0.374 +/- 0.058
0.352 +/- 0.047

47.88 +/- 3.12

value

ns
0.0003***
0.0666
0.1168
ns
0.1306

ns

0.0006***
0.0017**
0.0018**

0.0002***

0.1158

0.0066**

ns
0.0506

ns

0.0946

ns

Broad immune status evaluation in the spleen of 12-15-week-old LVD and HVD male, as well as 25-26-weck-old LVD and HVD female NZB/W F1 mice via flow cytometry. Results are
expressed as mean +/- SEM. N/group: males = 7-20; females = 9-13. P < 0.05 was considered significant, p > 0.2 is indicated as ns, not significant. Asterisks denote statistical significance
(*, p <005 **, p < 0.01; ***, p < 0.001). LVD, low vitamin D; HVD, high vitamin D.
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Factors AT Non-AT p-value

N=19 (V=19)

Age (years) 522(485-67.2)  48.4(459-518)  0.199"
Male, n (%) 1(6.3) 1(6.3) 1.000*
BMI (kg/m?) 245(236-267) 231219245  0.122*
Disease duration of SLE, 10.1 (7.9-17.9) 13.6(0.1-165)  0.661"
(years)

Ever smoker, n (%) 3(15.8) 1(6:3) 1.000*
Menopausal status, n (%) 14(778) 15(83.3) 1.000
Hypertension, n (%) 8(42.1) 4@1.4) 0.205*
Hyperlipidemia, n (%) 11(67.9) 2(105) 0006
Diabetes melltus, n (%) 2(105) 2(105) 1.000*
Family history of early onset 9(47.4) 3(158) 0.081*
GVD, n (%)

Coronary heart disease, 3(15.8) 0(0) 0.229"
n (%)

Stroke, n (%) 1(63) 0(0) 1.000"
TG (mmol/L) 423(4.02-479)  3.99(356-4.45) 0287
TG (mmol/L) 1.15(084-131) 107 (094-1.28)  0.884
HDL-C (mmol/L) 121(1.11-159)  1.19(1.12-1.36)  0.861
LDL-C (mmol/L) 246(1.91-298)  225(1.89-276) 0414
WBC (x 10%) 5.18(392-750)  4.75(4.45680) 0595
NEUT (x 10%) 3.18(1.86-4.50)  8.22(2.40-3.79) 0879
LYM (x 109) 182(1.14-2.16)  1.31(1.23-19)  0.447
PLT (x 109) 215 (148-254) 173(157-287)  0.750
HbA1c (%) 5.4(53-5.9) 55(5.4-5.6) 0.626
FBG (mmol/L) 47 (46-5.0) 46(4.5-49) 0.177
Gr (umol/L) 64 (61-79) 59 (65-64) 0.064
UA (pmol/L) 280 (243-331) 288(264-321) 0563
C3(g/) 0.972 (0.925-1.208) 0.981 (0846-1.126) 0.603
Ca gl 0.181 (0.144-0.200) 0.146 (0.121-0.183)  0.255
ESR (mimvh) 11(9-22) 19 (10-31) 0.367
hs-CRP (mg/L) 104(067-381)  166(0.74-223) 0907
CK (UL 71 (67-92) 84(64-95) 0521
CK-MB (ng/L) 05(05-0.6) 0.6(0.5-0.7) 0.488
cTnl (ug/l) <0017 <0017 0.343
NT-proBNP (pg/m) 55 (37-95) 48 (35-72) 0.640
Anti-dsDNA antibodies, 7(368) 9(47.4) 0.742
n (%)

Left CIMT (mm) 159(069-184)  075(064-082) 0013
Right CIMT (mm) 1.16(0.77-1.76)  0.68(058-0.80) <0.001*
Left baPWV (cm/s) 1,600 (1,204-1,724) 1,347 (1,244-1,611)  0.168
Right baPWV (cnvs) 1519 (1,300-1,704) 1,320 (1,220-1,498) 0.170
SLEDAI 2(0-2) 2(0-2) o0.827*
SLICC/ADI 0(0-1) 0(0-0) 0076
Aspirin, n (%) 5(26.3) 2(10.5) 0.403*
Statins, n (%) 6(31.6) 0(0) 0026
ARB/ACEI, n (%) 6(31.6) 3(158) 0.445*
Gorticosteroids, n (%) 1679 9(47.4) 0745
Current use of prednisone 2.5(0-5.0) 0(0-3.1) 0.456"
(mg)

