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Editorial on the Research Topic 


Pathogenetic mechanism and therapeutic target for inflammation in autoimmune disease


Autoimmune diseases encompass both autoimmune and autoinflammatory conditions, characterized by dysregulated immune responses targeting self-tissues and organs (1). Inflammation is a crucial driver of the pathogenesis of autoimmune diseases, leading to tissue damage and clinical manifestations. Notably, inflammation not only affects specific organs but can also cause systemic injury in various rheumatic disorders, including idiopathic inflammatory myopathies (IIM), inflammatory arthritis, inflammatory bowel disease (IBD), and systemic vasculitis (2–5). In certain instances, hyperinflammation, also known as cytokine storm, can occur, resulting in disastrous outcomes such as macrophage activation syndrome or secondary hemophagocytic lymphohistiocytosis (HLH) in active rheumatic diseases (6). Currently, therapeutic strategies targeting cytokines, signal pathways, or immune cells represent vital options in clinical practice (4, 7–9). Thus, the development of effective treatments for these debilitating conditions critically depends on understanding the underlying pathogenic mechanisms and identifying potential therapeutic interventions.

In this Research Topic, titled “Pathogenetic Mechanisms and Therapeutic Targets for Inflammation in Autoimmune Diseases,” we present a collection of 21 papers exploring various aspects of autoimmune disease inflammation, including genetic contributions, molecular mechanisms and pathogenesis, biomarkers, and therapeutic approaches.

Genetic factors significantly influence autoimmune disease susceptibility and outcomes. Huang et al.‘s analysis reveals genetic correlations and causal relationships between COVID-19 and osteoarthritis, suggesting a shared genetic predisposition and a non-causal impact of osteoarthritis on COVID-19 outcomes.

Several studies delve into the molecular mechanisms of underlying inflammation in autoimmune diseases. Xiang et al. provide a comprehensive summary of the classification, epidemiology, diagnosis, causative factors, pathogenesis, and targeted therapy related to inflammation in common autoimmune diseases, emphasizing the importance of maintaining a balance between autoimmune effects and immunomodulatory responses. Zhao et al. provides insights into the molecular pathogenesis of primary biliary cholangitis and explores the therapeutic benefits of natural products in managing this autoimmune liver disease [doi.org/10.3389/fimmu.2023. 1164202].Acquired bone marrow failure syndromes (BMFS),acquired aplastic anemia (AA) and poor graft function (PGF) after allogeneic stem cell transplantation (alloSCT),can lead to bleeding and infection due to persistent leukopenia and thrombocytopenia. Koldej et al. reported a shared inflammatory immunopathology between AA and PGF in primary patient samples, indicating a diminished state of immunoregulation and immunosurveillance. They proposed investigating novel treatments for acquired BMFS targeting the underlying immune dysregulation to restore and reset patient immunity, potentially leading to a cure for the condition.

Using single-cell RNA sequencing (scRNA-seq) data from peripheral blood mononuclear cells and histological staining, Zong et al. identify the high abundance of pro-inflammatory M1 macrophages and metabolic reprogramming of macrophages, highlighting potential targets for intervention. Similarly, Liu et al. report an increased level of CXCR5+TIM-3-PD-1+ stem cell-like T cells in chronic rhinosinusitis (CRS), suggesting that inducing CXCR5+TIM-3-PD-1+ T cell exhaustion could serve as an effective immunotherapy for CRS. Shao et al. elucidate the molecular mechanisms of pruritus in prurigo nodularis and propose potential therapeutic strategies based on their findings. Additionally, Fang et al. explore the role of DKK-1, a Wnt signaling antagonist, in the pathogenesis of ankylosing spondylitis through meta-analysis and Mendelian randomization, concluding no significant change in serum DKK-1 concentration between AS patients and healthy controls. Furthermore, Sandoval et al. demonstrate that activation of the aryl hydrocarbon receptor inhibits neuropilin-1 upregulation on IL-2-responding CD4+ T cells, highlighting a novel mechanism by which the aryl hydrocarbon receptor modulates effector CD4+ T cell responses.

Pattern recognition receptors (PRRs), such as toll-like receptors, are essential components of the innate immune system and are crucial for pathogen recognition in inflammation. Stierschneider and Wiesner provide an overview of the structure, function, and signaling pathways of TLR4, emphasizing its fundamental role in endothelial cells under physiological and inflammatory conditions, along with advances in TLR4 modulation strategies. Kulshrestha et al. assess the role of the alternative complement pathway in the pathogenesis of non-infectious uveitis. They measured complement components like C3b, factor B, and CFH as well as aqueous humor in patients with infectious and non-infectious uveitis as well as non-inflammatory controls, providing evidence implicating CFH and the activation of the alternative complement pathway in the pathophysiology of this condition.

A wide range of autoantibodies (Abs) are present in individuals with autoimmune diseases, exerting detrimental effects. Integral membrane proteins that are functionally active against G protein-coupled receptors (GPCRs) are most prevalent in SSc. Akbarzadeh et al. compile the effects of Abs directed against G protein-coupled receptors in systemic sclerosis (SSc), highlighting the pathophysiological role of these Abs and their potential implications for therapeutic development. Zhong et al. review the development of research on CH25H which is a protein to control lipid metabolism and immune cell function in intestinal immunity, aiming to identify early targets for the diagnosis and treatment of inflammatory bowel disease (IBD). Mangoni et al. investigate the role of the kynurenine pathway of tryptophan metabolism in the regulation of immune function and inflammation. They suggested significant alterations in significant alterations in tryptophan, kynurenine, 3-hydroxykynurenine, and quinolinic acid concentrations in rheumatic disease patients.

The association between alterations in gut microbiota and the etiology of human diseases has led to its emergence as a promising target for pharmacological modulation. Fan et al. review the advances in utilizing gut microbiota in enhancing the treatment efficacy of disease-modifying anti-rheumatic drugs in rheumatoid arthritis.

The authors also explore emerging biomarkers of autoimmune diseases. Huang et al. investigate differentially expressed genes (DEGs) between atherosclerosis (AS) and ulcerative colitis (UC), identifying protein tyrosine phosphatase, receptor type, C (PTPRC) as a key biomarker for the comorbidity of UC and AS, associated with dysregulated immunological and inflammatory responses. Li et al. identify metabolic markers of chronic obstructive pulmonary disease (COPD) using metabolomics and lipidomics in three different traditional Chinese medicine (TCM) patterns, highlighting potential targets for intervention. Research on specific biomarkers for lupus nephritis (LN) is ongoing. Yung and Chan review the correlation of components of the glycocalyx with disease activity in LN, suggesting their potential utility in diagnosis and prognostication.

The Research Topic also includes a study of novel treatment modality targeting inflammation and immune responses in autoimmune diseases. Zhao et al. assess the efficacy of Oridonin (ORI) in acute lung injury using Monoclonal antibody anti-CD31 antibody-conjugated nanoparticles (ACNPs) as a new nanodrug delivery system. They found that anti-CD31- ORI -NPs penetrated endothelial cell barriers and specifically accumulate in lung tissues at least three times compared to free ORI, offering a promising therapeutic strategy with high efficacy and low toxicity.

In addition, this Research Topic features two case reports. Yu et al. report a case of Kikuchi-Fujimoto disease, an inflammatory disorder related to viral infection, while Zhang et al. presents a case of systemic lupus erythematosus (SLE) and systemic sclerosis (SS) overlap syndrome presenting with epilepsy due to SRC-Hypertensive Encephalopathy-induced Posterior Reversible Encephalopathy Syndrome (PRES).

We are stepping into a new era in which we move beyond the traditional disease definition based solely on phenotype, instead incorporating the immunol phenotype and genotype, which might aid in treating diseases with greater precision and effectiveness. The papers in this Research Topic provide valuable insights into the complex interplay among the immune system, genetic factors, environmental triggers, and target tissues in the development and progression of autoimmune diseases. We hope that these findings will inspire further research and collaboration in the field of autoimmune disease inflammation, ultimately leading to more effective treatments for these challenging conditions.
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Introdcution

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are major causes of COVID-19 mortality. However, drug delivery to lung tissues is impeded by endothelial cell barriers, limiting the efficacy of existing treatments. A prompt and aggressive treatment strategy is therefore necessary.





Methods

We assessed the ability of anti-CD31-ORI-NPs to penetrate endothelial cell barriers and specifically accumulate in lung tissues using an animal model. We also compared the efficacy of anti-CD31-ORI-NPs to that of free oridonin in ameliorating acute lung injury and evaluated the cytotoxicity of both treatments on endothelial cells.





Results

Compared to free ORI, the amount of anti-CD31-ORI-NPs accumulated in lung tissues increase at least three times. Accordingly, anti-CD31-ORI-NPs improve the efficacy three times on suppressing IL-6 and TNF-a secretion, ROS production, eventually ameliorating acute lung injury in animal model. Importantly, anti-CD31-ORI-NPs significantly decrease the cytotoxicity at least two times than free oridonin on endothelial cells.





Discussion

Our results from this study will not only offer a novel therapeutic strategy with high efficacy and low toxicity, but also provide the rational design of nanomaterials of a potential drug for acute lung injury therapy.





Keywords: acute lung injury, COVID-19, CD31, Keap1, oridonin, nanoparticles




1 Introduction

The main mortality of hospitalized COVID-19 patients is attributed to acute viral pneumonia that causes acute lung injury (ALI) as well as the serious form, acute respiratory distress syndrome (ARDS) (1). The mortality rate from COVID-19-associated ALI/ARDS can approach 40% to 50%(2, 3).

Lungs contain 20% - 25% of the body’s entire endothelial surface which forms barrier to impede the drug delivery to the lung tissues (4). Hence, satisfactory efficacy could not be attained. Therefore, a specific treatment strategy with high efficacy and low toxicity is highly desired to treat ALI/ARDS.

Patients with ALI and ARDS exhibited substantially elevated IL-6 levels and ROS both in the blood and in the lungs (5, 6). Kelch-like ECH-associated protein 1 (Keap1) manipulates nuclear factor erythoid-2 related factor 2 (Nrf2), which is an important signaling pathway that regulates comprehensive antioxidant genes to mediate inhibitory effects on the production of ROS and proinflammatory cytokines, such as IL-6 and TNF-α (7, 8).

Oridonin (ORI) is the main active ingredient of the traditional Chinese medicine Rabdosia rubescens and has been approved to treat inflammatory diseases (9, 10). ORI has been reported to treat ALI by activating Nrf2 signaling (11), but it cannot effectively be accumulated in lung tissues, which limits its therapeutic effect for ALI/ARDS treatment. However, the molecular target of ORI has not been identified, and therefore, ongoing challenges, including target specificity, bioavailability and safety, restrain its development and clinical application.

Monoclonal antibody-conjugated nanoparticles (ACNPs) are a new nanodrug delivery system (DDS) that uses antibody-conjugated nanoparticles (NPs) to encapsulate drugs (12). Compared with traditional drugs, ACNPs quickly accumulate at the target site with strong specificity and few adverse events to provide a better therapeutic effect (13, 14). Some ACNPs are now reaching clinical evaluation for cancer treatment (15). Taking advantage of specific targets and controlled release, this delivery system shows potential for improving the therapeutic efficacy and reducing the toxicities of ORI in the treatment of ALI/ARDS (16, 17). However, ACNPs have not been well investigated in applications to treat the disease.

The pulmonary endothelium is a crucial orchestrator and modulator of ALI/ADRS, and serious endothelial injury in the company of intracellular virus and disturbed cell membranes is exhibited in the disease (8, 18). CD31 is predominantly localized on endothelial cells, and endothelial cells guide neutrophil migration to aggravate ALI/ARDS via the CD31-CD31 interaction because CD31 is also expressed on the surface of neutrophils (19). Hence, targeting CD31 could not only specifically carry drugs to lung tissues but also block the interaction between endothelial cells and neutrophils, eventually preventing neutrophil migration and infiltration to alleviate ALI/ARDS. Therefore, developing a novel targeted delivery system of ACNPS for the treatment of ALI/ARDS is promising.

In the current study, we identified Keap1 as the molecular target of ORI for the first time. We then encapsulated ORI in polyethylene glycol-polylactic acid-coglycolic acid (PEG-PLGA) to form ORI-NPs and further conjugated anti-CD31 antibodies to construct anti-CD31-ORI-NPs, a novel ACNP for the treatment of ALI/ARDS. Our results demonstrated that anti-CD31-ORI-NPs targeting CD31 selectively accumulate in the endothelial cells of lung tissues where ORI-NPs release and bind to Keap1 and in turn activate Nrf2 signaling to suppress ROS generation and IL-6 expression, eventually to treat ALI/ARDS with high efficacy and low toxicity.




2 Materials and methods



2.1 Reagents

Oridonin (> 98%) was purchased from ToYongBio (Shanghai, China). Poly(D,L-lactide-coglycolide)-b-poly(ethylene glycol)-carboxylic acid (5 k - 20 k) was purchased from Xi’an Qiyue Biology (Xi’an, Shanxi Province, China). Coumarin 6 (98%), Evans blue dye (≥ 75%), formamide, lipopolysaccharides (LPS, Escherichia coli O55:B5 in vivo and Escherichia coli O111:B4 in vitro), dichloromethane (DCM), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide (NHS), hexadecyltrimethylammonium bromide (HTAB, ≥ 98%), O-dianisidine dihydrochloride (O-DHC) and PVA (1%, w/w) were purchased from Sigma-Aldrich (St. Louis, MO, USA). MES hydrate (99+%) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Purified anti-mouse CD31 antibody was purchased from Biolegend (San Diego, CA, USA). Primary antibodies against VE-cadherin, Nrf2, HO-1, Keap-1, p62, and β-actin and siRNA p62 were purchased from Cell Signaling Technology (Boston, MA, USA). Phalloidin was purchased from Cytoskeleton, Inc. (Denver, CO, USA). Fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) were purchased from Abcam (Cambridge, UK).




2.2 Cell culture and animals

Primary human umbilical vein endothelial cells (HUVECs) were purchased from FuHeng Biology (Shanghai, China). HUVECs were cultured in endothelial cell medium (ECM, ScienCell Research Laboratories, Carlsbad, CA, USA) with 5% fetal bovine serum (FBS, ScienCell), containing 1% endothelial cell growth supplement (ECGS, ScienCell) and 1% penicillin/streptomycin solution (P/S, ScienCell). The cells were subcultured twice a week and incubated in a 5% CO2 humidified incubator at 37 °C. For all experiments, HUVECs were used for no more than eight passages.

C57BL/6 mice (8-10 weeks, 24-30 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., (Beijing, China) and cultivated in the State Key Laboratory of Quality Research in Chinese Medicine of Macau University of Science and Technology. All animal experiments were performed in accordance with Macau University of Science and Technology regulations, and the animal studies were supervised and approved by the Ethics Committee for Animal Studies at the Macau University of Science and Technology.




2.3 Binding affinity assay

For analysis of the binding kinetics of compounds on the recombinant proteins, biotinylation of recombinant human Keap1 protein was performed using EZ-Link™ NHS-LC-LC-Biotin according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Biotinylated protein was immobilized on the streptavidin biosensor at a concentration of 6 ng μL-1 by incubating in phosphate-buffered saline (PBS) overnight at 4°C. ORI was dissolved in 10% DMSO-PBS solution, and different concentrations were prepared by serial dilution. ORI was incubated with biotinylated recombinant protein at different concentrations, and the binding affinity assay was analyzed by an Octet RED96 instrument (ForteBio, Fremont, CA, USA). The collected data were analyzed using custom ForteBio software.




2.4 Preparation of ORI-loaded PLGA-PEG nanoparticles

ORI-NPs were produced by emulsification and evaporation methods as previously described (20). Briefly, an oil phase emulsion was formed by dissolving 20 mg ORI and 60 mg PLGA or PLGA-PEG in 5 mL DCM and sonicated on ice for 3 min. Next, 20 mL of PVA (1%, w/w) was then mixed with the oil phase emulsification and ultrasonicated for an additional 3 min to form an aqueous phase emulsification. Finally, this aqueous phase emulsification was added dropwise to 60 mL of water and stirred for 6 hours to allow the DCM to evaporate resulting in the hardening of the NPs. Finally, ORI-NPs were gathered by centrifugation at 8,500 rpm for 30 min and rinsed 3 times with water. The concentrations of ORI-NPs were measured by UV-Vis Spectrophotometers (UV-2700, Shimadzu Corp., Japan) at 247 nm. Alternatively, ORI was replaced with coumarin-6 (C6), which was added to the PLGA or PLGA-PEG mixture. The concentration of NPs was determined at 460 nm with SpectraMax Paradigm Multimode Microplate Reader (Molecular Devices, San Jose, CA, USA).




2.5 Preparation of anti-CD31 antibody-conjugated PLGA-PEG nanoparticles

Antibody-conjugated PLGA-PEG NPs were generated via NHS/EDC-mediated COOH-NH2 coupling (21, 22). For activation of NPs, ORI-NPs were resuspended in 295 μL of 1 M MES (pH 5.5) under mild vortexing and allowed to equilibrate for 5 min. Then, 295 μL of EDC and NHS were instantly added to the NP solution at 100 mg mL-1 under mild vortexing. The activated NPs were then gathered by centrifugation for 10 min at 20,000 g to remove excess EDC and NHS. Moreover, 75 μL of MES (1 M, pH 5.5) was added to anti-CD31 antibodies or anti-IgG antibodies under mild vortexing. Then, NPs were resuspended in 50 μL of MES (50 mM, pH 5.5) using sonication and gently mixed with antibody solution. NPs and antibody solution were then mixed by vigorous vortexing for 1 hour, and the coupling reaction was terminated with 100 μL of Tris (1 M, pH 8.0). The antibody-conjugated NPs were centrifuged for 10 min at 20,000 g and resuspended in PBS. The NP concentration was determined by UV-Vis spectrophotometry.




2.6 Characterization of NPs

The Z-average size and zeta potential with the polydispersity index (PDI) of NPs were assessed by dynamic laser scattering (Zetasizer Nano ZS, Malvern Instruments, Malvern, UK) (23). The morphology of NPs was imagined by scanning electron microscopy (SEM, SU8020 FE-SEM, HITACHI, Ltd, Chiyoda City, Tokyo, Japan).




2.7 ORI entrapment efficiency

The ORI entrapment efficiency of NPs was measured by UV-Vis spectrophotometry. Briefly, the first supernatants of nanoparticles after centrifuge were collected and the amount of free drug were measured by UV-Vis spectrophotometer under 247 nm. The efficiency of drug entrapment was calculated using the following equation:

	




2.8 Antibody conjugation efficiency

Antibody conjugation efficiency was evaluated by directly calculating the antibody on NPs using the Bradford protein assay (Bio-Rad, Hercules, CA). Briefly, the antibody-bound NPs were centrifuged at 8,500 rpm for 10 min, and the supernatant was saved to measure protein content. Antibody conjugation efficiency was evaluated using the following equation:

	




2.9 Evaluation of ORI release from NPs in vitro

ORI release was estimated in vitro using the dialysis method as previously described (24). Briefly, dialysis bags with 1,000 Da molecular weight cut-off containing 1 mg ORI-NPs were placed in a water bath of 20 mL PBS (pH 7.4) and incubated at 37°C. At various time points, 1 mL of receiving buffer was collected and supplemented with 1 mL of PBS. The amount of ORI release from the dialysis bag into PBS was calculated by UV-Vis spectrophotometry as previously described (25).




2.10 Cellular uptake

HUVECs (5 × 104 cells per well) were seeded in 24-well plates. Cells were cultured with anti-CD31-conjugated C6-NPs or anti-IgG-conjugated C6-NPs for the indicated time points and then rinsed 3 times in PBS to remove extra NPs. Cellular uptake of NPs was visualized using fluorescence microscopy (Olympus, Japan; Ex = 466 nm, Em = 504 nm).




2.11 Cell cytotoxicity assay

The cytotoxicity of NPs, free ORI, ORI-NPs or anti-CD31-ORI-NPs was evaluated using the MTT assay. Briefly, HUVECs (5 × 103 per well) were cultured in 96-well plates and incubated overnight to obtain 80% confluence. After incubation with the indicated drug at various concentrations for 24 hours, 10 μL MTT solution per well (5 mg mL-1) was added. After another 4 hours incubation, the supernatants were aspirated out and replaced with 100 μL of DMSO. The absorbance was evaluated at 490 nm with a microplate reader. The IC50 value was calculated by GraphPad Prism software.

	




2.12 Murine model of LPS-induced ALI

The LPS-induced acute lung injury (ALI) model was established according to previously described methods (26). Briefly, after pretreatment with the indicated drugs by intravenous injection for 1 hour, the mice were intratracheally injected with 2.5 mg kg-1 LPS in saline and sacrificed in 12 hours. Tissue and blood were gathered and stored at -80°C.