12-month cumulative 091(0-1.83) 0(0-1.37) 0567
prechnisone (g)

Hydroxychloroquine, n (%) 17 (89.5) 16(84.2) 1.000°
Cyclophospharnide, n (%) 2(105) 0(0) 0.468"
Azathioprine, n (%) 2(105) 0(0) 0.468"
Cyclosporine, n (%) 00 0(0) 1.000%
Tripterygium wilfordii, n (%) 0 1639 1.000%
Mycophenolate mofeti, 0(0) 4@1.1) 0.113
n (%)

AT, atherosclerosis; Non-AT, patients without atherosclerosis; TC, total cholesterol; TG,
triglyceride; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; WBC, white blood cell; NEUT, neutrophil: LYM, lymphocyte; PLT, platelet;
HbATc, glycated hemoglobin Alc; FBG, fasting blood glucose; Cr, creatinine; UA, uric
acid; C3, complement 3; C4, complement 4; ESR, erythrocyte sedimentation rate; hs-
CRP, high-sensitivity C-reactive protein; CK, creatine kinase; CK-MB, creatine kinase
isoenzyme; cTnl, cardiac troponin : NT-proBNP, N-terminal pro-B-type natriuretic peptide;
dsDNA, double-strand DNA; CIMT, carotid intima media thickness; baPWV, the brachial-
ankle pulse wave velocity; SLEDAI, systemic lupus erythematosus disease activity index
2000; SLICC/ADI, Systemic Lupus International Collaborating Clinics/ACR Damage Index;
ARB/ACEI, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker. Data
were presented as median and quarties (Q1-Q3) for continuous variables and as
percentages (+/I) for categorical variables. Comparisons between the two groups were
conducted with Wilcoxon rank-sum test and chi-square test for continuous variables and
categorical variables, respectively. *p < 0.05. Clinical factors used for LASSO selection
e —
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Variable Coefficient 95% Confidence interval p-value

KRT10 6.10 1.09-11.12 0.017
Hyperlipidemia 223 0.35-4.10 0020
Age 0.12 0.03-0.21 0.012
Intercept -4353 —74.6010 ~12.45 N/A

Coeficients of the three variables were calculated with muttivariate logistic regression. The
finellogistic prediction model: The predicted probabilty of AT = 1/{1+exp[-(~43.53+6.10
x KRT10 expression level-+2.23 x hyperlipidemia~+0.12 x age)}. The KRT10 expression
level was the DESeq2 vst transformed raw counts. Hyperiipidemia (yes = 1, no = 0),
age (years).
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Demographic
Nurmber, n

Age, year, mean = SD
Female, n (%)
Clinical and laboratory findings (mean  SD)
SLEDAI

Serum WBC, 10°%/L.
Serum RBC, 10"/
Hb, g/L

PLT, 10°1L

24-h proteinuria, mg
Serum C3, g/L

Serum C4, g/L

ALT, UL

AST, UL

™

ALB, gL

SCr, w mol/L

BUN, mmol/L

UA, wmol/L

dsDNA positive rate (%)

Renal damage

a7
290 + 1043542
44 (94%)

16.7200 + 5.73937
6.6238 + 4.04377
3.6086 + 0.67606
105.00 + 21.68909
183.00 + 73.60197

2377.3282 + 2350.16894

0.5576 + 0.32405
0.1169 £ 0.12103
25.7837 + 32.04501
32.2816 + 49.15422
53.704 + 13.06322
26.968 + 7.44595
125.854 + 178.85081
9.4376 + 7.16294
371.8143 + 106.26327
64

Without renal damage

21
342381 + 10.00952
21 (100%)