2.13 In vivo NPs distribution study

LPS was intratracheally injected into C57BL/6 mice after pretreatment with the indicated drugs for 1 hour. The mice were sacrificed, and all the organs were collected after 6 hours. NP distribution was imaged using the fluorescence mode of the In Vivo Imaging Systems (IVIS, PerkinElmer, Inc., Waltham, MA, USA) (Ex = 460 nm, Em = 530 nm).




2.14 Vascular permeability assay

For determination of vascular permeability, an Evans blue dye extravasation assay was performed as previously described (27). Briefly, Evans blue (20 mg kg-1) was injected retro-orbitally into mice 30 min before scarification. Lungs were perfused free of blood and weighed. For quantification of the results, the lung tissues were homogenized in formamide and incubated at 56°C for over 18 hours. Homogenates were centrifuged at 14,000 rpm for 30 min, and supernatants were measured at 620 nm and 740 nm in spectrophotometer. The results are presented as microgram of EB dye per gram of lung tissue.




2.15 Myeloperoxidase assay

Myeloperoxidase (MPO) activity was assessed as previously described (28). Briefly, lung tissues were harvested after perfusion with sterile saline and then homogenized by a mechanical homogenizer in ice-cold 50 mM phosphate buffer (PB). Homogenates were then centrifuged at 14,000 rpm at 4°C and washed with PB. Pellets were resuspended in 500 μL of HTAB solution and freeze at -80°C for 30 min. After thawing in a 37°C water bath for 1 min, the mixtures were centrifuged at 14,000 rpm for another 10 min. Supernatants were quickly combined with PB (50 mM), 0.015% H2O2 solution and O-DHC for 5 seconds. Absorbance was assessed at 460 nm for 3 min using a DU 700 Series UV/Vis Spectrophotometer (Beckman Coulter, Brea, CA, USA). The results are presented as △OD460/min/g tissue.




2.16 Immunohistochemistry and immunocytochemistry

For histological analysis, lung tissues were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin. Paraffin sections (10 μm) were then stained with hematoxylin and eosin (H&E) to analyze inflammatory cell infiltration under a microscope (Leica DM2500, Wetzlar, Germany).

For immunohistochemistry analysis, lung tissue sections (10 μm) were fixed with 4% PFA for 20 min, permeabilized using 0.1% Triton X-100, and blocked with 5% BSA. Primary antibodies (1:500) were incubated with sections at 4°C overnight. The sections were then washed in PBS with 0.1% Tween 20 solution (PBST) five times and incubated with fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) for 2 hours in dark. After washing with PBST and staining with DAPI, slides were mounted, and images were captured using a confocal fluorescence microscopy system (Leica TCS SP8, Wetzlar, Germany).

For immunocytochemistry analysis, HUVECs were seeded on coverslips overnight. After the treatment, the cells were stimulated with LPS. The cells were incubated for 24 hours, followed by 4% PFA fixation for 20 min. The HUVECs were permeabilized and stained with the indicated primary antibodies at 4°C overnight. The cells were incubated with fluorescence-conjugated secondary antibodies (Alexa Fluor® 488) for 2 hours, followed by incubation with phalloidin and DAPI for 15 min. Finally, cytoskeleton and protein expression were visualized by a confocal fluorescence microscopy system.




2.17 Quantitative real-time PCR analysis

Quantitative real-time PCR was employed to determine mRNA expression. The lung total RNA was isolated with TRIzol reagent. Reverse transcription reactions were performed using Transcriptor First Strand cDNA Synthesis Kit (Roche, Inc., Basel, Switzerland). Quantitative real-time PCR analysis was conducted using real-time PCR ViiATM7 with SYBR Green master mix kit (Roche).




2.18 Determination of ROS production

Cell intracellular ROS was measured using DCFH-DA ROS Assay Kit according to the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO, USA). Briefly, HUVECs (3 × 105 per well) were seeded in 6-well plates and were treated with compounds for 1 hour. LPS was then added to cells and incubated for 24 hours. For the assessment of ROS, after wash the cells with PBS, DCFH-DA (10 μM) was added into the cells and incubated for 30 min at 37 °C. Cells were collected and free DCFH-DA was removed. The ROS level was examined using a flow cytometer (BD FACS Aria, Franklin Lakes, NJ, USA).

For determination of ROS production in the lung, LPS-induced ALI mice models were treated with the indicated drugs for 24 hours. Lung samples were collected, ground in culture medium and isolated using a 40 μm cell strainer (Corning, Corning, NY, USA). Samples were rinsed with PBS three times and incubated with DCFH-DA at 37 °C. ROS level were analyzed using a flow cytometer.




2.19 Western blot and ELISAs

Western blotting was conducted according to previously described (29). Briefly, cells or tissue were lysed with RIPA lysis buffer and incubated on ice for 30 min After centrifugation, the supernatant of lysates were transferred to new tubes, and concentrations of protein were determined by BCA assay kit. Proteins were analyzed by SDS gel electrophoresis and transferred to a nitrocellulose (NC) membrane. After blocking with 5% nonfat milk or 3% BSA, the membrane was incubated with indicated primary antibodies overnight at 4 °C and secondary HRP-linked antibody for 1 hour. Blots were visualized by chemiluminescent substrate.

The expression of IL-6 in the cell supernatant was assessed using a Human Interleukin-6 (IL-6) ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions.




2.20 Statistical analysis

Multiple comparisons were performed using ANOVA using GraphPad Prism software. Values of p< 0.05 were considered to be statistically significant. All values are the mean ± standard error of the mean (S.E.M).





3 Results



3.1 Keap1 is the molecular targets of ORI to mediate anti-inflammatory effect

It was reported that ORI treated ALI and ARDS via activation of Nrf2 antioxidant signaling. To better understand the molecular target of ORI that mediated its antioxidant and anti-inflammatory effects, we performed a binding assay and demonstrated that Keap1 is the molecular target of ORI (Figure 1A). Accordingly, ORI binding to Keap1 mediated an inhibitory effect on the cytokines expression and ROS production by inducing Nrf2 nuclear localization and Nrf2-p62 signaling activation in primary HUVECs, a commonly used primary endothelial cell line for in vitro studies (Figures 1B, C; Supplementary Figure 1). Hence, we knocked down p62 by siRNA, and the results demonstrated that the ORI-mediated enhancement of Nrf2 accumulation was abolished in the cells (Figure 1D) and the inhibitory effect of ORI on ROS generation was prevented (Figures 1E, F). In line with the in vitro results, ORI inhibited ROS production, improved blood vessel permeability and suppressed proinflammatory cytokine expression both in tissue and BALF to alleviate ALI in the animal model (Supplementary Figure 2). These results indicated that ORI activated Nrf2-p62 signaling to inhibit inflammation of endothelial cells by binding to Keap1.




Figure 1 | Keap1 is the molecular targets of ORI to mediate anti-inflammatory effect. (A) The interaction between Keap1(PDB 1U6D) and ORI was determined by binding affinity assay. (B) After the pretreatment with 2 μg mL-1 ORI, HUVECs were stimulated with 1 μg mL-1 LPS. Nrf2 nucleus localization was determined by immunohistochemistry. The arrow showed the Nrf2 accumulation. Bars: 50 μm. (C) After the pretreatment with ORI at indicated concentrations, HUVECs were then stimulated with 1 μg mL-1 LPS for 24 hours. Protein expression of Nrf2, Keap1, p62, HO-1 and β-actin were analyzed by Western blot analysis. (D) HUVECs were transiently transfected with p62 siRNA or control siRNA for 24 hours. After the pretreatment with 2 μg mL-1 ORI for 1 hour, the HUVECs were stimulated with 1 μg mL-1 LPS. The protein expression of Nrf2, p62, HO-1 and β-actin were analyzed by Western blot. (E, F) ROS production was measured by flow cytometry. Data were representative three independent experiments and expressed as mean ± S.E.M. *p< 0.05, **p< 0.01, compared to the LPS-stimulated group.






3.2 Preparation and characterization of anti-CD31-ORI-NPs

To increase the ORI bioavailability and solubility, we applied emulsion-solvent evaporation method to assemble NPs composed of ORI and PLGA (ORI-PLGA-NPs) or PLGA-PEG-block copolymers (ORI-PLGA-PEG NPs, also termed ORI-NPs) (Figure 2A). We found that ORI-PLGA-NPs were obviously aggregated and that the solubility was significantly reduced compared to ORI-NPs, indicating PEG decoration improve the stability and dispersibility of the ORI-PLGA-NPs (Supplementary Figure 3A).




Figure 2 | The characterization of NPs. (A) The preparation procedures of anti-CD31-ORI-NPs. (B) The morphology of NPs was observed by scanning electron microscopy. Bars:1μm. (C) The NPs size was detected by dynamic laser scattering. (D) In vitro release of ORI from various NPs were determined by UV spectrophotometers.



Because spherical NPs were more easily internalized by cells than irregular shapes (30), we applied SEM to analyze the morphology of the ORI-NPs. As shown in Figure 2B and Supplementary Figure 3B, the ORI-NPs exhibited small, smooth and spherical particles, suggesting that ORI-NPs can more easily penetrate cells than free ORI.

It was known that CD31 is highly expressed on endothelial cells (31). To increase the targeting of ORI-NPs to the epithelia of lung tissues, we conjugated such NPs to an anti-CD31 antibody (anti-CD31-ORI-NPs) via covalent coupling to terminal COOH end groups on PEG. After analyzing the correlation between conjugation efficiency and antibody concentration, we found that 0.5 mg mL-1 was the optimal antibody conjugation concentration to achieve the highest antibody loading (Supplementary Table 1).

To indicate the cellular uptake efficiency and dispersion with or without anti-CD31 modification, we examined the particle size and polydispersity index (PDI) of the NPs. The results demonstrated that the size and PDI of ORI-NPs were slightly larger than those of NPs. However, there was no significant difference between anti-CD31-ORI-NPs and ORI-NPs regarding the size, PDI and absolute value of zeta potentials (Figure 2C; Table 1). We then observed the location of NPs by confocal fluorescence microscopy. The results demonstrated that the NPs accumulated in the HUVECs in a time-dependent manner and attained a peak at 6h (Supplementary Figure 4). Moreover, anti-CD31 antibody modification could not affect the ORI release (Figure 2D).


Table 1 | Characterization of the NPs.






3.3 Anti-CD31-ORI-NPs significantly enhanced anti-inflammatory effect of ORI via targeting to the endothelial cells

To evaluate the targeting ability of anti-CD31 antibody-carrying NPs, we employed the fluorescent dye coumarin 6 (C6) instead of ORI to prepare the NPs and conjugated them to either an anti-CD31 antibody (anti-CD31-C6-NPs) or an anti-IgG antibody (anti-IgG-C6-NPs), and the NPs were then incubated with HUVECs (Figure 3A). The results of fluorescence microscopy clearly demonstrated that anti-CD31-C6-NPs obviously accumulated in the cells compared to anti-IgG-C6-NPs (Figures 3B, C), indicating that anti-CD31 modification facilitated the cellular uptake capacity of the NPs.




Figure 3 | Anti-CD31-ORI-NPs enhanced anti-inflammatory effect of ORI via targeting to the endothelial cells (A) HUVECs were pretreated with 2 μg mL-1 blank NPs, ORI, ORI-NPs, anti-CD31-C6-NPs or anti-IgG-C6-NPs. (B, C) Cellular uptake of anti-CD31-C6-NPs and anti-IgG-C6-NPs in HUVECs was observed by fluorescence microscopy. The fluorescence intensity was analyzed and quantified. Bars: 1 mm. ***p< 0.001, compared to anti-IgG-C6-NPs group. (D) HUVECs were incubated with indicated treatments for 24 hours. The cytotoxicity was analyzed by MTT assay. *** p< 0.001, compared to the ORI treatment group. (E–G) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on ROS and IL-6 production. HUVECs were pretreated with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, and then stimulated with 1 μg mL-1 LPS. ROS and IL-6 production was evaluated by flow cytometry and ELISA, respectively. *p< 0.05, **p< 0.01 and ***p< 0.001, compared to the LPS-stimulated group. Data were representative three independent experiments and expressed as mean ± S.E.M.



The toxicity of NPs is a major challenge and cannot be ignored for further clinical application. Our results demonstrated that the IC50 was 10 μg mL-1 for anti-CD31-modified and unmodified ORI-NPs, while the IC50 of free ORI was 4.2 μg mL-1 (Figure 3D). These results indicated that anti-CD31 conjugation effectively enhanced the binding ability of NPs to endothelial cells but decreased the cytotoxicity compared to that of ORI. Accordingly, 2 μg mL-1 ORI, ORI-NPs, and anti-CD31-ORI-NPs were applied in the following study to evaluate the effect on cells.

We then determined the inhibitory effect of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on ROS production and IL-6 secretion. The results showed that anti-CD31-ORI-NPs possessed the strongest ability to reduce the intercellular ROS level and IL-6 secretion in endothelial cells compared to ORI and ORI-NPs (Figures 3E–G).

Filamentous actin (F-actin) and vascular endothelial cadherins (VE-cadherins) play an essential role in regulating endothelial barrier function, and the is significantly increased in endothelial cells. Under inflammatory conditions, depolymerization of F-actin and disruption of VE-cadherin adhesion lead to an increase in endothelial permeability (32). As shown in Figures 4A, B, we found that ORI-NPs and anti-CD31-ORI-NPs greatly restored F-actin polymerization and VE-cadherin expression, indicating that both ORI-NPs and anti-CD31-ORI-NPs have the potential to recover LPS-induced endothelial injury.




Figure 4 | Anti-CD31-ORI-NPs recover LPS-induced endothelial injury (A, B) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on cellular adhesion adjacent. After the pretreatment with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, HUVECs were stimulated with 1 μg mL-1 LPS. The expression of F-actin and VE-Cadherin were analyzed by confocal fluorescence microscopy. (C) The effects of NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs on Nrf2 nuclear localization. After the pretreatment with 2 μg mL-1 NPs, ORI, ORI-NPs, anti-CD31-ORI-NPs, HUVECs were stimulated with 1 μg mL-1 LPS. Nrf2 expression were reflected under confocal fluorescence microscopy. The arrow showed the Nrf2 accumulation. Bars: 50 μm. The nucleus was stained with DAPI (blue), and cytoskeleton was stained with phalloidin (red). F-actin, VE-Cadherin expression and Nrf2 localization were exhibited by the antibody of F-actin, VE-Cadherin or Nrf2 with fluorescence-conjugated secondary antibodies (green). (D) The cell extracts were prepared to determine the expression of Nrf2, p62, HO-1 and β-actin by western blot. Data were representative three independent experiments.



Because Keap1 is the molecular target of ORI. we then investigated whether the anti-inflammatory effects of the NPs resulted from activation of Nrf2 signaling. As our expectation, we found anti-CD31-ORI-NPs obviously increased Nrf2 accumulation and nuclear localization, p62 and HO-1 expression in the cells compared to ORI and ORI-NPs (Figures 4C, D).




3.4 Anti-CD31-ORI-NPs selectively accumulated in the lung tissues

To further validate whether the anti-CD31 antibody conjugation could specifically accumulating the NPs in the lung tissues, we then employed an in vivo imaging system (IVIS) to observe the specificity and accumulation of the NPs in the different organs with or without anti-CD31 antibody modification (Figure 5A). Consistent with in vitro results, the fluorescence of anti-CD31-modified NPs was significantly and specifically concentrated in lung tissues compared with that of C6-NPs and anti-IgG-C6-NPs both at 3h and 6h treatment (Figures 5B–D, Supplementary Figure 5A). However, C6-PLGA-NP distribution in the lung tissues was obviously decreased compared to that of C6-NPs (Supplementary Figure 5B). These results suggested that PEG is the key component of the system to improve the solubility and delivery efficiency and targeting CD31 remarkably facilitated the NPs distributing in lung tissues.




Figure 5 | Anti-CD31-ORI-NPs selectively accumulated in the lung tissues. (A) C57BL/6 mice (n=3) were intravenously injected with 5 mg kg-1 NPs (Control), C6-NPs, anti-IgG-C6-NPs or anti-CD31-C6-NPs, respectively. The mice organs were collected for fluorescence examination by IVIS after 6 hours. (B) The NPs biodistribution was analyzed by in vivo imaging system to calculate the fluorescence intensity. (C, D) The fluorescence intensity of lung tissue sections was examined and quantified. Representative fluorescence image of C6 (green) distribution in lung tissue. DAPI (blue) counterstains cell nucleus. Bars: 50 μm. Data were expressed as mean ± S.E.M. ****p< 0.0001, compared to the C6-NPs group.






3.5 Anti-CD31-ORI-NPs increases the anti-inflammatory effect to treat ALI in vivo via selectively accumulated in the lung tissues

Since anti-CD31-ORI-NPs mainly accumulated in lung tissues by targeting CD31, we determined whether intensive treatment could be provided in ALI mouse model (Figure 6A). In coincided with the results, ORI, ORI-NPs and anti-CD31-ORI-NPs inhibited neutrophil infiltration and increased VE-cadherin expression level in lung sections derived from the mice with ALI. Among of the treatments, anti-CD31-ORI-NPs showed the strongest ability to inhibit the inflammation and restore the level of ZO-1, Occludin and VE-Cadherin expression (Figures 6B, C; Supplementary Figure 6A).




Figure 6 | Anti-CD31-ORI-NPs increases the anti-inflammatory effect to treat ALI in vivo via selectively accumulated in the lung tissues. (A) C57BL/6 mice (n=10) were intravenously injected 5 mg kg-1 NPs, ORI, ORI-NPs and anti-CD31-ORI-NPs for 1 hour, respectively. Mice were then intratracheally injected with 2.5 mg kg-1 LPS. Mice were sacrificed and the tissues were collected. (B) Representative histological section of the lungs was stained with hematoxylin and eosin. Bars: 100 μm. Magnification × 200. (C) The sections of lung tissues were prepared to determine the expression level of VE-cadherin with fluorescence-conjugated secondary antibodies (green). DAPI (blue) counterstains cell nucleus. Bars: 50 μm. (D, E) The pulmonary vascular permeability of lung tissues was evaluated and quantified by Evans blue extravasation assay. (F) The wet-to-dry ratios of lungs derived from different treatment groups were calculated. (G) The neutrophil migration and infiltration were determined by measuring MPO activity. (H)The protein concentration in BALF was quantified using Bradford protein assay. (I, J) The secretion of IL-6 and TNF-α in BALF were determined by ELISA. (K, L) The mRNA expression of IL-6 and TNF-α in lungs was quantified by QRT-PCR. (M) ROS production in the lung tissues was analyzed by flow cytometry. (N) The expression of Nrf2, p62, HO-1, and β-actin in the lung tissues with indicated treatments were examined by western blot. Data were expressed as mean ± S.E.M. *p< 0.05, **p< 0.01, ***p< 0.001 and ****p< 0.0001, compared to the LPS-stimulated group.



Under physiological conditions, the endothelium is impermeable to albumin. In acute lung injury, vascular endothelial cells were damaged resulting in the increase of capillary permeability, and fluids from capillaries leak into the interstitial space and the alveoli, causing pulmonary edema and filling with protein-rich edema fluid. Evans blue, which can bind serum albumin, was used to test blood vessel permeability.(33) In the study, we found that anti-CD31-ORI-NPs remarkably recovered the permeability in the lung tissues compared to unmodified ORI-NPs, although ORI-NPs demonstrated obvious restoration of the permeability compared to ORI (Figures 6D, E). Consistent with the results, the wet/dry ratio from the lung tissues with the indicated treatments showed the same trend (Figure 6F). Neutrophil migration and infiltration are usually assessed by myeloperoxidase (MPO) assays and associated with NET formation, one of the features of ALI/ARDS in COVID-19 patients. Our results demonstrated that MPO activity could be significantly attenuated by anti-CD31-ORI-NPs, which was better than ORI or ORI-NPs (Figure 6G).

To further validate that the effect of anti-CD31-NPs-ORI on the mice with ALI resulted from inhibition of ROS release and cytokines production, we examined ROS generation, mRNA expression and secretion of IL-6 and TNF-α. The results showed that ROS levels and IL-6 expression were suppressed in the lung tissues of the treated groups compared to the LPS-stimulated group. TNF-α expression was also obviously suppressed by ORI-NPs and anti-CD31-ORI-NPs. Remarkably, the anti-CD31-ORI-NP treatment was the best among the indicated treatments (Figures 6H–M; Supplementary Figure 6B). H&E results demonstrated that the NPs have no influence on the morphology of the kidney and liver, indicating the NPs did not exhibit significant toxicity on the tissues (Supplementary Figure 7).

These results demonstrated that anti-CD31-ORI-NPs improved the efficacy at least three times compared with free ORI to ameliorate ALI. In line with the beneficial effect in the mice with ALI and the in vitro results, anti-CD31-ORI-NPs were the most effective at enhancing the p62-Nrf2-HO-1 axis (Figure 6N). These results suggested that anti-CD31-ORI-NPs enhanced the accumulation of NPs in the lung and in turn suppressed ROS production, inhibited IL-6 mRNA expression and restored endothelial injury to ameliorate ALI via activation of the Nrf2-p62 feedback loop.





4 Discussion

Nearly 50% of non-survivors of COVID-19 patients experienced secondary bacterial infections and induced ALI and ARDS causing the mortality of patients (34), but so far, there is no effective drug in clinical application. Compared to the patients with influenza-associated ARDS, the patients with COVID-19 showed severe endothelial injury associated with the presence of intracellular virus and disrupted cell membranes, which induced neutrophil infiltration in pulmonary capillaries and migrated into the alveolar spaces, leading to neutrophilic mucositis and NETs (35, 36). Neutrophil infiltration generates production of ROS, which contributes to COVID-19 disease severity via induction of tissue damage and thrombosis. Furthermore, it was reported that SARS-CoV-2-triggered NETs mediate COVID-19 pathology and NET formation requires ROS (37, 38). These studies indicated that suppression of ROS production and neutrophil activation are important strategies to treat ARDS and ALI associated with COVID-19.

Despite understanding of the pathogenesis of ALI, therapeutic strategies for this disease are still limited. Due to the pathogenesis role of ROS in ALI, it is now widely recognized that activation of Keap1-Nrf2-p62 axis is a key mechanism. Because Keap1 possesses highly reactive cysteine and modification of cysteine thiols of Keap1 most likely changes the structure of the Nrf2/Keap1 complex and activation of Nrf2, Keap1 is considered as a molecular target for the prevention and treatment of many diseases associated with oxidant stress. In recent years, increasing natural products have been used to attenuate the symptoms of ALI/ARDS models (39–41). However, the efficiency and safety of is still a challenge for clinical application of those compounds. Previous studies have shown that ORI possessed potent anti-inflammatory activates (9, 42, 43), while the molecular target of ORI has not been well elucidated. Our results revealed that ORI directly bound to Keap1 to activate p62-Nrf2 feedback loop and inhibited ROS production to attenuated ALI symptoms. Importantly, ORI could significantly suppress mRNA expression and secretion of IL-6, which is one of crucial cytokines contributing to the “cytokine storm” of the patients with COVID-19. However, the clinical application of ORI is restrained by its tolerance and efficacy, although it has been approved in China to treat inflammatory diseases.

Compared with traditional drugs, nanomedicines can quickly accumulate at the target site at high concentration with strong specificity and low side effects. NPs loading a variety of drugs and biomolecules have been applied to treat ALI due to specific target, controlled release and well tolerance (16). However, intracellular proteins are easily adsorbed on NPs, forming the so-called protein corona (PC), which may greatly change NP’s surface charge, affect their dispersion and ability to recognize targets (44), and then remarkably reduce the efficacy of the drugs carried by the NPs. NPs modified by PEG can change the surface charge and prevent the formation of protein crowns and the degradation of NPs (45). However, the delivery system of NPs-PEG could not effectively act on the injured lung. Therefore, development of delivery system of drugs directly to the desired lung site is under spot light.

ACNPs is a newly drug delivery system taking advantages of ADC and nanotechnology by using antibodies conjugated NPs encapsulating drugs. Compared with ADC and NPs, ACNPs overcome pharmacokinetic limitations and ensure the drug delivered to the site in the required amount to provide a better therapeutic effects (12). It was reported that ICAM-1 modified drug can alleviate pulmonary inflammation by directly delivered to lung (46). Unlike ICAM-1 localized in the luminal membrane (47), CD31 is localized predominantly in the neutrophil and interendothelial borders, and the lung tissues are rich in capillaries and endothelial cells, which have a large surface area for receiving targeted therapy. Notably, endothelial cells interact with neutrophil to mediate neutrophil migration and infiltration via CD31-CD31 (48). Therefore, anti-CD31 antibodies not only specifically target to the endothelial of lung tissues but also prevent neutrophil migration and infiltration to form NETs in ARDS and ALI patients. Hence then, CD31 is an ideal target to increase the efficacy of the encapsulated drug to treat ARDS and ALI.

In the present study, we prepared a novel delivery system of anti-CD31-conjugated oridonin-PLGA-PEG nanoparticles (anti-CD31-ORI-PLGA-PEG NPs, also termed anti-CD31-ORI-NPs). The system showed highly efficient treatment ALI/ARDS by exploiting the advantages of these materials, including specific targeting to endothelial cells via CD31, the accurate identification of its molecular target Keap1 by the anti-inflammatory drug ORI, and the controlled release and few side effects of PLGA-PEG NPs (Figure 7).




Figure 7 | The mechanism of anti-CD31-ORI-NPs to ameliorate ALI/ARDS. (i), anti-CD31-ORI-NPs prevent neutrophil migration and infiltration via interruption of CD31-CD31 bond. (ii), anti-CD31-NPs specifically target to endothelial cell via CD31 for ORI release to inhibit ROS and IL-6 expression via (iii), binding to Keap1.



By immunotargeting CD31, we specifically delivered ORI to endothelial cells, where ORI was released and bound to Keap1 to inhibit ROS and IL-6 expression and suppress ALI and ARDS. However, endothelial cells mediate neutrophil transmigration via CD31-CD31 under inflammatory conditions and in turn aggravate ALI and ARDS. By immunotargeting CD31, anti-CD31-ORI-NPs interfered with the interaction between endothelial cells and neutrophils to attenuate neutrophil transmigration and infiltration, eventually ameliorating ALI and ARDS.




5 Conclusion

In conclusion, our study provides intensive evidence in vitro and in vivo to demonstrate that anti-CD31-ORI-NPs targeting endothelial cells in lung tissues not only enhanced the anti-inflammatory and antioxidant effects of ORI but also prevented neutrophil migration and infiltration to alleviate ALI/ARDS with low cytotoxicity. This high efficacy and low toxicity nanomedicine with dual targets may pave a new way for the development of approved anti-inflammatory drugs to combat ALI and ARDS in COVID-19 patients.
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Systemic sclerosis (SSc) is a chronic, multisystem connective tissue, and autoimmune disease with the highest case-specific mortality and complications among rheumatic diseases. It is characterized by complex and variable features such as autoimmunity and inflammation, vasculopathy, and fibrosis, which pose challenges in understanding the pathogenesis of the disease. Among the large variety of autoantibodies (Abs) present in the sera of patients suffering from SSc, functionally active Abs against G protein-coupled receptors (GPCRs), the most abundant integral membrane proteins, have drawn much attention over the last decades. These Abs play an essential role in regulating the immune system, and their functions are dysregulated in diverse pathological conditions. Emerging evidence indicates that functional Abs targeting GPCRs, such as angiotensin II type 1 receptor (AT1R) and the endothelin-1 type A receptor (ETAR), are altered in SSc. These Abs are part of a network with several GPCR Abs, such as those directed to the chemokine receptors or coagulative thrombin receptors. In this review, we summarize the effects of Abs against GPCRs in SSc pathologies. Extending the knowledge on pathophysiological roles of Abs against GPCRs could provide insights into a better understanding of GPCR contribution to SSc pathogenesis and therefore help in developing potential therapeutic strategies that intervene with pathological functions of these receptors.
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Introduction

Systemic sclerosis (SSc) is a severe and chronic autoimmune disease of yet unknown etiology with high morbidity and disease-related mortality. Immune abnormalities, vasculopathy, and fibrosis are the cardinal hallmarks of SSc pathogenesis (1). Although the precise pathogenesis of SSc remains enigmatic, an interaction between genetic susceptibility and environmental factors, such as viruses or other infectious agents most likely play a significant role in the onset of the disease (2). The initiation phase usually involves microvascular injury with endothelial activation and vascular damage, which is followed by inflammation, Abs production directed against several antigens including GPCRs, and immune cell recruitment into the tissue, leading to vasculopathy and fibrosis (3, 4) (Figure 1). Progressive occlusive vasculopathy, the central feature of clinical manifestations in SSc, is present in nearly all SSc patients and starts from Raynaud’s phenomenon that extends during the disease process and can cause digital ulcers (DU) and pulmonary arterial hypertension (PAH) (5). The extreme obliteration of the renal vessels in SSc patients with scleroderma renal crisis (SRC) indicates that SRC is probably the most severe vascular complication in SSc (6). Besides vasculopathy, fibrosis is another hallmark feature of SSc and a variable extent of fibrosis has been found in the skin and lung, which is preceded by inflammation (1).




Figure 1 | Pathogenesis of systemic sclerosis (SSc) and contribution of G-protein coupled receptors (GPCRs). The interplay between vasculopathy, autoimmunity, and fibrosis delineates the cardinal features of SSc pathogenesis. A microvascular injury is an early event in SSc that cause vascular pathologies such as vascular remodeling. Progressive vascular damage results in apoptosis, and dysregulation of the immune system (autoimmunity), where autoantibodies against various targets including GPCRs as well as proinflammatory cytokines are produced. Autoantibodies against GPCRs activate these receptors that amplify the inflammatory responses through their signaling pathway. Releasing mediators from smooth muscle cells and accumulating inflammatory cells cause severe vascular dysfunction (vasculopathy). Further endothelial damage and fibroblast conversion to the myofibroblast and extracellular matrix (ECM) deposition initiate the fibrotic process (fibrosis), which causes vessel stenosis and obliteration.



In SSc, some Abs target endothelial antigens and induce the production of pro-inflammatory cytokines, swarming of perivascular immune cells, and vascular remodeling and dysfunction (7). While natural Abs against GPCRs are identified in healthy individuals and are involved in physiological homeostasis through intracellular signaling pathways and coupling with heterotrimeric G proteins (8), dysregulation of these Abs mediates several immunopathological mechanisms that induce the development of autoimmune diseases such as SSc (9, 10). Pathogenic and functionally active Abs such as those against angiotensin 1 receptor (AT1R), endothelin A receptor (ETAR), C-X-C motif chemokine receptor 3 (CXCR3), and CXCR4 have been reported in the sera of SSc patients, regulating the spectrum of clinical manifestations (9, 11–14). Here, we sum up the current concept of involving Abs against GPCRs in the pathogenesis of SSc.





Natural Abs against GPCRs: dual role in homeostasis and immunopathogenesis

Natural Abs against various GPCRs with agonistic or antagonistic activity are frequent in human serum, and these interactions contribute to the regulation of physiological processes, including immune responses (8). For a long time, it has been thought that Abs against GPCRs necessarily result in autoimmune diseases (15). Growing emphasis on the role of these Abs in controlling autoimmunity as well as their protective roles against the development of immune-mediated diseases such as psoriasis and type 1 diabetes, has led to a paradigm shift in determining the influence of GPCR Abs in regulating both physiological and pathophysiological processes (16). GPCRs, the typical chemokine receptors, are involved in host immune responses by functionally interacting with various physiological molecules such as growth factors and growth factor receptors that regulate the spatiotemporal control of effector cell dynamics and navigation of cell trafficking (17, 18). In this process, functional Abs against GPCRs could play a role in the maintenance of hemostasis by controlling immune cell functions such as migration or their stimulation in the secretion of cytokines and chemokines, which help in sustaining the physiological levels of these mediators in blood (7, 19). We recently demonstrated that there is a network of Abs against GPCRs in sera of healthy individuals that communicate with other Abs directed against growth factors and their respective receptors (8). For instance, Abs against ETRA from healthy donors modulate neutrophil migration directly through IgG-mediated chemotactic activity induced by the Fab fragment of IgG or indirectly via triggering interleukin-8 (IL-8) production by peripheral blood mononuclear cells (PBMCs) (8). Abs against GPCRs such as AT1R, ETAR, CXCR3, and CXCR4 can attract immune cells that express the corresponding receptors or be attracted by those cells, which is similar to the interaction of endogenous ligands to their receptors (8, 13, 19, 20). These effects seem to be important in immune cell homeostasis between blood and tissues, in which a balance between the serum levels of Abs against GPCRs and GPCR expression of immune or tissue-resident cells regulate cell migration towards the tissues and therefore prevent a systemic immune response to an acute local injury (21).

Besides the physiological roles, the levels of Abs against GPCRs are altered in pathological conditions such as SSc, and both increased and decreased concentrations correlate with the development or progress of immune-mediated disorders as well as disease specificity (8–10, 13, 22). Particularly in SSc, elevated levels of Abs against ATR1 and ETAR are found in approximately 85% of SSc patients, where the high concentrations of these two IgGs are associated with more aggressive disease and poor prognosis (9, 23). These correlations seem to be a consequence of cross-reactivities between the Abs against GPCRs. The contractile response of AT1R and ETAR to their natural ligands, i.e. angiotensin II and endothelin-1 is boosted by patient-derived IgG containing Abs against AT1R and ETAR, where considerable crosstalk between both receptors is noticed in driving autoimmune receptor hypersensitization (24). Moreover, the presence of Abs against CXCR3 and CXCR4 in SSc patients indicates a link between autoimmunity and interstitial lung disease, in which both Abs strongly correlate with each other and their concentrations can discriminate patients with stable or decreasing lung function (13). This may suggest that the levels of both Abs, as well as their correlations, provide significant information in understanding their potential contribution to the pathogenesis of SSc disease.





Functional Abs against GPCRs in the pathogenesis of SSc

GPCRs are the largest superfamily of integral membrane proteins that share a common structural architecture of seven transmembrane segments, connected by three extracellular and three intracellular amino acid loops, an extracellular N-terminus region, and an intracellular C-terminus (25). Upon activation by a ligand, GPCRs mediate a diverse array of intracellular signaling cascades through binding to a partner heterotrimeric G protein, which dissociates the G protein into α and βγ subunits (26). GPCRs are omnipresent on the surface of innate and adaptive immune cells such as leukocytes and lymphocytes as well as non-immune cells including endothelial cells and fibroblasts (27). Similar to the endogenous ligands of GPCRs, functional Abs can bind these receptors to promote or block intracellular signaling pathways, executing agonistic or antagonistic effects, respectively. In the last decade, a growing number of GPCRs have been noticed that are targeted by Abs in SSc disease such as functional Abs with agonistic effects on AT1R, ETAR, CXCR3, CXCR4, and protease-activated receptor-1 (PAR-1) as well as Abs with antagonistic effects on Muscarinic-3 Acetylcholine Receptor (M3R), where altered levels of these Abs, their cross-reactivity, and their synergistic effects influence the SSc pathogenesis (Figure 2). Here, we extensively summarize the evidence for the contribution of various Abs against selected GPCRs in the pathogenesis of SSc.




Figure 2 | Functional autoantibodies against directed various GPCRs in systemic sclerosis (SSc). Autoantibodies against angiotensin II type 1 receptor (AT1R), endothelin-1 type A receptor (ETAR), C-X-C motif chemokine receptor 3 (CXCR3), CXCR4, protease-activated receptor-1 (PAR-1), and Muscarinic-3 Acetylcholine Receptor (M3R) have so far identified in SSc that can activate the respective receptors on endothelial cells and engage signaling pathway that regulates the transcription of several genes, such as increased gene expression of adhesion molecules, proinflammatory cytokines, and proteins of extracellular matrix (ECM). Interaction between the receptors (heterodimerization) such as AT1R and ETAR mediate receptor hypersensitization that may increase their sensitivity to the natural ligands.






Abs target vascular GPCRs: AT1R and ETAR

Angiotensin II (Ang II) and endothelin 1 (ET1) are identified to be elevated in blood and tissue samples of SSc patients (28, 29). AT1R and ETAR mainly contribute to the regulation of vascular function, production of extracellular matrix, the proliferation of vascular smooth muscle cells, and inflammatory responses (30). These GPCRs are activated by their natural ligands, i.e. Ang II and ET1, respectively, leading to actin polymerization and cytoskeletal remodeling in vascular cells that regulate blood pressure and immune cell migration (31–36). According to the evidence in SSc pathogenesis highlighting the contribution of Ang II and ET1 and their interaction with AT1R and ETAR via immunopathological pathways such as harmful vasoconstriction as well as pro-inflammatory and proliferative fibrosis, it is assumed that agonistic Abs targeting these vascular receptors could contribute to the pathogenesis of SSc (9). Mechanistic studies have so far confirmed the functional role of pathogenic Abs directed to AT1R and ETAR by targeting epitopes of the second extracellular loop of these GPCRs that maintain receptor activation (30). Functionally, Abs against AT1R/ETAR are stimulatory or agonistic to their endogenous ligands (10). Following the binding of these Abs to their respective GPCRs, pro-inflammatory and pro-coagulatory processes are activated by kinase signaling pathways such as p38-mitogen-activated protein kinase (MAPK), tyrosine-protein kinase Src, protein kinase G, and extracellular signal-regulated kinases (ERK) 1/2 as well as several transcription factors including activator protein 1 (AP-1) and nuclear factor-kB (NF-kB), and transforming growth factor-beta (TGFβ) (9, 19, 37–41). Moreover, agonistic activation of AT1R on the surface of immune cells, such as neutrophils, monocytes, B cells, and T lymphocytes induces pro-inflammatory gene expression, including IFN-γ, TNF-α, IL-1, IL-6, IL-8, and IL-17 (42–44). Chemokines including monocyte chemoattractant protein-1 (MCP-1) and cytokine-induced neutrophil chemoattractant-1 (CINC-1) are the major elements in prompting immune cell swarms into the tissues, including skin, lungs, and kidney (45–47). Here, activation of these receptors regulates immune cell trafficking including neutrophils and monocytes via chemotactic mechanisms and the production of various cytokines and altered expression of adhesion molecules (37, 48–53). Abs against AT1R/ETAR promote the expression of the vascular cell adhesion protein 1 (VCAM1) and the release of IL-8 cytokine or CC chemokine ligand 18 (CCL18) that causes increased recruitment of inflammatory immune cells like neutrophils into the skin of SSc patients (7, 19). CCL18, a potent chemoattractant for lymphocytes, is significantly expressed in patients suffering from chronic inflammatory diseases and altered levels of this chemokine have been noticed as a prognosis element for lung disease progression and mortality in SSc patients (19, 20, 54).





Abs target chemoattractant GPCRs: CXCR3 and CXCR4

Chemokine GPCRs, such as CXCR3 and CXCR4 together with their respective ligands provide a complex that mediates several cell functions in physiological and pathological processes, leading to the regulation of cell migration (55). In SSc, inflammation precedes or is accompanied by fibrosis, where leukocyte accumulation, endothelium activation, fibroblast proliferation and differentiation as well as production of excessive collagen and other extracellular matrix proteins are the hallmarks of inflammatory fibrosis (3, 56). For instance, interstitial lung disease, a major cause of lung fibrosis, is one of the key features of SSc pathogenesis which is associated with mortality due to the activation and swarming of leukocytes and lymphocytes at the site of inflammation (57). While elevated expression of CXCR4 has been reported in the skin of SSc patients, variable (increased, reduced, or unchanged) presence of CXCR3-expressing immune cells such as T lymphocytes is seen in SSc (58–62). CXCR3 is extensively expressed on effector T cells that are activated by interferon gamma-inducible ligands at inflamed tissues and play a significant role in T cell trafficking and function (63). On the other hand, CXCR4 is the cardinal receptor for CXCL12 (also called stromal-derived factor 1, SDF-1), which form a network in attracting neutrophils and lymphocytes (64). Functional Abs against CXCR3 have been observed as modulators of the receptor with potential agonistic activity (8, 13, 65). Altered levels of Abs against CXCR3 and/or CXCR4 have been observed in SSc patients and the levels of these two Abs correlate with each other (8). For instance, higher levels of CXCR3 and CXCR4 Abs have been observed in the sera of SSc patients compared to the healthy controls, where higher levels of CXCR3 in patients with interstitial lung disease correlate with worse lung function (13). Noteworthy, the concentrations of Abs against CXCR3 and CXCR4 are different between SSc subgroups. Patients with deterioration of lung function had lower CXCR3/4 Abs compared to those with stable disease (13). This reduction in the levels of CXCR3/4 Abs with disease progression suggests a promising predictive value in lung disease severity of SSc. Nevertheless, the mechanism of action, signaling pathways, and functional activity of these Abs in SSc are still unknown.





Abs target coagulation-related GPCRs: PAR-1

PAR-1, a GPCR expressed on various cell types such as endothelial cells and smooth muscle cells, is essential for the regulation of endothelial barrier function and pro-inflammatory cytokine production, hence plays a significant role in the interplay between inflammation and coagulation in various inflammatory conditions, including autoimmune diseases (66). Imbalance in the coagulative/fibrinolytic cascade is obvious in the pathogenesis of SSc, where fibrinolysis impairment and activation of the coagulation results in endothelial dysfunction (67). Moreover, microvascular thrombosis, platelet aggregation, and increased fibrin deposition are frequently observed in SSc (68). Compelling evidence has recently emerged that Abs against PAR-1 are present in SSc patients with SRC, a life-threatening complication of SSc, which agonistically induce PAR-1 activation through signaling pathways involved in the production of pro-inflammatory factors such as IL-6 (6). It has been reported that microvascular endothelial cells exposed to SSc-derived Abs mediate PAR-1 activation that engages a signaling cascade including ERK1/2-dependent activation of PI3K/AKT/mTOR/p70S6K and AP-1/c-FOS to activate the IL-6 promoter, leading to elevated secretion of IL-6 in a time- and dose-dependent manner (6). Recently, it was noted that functional Abs against PAR-1 predispose the activation of the coagulation system in coronavirus disease (COVID)-19, a disease that shares common pathologic alterations and similar pathways with SSc such as endothelial dysfunction, vasculopathy, coagulation, fibrinolysis, and increased D-dimer levels (69). Blockade of the endothelial PAR-1 or c-FOS/AP-1 silencing or SSc therapy by anti-IL-6 receptor antibody tocilizumab provides further evidence of involving Abs against the PAR-1 in the pathomechanism of SSc (6, 70).