8.1906 + 2.13586
5.9300 + 5.71946
3.9705 + 0.57351
114.1429 + 17.10307
167.3333 + 82.63918
39.5523 & 15.59429
0.6374 + 0.23425
0.1479 4 0.11694
51.9429 + 120.95698
36.5353 =+ 30.70588
67.6650 + 8.37347
38.3350 + 6.86565
48.8882 + 10.77108
3.7062 + 0.90052
2650.1846 + 95.18854
38.1

P-value

0.055
0.083

0.000
0.563
0.036
0.091
0.434
0.000
0.797
0.396
0.188
0.740
0.000
0.000
0.004
0.000
0.000
0045

ALB, albumin; ALT, glutamic-pyruvic transaminase; AST, glutamic oxalacetic transaminase; BUN, blood urea nitrogen; dsDNA, double-stranded DNA; Hb, hemoglobin; PLT, platelet
count; RBC, red blood cell count; SCr, serum creatinine; SD, standard deviation; SLEDAY, systemic lupus erythematosus disease activity index; TR, total protein; UA, uric acid; WBC,

white blood cell count.
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Cel-miR-39
miR-451a

miR-16

IFN-y

GAPDH

Sequences

&-AGCTGATTTCGTCTTGGTAATA-3'
F:5'-ACCGTTACCATTACTGAG-3'
R:5'-GAACATGTCTGCGTATCTC-3'
F:5'-AGCAGCACGTAAATATTGG-3
R:5'-GAACATGTCTGCGTATCTC-3'
F:5-AATTCGGTACATCCTCGACGGC-31
R:6-GCCAGTGCCTCTTTGCTGCTTT-3¢
F:5'-GGACACCATGAGCACTGAAAGC-3/
R:5'-TGCCACGATCAGGAAGGAGAAG-3/
F:5'-CATCCAAAAGAGTGTGGAGACA-3'
R&'-TGCTTTGCGTTGGACATTCAAG-3'
F:5'-GGAGCGAGATCCCTCCAAAAT-3
R:5'-GGCTGTTGTCATACTTCTCATGG-3'
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Anti-EBV antibodies’

ANti-VCA IgG POS
NEG
Anti-EBNAT IgG in Anti-VCA IgG POS POS
NEG
ANti-VCA IgA in Anti-VCA IgG POS POS
NEG

SLE®

282

124
1

72
85

Controls

642
54
232
18
56
258

Conditional logistic regression® Attributable fraction®

OR (95% Cl) p*
28,59 (6.42-) 883 x 10° 100%
9.74 (1.49-414.34) 0.0078 89.7%
347 (2.27-5.29) 57 x10° 712%

! Anti-Epstein-Barr virus (EBV) viral capsid antigen (VCA) IgG or IgA and anti-Epstein-Barr nuclear antigen 1 (EBNA1) IgG-positive (POS) or -negative (NEG) test result. Controls are

matched to each case by age (6-75 years) and sex.

2The exact test is used for anti-VCA IgG and anti-EBNAT in anti-VCA IgG POS.

3The fraction of systemic lupus erythematosus (SLE) cases attributable to the positive antibody result being tested in each instance, estimated from the odds ratio (OR).
“One-tailed p values and median unbiased estimates of OR from exact conditional logistic regression are presented for anti-VCA IgG and anti-EBNAT IgG in anti-VCA IgG POS cases and controls.
5The cases and assigned matched controls used in these analyses are presented in Supplemental Table S1. Original data are from Cui et al. (1).
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Kidney

Spleen (g) Age (weeks) Anti-dsDNAIg Eff. Memory DN B220* (%Total viable cells) Skin lesions I1gG F4/80 Proteinuria
(U/mi) (% CD4" T cell)

Prediseased MPJ <0.3 <12 <2 x 10° <20 < No - - -
Diseased MPJ <0.3 >22 >2 x 10° >20 <1 Yes ++ ++ ++
Prediseased LPR <0.3 <12 <4 x 10° <60 <10 No o+ -
Diseased LPR >0.3 >12 >4 x 10° >60 >10 Yes A +++

Regarding renal function and kidney histology, (—): no manifestation; (++): mild manifestation; and (+++) severe manifestation.
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Compound