Abs target organ-specific GPCRs: M3R

Almost all SSc patients suffer from dysfunction of the gastrointestinal tract, which its severity correlates with high mortality (71). Intestinal dysmotility, a phenomenon caused by progressive fibrosis and increased collagen deposition in the organs, accounts for the most gastrointestinal manifestations in patients with SSc (72). Muscarinic acetylcholine receptors, consisting of five members M1 to M5, are GPCRs that are in charge of  a vast number of mechanisms that contribute to the autoimmune diseases (73). In the gastrointestinal system, acetylcholine is released from cholinergic nerve terminals that regulate gastrointestinal motility through the M3R (74). Abs blocking M3R could potentially function as antagonists for this receptor that inhibit excitatory enteric neurotransmission causing dysmotility. It has been hypothesized that the presence of Abs against M3R could be involved in the pathogenesis of gastrointestinal dysmotility in SSc. Following this hypothesis, elevated levels of anti-myenteric neuronal Abs were found in the sera of SSc patients with gastrointestinal indications (75). Indeed, elevated levels of M3R Abs have been found in the serum of SSc patients that inhibit cholinergic neurotransmission and hence are associated with the development of gastrointestinal dysmotility (76–80). Further evidence indicates that Abs against M3R contribute to a consecutive development of dysmotility in SSc, which begins with neuropathy due to the blocking of cholinergic neurotransmission and is followed by myopathy due to the inhibition of acetylcholine action at the smooth muscle cells (81). Since intravenous immunoglobulin (IVIG) competes with pathogenic SSc Abs (80), it could be of interest that the replacement of Abs against M3R with IVIG impairs the binding of these IgGs to the receptors. In this regard, ex vivo studies have shown that IVIG improves the SSc gastrointestinal symptoms by neutralizing Abs against M3R (80, 81). More recently, a case report study described the IVIG therapy of two SSc patients with circulating M3R Abs and severe swallowing impairment, which improved after treatment with IVIG (82).






Abs-mediated GPCR pathways in SSc: from in vitro studies to animal models

The contribution of Abs against GPCRs in the pathogenesis of SSc has been confirmed by both in vitro and in vivo studies, linking the major features of SSc pathogenesis, i.e. immune dysregulation, fibrosis, and vasculopathy. As shown by in vitro investigations, excessive collagen production by skin fibroblasts or increased release of reactive oxygen species (ROS) by neutrophils is induced by Abs against AT1R and ETAR, which are involved in mechanisms that contribute to progressive fibrosis of the skin and lungs as well as vasculopathy, resulting in organ dysfunction and failure (7, 83). Besides the in vitro experiments, animal models provide excellent opportunities to study the pathophysiological contribution of Abs against GPCR in disease development. In an in vivo model, passive transfer of SSc patient-derived Abs directed against AT1R and ETAR into mice induces similar disease features that are seen in patients with SSc, such as interstitial lung disease and obliterative vasculopathy (7, 23). In line, a humanized mouse model of SSc has been introduced by transferring PBMCs derived from SSc patients as well as healthy individuals into immunodeficient mice (84). In contrast to the controls, PBMC-recipient mice from SSc patients exhibit systemic inflammation and cellular infiltrates in several organs, such as lungs, muscles, and kidneys. Moreover, these mice display increased levels of circulating human Abs against AT1R in their sera. In another humanized animal model of SSc, human PBMCs from SSc patients were transferred into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, which are extremely immunodeficient mice and suitable for being humanized by engraftment of human cells (85). This PBMC-transfer model indicated severe inflammation, vasculopathy, and fibrosis in the skin and lungs as well as elevated expression of GPCRs on infiltrated T helper cells, such as CXCR3.

More recently, we immunized C57BL/6J mice as well as mice deficient for B and T cells with membrane-embedded human AT1R (86). While immunodeficient mice are protected, immunized immunocompetent mice developed functional AT1R IgG as well as SSc-like inflammatory manifestations in the perivascular organs, including skin and lungs. In this study, further generation of a monoclonal anti-AT1R antibody by using the hybridoma technique and transferring it into the wild-type mice induces lung and skin inflammation, but AT1R-deficient mice remain unaffected (86). These observations are in agreement with clinical data that SSc disease correlate with altered levels of Abs against AT1R (9). However, since these Abs are also frequent in healthy individuals, they may pave the way for susceptibility to other severe organ inflammation, such as the involvement of skin and lungs in patients with COVID-19 (8).





Targeting GPCRs and respective Abs: a potential therapeutic approach

SSc treatment is challenging, as it is a clinically heterogeneous disorder and its pathomechanism is not yet fully understood. Although GPCRs and corresponding Abs have been a major target for drug discovery in the last decades (87–89), the clinical applications of anti-GPCR agents in systemic autoimmune diseases are confined, due to the activation of multiple pathways by GPCRs that can restrict the drug efficacy or induce undesirable effects. So far approved anti-GPCR drugs such as endothelin receptor blockers that block AT1R and ETAR are currently used as a treatment strategy, which is mainly based on treating clinical complications of SSc such as vasculopathy, PAH, and DU (90–92). A recent randomized placebo-controlled phase II study on the endothelin-1 receptor blocker Zibotentan indicates the capacity of ETAR blockade to improve long-term renal function (93).

In recent years, many attempts have tried to improve the therapeutical strategies that can selectively and specifically target Abs or their receptors, which could provide new insights into the treatment of autoimmune diseases including SSc. Neutralization or elimination of pathogenic Abs has been successfully examined in several Abs-mediated pathologies, such as autoimmune bullous diseases (94). Despite being a promising strategy, conventional immunoadsorption can only temporarily diminish the Abs levels and should be usually complemented by adjuvant therapy, including immunosuppression to suppress the later production of Abs. This issue is also obvious in treatments of SSc and the levels of Abs against GPCRs such as AT1R and ETAR are quickly elevated when immunoadsorption is interrupted (12). To overcome this problem, an improved immunoadsorption approach has recently been applied by using nucleic acid aptamers or so-called ‘chemical antibodies’, which are single-stranded RNA or DNA oligonucleotide sequences that specifically target proteins bind to a molecule in its native conformation with a high affinity. Aptamer BC007, a thrombin inhibitor molecule, has been successfully used to neutralize functional Abs against GPCRs (95). Given the beneficial characteristics of aptamers in the neutralization of Abs, this approach could account for a promising potential therapeutic strategy in the treatment of SSc.

Another therapeutic option for the improvement of disease manifestations in SSc is autologous hematopoietic stem cell transplantation (AHSCT). Since its introduction in 1997, it has been used as an effective therapy for patients suffering from severe and rapidly progressive SSc refractory to immunosuppressive treatment (96–99). In this method, autoreactive autoantibody-producing cells such as B and T lymphocytes are eliminated by high-dose immunosuppressive drugs, followed by transplantation of hematopoietic stem cells, which is believed to exert an “immune reset”, leading to the restoration of dysregulated immune responses (100). However, the effect of this scenario on functional Abs against GPCRs is not yet well investigated. A recent study has shown that the reactivity and the levels of functional AT1R Abs are not touched by this therapy (101). Moreover, despite the advantages of the AHSCT, potential challenges such as providing an optimal therapeutic regimen, limitations in the availability of biomarkers that help in selecting patients who may benefit from transplantation, and late-onset adverse events remain to be determined (102).

Over the last two decades, potential therapeutic approaches have been introduced that are based on mechanisms beyond the canonical agonistic or antagonistic function of GPCRs and rely on selective effects of ligands activating specific G proteins or skewing signaling towards other pathways such as β-arrestin (103, 104). This concept is known as “biased” or “functional selectivity” ligand signaling, in which specific GPCR ligands preferentially promote signal transduction through one pathway (β-arrestin) over another (G-protein) and offers a new class of molecules intervening with the structural pathways of GPCRs and might improve efficacy and minimize the adverse effects of treatments. Receptor-ligand experiments indicate that G-protein and β-arrestin signaling are not necessarily activated unbiasedly by the ligands that bind to GPCRs, and agonist- or antagonist-biased ligands can alter the conformation of the receptors and activate the β-arrestin independent of G-protein (105). Hence, biased ligands can suppress the pathological effects of Abs throughout the GPCR signaling pathway by preferentially inducing the activation of β-arrestin, rather than G-protein. Since the existence of an on-off switch in this approach leads to the inactivation of G-protein signaling by uncoupling these proteins from GPCRs via the β-arrestin pathway, the biased ligand mechanism has been focused for establishing new therapeutical drugs to inhibit pathological effects of Ang II-mediated vasoconstriction through AT1R (106–108). Notably, the β-arrestin-biased AT1R ligand namely TRV023 has functional properties in cardioprotection distinctly from the traditional AT1R blocker, Losartan (109). Given the signaling of AT1R Abs in the pathogenesis of SSc, designing novel treatments that target the β-arrestin-biased AT1R signaling pathway could be a promising approach in the treatment of SSc. Several studies using another β-arrestin-biased AT1R agonist TRV027 could provide promising initial data in different animal models with heart complications (106, 110). Very recently, a β-arrestin-biased AT1R agonist TRV027 could prevent aortic aneurysm and respective mortality via distinct mechanisms than the AT1R blocker, Olmesartan (111). However, the TRV027 peptide failed to support this promising hypothesis in a clinical trial (107). This failure could be due to the functional differences between two distinct β-arrestin proteins in cardiac signaling, i.e. β-arrestin-1 and -2, which they are cardio-toxic and cardio-protective proteins, respectively (112). Given the higher expression of β-arrestin-1 in human cardiomyocytes (113), this pathway could be activated in the patients rather than β-arrestin-2, and thereby no favorable clinical outcomes have been observed. Considering these challenges, activation of the β-arrestin pathway by biased ligands does not necessarily provide desirable consequences in therapy, and designing GPCR-biased ligands that preferentially activate protective pathways might be helpful.

A further therapeutical approach for SSc has recently been introduced that pharmacologically blocks fibrosis through lysophospholipids (LPs) signaling that exerts their signal transduction through GPCRs. Lysophosphatidic acid (LPA), a bioactive lipid mediator present in all eukaryotic tissues, is generated from membrane phospholipids via different enzymatic pathways and drives diverse physiological and pathophysiological effects via its specific GPCR, namely LPA receptor (LPA1). LPA is highly generated at the sites of inflammation or cell injury and its signaling is associated with skin and pulmonary fibrosis, suggesting a potential therapeutic target in fibrotic diseases (114, 115). Recent evidence from in vitro studies or animal models as well as pre-clinical observations has proved the contribution of LPA to the pathogenesis of SSc or organ fibrosis, suggesting that LPA receptor (LPA1) antagonists may be effective in the treatment of SSc (116–119). The therapeutic potential of a new orally active antagonist of the LPA1 receptor, SAR100842, has been recently examined in SSc disease with using of dermal fibroblasts derived from patients and an animal model of skin fibrosis. This study demonstrates that SAR100842 has anti‐fibrotic effects through LPA1 receptor blockade, which is mediated by the inhibition of the Wnt signaling pathway in SSc fibroblasts as well as in the tight skin 1 (Tsk1) mice, a mouse model of skin fibrosis (120). Furthermore, the results of a double-blind, randomized, placebo-controlled study performed in patients with diffuse cutaneous SSc treated with an antagonist of LPA1, SAR100842, indicated that the therapy was well-tolerated and LPA-related genes, as well as Rodnan skin thickness score (MRSS), reduced, but these differences remained non-significant (121). Therefore, a larger clinical trial would need to evaluate these findings.





Prospectives

Destructive pathologies and heterogeneity of SSc pose serious challenges in the development of curative therapeutic options. Recent advances in research focusing on the involvement of functional Abs against GPCRs that contribute to the pathological induction of intracellular signaling have expanded our knowledge in better understanding the mechanisms that contribute to SSc pathogenesis. Altered levels of Abs against GPCRs as well as their interplay influence the development and progression of SSc disease. Despite extensive efforts and scientific progress in understanding the function of Abs against GPCRs, it remains unclear how these IgGs regulate immune cell production, maturation, or migration. Moreover, it needs to be further determined the mechanisms behind the differential recruitment of immune cells such as leukocytes or lymphocytes to specific organs such as lungs and skin as well as the presence of fibrosis in one organ but missing in others, which could be an indication of tissue-specific nature of Abs against GPCRs. Due to their implications in the regulation of homeostasis and pathogenesis of autoimmune diseases including SSc, uncovering the pathophysiology of Abs directed against GPCRs might help design potential new therapeutical strategies.
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Background

Patients with osteoarthritis (OA) are exposed to an increased risk of adverse outcomes of COVID-19, and they tend to experience disruption in access to healthcare services and exercise facilities. However, a deep understanding of this comorbidity phenomenon and the underlying genetic architecture of the two diseases is still unclear. In this study, we aimed to untangle the relationship between OA and COVID-19 outcomes by conducting a large-scale genome-wide cross-trait analysis.





Methods

Genetic correlation and causal relationships between OA and COVID-19 outcomes (critical COVID-19, COVID-19 hospitalization, and COVID-19 infection) were estimated by linkage disequilibrium score regression and Mendelian Randomization approaches. We further applied Multi-Trait Analysis of GWAS and colocalization analysis to identify putative functional genes associated with both OA and COVID-19 outcomes.





Results

Significant positive genetic correlations between OA susceptibility and both critical COVID-19 (rg=0.266, P=0.0097) and COVID-19 hospitalization (rg=0.361, P=0.0006) were detected. However, there was no evidence to support causal genetic relationships between OA and critical COVID-19 (OR=1.17[1.00-1.36], P=0.049) or OA and COVID-19 hospitalization OR=1.08[0.97-1.20], P=0.143). These results were robustly consistent after the removal of obesity-related single nucleotide polymorphisms (SNPs). Moreover, we identified a strong association signal located near the FYCO1 gene (lead SNPs: rs71325101 for critical COVID-19, Pmeta=1.02×10-34; rs13079478 for COVID-19 hospitalization, Pmeta=1.09×10-25).





Conclusion

Our findings further confirmed the comorbidity of OA and COVID-19 severity, but indicate a non-causal impact of OA on COVID-19 outcomes. The study offers an instructive perspective that OA patients did not generate negative COVID-19 outcomes during the pandemic in a causal way. Further clinical guidance can be formulated to enhance the quality of self-management in vulnerable OA patients.





Keywords: osteoarthritis, COVID-19 severity, genetic correlation, Mendelian randomization, cross-trait analysis





Introduction

The global pandemic of Coronavirus disease (COVID-19) pandemic has been plaguing the world since late 2019. As of 18 August, 2022, the cumulative number of confirmed patients worldwide exceeded 59 million (1). Analysis of epidemiological data showed an increased risk of adverse outcomes of COVID-19 in patients with immune-mediated arthritis (2–4). In fact, COVID-19 also has a significant impact on the most prevalent type of chronic arthritis, osteoarthritis (OA) (5), which is among the most important public health problems worldwide, with more than 300 million people currently affected by the condition (6).

Observational studies have reported that patients with OA are likely to be infected by COVID-19 and that the condition may be aggravated (7, 8). To avoid infection during pandemics, some patients with OA have had to endure pain and reduce the frequency at which they see doctors, undergo operations, or apply non-steroidal anti-inflammatory drugs (NSAIDs) (9). However, Wang et al. (10) reported no apparent associations between OA and the risk of COVID-19. Additionally, according to a UK cohort study, no increased risk of COVID-19-related adverse outcomes was observed among OA patients who were prescribed NSAIDs. A deeper understanding of the phenomenon of comorbidity in patients with COVID-19 and OA is warranted to offer effective clinical instruction and improve the quality of self-management in this vulnerable population.

There is growing evidence that COVID-19 traits often share highly polygenic genetic components with several complex diseases, such as idiopathic pulmonary fibrosis (11), type 2 diabetes (12), and asthma (13). Although there have been recent reports that some genetic markers of OA are associated with COVID-19 outcomes, the underlying genetic basis of the relationship between these diseases has not been thoroughly assessed (14–16). Here, we systematically estimate the shared genetic architecture of OA and three COVID-19 traits, including critical COVID-19, COVID-19 hospitalization, and COVID-19 infection, as well as further assessing the causality of OA and COVID-19 traits using a Mendelian randomization (MR) approach.





Methods




Study design and population

A brief flowchart of the current study is shown in Figure 1. GWAS summary level data for COVID-19 were obtained from the 5th edition data (release date: 18 January, 2021) of the COVID-19 host genetics consortium (17). To minimize the bias introduced by population stratification, participants were restricted to those of European descent. Three COVID-19-related traits were characterized as follows: 1. critical COVID-19, defined as COVID-19-confirmed individuals with very severe respiratory symptoms or those who died from the disease (up to 5101 cases and 1,383,241 controls); 2. COVID-19 hospitalization, (up to 9986 cases and 1,877,672 controls); and 3. SARS-CoV2 infection (up to 38,984 cases and 1,644,784 controls). We obtained the largest GWAS summary data for hospital-diagnosed OA susceptibility from a GWAS meta-analysis comprising a sample size of 314,870 individuals of European ancestry (18). Hospital-diagnosed OA was defined as individuals with an ICD-10 and/or ICD-9 hospital record code captured from the hospital episode statistic (HES) for OA at any site (18). Summary-level data for rheumatoid arthritis (RA) were extracted from the most extensive GWAS meta-analysis of European ancestry, comprising a total of 58,284 individuals (14,361 cases and 43,923 controls) (19). Details of the data sources used in the current study are summarized in Supplementary Table 1.




Figure 1 | Flowchart of the current study. OA patients were contained with a sample size of 314870. Three COVID-19-related traits include critical COVID-19, COVID-19 hospitalization, and COVID-19 infection, and their sample sizes are 1388342, 1887658, and 1683768 respectively. Study approaches consist of assessing causal relationships using Mendelian Randomization, and identifying genetic correlations, shared risk SNPs, and functional genes using LDSC, MTAG, and SMR analysis. OA, osteoarthritis; SNP: single nucleotide polymorphism; LDSC, linkage disequilibrium score regression; MTAG, multi-trait analysis of GWAS; SMR, summary data-based Mendelian randomization.







Linkage disequilibrium score regression

Linkage disequilibrum score regression (LDSC) software (https://github.com/bulik/ldsc) was used to estimate the single nucleotide polymorphism (SNP)-based heritability of each trait and genetic correlations between OA and COVID-19 outcomes, based on GWAS summary statistics (20). SNPs within the major histocompatibility complex (MHC) region were removed due to the complex structure of linkage disequilibrium (LD) structure in the region. The 1000 Genomes Project European LD score reference panel was adopted throughout the analyses. As obesity is a recognized independent risk factor for both arthritis (21) and COVID-19 (22), we performed further LDSC analysis to estimate the genetic correlation between RA and COVID-19 outcomes. A Bonferroni-corrected P-value < 0.017 (0.05/3 = 0.017) was set as the threshold for significance in the LDSC analysis.





Multi-trait analysis of GWAS

A generalized inverse-variance-weighted meta-analysis was conducted using Multi-trait analysis of GWAS (MTAG) to identify risk SNPs associated with joint phenotypes of OA and each of the analyzed COVID-19-related traits. This approach enabled combined analysis of multiple traits and thus boosted the statistical power to detect genetic associations for each trait (23). A genome-wide significance level of P < 5 × 10-8 was set for MTAG.





Colocalization analysis

Summary data-based Mendelian Randomization (SMR) and Heterogeneity in Dependent Instrument (HEIDI) methods were applied to identify putative pleiotropic genes underlying OA and each of the critical-COVID-19 and COVID-19 hospitalization traits, by jointly analyzing the results of the cross-trait meta-analysis and the publicly available cis-eQTL summary data from whole blood and lung tissue of the Genotype-tissue expression (GTEx) project (24). Significant SMR associations were defined if they passed the FDR correction (PFDR < 0.05) and also surpassed the HEIDI-outlier test (PHEIDI > 0.05).





MR analysis

A two-sample MR analysis was conducted to examine whether the relationships between OA and COVID-19 outcomes were causal. Instrumental variants (IVs) for OA were required to meet three criteria, including that the markers: 1. were strongly associated with OA; 2. affected COVID-19 infection only through their effect on OA, and, 3. most importantly, were independent of any confounding variables of associations between OA and COVID-19-related traits. LD clumping (r2<0.001, 10000kb) was used to select independent SNPs. Methods used for MR analysis included inverse variance weighted (IVW) (25), weighted median (26), weighted mode (27), and MR-Egger (28), followed by pleiotropy test and leave-one-out analysis. Phenoscanner v2 (29) was applied to check whether any of the selected IVs for OA were associated with obesity-related phenotypes (P<1×10-5). A sensitivity analysis was conducted by removing all obesity-related SNPs. All statistical analyses were performed in R (version 4.1.3) using the packages MendelianRandomization (version 0.5.6) and MRPRESSO (version 1.0). A Bonferroni-corrected threshold of P=0.017 was considered significant for MR analyses.






Results




Genetic correlation of OA with COVID-19 outcomes

As shown in Table 1, the liability-scale SNP heritability values were 8.92% for OA, 0.35% for critical COVID-19, 0.19% for COVID-19 hospitalization, and 0.13% for COVID-19 infection, respectively. We found significant positive genetic correlations between OA susceptibility and critical COVID-19 (rg=0.266, P=0.0097), as well as with COVID-19 hospitalization (rg=0.361, P=0.0006). A positive genetic correlation was also detected between OA susceptibility and COVID-19 infection, although it did not achieve the Bonferroni-corrected significance threshold (rg=0.280, P=0.0238). Moreover, no genetic correlations were detected between RA susceptibility and COVID-19 outcomes (Supplementary Table 2).


Table 1 | Genetic correlations between osteoarthritis and COVID-19.







Multi-trait analysis of OA and COVID-19 severity

We performed MTAG to conduct a cross-trait meta-analysis to detect the loci that were significantly associated with both OA and COVID-19 severity. We identified 357 shared genetic loci associated with both critical COVID-19 and OA and 288 associated with both COVID-19 hospitalization and OA (Pmeta<5×10-8) (Supplementary Tables 3, 4). After excluding loci with an inconsistent direction of effect, shared signals for COVID-19 severity and OA were mainly mapped to chromosomes 3, 19, and 21. The strongest association signals for the two COVID-19 traits with OA mapped close to the FYCO1 gene (lead SNP: rs71325101 for critical COVID-19, Pmeta=1.02×10-34; rs13079478 for COVID-19 hospitalization, Pmeta=1.09×10-25).





Colocalization analysis

By conducting SMR and HEIDI methods, several non-MHC region SNPs were identified as common shared genetic loci including rs143334143 (TCF19), rs2277732 (DPP9), rs77534576 (DLX3), and rs13081151 (FLT1P1), among others, which were significantly associated with OA-critical COVID-19 combined trait. Rs2277732 (DPP9), rs13081151 (FLT1P1), and rs11085727 (TYK2), among others, were considered significantly associated3with OA-COVID-19 hospitalization combined trait (Supplementary Table 5).





MR analysis

After LD clumping, 34 independent IVs were selected for OA (Supplementary Table 6). Based on the IVW method, there was no evidence to support significant causal genetic relationships between OA and critical COVID-19 (OR=1.17[1.00-1.36], P=0.049), OA and COVID-19 hospitalization (OR=1.08[0.97-1.20], P=0.143), or OA and COVID-19 infection (OR=1.06[1.00-1.11], P=0.034). Using the MR Egger method, we found that a genetically predicted OA was positively correlated with a higher risk of suffering from critical COVID-19 (OR=1.72[1.18-2.51], P=0.009) (Table 2). In addition, our analysis suggested no significant evidence of horizontal pleiotropy. The direction and precision of the summary association between OA and COVID-19 remained largely unchanged using a leave-one-out approach (Supplementary Figure 1). Among the selected SNPs of OA, four of which were associated with obesity phenotype at a significant level of P<1×10-5 (rs2820436, rs73080980, rs6977416, and rs143383) (Supplementary Table 7). The results were robust after removing four obesity-related SNPs (Supplementary Table 8 and Supplementary Figure 2).


Table 2 | Results of Mendelian randomization analyses evaluating causal relationships between osteoarthritis and COVID-19 outcomes.








Discussion

Our study was the first to decipher in-depth the genetic architecture underlying the relationships between OA and three COVID-19 traits. Leveraging large-scale GWAS summary statistics data, we identified positive genetic correlations and shared genetic loci, genes between OA and COVID-19 traits. Further, MR analysis did not support that OA increased the risk of COVID-19 susceptibility and severity.

Our findings support a shared genetic contribution to OA and COVID-19 outcomes and indicate that the relationships are likely to be comorbid, rather than causal. COVID-19 is devastatingly deleterious to the human body by causing an aggressive immune response designated as a cytokine storm, which leads to multi-organ failure and finally death (30). The pro-inflammation effects of various cytokines are also well-established factors contributing to the pathophysiology of OA (31). It an plays important role in OA progression by stimulating matrix metalloproteinase (MMPs) development, thereby leading to matrix degradation (32). Recently, there have been reports that mesenchymal stem/stromal cells (MSCs) secrete immunomodulatory cytokines such as TGFBI (33), PGE2, and IL-6, which are expected to be promising therapeutic targets for both OA and critical COVID-19 (34), strongly supporting shared features in the etiological pathways leading to these two conditions. Obesity is an established risk factor for both arthritis and COVID-19 (35–37). To eliminate the effect of obesity, we further estimated the genetic correlation between RA and COVID-19 and did not detect any genetic correlations between RA susceptibility and COVID-19 outcomes. In the primary IVW MR analysis, genetically predicted OA was not associated with any of the COVID-19 outcomes. Although a significant causal effect of OA on critical COVID-19 was detected using the MR-Egger method, this approach is relatively imprecise compared with the IVW analysis (38). These results were robustly consistent after the removal of obesity-related SNPs. Diseases such as depression and diabetes are also risk factors for OA and COVID-19 according to recent studies (39–42). Therefore, to control the confounders we have additionally searched whether any of the selected IVs for OA were associated with depression and diabetes-related phenotypes (P<1×10-5) in Phenoscanner v2. We did not find any IVs which are correlated with depression or diabetes.

FYCO1 gene was observed to be strongly associated with two COVID-19 traits and OA. It encodes a RAB7 adapter protein implicated in the microtubule transport of autophagosomes (43). Previous GWAS studies have also reported an association signal with COVID-19 at the 3p21.31 locus, which contains a cluster of genes including FYCO1 (15, 17). We also identified several putative functional genes as associated with both diseases, including DLX3, DPP9, TCF19, and TYK2. Distal-less (DLX) family genes play crucial roles in bone tissue development and regulate osteoblast differentiation (44). A recent study revealed that the osteogenic differentiation of human bone marrow MSCs is enhanced by DLX3 overexpression through the Wnt/β-catenin pathway (45). On the other hand, the outcomes of COVID-19 patients were substantially improved by MSCs treatment in experimental studies and this approach is expected to be applied to patients with COVID-19 in the clinic (46, 47). These reports are consistent with our results showing that OA patients are not causally susceptible to COVID-19 infection. DPP9 encodes a serine protease with a key role in inflammasome activation (48). On the contrary, TYK2 is thought to be one of the four gene targets for JAK inhibitors and the anti-inflammatory properties of which have nowadays been enthusiastically discussed. Symptoms of gastrointestinal inflammation or psoriasis are frequently observed in patients with critical COVID-19 and OA (49, 50), indicating comorbid properties among those diseases, and the genes discussed above are likely to be future therapeutic targets.

We acknowledge several limitations of the current study. First, the available summary statistics used in our MR analysis consist solely of data from a population with European ancestry and therefore are not typical of the overall population. Second, data were not organized by age or sex, precluding the possibility of further analysis of the relationship between the two diseases in stratified populations. Finally, despite the fact we explicitly explored the underlying genetic architecture of OA and COVID-19, the specific mechanisms involved remain unclear and further analysis on molecules and pathways is warranted.





Conclusion

In summary, our study provides innovative insights into the genetic architecture underlying the relationship between OA and three COVID-19 traits. We identified positive genetic correlations and putative shared functional genes between them. However, OA did not increase the risk of COVID-19 susceptibility or severity. Therefore, the cancellation or delay in elective joint replacement surgeries and the reduction in physical activities were not compulsory. Our study is of great significance to the transition of management and clinical guidance of OA patients during the COVID-19 pandemic.
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Case Report: Real NPSLE? A patient with systemic sclerosis overlapping systemic lupus erythematosus presenting as epilepsy
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Neuropsychiatric systemic lupus erythematosus (NPSLE) is the diagnosis that rheumatologists most often need to consider when a patient with lupus presents with neurologic symptoms. However, neurological involvement is rare in systemic sclerosis (SSc), and high doses of steroids tend to trigger scleroderma renal crisis (SRC). When a patient with SSc overlapping SLE presents with epilepsy and renal crisis, the exact diagnosis and whether to initiate high-dose glucocorticoid therapy are questions to ponder. Here, we report a patient with overlap syndrome (SSc overlapping SLE), who developed CNS symptoms, and improved after treatment against SRC after excluding NPSLE. We report this case with the aim of arousing the attention of rheumatologists to SSc and SRC-related encephalopathy when SSc was overlapped with SLE.
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Highlights

	NPSLE is not the only answer to CNS symptoms in patients with SLE overlapping SSc.

	Distinguishing between RPLS due to SRC and NPSLE is critical for the patient’s prognosis.



A 17-year-old female patient with a one-and-a-half-year history of SSc and SLE was admitted to our rheumatology department. Two days earlier, the patient had a sudden loss of consciousness with two seizures and the highest locally obtainable blood pressure reached 180/120 mmHg. Previously, she received 11 cycles of cyclophosphamide therapy with a cumulative dose of 6.6 g over the first 8 months of her disease, and prednisone was tapered from 20 mg/d at the time of initiation to 10 mg/d. The patient’s skin remained progressively sclerotic with severe Raynaud’s phenomenon in both hands, and fortunately she did not have obvious interstitial fibrosis in her lungs. Thereafter, the treatment regimen was changed to tocilizumab at 320 mg once a month, with the last administration of tocilizumab one month prior to this admission (totally three times).

Her blood pressure was 153/128 mmHg and the heart rate was 110 bpm. She was confused, unconscious and in a drowsy state (having been treated with midazolam). Further investigation revealed serum creatinine 152.0 μmol/L (eGFR 33.8 ml/min), hemoglobin 81 g/L, platelet count 38×109/L, C reactive protein (CRP) 58.1 mg/L, erythrocyte sedimentation rate (ESR) 80.0 mm/h, brain natriuretic peptide (BNP) 5542 pg/m, interleukin (IL)-6 1059 pg/mL. The titer of ANA was 1:160, and anti-SSA, Ro-52, SSB, Scl-70 and centromere antibodies were positive. The complement levels were normal and the SLEDAI score was 5. Enhanced MRI of the head suggested reversible posterior leukoencephalopathy (RPLS) (Figures 1A–D). Chest CT indicated exudation in both lungs (Figure 1F). Lumbar puncture was performed, and cerebrospinal fluid (CSF) pressure of 310 mmH2O was measured. CSF biochemistry suggested a protein level of 127.3 mg/dL, and the nucleated cell count was 0. Novel cryptococcal smear and G+GM test of the CSF were negative.




Figure 1 | (A–D) MRI of the patient’s brain, multiple lesions in the bilateral frontoparieto-occipitotemporal lobe and left basal ganglia region: (A) T2 weighted image; (B) Diffusion Weighted Imaging (DWI); (C) Apparent Diffusion Coefficient (ADC); (D) Fluidattenuated Inversion Recovery (FLAIR). (E) Changes in hemoglobin, platelets and creatinine from day 1 to day 7, with the arrows referring to the time of plasma exchange therapy. (F) HRCT of the patient's chest at the time of admission. (G) Chest HRCT on day 7.



The patient had hypertension and progressive deterioration of renal function, as well as a significant decrease in hemoglobin and platelets. The diagnosis of SRC was clear, and there was a possibility of thrombotic microangiopathy (TMA). With the history of SLE and the absence of signs of infection on cerebrospinal fluid tests, NPSLE needed to be considered, and initiation of high-dose glucocorticoid therapy was imminent. However, the patient suffered from SRC, and steroid therapy was highly likely to aggravate it. The apparently elevated intracranial pressure became a key to deciphering the problem. Intracranial pressure in patients with NPSLE is generally normal or mildly elevated, and the intracranial pressure of 320 cmH20 was abnormal. And the RPLS was more frequent in hypertension than NPSLE. We believe that RPLS due to SRC-related hypertension was more likely the cause of epilepsy other than NPSLE. Therefore, we started captopril 25 mg Q6h and plasma exchange therapy along with prednisone (20 mg/d).

On the second day, the patient became conscious and did not have further seizures. The hemoglobin and platelets gradually increased and creatinine decreased (Figure 1E). On the seventh day, the patient was fully conscious, with blood pressure 110/76mmHg. The chest CT showed that the exudate in both lungs was significantly absorbed (Figure 1G).

Central nervous system involvement is rare in SSc. When patients with SSc overlapping SLE present with neurological symptoms, rheumatologists tend to consider NPSLE first. The treatment of NPSLE requires high doses of glucocorticoids, however, glucocorticoids, particularly at high dose (> 15 mg/day), have long been associated with development of SRC (1). Nevertheless, it is difficult to exclude NPSLE based only on clinical and radiographic signs; after all, RPLS is also one of the manifestations of NPSLE (2, 3). Based on the abnormally high intracranial pressure in this patient, we considered that her CNS symptoms were caused by SRC-Hypertensive Encephalopathy induced RPLS, and that lowering the blood pressure and treatment for SRC was the key rather than high dose of glucocorticoids. The low activity of SLE and the rapid improvement after captopril treatment allowed us to confirm our assumptions. Therefore, when we encounter patients with SSc overlapping SLE presenting with encephalopathy, we must be aware of blood pressure and intracranial pressure to distinguish SRC-associated RPLS, and effective antihypertensive therapy will quickly improve patient consciousness and corroborate our diagnosis. We report this case with the aim of arousing the attention of rheumatologists to SSc and SRC-related encephalopathy when SSc was overlapped with SLE.
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Primary biliary cirrhosis (PBC) is a chronic cholestatic immune liver disease characterized by persistent cholestasis, interlobular bile duct damage, portal inflammation, liver fibrosis, eventual cirrhosis, and death. Existing clinical and animal studies have made a good progress in bile acid metabolism, intestinal flora disorder inflammatory response, bile duct cell damage, and autoimmune response mechanisms. However, the pathogenesis of PBC has not been clearly elucidated. We focus on the pathological mechanism and new drug research and development of PBC in clinical and laboratory in the recent 20 years, to discuss the latest understanding of the pathological mechanism, treatment options, and drug discovery of PBC. Current clinical treatment mode and symptomatic drug support obviously cannot meet the urgent demand of patients with PBC, especially for the patients who do not respond to the current treatment drugs. New treatment methods are urgently needed. Drug candidates targeting reported targets or signals of PBC are emerging, albeit with some success and some failure. Single-target drugs cannot achieve ideal clinical efficacy. Multitarget drugs are the trend of future research and development of PBC drugs.
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1 Introduction

Primary biliary cirrhosis (PBC) is clinically a type of autoimmune cholestatic liver disease characterized by serum autoantibody antimitochondrial antibodies (AMAs) (1, 2), chronic progressive cholestasis, interlobular bile duct damage, liver inflammation, eventual cirrhosis, and death (3, 4). Studies have found that the incidence and prevalence of PBC have increased globally in the past few decades (5, 6), especially among women (7). About 90% of patients with PBC have developed AMA against PDC-E2 (8). Importantly, AMA is still not detected in the serum of 5% of patients with PBC. However, liver tissues of patients with AMA-negative PBC show anti-nuclear antibodies (9, 10). Many patients with PBC suffer from complications, such as sicca complex (34%) (11), osteoporosis (20%–40%) (12), and hyperlipidemia (75%–95%) (13).

At present, the research on serum markers in PBC has made great breakthroughs. Some new highly sensitive PBC autoantigens (14–16) and PBC biomarkers with extremely high accuracy (17, 18) have been discovered. With the introduction of genome-wide association analysis (GWAS), some key gene loci have been discovered (19–21). It gives us deeper insight into the pathogenesis of PBC. However, the key pathological mechanism of PBC has not yet been clarified. Moreover, effective medicines for PBC still cannot meet clinical needs. Ursodesoxycholic acid (UDCA) can improve approximately two of the three of patients with PBC, but there are still approximately 30% of patients with PBC who are not responsive to UDCA (22). Encouragingly, obeticholic acid (OCA) can treat patients with UDCA-unresponsive PBC. However, it can aggravate the itching symptoms of patients with PBC (23). The only option for advanced PBC is liver transplantation (24). Although the pathogenesis of PBC has a great relationship with the immune disorder, the classic immunosuppressive agents are not ideal for PBC (25–27). Therefore, we hope that, by searching for the PBC pathogenesis, the key pathological mechanism of PBC can be dug out and provide evidence for targeted therapy of PBC in the future.




2 “Bile acid–intestinal flora–bile acid” signal axis in the progress of PBC

There are 1013–1014 microbial cells in the human intestine and more than 1,000 species of bacteria (28–30). The microbiota composition changes may cause increased intestinal permeability and bacterial translocation, eventually leading to chronic liver inflammation and fibrosis (31). Bile acids (BAs; 5%) in the colon are transformed into secondary BAs by intestinal bacteria (32). BAs can regulate the composition of intestinal microbes (32). In the early stage of PBC, the reduction of several potentially beneficial microbiota and the enrichment of opportunistic pathogens were observed (30, 33). Some flora can accurately distinguish patients with PBC from normal people (34).

The synthesis of BAs involves many reaction steps. The classic BA synthesis pathway is initiated by the 7a-hydroxylation of cholesterol catalyzed by cholesterol 7a-hydroxylase (CYP7A1), which produces about 75% of BA production (mainly including CDCA and CA) (35). The alternative synthesis pathway for BAs is initiated by sterol-27-hydroxylase (CYP27A1), which mainly synthesizes CDCA (32). The proportion of CDCA and CA is mainly regulated by sterol 12a-hydroxylase (CYP8B1) and is not regulated by microbial. However, intestinal flora can regulate the levels of CYP7A1, CYP7B1, and CYP27A1 in the liver (36). Studies have proved that, in the absence of bacteria, the BA pool consists of mainly primary conjugated BAs (37). Specifically, BA deconjugation is carried out by bacteria with bile salt hydrolase (BSH) activity (38), preventing the reabsorption of BAs into the enterohepatic circulation. The deconjugated primary BAs enter the colon and are metabolized by gut microbial 7-dehydroxylation into secondary BAs [Lithocholic acid (LCA) and Deoxycholic acid (DCA)] (32, 39, 40). Gut microbial dysbiosis reduces the activity of BSH and 7α-dehydroxylase, followed by increasing the ratio of conjugated/unconjugated BAs and primary/secondary BAs (41). BAs can affect the composition of intestinal flora through direct antibacterial effects and can also induce antibacterial factors (42) and intestinal protection–related genes (32). Moreover, Amphiregulin (AREG) inhibits the activity of CYP7A1 by targeting the activation of the EGFR signal, preventing toxic BA-induced hepatotoxicity (43). A recent study reported that taking a probiotic (Lactobacillus reuteri) can increase circulating BAs more than two-fold (44). Studies have found the potential role of gut microbes in PBC. However, because of a small number of patients, the difference between gut microbiota and patients with different disease stages and different serum immunological substances has not been studied Figure 1 (45).




Figure 1 | The relationship between intestinal flora and BA synthesis and their possible role in PBC. Intestinal microbial dysbiosis leads to a decrease in BSH and 7α-dehydroxylase activity, subsequently inducing BA pool size and composition changes. Farnesoid X receptor (FXR)  activity induces the inhibition of CYP7A1 via activating SHP, the inhibition of Multidrug resistance-associated protein 4/5 (MRP 4/5) via activating Peroxisome proliferator activated receptor alpha (PPARα), and the inhibition of OSTα/β. CYP7A1 is also inhibited by Epidermal growth factor receptor (EGFR) signaling pathways. In the small intestine, BAs, FXR, Apical sodium-dependent bile salt transporter (ASBT), and Ileal bile acid binding protein (IBABP) work together to regulate Fibroblast growth factor 15/19 (FGF15/19), which binds to Fibroblast growth factor receptor 4 (FGFR4) through the portal vein and directly or indirectly inhibits CYP7A1 activity. FGF15/19 induces gallbladder filling through TGR5 or FGFR4 signaling pathways.