Halaminol A

C19 Sphingosine-1-phosphate
PIO-16:0/14:0)

PIP-16:0/0:0)

PE(22:0/0:0)

PE(19:0/0:0)

PC(0-16:0/0:0)
PG(18:4(62.92,122,152)/13:0)
PC(0:0/18:1(9E))

PC(18:0/0:0)

PE(20:0/0:0)

PC(P-18:0/0:0)
PC(0:0/18:1(62))

PE(18:0/0:0)
1-O-(2-methoxy-hexadecyl)-sn-
glycerol

PC(P-16:0/17:1(92))
PC(16:0/0:0)

PC(P-16:0/0:0)

Taccalonolide A
PC(18:1(9E)/2:0)
PA(16:0/14:0)
2-inoleoyl-sn-glycerol
PE(16:0/0:0)
16,17-didehydropregnenclone

3a,17a-Dihydroxy-5b-
androstane

PE(0:0/20:5(52,82,112,142,172))

PE(24:6(62.92,122,15Z,18Z,
212/0:0)
MG(18:2(9Z,122)/0:0/00)frac]
1-O-(2R-hydroxy-pentadecy)-
sn-glycerol

Dinoriithocholic acid
PE(22:4(7Z,10Z,13Z,162)/0:0)
PE(20:5(62,82,112,142,172)/0:0)

Talpha, 25-dihydroxy-21-nor-20-
oxavitam

Cer(d18:1/2:0)
PE(18:2(92,122)/0:0)
3-ketosphinganine

talpha,25-cihydroxy-19-nor-22-
oxavitam

12-Oxo-5alpha-cholan-24-cic
Acid

PE(20:4(52,8Z,11Z,142)/0:0)
PE(22:5(42,72,102,13Z,162)/0:0)
POV-PA
MG(0:0/20:4(52,82,112,142)/0:0)
PS(16:1(92)/22:2(182,162)
PC(16:0/2:0)

Sphingosine
PC(20:2(11Z,142)/0:0)
Sphinganine

1-(2-methoxy-6Z-heptadeceny))-
sn-glyce
Sphingosine-1-phosphate

Formula

C14H30NO
C19H39NO4P
C39H76011P
C25H49011PNa
C27H57NO7P
C24H50NO7P
C24H53NOBP
C37HB409P
C26H52NO7P
C26H65NO7P
C25H53NO7P
C26HE5NOBP
C26H52NO7P
C23H48NO7PNa
C20H4204Na

C41HBONO7PK
C24H50NO7PNa
C24H561NOBP
C36H45013
C28H54NOBP
C33HB508PK
C21H3804
C21H44NO7PNa
C21H3002K
C19H3202K

C25H42NO7P
C29HAINO7P

C21H3804
C18H3804Na

C22H40NO3
C27H49NO7P
C25H42NO7PNa
C25H44NO4

C20H39NO3Na
C23H44NO7P
C18H36NO
C25H46NO4

C24H3803

C25H45NO7P
C27H48NO7PNa
C24H49NOSP
C23H3703
CA44HBONO10PN
C26H51NO7P
C18H38NO2
C28H54NO7PNa
C18H38NO
C23H49NO7P

C18H37NO4P

lon

M-+H+
[M+H-H20]+
[M+H-H20]+
[M+Na+
M+H+
M+H]+
M+H]+
[M-+H-H20]+
M+H]+
(M+H}+
[M+H+
M+H]+
[M-+Na]+
[M-+Nal+
[M+Na+

M+K)+
[M+Na]+
M+H]+
[M-+H-H20]+
[M+H-H20}+
[M+K+
[M+NH4}+
[M-+Na]+
M+K]+
M+K]+

M+H)+
[M+H}+

[M+H-H20+
[M+Nal+

[M+NH4)+
M+H}+
[M+Nal+
[M+NH4)+

[M+Naj+
M+H+
[M+H-H20}+
[M+NH4)+

[M+NH4)+

M-+H}+
[M+Na+
[M+NH4}+
[M-+H-H20]+
[M-+Nal+
[M+H-H2O}+
M+H+
[M+Na]+
[M-+H-H20}+
M+H]+

[M+H-H2O}+

Category

Sterolipids
Sphingolipids

Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids

Glycerophospholipids 1,034,750 + 9,895

Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerolipids

Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sterolipids
Glycerophospholipids
Glycerophospholipids
Glycerolpids
Glycerophospholipids
Sterolipids