3 Small intrahepatic bile duct injury is the main pathological feature of PBC

Biliary epithelial cells (BECs) are the targets of most chronic cholestatic diseases (46). In PBC, continuous damage and senescence of BECs have been observed (47, 48). BECs secrete chemotactic cytokines and inflammatory cytokines during senescence (47, 49, 50) and participate in the induction and recruitment of CD4+ T helper (Th) cells. Toxic BAs can induce mitochondrial dysfunction through oxidative stress in PBC (51) and induce the senescence of BECs through a p38 mitogen-activated protein kinase (p38MAPK)-dependent pathway (52–57). Moreover, the activity of Cyclin-dependent kinase inhibitor p21 (p21WAF1/Cip1) and Cyclin dependent kinase inhibitor 2A (p16INK4)  and ataxia telangiectasia-mutated (ATM)/p53/p21WAF1/Cip1 signals in the liver may also induce the senescence of bile duct cells of PBC (48, 58–60). Increasing pieces of evidence suggest that BEC apoptosis may be one of the main mechanisms of the pathogenesis of PBC (61–63). In PBC, emperipolesis of lymphocytes (mainly T lymphocytes) in BECs often be found to be related to inflammation and can reduce the repair of fibrosis (64, 65).

Cholestasis in PBC is related to damage to biliary bicarbonate and a defective biliary bicarbonate “umbrella” on the outer membrane of BECs (46). BECs participate in up to 40% of the bile flow by inducing the active secretion of bicarbonate in the bile (66). By virtue of the favorable Cl− gradient across the plasma membrane of BECs, the activation of Na+-independent anion exchanger 2 (AE2)  causes the secretion of bicarbonate in the bile (67). This umbrella is heavily dependent on the AE2 function (68) and prevents hydrophobic BAs from damaging cells (69, 70). The lack of AE2 in the bile duct cells in patients with PBC will cause the cells to be more sensitive to apoptosis induced by cytotoxic hydrophobic Bas (68). There are two separate pathways for bile duct bicarbonate secretion, including cAMP/cystic fibrosis transmembrane conductance regulator (CFTR) signaling and InsP3/Ca2+ signaling (71). Type III inositol 1,4,5-trisphosphate receptor (InsP3R3) promotes the secretion of biliary bicarbonate (71, 72). In BECs, pro-inflammatory cytokines enhance the microRNA-506 (miR-506) expression, which can cause overexpression and mislocalization of PDC-E2 (26, 73, 74) in PBC (26, 75–79). There are pieces of evidence that PAMPs that exist in bile can induce the release of chemokines to stimulate the innate immune response and damages the bile ducts (80, 81). Interestingly, mitochondria are present in all cells. However, only BECs are destroyed in PBC (82), which is an important cause inducing autoimmune reactions.

Multiple BA receptors, including nuclear receptors FXR (83), plasma membrane–bound G protein–coupled receptors (GPCRs) (84), the sphingosine-1-phosphate receptor 2 (S1PR2) (85), and the Takeda G protein–coupled receptor 5 (TGR5) (86), are expressed in BECs and show a variety of biological activities. S1PR2 is only activated by conjugated BAs (86). TGR5 is activated by BAs by increasing reactive oxygen species (ROS) and subsequent EGFR-dependent signals (87) to promote the proliferation of BECs. Ligand binding to TGR5 through coupling to a Gα(s) protein activates adenylate cyclase, increases intracellular cAMP concentrations, and triggers chloride secretion via the CFTR (36, 88–91). BAs can activate FXR and induce the expression of FGF15/19, thereby activating p38 in adjacent BECs and inhibiting the activity of CYP27 (92). Interestingly, in a similar inflammatory environment, compared with other chronic cholestatic liver diseases, the expression of WAF1 and p53 in the BECs in patients with PBC is more significant, which is related to bile duct epithelial cell apoptosis (93) Figure 2.




Figure 2 | Signaling pathways for BEC injury. Cholestasis induces oxidative stress and mitochondrial injury and leads to BEC senescent and apoptosis. In BECs, TGR5-dependent signaling triggers Cl− secretion, EGFR transactivation, and CD95 to play a role in anti-apoptosis and promote proliferation. The stimulation of M3 muscarinic receptors and P2Y nucleotide receptors induces the release of Ca2+ from InsP3Rs. miR-506 targets AE2 to impair biliary bicarbonate secretion and leads to cholestasis. miR-506 can promote the release of PDC-E2.






4 “Bile acid–inflammation–bile acid” signal axis in PBC

Studies have shown that the pro-inflammatory effects of hydrophobic BAs mediate liver inflammation through various signal pathways (94–100). Normally, 95% of the BAs in the serum of patients with cholestasis are in conjugated form and are rapidly secreted into the gallbladder once they have been transported into the liver cells by Na(+)/taurocholate cotransporter (Ntcp). In the state of cholestasis, BA efflux transporters are restricted, leading to cholestasis in liver cells (101). NTCP only exists in hepatocytes; therefore, BA-induced inflammatory cytokine production is specific to hepatocytes (102). Excessive BAs in hepatocytes can cause the abnormal expression of cytochrome c and Grp78, leading to the release of mitochondrial DNA, which initiates innate immune response by activating Toll-like receptor 9 (TLR9)-dependent and TLR9-independent signals (103). In hepatocytes, FXR can inhibit NF-κB signaling activity by binding between Nuclear Factor Kappa-beta (NF-κB) and DNA sequences. In addition, the NF-κB p50/p65 heterodimer inhibits FXR-mediated gene [Organic solute transporter alpha/beta (OSTα/β),  Bile salt export pump (BSEP), Multidrug resistance-associated protein homologs 2 (MRP2), Multidrug resistance protein-2/3 (MDR2/3), Small heterodimer partner (SHP)]) expression by binding to the FXR promoter in turn (104–107). BAs with high concentration can cause the ubiquitination and phosphorylation of NLR family pyrin domain containing 3 (NLRP3) (108) through the TGR5-cAMP-Protein kinase A (PKA) signal axis and inhibit its activity (109, 110). However, because of the expression restriction of FXR and TGR5 in cholestasis, the activity of NLRP3 cannot be restricted to cause liver inflammation (111). Nuclear factor of activated T cells (NFAT) plays an important role in the inflammatory response in PBC (112–114). Studies suggest that the Ca2+–calmodulin–calcineurin–NFAT signaling pathway is involved in BA-induced expression of chemokines in hepatocytes (115), which subsequently recruits neutrophils to mediate the inflammatory response, leading to hepatocyte necrosis (103). Previous studies have confirmed that NFAT signals can interact with innate immune responses through TLR signals (116). The activated TLR9 stimulates Burton’s tyrosine kinase (BTK) and causes phosphorylation and activation of phospholipase Cγ, which, in turn, induces Ca2+/NFAT signal (117). However, whether the Ca2+/NFAT axis is a downstream signal of TLR9 remains to be discussed (103). NLRP6 inflammasomes in intestinal epithelial cells can inhibit the destruction of the intestinal barrier by inducing Interleukin 18 (IL-18) synthesis and promote the production of antimicrobial peptides and mucus secretion by goblet cells Figure 3.




Figure 3 | Characteristics of BA-induced inflammatory response in PBC. BAs from enterohepatic circulation activate Focal adhesion kinase (FAK)/EGR-1, FAK/p38, S1PR2/AKT, and sphingomyelinase/Fas cell surface death receptor (FAS) receptor signaling pathways, inducing the release of cytokines, chemokines, and adhesions and subsequently promoting hepatic injury. BAs play an inflammatory effect by promoting the production of ROS and Ca2+. In contrast, the ligands of FXR and TGR5 inhibit NLRP3 activity via different signaling pathways. In the small intestine, intestine flora activates TLR, promotes NLRP6 activity, and inhibits intestinal dysbacteriosis and dysfunction.






5 “Cholestasis–inflammation–liver tissue-specific autoimmunity” signals in PBC

T-cell dysfunction is an important mechanism for PBC (118). The CD4+ cell ratio in the portal area is relatively high. It can develop into two subtypes including T helper type I (Th1) and Th2 cells, respectively, producing corresponding cytokines. Th1 is mainly responsible for cellular immune response (119). The distribution of Th1 is consistent with CD8+ cells in the small bile ducts. CD8+ cells are the main type of lymphocytes that invade BECs in early-stage PBC. However, in the later stage of PBC, the number, proportion, and distribution of immune cells have changed greatly (64, 120). T lymphocytes mediate BEC damage through three pathways: Fas/FasL, T cell receptor (TCR)/major histocompatibility complex (MHC) , and Fas/Fas receptor signaling pathways (63, 64). Targeting nudt1 to inhibit the number and function of CD 103+ TRM cells in the liver has the potential to alleviate immune bile duct injury in patients with PBC (121). Some studies have also found that humoral immune response may also be involved in the inflammatory response in PBC (122, 123), and the CD5–B-cell population may enhance the process of T cells invading BECs (124). The serum and liver tissue cytokine profiles of patients with PBC showed activation and liver recruitment of Th1 and Th17 cells (50).

It has been shown that pro-inflammatory cytokines are involved in the immune response in PBC (125). IL-12 is mainly responsible for Th0 differentiation into Th1 cells. IL-12 can also stimulate the growth and function of T cells. The presence of significant hepatic autoantibodies in IL-12Rβ1–deficient patients suggests that IL-12Rβ1 signaling is closely related to hepatic autoimmunity (126). IL-23 can mediate Th17 differentiation from CD4 T cells and produce IL-6, IL-17, and Transforming growth factor beta (TGF-β) (50, 54). The IL-23– and IL-17–positive monocytes in the portal area in PBC were significantly higher. IL-23 promotes Th0 differentiation into Th17 and induces it to secretion IL-17 (27, 127). Previous studies have proved that IL-6 is essential for Th17 polarization (52, 54). Pro-inflammatory cytokines can activate NK cells and induce the activation of dendritic cells (DCs). DC can further activate T lymphocytes, leading to their differentiation toward the Th1 and Th17 phenotypes. Moreover, it can attack B cells to produce AMA autoantibodies. AMA can recognize the PDC-E2 antigen produced by apoptotic BECs, leading to the formation of antigen–antibody complexes and promoting cell damage (128). IL-17 in PBC not only has a pro-inflammatory effect but may also promote the activation of stellate cells, thereby promoting the occurrence of liver cirrhosis (125, 129). This is also an important factor that PBC progresses from liver fibrosis to cirrhosis. Regulatory T (Treg) cells, as “immune suppressors”, play a protective role in controlling the inflammatory response. Tregs in the damaged bile duct area in the PBC liver tissue are reduced (130). There is increasing evidence that Treg level increases significantly near the inflamed portal area (131). Th17 and Treg cells seem to maintain a delicate balance in liver immune homeostasis (132). It has been found that the main effect of the absence of TGFβ pathway signaling is to downregulate immune regulatory processes and, consequently, upregulate inflammatory processes. In the mouse PBC model, there are extensive differences between the dominant-negative transforming growth factor β receptor II (dnTGFβRII) and normal, wild-type Tregs. Key transcription factors in dnTGFβRII Tregs are downregulated and express an activated pro-inflammatory phenotype (133).

Studies have found that follicular helper T (Tfh) cells, which are differentiated from CD4+ T cells, can promote B-cell activation, proliferation, affinity maturation, and differentiation (134, 135). They contribute to the B-cell germinal center (GC) response, which is then involved in the development of PBC (132, 136, 137). Tfh cells also express a series of transcription factors, such as Signal transducer and activator of transcription 3/4 (STAT3/4), Transcription factor B-cell lymphoma 6 (Bcl-6), Interferon regulatory factor 4  (IRF4), c-musculoaponeurotic fibrosarcoma (cMaf), and show a similar relationship with Th effector subsets (138). Another study also found that the survival, proliferation, and differentiation of GC B cells and Tfh cells are reciprocally dependent on each other (138). Tfr cells can express Foxp3 and suppress the same function as Treg cells (139, 140). Intrahepatic Treg cells and Tfr cells have inadequate inhibition of inflammatory and autoimmune responses (141). In GWAS studies, genetic factors have been found to play a key role in the development of primary cholangitis (PBC). Relatives of patients with PBC had a significantly higher risk of developing the disease, and, even among second - and third-degree relatives, the risk was significantly increased (19, 142). Because of the insufficient sample size of patients with PBC, GWAS has not revealed the key pathological mechanism of PBC. A new CD103+ CD69+ CD8+ T cell has recently been found to invade BEC, and the E-cadherin expressed by this type of cell accelerates its invasive ability Figure 4.




Figure 4 | Characteristics of bile duct injury and immune disorder in PBC. DCs activated by proinflammatory cytokines activate T lymphocytes and prompt them to differentiate into Treg, Th17, Th1, Tfh, and Tfr phenotypes. Th1, CD8+, and Th17 cells promote bile duct injury. CD4+ cells induce cholangiocyte apoptosis through cytotoxic T lymphocytes (CTL)/TCR and Fasl/Fas signaling pathways. The mitochondria in damaged cholangiocytes produce PDC-E2 antigen, which can be recognized by AMA, leading to the formation of antigen–antibody complexes.






6 Natural small molecules have great potential in the treatment of PBC

Currently, there are a limited number of drugs that have been approved for clinical use in the treatment of PBC. Natural small molecules are an essential area of research for candidate drugs for PBC treatment. FXR agonists have been found to be a promising direction for PBC-targeted drug research. The approved FXR agonist OCA has shown outstanding therapeutic efficacy in the clinical treatment of PBC (143). It is noteworthy that multi-acid receptor agonists have more tremendous therapeutic potential for PBC (144). On this basis, we reviewed the research progress of laboratory and clinical research on FXR agonists (Table 1).


Table 1 | Natural small molecules that activate nuclear receptors.






7 Conclusion

By summarizing the mechanism of PBC in BA cytotoxicity, the correlation characteristics of inflammation with BAs and immune response, and the main targets of hepatocyte necrosis and senescence and apoptosis of BEC, we have a generally in-depth understanding of the pathogenesis of PBC. Immune pathogenesis has a special relationship with the development of PBC. The immune response involves both innate immune response and humoral immune response that directly damage liver cells and BECs. However, the clinical effects of existing classic immunosuppressants and clinical trials of new biological agents modifying the immune system have been disappointing (158–160). Therefore, it is necessary to rethink the role of the immune mechanism in the pathogenesis of PBC. Limiting immune response to “downstream pathogenic factors” cannot achieve the desired efficacy in the treatment of PBC. Therefore, it is necessary to improve the “upstream pathogenic factors” of PBC, such as BA or inflammation, while suppressing immunity. This requires the new functions of new potential therapeutic drugs for PBC. It is worth noting that most patients with PBC have AMA autoantibodies. However, there are still a few patients with PBC who cannot be detected with AMA autoantibodies, but they do have other anti-nuclear antibodies. This suggests that the current research on the immune mechanism is flawed, and the key immune pathogenesis still needs further research and discovery.

As a possible “upstream factor” in the pathogenesis of PBC, BAs also show metabolic abnormalities in viral hepatitis, alcoholic or non-alcoholic steatohepatitis, drug-induced liver injury, and intrahepatic cholestasis of pregnancy, but no AMA autoantibodies appear as in PBC. This distinction suggests whether the relationship between BA metabolism disorder and autoimmune response is mediated by a “third party” in PBC, which requires further study. BAs are synthesized in hepatocytes, excreted into the small intestine through the gallbladder, and absorbed by the liver through blood circulation. Various cells throughout the enterohepatic circulation are exposed to BAs. However, in PBC, only the mitochondria in BECs are damaged. The destruction of mitochondria in BECs is also an important cause of autoimmune reactions. Therefore, we point out that BA-mediated damage to mitochondria in BECs is likely to be mediated by specific components of BECs. This is also an essential step in finding a PBC-targeted therapy strategy. On the basis of the existing research methods and technologies, some new high-throughput and high-sensitivity bioinformatics analysis technologies, such as GWAS, need to be used to reveal the targeting mechanism of PBC.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a complex disease involving inflammation, cell senescence, and autoimmunity. Dialectical treatment for COPD with traditional Chinese medicine (TCM) has the advantage of fewer side effects, more effective suppression of inflammation, and improved immune function. However, the biological base of TCM pattern differentiation in COPD remains unclear.





Methods

Liquid Chromatography-Quadrupole-Orbitrap mass spectrometry (LC-Q-Orbitrap MS/MS) based metabolomics and lipidomics were used to analyze the serum samples from COPD patients of three TCM patterns in Lung Qi Deficiency (n=65), Lung-Kidney Qi Deficiency (n=54), Lung-Spleen Qi Deficiency (n=52), and healthy subjects (n=41). Three cross-comparisons were performed to characterize metabolic markers for different TCM patterns of COPD vs healthy subjects.





Results

We identified 28, 8, and 16 metabolites with differential abundance between three TCM patterns of COPD vs healthy subjects, respectively, the metabolic markers included cortisol, hypoxanthine, fatty acids, alkyl-/alkenyl-substituted phosphatidylethanolamine, and phosphatidylcholine, etc. Three panels of metabolic biomarkers specific to the above three TCM patterns yielded areas under the receiver operating characteristic curve of 0.992, 0.881, and 0.928, respectively, with sensitivity of 97.1%, 88.6%, and 91.4%, respectively, and specificity of 96.4%, 81.8%, and 83.9%, respectively.





Discussion

Combining metabolomics and lipidomics can more comprehensively and accurately trace metabolic markers. As a result, the differences in metabolism were proven to underlie different TCM patterns of COPD, which provided evidence to aid our understanding of the biological basis of dialectical treatment, and can also serve as biomarkers for more accurate diagnosis.





Keywords: biomarker, COPD, lipidomics, metabolites, traditional Chinese medicine pattern





Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by continuous airflow restriction, which is related to the enhanced chronic inflammatory response of the airway and lungs to toxic particles or air. It is estimated that COPD-related mortality will reach 1 billion by the end of the 21st century (1). The pathological process of COPD is closely related to immune and inflammatory processes. Smoking, exposure to biomass fuel, dust, household fumes and pesticides, tuberculosis infection, occupational exposure, and frequent childhood infections are considered to be the main causes of COPD. These factors can cause inflammation-related processes including cells and mediators of both initiative and adaptive immunity and reactive oxygen species, which lead to lung tissue damage and loss. Meanwhile, recent studies have shown that autoimmunity also plays a role in COPD. The autoimmune mechanism explains the sustained unregulated inflammatory process after quitting smoking, as the initial inflammation and environmental damage in the lungs expose certain epitopes of autoimmune attack (2). At present, the treatment strategy for COPD can only control respiratory symptoms but cannot improve damaged lung function to reduce the occurrence of acute exacerbation.

Recently, the dialectical treatment of COPD with traditional Chinese medicine (TCM) has demonstrated advantages including fewer side effects and more effective promotion of lung function recovery (3). Dialectical treatment is recognized as an ancient precision medicine; that is, patients with the same disease can be divided into different “TCM patterns”. The TCM pattern is characterized by a certain cause, location, nature, and developmental tendency of a disease at a specific stage and is identified through a comprehensive analysis of the clinical symptoms and signs gathered by a practitioner using inspection, auscultation, olfaction, interrogation, and palpation of the pulses. Based on TCM pattern differentiation, different treatment strategies were given to patients. The stable stage of COPD can be classified into three common TCM patterns: Lung Qi Deficiency, Lung-Kidney Qi Deficiency, and Lung-Spleen Qi Deficiency. In a four-center, open-label randomized controlled study involving a total of 352 patients, TCM dialectical treatment was shown to have beneficial effects on measured outcomes in COPD patients over the 6-month treatment and 12-month follow-up period, with no relevant between-group differences in adverse events (4). In model rats with COPD, the formula used in the dialectical treatment for COPD has also been widely proven to reduce inflammation and improve immune function (5–8). However, the biological basis of TCM patterns remains unclear; thus, the diagnosis of TCM patterns still mainly depends on TCM practitioners’ subjective judgment, and there is no quantitative standard yet to help them differentiate TCM patterns and then select specific treatment strategies.

Previously, the biological basis of TCM patterns was commonly elucidated by low-throughput molecular biological methods. However, this is insufficient due to the complexity of TCM patterns. With the advent of systems biology, high-throughput, high-coverage genomics, transcriptomics, proteomics, and metabolomics methods, combined with robust bioinformatics and computational tools have been widely and effectively applied in the biological basis research of TCM patterns. Among them, metabolomics is the most commonly used method to study the biological basis of TCM patterns because of its more popular technology and equipment, easier operation, and lower cost. Wu et al. used a strategy that integrated proteomics, metabolomics study for clinic samples, and network pharmacology for TCM pattern differentiation of two typical syndromes of coronary heart disease: Cold Congealing and Qi Stagnation, and Qi Stagnation and Blood Stasis (9). Ye et al. used a urine and serum metabolomics study for the pattern differentiation of gastroesophageal reflux disease (10).

For COPD, metabolism disturbance is found as a significant pathological feature and is closely related to inflammation and immunity. For example, compared to healthy subjects, COPD patients were found to have increased levels of betaine and choline (1) and an increased ratio of carnitine to acylcarnitine (11). In addition, altered from the stable stage to acute exacerbation stage of COPD was accompanied by change of trihexosylceramide level (12), sphingolipids, ether-containing glycerophospholipids, phosphatidylglycerols, and glycerol lipids. Among them, the reduction of plasmalogen content is related to peroxisomal dysfunction, oxidative stress, or phospholipase activation; the reduction of phosphatidylglycerol (PG) is related to the damage of pulmonary surfactant; and the increase in ceramides is related to pulmonary vascular cell apoptosis (13). Therefore, deciphering the biological basis and diagnostic biomarkers of different TCM patterns of COPD based on metabolic disturbance may be an effective strategy.