Sterolipids

Glycerophospholipids
Glycerophospholipids

Glycerolipids
Glycerolipids

Sterolipids
Glycerophospholipids
Glycerophospholipids
Sterolipids

Sphingolipids
Glycerophospholipids
Sphingolipids
Sterolipids

Sterolipids

Glycerophospholipids
Sphingolipids
Glycerophospholipids
Glycerolipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Glycerophospholipids
Sphingolipids
Glycerophospholipids

Sphingolipids

*p < 0.05 FogRIIB~/~ vs. FcgRIIB+/+; #, direction of change in FegRIIB-/- vs. FegRIIB+/+.

Intensity (m/z)

FegRIIB-/~

156,650 & 1,258
5,413 £231
1,362 £ 56
8,278 £ 242
881+ 41
16,526 + 127

121168
6,502 £ 152
1,099 + 47
20,662 + 1,014
4,206 + 128
2,172 £235
62,660 = 263
9,085 + 150

69,884 + 1,489
1,609 = 91
998+ 9
13,424 £ 237
962 + 76
12,147 £ 125
2,689 + 52
5,832 % 163
9,000 + 168
11,000 + 261

14,400 & 45
1,566 £ 58

9,473 + 269
3,06192

66,119 + 11,380
1,737 £ 66
1,819£ 35
1,425 + 344

12,387 + 456
9,582 4 321

64,307 + 423
3,109 + 56

10,217 + 451

5,536 & 148
32,509 + 259
28,518 + 833
6,099 & 230
11,108 + 888
1320+ 72
1177 £42
3,152 + 164
1,581 £ 148
1,014 £ 35

1,234 + 46

FegRIIB+/+

218,881 + 2,045
10,700 & 108
2,210 £ 54
14,536 + 398
1,417 £ 40
29,995 + 289
1,293,664 + 22,371
3,239 + 256
9,787 + 380
1,721 £ 90
29,342 £ 1,380
6,808 + 218
4,161 £ 691
114,196 £ 2,124
13,224 + 519

78,782 + 1,328
2,857 £ 199
1,472 £ 94
15,225 & 443
1,672 + 155
8,148 £ 191

999 £ 21

3,124 £ 141
5,804 + 193
4,087 + 114

6,040 & 192
604 + 39

5,786 + 226
1,802+ 78

19,952 + 1,954
928 + 47
7794 12
789 + 44

5,162 + 129
3,359 & 43
41,913 + 1,468
2,244 £ 53

5,319 + 171

3,689 & 40
26,847 + 889
23,737 £ 543

4,592 4 96

4814+ 173

798 + 107
962 + 32
2,146 £ 12
730+ 43
858 £ 21

964 + 39

p-value*

0.00006
0.00035
0.0004
0.00054
0.00071
0.00135
0.00261
0.00613
0.00849
0.00869
0.00893
0.00917
0.00965
0.00995
0.010456

0.01149
0.013
0.03591
0.03597
0.04085
0.00017
0.00021
0.00026
0.00026
0.00028

0.00028
0.00035

0.00054
0.00056

0.0006
0.00084
0.00113
0.00149

0.00224
0.00234
0.0024
0.0032

0.00388

0.00405
0.01209
0.01242
001248
0.01648
0.02021
0.02265
0.02515
0.02521
0.0274

0.0308

Regulation#

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up

Up
Up
Up
Up
Up
Down
Down
Down
Down
Down

Down
Down

Down
Down

Down
Down
Down
Down

Down
Down
Down
Down

Down

Down
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Compound

PI(18:1(92)/0:0)
PE(18:0/0:0)

PA(12:0/14:0)

POV-PA

PE(18:1(112)/0:0)

PC(0:0/18:1(92)

CPA(18:0)