Mass spectrometry (MS) coupled with ultra-high performance liquid chromatography (UHPLC)-based metabolomics and lipidomics are the predominant strategies for comprehensive profiling metabolism in a biosystem and have been applied to the biomarker screening of many diseases. In the present study, UHPLC-Q-Exactive Orbitrap-MS-based metabolomic and lipidomic analysis was used to identify the biological differences between the different TCM patterns of COPD at the metabolic level. As a result, a biomarker panel that characterizes three TCM patterns of COPD was detected, which may enhance our understanding of the scientific connotations of dialectical treatment for COPD and may also be used to improve the diagnosis accuracy of different patterns of COPD and, further, the personalized management.





Materials and methods




Chemicals and materials

Ammonium acetate, LC-MS-grade formic acid (FA), isopropanol and acetonitrile, and HPLC-grade methanol and methyl tert-butyl ether (MTBE) were purchased from Fisher Scientific (Geel, Belgium). Lipidomics Isotope-labelled internal standards (13) and Lyso-phosphatidylcholine (LPC) 19:0 (for metabolomics analysis) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Isotope-labeled internal standards for metabolomics analysis, including tryptophan-d5, valine-d8, phenylalanine-d5, palmitic acid-d3, cholic acid-d4, stearic acid-d3, carnitine C8:0-d3, and carnitine C16:0-d3, were obtained from Cambridge Isotope Laboratories (Tewksbury, MA, USA). Ultrapure water was prepared using the Milli-Q system (Millipore, Billerica, USA).





Subjects and study design

A total of 212 subjects were retrospectively enrolled in this study from December 2019 to June 2021 at The First Affiliated Hospital of Henan University of Chinese Medicine, including 41 healthy subjects and 171 patients with COPD (Global Initiative for Chronic Obstructive Lung Disease stage I/II or A/B). Patients with COPD were classified into three TCM patterns, including Lung Qi Deficiency (n=65), Lung-Kidney Qi Deficiency (n=52), and Lung-Spleen Qi Deficiency (n=54), which were diagnosed as described in our previous work (4, 14), according to the Diagnostic Criteria of TCM Syndromes of Chronic Obstructive Pulmonary Disease (updated in 2011) (3, 15):




Pattern 1

Lung Qi Deficiency, is characterized as panting and coughing and shortness of breath, which are worse when active; lassitude and spontaneous sweating; being prone to catching a cold; a pale tongue with white fur; and a deep thready pulse or a thready weak pulse.





Pattern 2

Lung-Kidney Qi Deficiency, is characterized as panting and shortness of breath, which are worse when active; lassitude and spontaneous sweating, which are worse when active; being prone to catching a cold; weakness in the lower back and knees; tinnitus, vertigo, or asthenia facial edema; profuse urination, frequent urination at night, or urine released with coughing; a pale tongue with white fur; and a deep thready pulse or a thready weak pulse.





Pattern 3

Lung-Spleen Qi Deficiency, is characterized as coughing and shortness of breath, which are worse when active; lassitude and spontaneous sweating; being prone to catching a cold; poor appetite or eating less; bloating in the gastric cavity, abdominal distension or loose stools; enlarged tongue with white or greasy fur; and a deep thready pulse, a deep slow pulse, or a thready weak pulse.

Patients with asthma, bronchiectasis, pleural effusion, founder’s pneumoconiosis, silicosis, asbestosis, or other diseases that could be confused with COPD were excluded. The baseline characteristics and clinical parameters of the study population are presented in Table 1. A fasting blood sample was drawn by venipuncture between 07:00 and 09:00 h and allowed to stand at room temperature for ≥60 min before centrifugation at 3000×g for 10 min at room temperature, then stored at −80°C until use. This study was conducted in accordance with the Declaration of Helsinki and was approved by the ethics committee of The First Affiliated Hospital of Henan University of Chinese Medicine (Ethical approval number 2019HL-016-02). All participants provided written informed consent.


Table 1 | Baseline characteristics and clinical parameters of the study population.








Metabolomic analysis

Serum samples were thawed at 4°C. Then 480 μL ACN that contained metabolite ISs with the concentration listed in Table S1 was added to 120 μL serum to remove the protein. After vortexing for 1 min and standing for 15 min, the mixture was centrifuged at 18 000 g for 15 min at 4°C. Then two aliquots (250 μL for each) of the supernatant were taken and dried in a vacuum centrifuge. The residues were reconstituted in 50 μL 20% ACN before analysis. Quality-control (QC) samples were obtained by mixing 10 μL of each serum sample and prepared as the real samples. In the analytical sequence, one QC was regularly inserted after six real samples to monitor the stability of the system.

A Dionex Ultimate 3000 Ultra Performance Liquid Chromatography coupled to a Q-Exactive Mass Spectrometry (Thermo Fisher Scientific, Bremen, Germany) was used for metabolomics analysis. In positive mode, an ACQUITY BEH C18 column (2.1 mm × 100 mm, 1.7 µm) (Waters, Milford, MA, USA) was employed at a column temperature of 30°C. 0.1% FA in H2O and 0.1% FA in ACN were used as mobile phases A and B at a flow rate of 0.35 mL/min. The LC gradient was as follows: it started as 5% B for 1 min, then increased to 100% B in 24 min, followed by a 4 min wash at 100% B and a 5 min re-equilibration at 5% B. In negative mode, an ACQUITY HSS T3 column (2.1 mm × 100 mm, 1.8 µm) (Waters, Milford, MA, USA) was employed at a column temperature of 40°C. 5 mM ammonium acetate in water and methanol were used as mobile phases C and D, at a flow rate of 0.35 mL/min. The LC gradient was as follows: it started as 100% C for 1 min, then increased to 95% D in 19 min, followed by a 5 min wash at 95% D and a 5 min re-equilibration at 100% C. The injection volume was 2 μL.

Mass spectrometry detection was conducted respectively in positive and negative modes with the spray voltage at 3.5 and 2.8 kV. For both modes, the flow rates of the sheath gas and auxiliary gas were set at 40 and 10 arbitrary units, and the capillary temperature was 325°C. For sequence analysis, full MS mode was employed with the scan range from 70 to 1000 m/z and the resolution at 70 000. For identification analysis, full MS-ddMS2 mode was employed, and the parameter was set as follows: resolution of MS and MS2, 70 000 and 17 500; Top N, 5; dynamic exclusion time, 6 s; normalized collision energy, 20, 40, and 60.

Raw data files were processed by Compound Discoverer 2.1 (Thermo Fisher Scientific) with untargeted workflow, including retention time alignment, compound detection, background annotation, formula prediction, and database search. Then the exported areas of each compound in the real samples were calibrated by one metabolite standard, which was selected based on the performance of metabolite standards (with the minimum RSD) in the QC samples (16, 17). After calibration, compounds with RSD greater than 30% in QC samples were removed.

Multivariate analysis with SIMCA 14.0 (Umetrics, Malmo, Sweden) and univariate analysis with SPSS Statistics 19.0 (IBM, Armonk, NY, USA) were sequentially performed to screen differential metabolites. Partial least squares discriminant analysis (PLS-DA) with unit variance scaling was performed to maximize the differences between the healthy control group and the COPD group and distinguish the important metabolites contributing to the classification. Compounds with variable importance in the projection (VIP) values > 1.0, p-values of Student’s t-test < 0.05, and fold change > 1.3 or < 0.77 were considered significantly changed.

As to the identification of differential metabolites, those with candidates from the mzCloud database in the search results of Compound Discoverer 2.1 were checked manually. Both the deviation of the precursor ions and the match of the MS/MS spectrums were taken into consideration. For differential metabolites with similarity matching with carnitine or LPC, the MS/MS spectrums were checked for the characterized product ion of 85.0291 or 184.0733 for carnitine or LPC, then the precursor ions were searched against The Human Metabolome Database (HMDB) 5.0 (https://www.hmdb.ca) and LipidMaps (https://www.lipidmaps.org) with mass tolerance set at 10 ppm to determine the structures.





Lipidomics analysis

Samples were analyzed using the same LC-MS system as the metabolomics study. A reversed-phase ethylene bridged hybrid C8 column (2.1×100 mm, 1.7 µm; Waters, Milford, MA, USA) was used for the chromatographic separation of lipids; The chromatographic and MS conditions and data process method have been described previously (13).






Results




Patient demographics and clinical outcomes

As presented in Table 1, the ages of 171 COPD patients are between 42 and 75. As expected, there were more male patients than female patients (76.9-79.63% male) with COPD, and the patients had a high smoking rate (50-59.26%); smoking affects lung function in many ways and has been confirmed as one of the causes of COPD. At the same time, the phenotypes caused by smoking will also be significantly different from other factors (18). Evidence has shown that, compared to smokers, never smokers with chronic airflow limitation have fewer symptoms, milder disease, a lower burden of systemic inflammation, and a lower risk of lung cancer or cardiovascular comorbidities but a higher risk of pneumonia and mortality from respiratory failure. Therefore, in the grouping, we ensured that there was no significant difference between healthy subjects and COPD patients of different TCM patterns in sex ratio, body mass index (BMI), and smoking ratio. Pulmonary function is the main clinical standard for identifying COPD. Compared with healthy subjects, the forced vital capacity (FVC, L), forced expiratory volume in one second (FEV1, L), and FEV1/FVC (%) of patients in COPD groups were significantly reduced. For FVC (L), Lung-Kidney Qi Deficiency < Lung-Spleen Qi Deficiency < Lung Qi Deficiency, for FEV1 (L), Lung-Spleen Qi Deficiency < Lung-Kidney Qi Deficiency < Lung Qi Deficiency. For the course of disease, Lung-Kidney Qi Deficiency> Lung-Spleen Qi Deficiency > Lung Qi Deficiency, which ranged from 1 to 516 months. Therefore, in general, the course of Lung Qi Deficiency patients is shorter, and the decrease in lung function is less than the other two types of TCM patterns.





Cross-comparisons of patients with COPD of different patterns by metabolomics

In order to systematically illustrate the metabolic intervention of COPD patients with different TCM patterns, UHPLC-Q-Orbitrap MS was used to analyze the serum samples in both negative and positive ion modes. The representative total ion current of serum samples from the healthy subjects, COPD of Lung Qi Deficiency, Lung-Kidney Qi Deficiency, and Lung-Spleen Qi Deficiency was obtained under optimal conditions. Figure 1 shows the stability test results of metabolomics and lipidomics. Firstly, PCA analysis was employed to show the variation of features in QC samples. Figures 1A, B showed the snapshots of test samples and QC samples measured in positive and negative ion modes, respectively. It can be seen that QC samples were mostly concentrated in the scatter diagram of PCA, which proves that the method was relatively stable during the experimental process. At the same time, Figures 1D, E show the relative error of the features detected in the positive and negative ion modes in the QC samples. It can be seen that the RSD of most of the features detected is within 5-15%, which also indicates the good performance of the analytical method.




Figure 1 | PCA plot of detected features in a QC sample and test sample by nontargeted metabolomics methods in the positive (A) and negative (B) ion modes, and (C) pseudotargeted lipidomics. Reproducibility of commonly detected features in the positive (D) and negative (E) ion modes and (F) pseudotargeted lipidomics.



In negative ion mode, 2234 features were identified and used for the subsequent univariate and multivariate analyses. Firstly, PCA analysis was employed to give snapshots of alterations in metabolic profiling introduced by different TCM patterns of COPD. As presented in Figure 2A, there were well-demarcated trends between samples of 3 TCM patterns of COPD and healthy subjects. Then, PLSDA analysis was used to filter the changed metabolites. Similarly, the differences between COPD with three TCM patterns and healthy subjects were all notable in the PLS-DA 3D scatterplot, with a cumulative R2Y of 0.986 and Q2 of 0.839 for Lung Qi Deficiency vs health, cumulative R2Y of 0.965 and Q2 of 0.876 for Lung-Kidney Qi Deficiency vs health, and cumulative R2Y of 0.968 and Q2 of 0.889 for Lung-Spleen Qi Deficiency vs health. Finally, after filtering with multivariate analysis (VIP > 1 in PLSDA analysis) and univariate analysis (p <0.05 and fold change > 1.3 defined as statistically significant), and matching the changed features with public metabolites databases and reference standards in accurate MS and MS/MS, 1, 3, and 3 changed metabolites were annotated from these features as biomarker compounds for three TCM patterns, respectively (Table 2). In positive ion mode, we identified 1537 features and, similarly, the differences between COPD with three TCM patterns and healthy subjects were also apparent in the PLS-DA 3D scatterplot (Figure 2A), with a cumulative R2Y of 0.994 and Q2 of 0.847 for Lung Qi Deficiency vs health, cumulative R2Y of 0.942 and Q2 of 0.833 for Lung-Kidney Qi Deficiency vs health, and cumulative R2Y of 0.986 and Q2 of 0.909 for Lung-Spleen Qi Deficiency vs health. With the same criterion, 1, 2, and 3 features were annotated as biomarker compounds for three TCM patterns of COPD, respectively (Table 2).




Figure 2 | (A) Score plots of PCA and PLS-DA based on the cross-comparison of Lung Qi Deficiency (Pattern 1) vs health, Lung-Kidney Qi Deficiency (Pattern 2) vs health, and Lung-Spleen Qi Deficiency (Pattern 3) vs health. (B) Venn diagrams and (C) Biopathway enrichment of the changed metabolites for COPD patients with 3 TCM patterns vs healthy subjects by metabolomic analysis.




Table 2 | Statistical analysis of diagnostic biomarkers from metabolomics.



Figures 2B, C display the Venn diagrams and pathway enrichment of the changed metabolites for the COPD patients with 3 TCM patterns vs healthy subjects. Among them, palmitoleic acid was included in the biomarker panels for all 3 TCM patterns. In addition, cortisol is the common biomarker for Lung Qi Deficiency and Lung-Spleen Qi Deficiency, and bilirubin is the common biomarker for Lung-Kidney Qi Deficiency and Lung-Spleen Qi Deficiency. At the same time, some metabolites can be used as characteristic biomarkers to distinguish different TCM patterns. Myristic acid, creatine, and 12,13-DiHOME, for example, can be used to differentiate Lung-Kidney Qi Deficiency from other patterns, and hypoxanthine 3-Carboxy-4-methyl-5 -propyl-2-furanpropionic acid (CMPF) and glycochenodeoxycholic acid can be used to differentiate Lung-Spleen Qi Deficiency. In metabolomics, no characteristic biomarker for Lung Qi Deficiency was found. In general, the metabolite biomarkers were mostly included in the pathways of porphyrin and chlorophyll metabolism and arginine and proline metabolism.





Changes of lipid class/subclass between COPD patients and healthy subjects

In order to fully characterize the metabolic difference of COPD patients in different TCM patterns, a high-coverage pseudo-targeted lipidomics approach was applied on the basis of metabolomics, which was described in detail in our previous research (13). Figure 1C shows the PCA scatterplot of QC samples and test samples, and Figure 1F shows the reproducibility of commonly detected lipids in pseudotargeted lipidomics. We can see that QC samples (QC samples are analyzed after every 8 injections) were gathered together on the scatterplot, proving that the experiment was stable during analysis.

To investigate the changes in the lipid pool, the total content of each lipid class/subclass was determined for each sample; for each lipid, this was calculated as its peak area divided by that of the IS of the same subclass (CperIS) (Figure 3). As the ISs for each subclass had the same concentration, the relative contents of different lipid classes/subclasses were comparable. There is no statistically significant difference between the CperIS of total lipids of healthy subjects and patients with COPD of different subtypes. Compared with healthy subjects, Lung Qi Deficiency and Lung-Kidney Qi Deficiency showed higher levels of glycerophospholipids, and Lung Qi Deficiency showed higher levels of cholesterol ester (CE) (Figure 3A). For each subclass of lipids, serum sphingolipids (including ceramide (Cer) and sphingomyelin (SM)) showed no difference in COPD of Lung Qi Deficiency and Lung-Spleen Qi Deficiency compared to healthy subjects, only Lung-Kidney Qi Deficiency showed significantly increased SMs (p<=0.01)(Figure 3B), the Cers level was higher in Lung-Kidney Qi Deficiency patients but not statistically significant. Glycerophospholipids showed a more significant difference between healthy subjects and COPD patients with different TCM patterns. Among glycerophospholipids, all TCM patterns showed a higher level of ether-containing glycerophospholipids (LPC-Os) (Figure 3B), and the patients with Lung Qi Deficiency and Lung-Kidney Qi Deficiency showed a higher level of phosphatidylcholine (PC).




Figure 3 | Lipid distribution pie charts (A) and relative quantity of each lipid subclass (B) in healthy subjects, COPD of different TCM patterns. Relative quantities (peak area ratio vs corresponding subclass IS at the same concentration) of all identified lipid species were summed per lipid class for each individual sample. *p < 0.05, **p < 0.01 vs healthy subjects. CE, cholesterol ester; Cer, ceramide; DG, diacylglycerol; FA, fatty acid; Health, healthy subjects; HexCer, hexaglycosylceramide; LPC, lyso-phosphatidylcholine; LPC-O, lysophosphatidylcholine with alkyl substituents; LPE, lyso-phosphatidylethanolamine; PC, phosphatidylcholine; PC-O, alkyl- and alkenyl-substituted phosphatidylcholine; PE, phosphatidylethanolamine; PE-O, alkyl- and alkenyl-substituted phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.







Cross-comparisons of patients with COPD of different TCM patterns by lipidomics

We compared the COPD patients with different TCM patterns to healthy subjects and identified 150 lipids (107 lipids for Lung Qi Deficiency vs Health, 28 lipids for Lung-Kidney Qi Deficiency vs Health, and 59 lipids for Lung-Spleen Qi Deficiency vs Health) that were significantly altered (p<0.05, fold change >1.2) (19). Then a PLS-DA model was used to characterize metabolic disturbances. Lipids with VIP values of >1.0 were considered candidate differential lipids (19). As a result, 43, 9, and 23, respectively, were identified as differential lipids for Lung Qi Deficiency, Lung-Kidney Qi Deficiency, and Lung-Spleen Qi Deficiency. The differences between COPD with three TCM patterns and health were apparent in the PCA and PLS-DA 3D scatterplot (Figure 4A), with a cumulative R2Y of 0.748 and Q2 of 0.536 for Lung Qi Deficiency vs health, a cumulative R2Y of 0.664 and Q2 of 0.570 for Lung-Kidney Qi Deficiency vs health, and a cumulative R2Y of 0.764 and Q2 of 0.692 for Lung-Spleen Qi Deficiency vs health in PLSDA.




Figure 4 | (A) Score plots of PCA and PLSDA based on the cross-comparison of Lung Qi Deficiency (Pattern 1) vs health, Lung-Kidney Qi Deficiency (Pattern 2) vs health, and Lung-Spleen Qi Deficiency (Pattern 3) vs health and (B) Venn diagrams of the changed lipids for COPD patients with 3 TCM patterns vs healthy subjects by lipidomic analysis.



For the differential diagnosis of COPD of different TCM patterns using lipidomics, we used the criteria VIP >1.2, adjusted p-value <0.05, and fold change >1.2 as the filters. As a result, there were 26 lipid biomarkers that could distinguish between COPD of Lung Qi Deficiency and healthy subjects, as well as three for Lung-Kidney Qi Deficiency vs health, and 10 for Lung-Spleen Qi Deficiency vs health (Table 3). A Venn diagram of the differential lipids is shown in Figure 4B. We can also see that some lipid markers of TCM patterns of COPD are common to health, such as PC 16:0_18:3-1/PC 16:1_18:2, but there were more markers that differed among these groups that could potentially be used for differential diagnosis. In total, 22 lipids can be used as character biomarkers to distinguish Lung Qi Deficiency from the other two TCM patterns of COPD; similarly, there are one and seven lipids that can be used to distinguish Lung-Kidney Qi Deficiency and Lung-Spleen Qi Deficiency, respectively.


Table 3 | Statistical analysis of diagnostic biomarkers from lipidomics.







Differential diagnosis TCM patterns of COPD based on metabolic biomarkers

Accurate diagnosis of TCM pattern is critical for deciding the appropriate therapeutic strategy for patients and personalized COPD treatment. For the differential diagnosis of COPD using metabolomics and lipidomics-based biomarkers, receiver operating characteristic (ROC) analysis based on logistic regression was used to evaluate the accuracy of the biomarkers based on metabolomics, lipidomics, and both combined.