PE(16:0/0:0)
PI(20:4(52,82,112,142)/0:0)
1-(2-methoxy-6Z-heptadecenyl)-sn-g
1-(2-methoxy-6Z-octadecenyl)-sn-gly
PE(18:2092,122)/0:0)
PE(0:0/20:3(112,142,172))
MG(18:2(9Z,122)/0:0/0:0)rac]

C17 Sphinganine

PC(16:1(92/0:0)

PC(20:1(112)/0:0)
1-(2-methoxy-5Z-hexadecenyl)-sn-gly
PG(P-18:0/0:0)

PI(P-18:0/0:0)

PG-PG

POV-PG
1-(2-methoxy-13-methyl-6Z-tetradec
PC(P-18:0/0:0)

PI(O-18:0/0:0)

PE(P-18:0/0:0)
PE(0:0/22:5(42,72,102,132,162))
3-ketosphinganine

PI(O-16:0/0:0)

PC(18:1(112)/0:0)
1-(2-methoxy-nonadecanyl)-sn-glyce
Sphinganine-1-phosphocholine
PI(18:0/0:0)

PE(22:2(13Z,162)/0:0)

Sphingosine

Homochenodeoxycholic acid
1-O-(2-methoxy-4Z-hexadecenyl)-sn-
MGI0:0/20:4(5Z,82, 11Z,142)/0:0)
DG(16:1(92)/22:6(42,72,10Z,13Z,16Z,1
PE(12:0/0:0)
MGI0:0/20:5(52.82,11Z,14Z,172)/0:0)
16,17-didehydroprogesterone

ST 25:4,05,T

Estrone

PE(20:4(52,82,112,142)/0:0)
DG(18:1(92)/22:6(47,72,102,13Z,16Z,1
PA(17:2(07,122)/22:6(42,72,102,18Z.1
19-norandrosterone
PE(22:4(72,102,13Z,162/00)

Formula

C27H51012P
C23H47NOBP
C29HB61NO8P
C24H4GNOSP
C23H47NO7P
C26H53NO7P
C21H45NOBP
C21H45NO7P
C29H49012PNa
(C23H49NO7P
C24H51NO7P
C23H45NO7P
C25H47NO7P
C21H42NO4
C17H38NO2
C24H49NO7P
C28H57NO7P
C22H47NO7P
C24H53NO8P
C27H54011P
C27H51012PNa
C27H52011P
C22H45NO9P
C26H55NOBP
C27H56011P
(C23H49NOBP
C27H47NO7P
C18H38NO
C25H51011PNa
C26H52NO7PNa
C25H53NO6P
C23H55N305P
C27H54012P
C27H52NO7PNa
C18H38NO2
C25H4204
C25H53NO7P
C23H3703
C41H70NOS
C42H6708PNa
C43H7105
C25H44NO7P
C18H2802K
C27H41NO7S
C23H3604Na
C17H37NO7P
C21H32NO2
C27H49NO7P
C18H2202K

lon

[M+H]+
[M+H-H20]+
[M+NH4}+
[M+NH4}+
(M+HH
M+HJ+
[M+NH4]+
M+H}H-
[M+Nal+
[M+HJ+
M+H}+
M+HJ+
M+H}H+
[M+NH4}+
M+H-
[M+H+
M+HJ+
(M+HH
[M+NH4]+
(M+HH
[M+Na+
M+H}+
(M+HH
M-+HJ+
M+HH-
M+HJ+
(M+HJ+
[M+H-H20]+
[M+Na]+
[M+Naj+
[M+H-H20]+
[M+NH4]+
[M+HH
[M+Na+
(M-+HH
[M+NH4]+
M+HJ+
[M4+H-H20)+
[M+NH4]+
(M-+Nal+
M+H}+
M+H}+
M+K]+
M+HJ+
(M-+Nal+
M+H}+
[M+NH4]+
M+HJ+
[M+KJ+

Category

Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerolipids
Sphingolipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Glycerophospholipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids
Glycerophospholipids
Glycerophospholipids
Sphingolipids

Sterol lipids
Glycerophospholipids
Glycerolipids
Glycerolipids
Glycerophospholipids
Glycerolipids
Glycerophospholipids
Sterol lpids

Sterol lipids
Glycerolipids
Glycerophospholipids
Sterol lipids
Glycerophospholipids
Sterol lipids

*p < 0.05 FogRIIB~/- vs. FogRIIB+/+; #, direction of change in FegRIIB-/- vs. FogRIB+/+.

Intensity (m/z)

FegRIIB-/~

10,111+ 418
11,731 £ 628
4,970 £ 206
67,817 + 2,890
10,818 + 567
12,620 £ 574
42,165 + 1,515
27,108 + 3,887
3,039 + 158
165,910 + 8,168
31,731 £ 1,377
6,852 + 419
9,856 + 490
3,843 + 168
48,051 + 3,026
3,700 + 198
3,947 + 224
5,112 £ 303
5,074 + 383
3,420 + 228
96,567 + 662
25,827 +£2,012
8,387 £ 771
88,434 £ 734
2,241+ 196
12,713 £ 1,050
49,295 + 3,189
25,083 + 1,926
8,319 + 886
2,725 + 147
1,505 + 88
1,028 + 30
30,517 + 3,132
5,334 + 677
24,517 £ 1,557
2,662 + 315
3,230 + 227
6,632 £ 825
3,015+ 70
1,268 + 36
7,846 £ 441
13,306 + 472
30,089 + 1,980
33,834 + 2.081
2,034 £ 132
1,041 £37
4,140 + 380
13,207 £ 302
5,097 + 185

FegRIIB+/+

4,037 + 356
4,683 + 327
1,769 + 266
18,364 + 1,193
4,489 + 396
6,270 + 565
24,175 + 1,674
6,325 + 454
1,690 + 124
65,691 + 2,816
18,167 £ 1,601
2,183+ 166
4,819 £ 221
2371 +94
6,969 + 444
2,262 £ 171
2,396 + 171
2,600 £ 130
2,186 + 95
1,304 + 49
5,593 + 656
12,884 + 1,066
2,498 & 180
4,488 + 754
1,007 £ 81
7,280 £ 513
31,897 + 1,223
13,497 + 430
3,302 + 164
1,957 £173
1,071 £ 98
899+ 18
15,545 £ 797
1,894 + 94
13,190 £ 247
1,439 + 167
2,354 + 184
1,951 £222
5,661 + 40
2,191 £ 61
14,896 + 694
22,673 + 944
71,772 + 4,231
53,084 + 3,034
2,709 + 110
1,293 £ 53
6,764 + 596
15,902 + 649
10,229 + 1,200

p-value*

0.00044
0.00088
0.0009
0.00104
0.00132
0.0014
0.0014
0.00164
0.0031
0.00323
0.00326
0.00345
0.00346
0.00395
0.00465
0.00572
0.00846
0.00668
0.00849
0.00984
0.0101
0.01041
0.01309
0.01441
0.01669
0.02018
0.02097
0.02217
0.02651
0.02885
0.03033
0.03139
0.03438
0.03444
0.03854
0.04069
0.04107
0.04491
0.00004
0.00067
0.00205
0.00327
0.00369
0.00886
0.0183
0.0219
0.02732
0.03638
0.04762
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Symbol Entrez Gone Name. Fold  logi 7
Change  (p-value) ~score

TBX  T-Box Transcription Factor 2 1644 2221 5161
E2F3  E2F Transcription Factor 3 1327 1769 4801
E2F1  E2F Transcription Factor 1 332 17s2 3907
E2F2  E2F Transcription Factor 2 2606 149 2364
MITF  Microphthaimia-assocated 1223 1168 5588
ransaription factor
FOXMI1  Forkhead box protein M1 4139 1104 5488
MYOD'  Myogenic iferentiaton 1 1086 892 245
STAT!  signaltransducer and activator of 4761 759 3953
transcription 1
IRF7  interteron reguatory factor 7 2734 706 4314
IRF1 interferon regulatory factor 1 6 598 8743

*Fold Change: CD38"CO43" of SLE vs CO38"CO43" of HC.
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