In metabolomics analysis, there were two biomarkers that could distinguish between COPD of Lung Qi Deficiency and health subjects, five for Lung-Kidney Qi Deficiency vs health, and six for Lung-Spleen Qi Deficiency vs health (Table 2). When metabolomic biomarkers were used alone as diagnostic criteria, the ROC analysis was conducted based on logistic regression of three biomarker panels, the area under the ROC curve (AUC), sensitivity, and specificity were 0.771, 48.6%, and 89.3%, respectively, for Lung Qi Deficiency vs healthy subjects; 0.834, 82.9%, and 71.0%, respectively, for Lung-Kidney Qi Deficiency vs healthy subjects; and 0.840, 85.7%, and 72.7%, respectively, for Lung-Spleen Qi Deficiency vs healthy subjects (Figure 5). When lipidomic biomarkers are used alone as diagnostic criteria, the AUC, sensitivity, and specificity were 0.973, 85.7%, and 96.4%, respectively, for Lung Qi Deficiency vs healthy subjects; 0.879, 88.6%, and 83.9%, respectively, for Lung-Kidney Qi Deficiency vs healthy subjects; and 0.605, 77.1%, and 38.6%, respectively, for Lung-Spleen Qi Deficiency vs healthy subjects (Figure 5). Combining the results of metabolomics and lipidomics, the prediction efficiency of the model is significantly increased in ROC analysis. The AUC, sensitivity, and specificity were 0.992, 97.1%, and 96.4%, respectively, for Lung Qi Deficiency vs healthy subjects; 0.928, 91.4%, and 83.9%, respectively, for Lung-Kidney Qi Deficiency vs healthy subjects; and 0.881, 88.6%, and 81.8%, respectively, for Lung-Spleen Qi Deficiency vs healthy subjects (Figure 5).




Figure 5 | Diagnostic utility of differential metabolites as determined by receiver operating characteristic (ROC) curve analysis by metabolomics and lipidomics. AUC, area under the receiver operating characteristic curve; CI, confidence interval; Health, healthy subjects; VIP, variable importance in projection.



Furthermore, we also analyzed the correlation between these biomarkers and the correlation between these biomarkers and the lung function parameters. As shown in Figure 6, Bilirubin and PE-O 18:1p_22:4 is positively correlated with lung function parameters, while SM d16:1_24:2/SM d18:1_22:2/SM d18:2_22:1, SM d18:1_ 24:1, Palmitoleic acid, and myristic acid are negatively correlated with lung function parameters. Among biomarkers, we can see that there is a significant positive correlation between the same lipid subclasses, such as PCs and PC-Os, which indicates the consistency of lipid class or subclass changes.




Figure 6 | A heat map shows the correlation between metabolite biomarker and biomarker and lung function parameters. The degree of correlation is indicated by a gradient of red (positive) and blue (negative). # the metabolites identified with isomers, which seeing Table 3.








Discussion

TCM pattern differentiation is the cornerstone for TCM practitioners to understand diseases and guide individualized clinical medication. However, TCM pattern differentiation has a certain degree of complexity, ambiguity, and subjectivity (20). Firstly, the syndrome description of TCM patterns is based on human patients, which is difficult to transfer to animal models for simulation or experiment. Therefore, this experiment aims to find biomarkers with different TCM patterns from 171 serum samples of patients with COPD that are strictly screened clinically, which can indicate more accurate characteristics of TCM patterns. Secondly, to find the biological bases of different TCM patterns clinically, we still need to classify the different TCM patterns of COPD through TCM practitioners first, and it is necessary to ensure the accuracy and repeatability of this process. First of all, this work depends on the standard of diagnosis and treatment of COPD in TCM jointly constructed by hospitals in China. The standard specifies the classification of different TCM patterns of COPD and the corresponding medication suggestions so as to help TCM practitioners make an accurate diagnosis. At the same time, in order to further ensure accurate diagnosis, each subject was diagnosed by two researchers respectively, and the person in charge of the research unit finally determined whether there was any inconsistency. As shown in Table 1, there is no significant difference in the baseline parameters of patients with COPD of different TCM patterns, but there is a significant difference in lung function. Among them, lung function damage in Lung-Spleen Qi Deficiency is the most obvious, followed by Lung-kidney Qi Deficiency, and finally, Lung Qi Deficiency. This can be partly explained from the perspective of the TCM understanding of lung disease. In TCM theory, Lung Qi Deficiency is the initial stage of lung disease, on the other hand, there is a close correlation between various organs; the dysfunction of the lungs will affect other organs such as the spleen and kidneys, and the function damage in other organs will also feed back to further damage lung function. Among them, the “Spleen” in TCM is responsible for the transportation of food and produces the refined Qi of water and grain, which is the basis of Qi generation. Deficiency of Spleen Qi causes obstructions of water and dampness and leads to the build-up of dampness and turbidity the accumulation of dampness and phlegm in lung tissue damages lung function. Therefore, lung function is seriously weakened due to Lung-Spleen Qi Deficiency, while Lung Qi Deficiency causes the least damage to lung function. However, the influencing factors of lung function are very complex. Natural aging and other diseases are accompanied by the decline of lung function, such as FEV1; thus, normal elderly people are often misdiagnosed with COPD according to spirometry (21, 22). Therefore, the difference in lung function may be the result of different TCM patterns, but there is no evidence to distinguish TCM patterns according to lung function indicators. Some previous studies have shown that some metabolic biomarkers have been found to effectively characterize the two main TCM patterns of acute exacerbation of COPD, phlegm–heat congesting lung, and phlegm-damp amassing in the lung (13). In this experiment, we further combined metabolomics and lipidomics, two bioinformatics tools for clinical high-throughput screening to analyze the metabolic biological basis and diagnostic biomarkers of different TCM patterns of COPD. Figure 7 summarizes the clinical diagnosis, lung function, metabolic markers, and biological characteristics of different TCM patterns in COPD.




Figure 7 | Summary of the clinical diagnosis, lung function, metabolic marker, and biological characteristics of different TCM patterns in COPD.



Firstly, we found three panels of metabolic biomarkers based on metabolomics to diagnose different TCM patterns of COPD, and their AUC in ROC analysis was 0.771-0.840. As previously mentioned, the conventional metabolomics strategy can only detect polar or moderately polar metabolites due to their extraction and chromatographic analysis methods. Thus, lipidomics is often parallelly used to characterize the nonpolar lipids. In lipidomics, the non-polar lipid fraction was extracted from the serum using MTBE, then in the chromatographic analysis, the C8 reversed-phase chromatographic column was used as the stationary phase, and water-acetonitrile-isopropyl alcohol was used as the mobile phase so that the non-polar lipid could be better separated. As a supplement to metabolomics, it helps us find more diagnostic biomarkers. For the lipidomics strategy that we used here, all lipids in the serum detected by accurate m/z and MS/MS spectra were first identified, then semi-quantitative and statistical analyses were conducted on the samples based on this target lipid library to find the differential lipids. This pseudo-targeted lipidomics approach can reduce identification errors caused by the non-targeted method and avoid the interference of background signal on statistical parameters. As expected, when combining lipid biomarkers with previous metabolomics biomarkers as diagnostic criteria, its AUC in ROC analysis increased to 0.881-0.992. It can be seen that the combination of lipidomics and metabolomics can increase the prediction accuracy of metabolic biomarkers by improving the coverage of the analysis.

Based on the above results, we can not only identify a group of metabolic biomarkers for clinical diagnosis but also understand the pathogenesis of COPD from the biological processes involved using these biomarkers. In metabolomics analysis, there is no marker compound to differentiate Lung Qi Deficiency from the other TCM patterns (the only two biomarkers, cortisol and palmitoleic acid, are common to two other patterns). This may be because Lung-Kidney Qi Deficiency and Lung-Spleen Qi Deficiency are the further development of the Lung Qi Deficiency in pathology; thus, both have the characteristics of Lung Qi Deficiency. However, besides the characteristics of Lung Qi Deficiency, patients with Lung-Kidney Qi Deficiency also have Kidney Qi Deficiency syndrome; thus, myristic acid, creatine, and 12,13-DiHOME can be used to distinguish patients with Lung-Kidney Qi Deficiency. Myristic acid is a principal substrate for protein myristoylation and a potential peroxisomal β-oxidation product (23). The increase in myristic acid can reflect the increase in lipid synthesis, which is consistent with the increase in the overall level of lipids in COPD, especially in Lung-Kidney Qi Deficiency patients (Figure 3A). In addition, the level of creatine is significantly lower in patients with Lung-Kidney Qi Deficiency. In TCM, Kidney Qi Deficiency is characterized by weakness in the lower back and knees, that is, the function of bones and muscles is decreased, which may be related to the decline of creatine. 12,13-DiHOME is an oxylipin; the literature indicates that 12,13-diHOME can improve metabolic health, and the action of this molecule appears to favor the absorption of fatty acids by brown adipose tissue and stimulate the browning process in white adipose tissue (24). In patients with Lung-Kidney Qi Deficiency, 12,13-DiHOME may be negative feedback of the increase of lipid synthesis. However, there are few studies on this lipid function, and further experimental verification is needed. Hypoxanthine, 3-Carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF) and glycochenodeoxycholic acid has been proven suitable for distinguishing patients with Lung-Spleen Qi Deficiency. Hypoxanthine is an important purine metabolite, and it causes hyperuricemia due to excessive synthesis to uric acid. Hypoxanthine is also associated with inflammation (25). Thus, the increase in hypoxanthine may indicate some pathological processes related to COPD inflammation. CMPF is a kind of uremic toxin (26); however, some studies have shown that it may also be used as a biomarker of type 2 diabetes (27). Because the concept of the spleen in TCM is different from that in modern medicine, it refers to the whole digestive system organ. So, the pancreatic islet, the organ of diabetes, belongs to the “Spleen” in TCM, and CMPF may be a marker related to pancreatic islet function to be studied. Glycochenodeoxycholic acid is the predominant human dihydroxy bile salt under cholestatic conditions and is a likely candidate for bile acid-mediated hepatocellular injury during cholestasis due to its direct cytotoxic effects on hepatocytes (28). There are few studies on this metabolite, and the relationship between it and the pathological process of COPD is still unclear.

In the lipidomics analysis, we used a pseudo-targeted lipidomics approach; therefore, we can both understand the difference in lipid class/subclass and the difference in individual lipids between different groups. Among them, sphingolipids and glycerophospholipids are the lipid classes with the largest difference between various TCM patterns and healthy subjects. Sphingolipids are primarily found in cell membranes but also in biofluids such as plasma and serum and are involved in diverse biological processes, including cell death, proliferation, differentiation, autophagy, senescence, migration, and efferocytosis (29). Sphingolipid metabolism was shown to be dysregulated by smoking and COPD (30–32). Sphingolipid synthesis was enhanced due to lung injury, especially Cers, which enhanced pulmonary vascular cell apoptosis (33) and decreased clearance of apoptotic cells by alveolar macrophages (34). Compared to healthy subjects and other TCM patterns of COPD, Lung-Kidney Qi Deficiency showed increased SMs and Cers, which indicates that Lung-Kidney Qi Deficiency may be distinguished by enhanced pulmonary vascular cell apoptosis, although this requires validation in additional studies. In addition, the increase of LPC-Os may be a characteristic of all TCM patterns of COPD compared with healthy subjects. This is somewhat inconsistent with previous research, which states that the enhanced oxidative stress in COPD development may lead to reduced plasmalogen (35); thus, the reason of increased LPC-Os in COPD patients showed in this work is also worthy further study.

As previously mentioned, the biological basis of TCM patterns is commonly induced by low throughput molecular biological methods from different levels. This study attempts to explain the biological basis of TCM patterns at the metabolite level because the final results of changes in transcription and protein levels are difficult to infer due to complex biological signal interactions. As the final product of all biochemical reactions, the differences in metabolites can better reflect the results of physiological and pathological changes. Therefore, metabolomics is more suitable for the preliminary screening of the biological basis of TCM patterns and the discovery of biomarkers. However, metabolomics commonly only reflects pathological results but not the mechanisms of pathological changes or drug effects. Therefore, in the follow-up work, it will be beneficial to comprehensively analyze the results of this work combined with transcriptome and proteomics. By studying the differences in mRNA and protein levels in blood samples of patients with different TCM patterns to confirm the target of dialectical treatment of COPD, and by studying the differences in target mRNA and protein in blood samples of patients before and after receiving dialectical treatment, as well as studying the correlation between drug regulated targets and changes in clinical indicators, we can find the regulatory targets of the corresponding Chinese medicine in dialectical treatment to completely analyze the biological network of TCM pattern differentiation treatment of COPD.





Conclusion

COPD is a complex disease, and dialectical treatment of TCM has been proven to be an important research direction for treating COPD. However, its diagnosis and treatment are mainly based on conventional TCM theory. This experiment combines metabolomics and lipidomics, aiming to study its biological mechanism from the metabolic level. The results indicate that Lung-Spleen Qi Deficiency showed the most serious lung function damage, followed by Lung-kidney Qi Deficiency and Lung-Qi Deficiency. At the metabolic level, Lung-Kidney Qi Deficiency is characterized by increased myristic acid (related to lipid synthesis), SMs and Cers (related to cell apoptosis), and reduced creatine (related to smooth muscle function). Lung-Spleen Qi Deficiency is characterized by increased hypoxanthine (related to inflammation)., However, the metabolic disturbances of Lung Qi Deficiency, as the early stage of COPD, do not have characteristics compared to the other two TCM patterns. In addition, one of the bottlenecks of dialectical treatment is the lack of quantitative standards. Biomarker screening based on multi-omics can provide some reference for the classification of these “TCM subtypes”. In this experiment, three panels of biomarkers found by metabolomics and lipidomics were used for the clinical characterization of three main TCM patterns of COPD. In future research, it is suggested that these biomarkers, or a combination of biomarkers with clinical dialectics, be used to establish a systematic TCM pattern classification strategy. The limitation of this experiment is that the sample size is still relatively small, which may have a significant impact due to individual differences, and further multicenter clinical experiments are needed to verify it. At the same time, further research is needed to reveal the etiology and pathogenesis mechanism of these metabolic disturbances.
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Objective

The purpose of this study was to precisely evaluate the serum Dickkopf-1 (DKK-1) level in patients with ankylosing spondylitis (AS) relative to that in normal controls and to test the causal relationship between DKK-1 and the risk of AS.





Methods

Embase, PubMed, Web of Science, WANFANG DATA, VIP, and China National Knowledge Infrastructure (CNKI) were comprehensively searched until July 2022 for pertinent studies. The pooled standardized mean difference (SMD) with a 95% confidence interval (CI) was calculated by the fixed or random-effect model. In Mendelian randomization (MR) analysis on the causal relationship between serum DKK-1 level and AS risk, the inverse variance weighting method (IVW), MR-Egger regression, weighted median method, and weighted pattern method were applied. Sensitivity analyses, including the horizontal pleiotropy test, heterogeneity test, and leave-one-out test, were also performed.





Results

The meta-analysis of 40 studies containing 2,371 AS patients and 1,633 healthy controls showed that there was no significant difference in DKK-1 serum level between AS patients and normal controls (pooled SMD=0.207, 95% CI =−0.418-0.832, P=0.516). The subgroup analysis of the CRP ≤ 10 mg/L group showed that AS patients had higher serum DKK-1 concentration than the healthy controls (SMD=2.267, 95% CI = 0.102-4.432, P=0.040). Similarly, MR analysis also demonstrated no significant association between DKK-1 serum level and AS (IVW OR=0.999, 95% CI = 0.989-1.008, P=0.800). All sensitivity analyses revealed consistent results.





Conclusions

There was no significant change in serum DKK-1 concentration between AS patients and healthy controls. In addition, no causal relationship exists between serum DKK-1 levels and AS risk.
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1 Introduction

Ankylosing spondylitis (AS) is a type of spondyloarthropathy (SpA), which is immune-mediated and associated with a chronic inflammatory response. The primary pathological changes of AS are spinal and sacroiliac joint involvement, excessive ossification and inflammatory osteopenia, spinal joint fusion, bamboo-like shape, reduced mobility resulting in spinal rigidity and back pain, and other clinical manifestations (1). The worldwide prevalence of AS is 0.07%-0.32%, and men are more susceptible to the disease than women (2). It not only places a burden of disease on patients but also increases the social burden due to loss of quality of life and psychological harm to patients (3). Early diagnosis and biological therapy can enhance the life quality of patients to some extent by decreasing the incidence of spinal joint fusion (4). The etiology of AS has not been elucidated. Several relevant factors were revealed to be associated with the risk of AS including genetic, immune, microbial, and endocrine factors (1). In terms of immune factors, pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α) and interleukin 17 (IL-17), have been known to play important roles in the etiology of AS (5). Dickkopf-1 (DKK-1) can interact with these cytokines and it may participate in inflammation and autoimmune responses (6). The Wnt signaling pathway is a crucial pathway in the new bone formation mechanism of AS, and the DKK-1 protein on the pathway may affect the occurrence of AS.

As the founding member of the DKK family, DKK-1 is a cysteine-rich secretory glycoprotein that strongly inhibits the Wnt/β-catenin pathway and is soluble (7). DKK-1 competes with Wnt ligand, occupies low-density lipoprotein receptor-associated protein 5/6 (LRP5/6), and binds frizzled proteins to promote the internalization of LRP5/6 receptor, thus inhibiting downstream Wnt signaling, further leading to the degradation of β-catenin and limiting the expression of Wnt target genes (8, 9). One previous study has shown that the serum level of DKK-1 bounding to LRP6 is down-regulated in AS patients (10). The obstruction of this typical Wnt pathway by DKK-1 may interfere with bone metabolism by affecting osteoblasts and osteoclasts (11, 12).

Many studies have been conducted to investigate the serum DKK-1 level of AS patients. A previous meta-analysis including 7 case-control studies from 2010 to 2012 indicated that the level of serum DKK-1 in patients with AS was significantly higher than that in healthy controls (13). However, another recent meta-analysis containing 23 studies from 2010-2017 revealed no significant difference in serum DKK-1 concentration between AS patients and healthy controls (14). Furthermore, more recent studies have reported controversial results since 2018 (15–30). The reason for the inconsistent results may be due to the potential bias of traditional epidemiology, such as measurement error, reverse causality, confounding bias, different races, and clinical heterogeneity, which are caused by the nature of the study design (31). Therefore, whether serum DKK-1 level is causally linked to AS remains undetermined.

In the present study, a two-stage design was applied. First, to derive a more precise estimation of the serum level of DKK-1 in AS patients, a meta-analysis was performed. Second, to determine the causal relationship between serum DKK-1 level and the risk of AS, a Mendelian randomization (MR) analysis was conducted.




2 Materials and methods



2.1 Data sources

This meta-analysis was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines published in 2021. We systematically conducted an electronic literature retrieval to search all available studies published up to July 2022 that were related to the correlation between DKK-1 serum levels and AS. The online searchable literature libraries included Embase, PubMed, Web of Science, WANFANG DATA, VIP, and the China National Knowledge Infrastructure (CNKI). Our search terms included ankylosing spondylitis, AS, DKK-1, Dickkopf-1, and Dickkopf-Related Protein 1, using subject terms and keywords. Inclusion criteria for the study were as follows: (1) the study was an observational study; (2) cases were patients with AS diagnosed by clear diagnostic criteria, and controls were healthy participants; (3) the study provided data on serum DKK-1 levels in AS patients and controls, such as mean and standard deviation (mean ± SD) or mean and standard error of the mean (mean ± SEM) or median and interquartile range (median (IQR)); (4) the article was written in English or Chinese. Exclusion criteria for the study were as follows: (1) the study was a conference abstract, review, meta-analysis, etc.; (2) the study had no sufficient data; (3) the study was based on animal models or only PBMCs; (4) the study used duplicate data. Moreover, references to the included literature and related reviews were searched to supplement any relevant studies.

Single-nucleotide polymorphisms (SNPs) associated with DKK-1 were screened from genome-wide association studies (GWAS) with 21,758 individuals as instrumental variables (IV), including 13, 102 756 variant loci (32). SNPs associated with the risk of AS were extracted from a European population study, which included 1,476 AS cases and 386,233 controls. The GWAS was derived from the exome sequencing data of the UK Biobank (UKB) Exome Sequencing Consortium, an organization that concentrates on each protein-coding gene in the genome by examining the exome sequences of 454,787 UKB participants (33). All data were downloaded from the publicly available GWAS Catalog database at https://www.ebi.ac.uk.




2.2 Data extraction and quality assessment

Two investigators extracted the study information, including the name of the first author, publication year, region of research, individual characteristics (age, gender), serum DKK-1 levels [mean ± SD, mean ± SEM, or median (IQR)], measurement method, duration of disease, and so on, from each of the included studies independently. For any study where there was disagreement regarding the inclusion or extraction of its data, our solution was to discuss it with the third reviewer until a consensus was reached. Two investigators evaluated the methodological quality of each study by the Newcastle-Ottawa scale (NOS) independently. The assessment scale defined articles with scores above 7 as high.




2.3 Instrument selection

Quality assessment of DKK-1 data was performed to incorporate optimal IV according to the following requirements. First of all, SNPs significantly correlated with DKK-1 were selected according to the threshold of the P value. A set of SNPs with genome-wide statistical significance (P < 5×10-8) were extracted as IVs. Second, SNPs with minor allele frequencies (MAF) less than 0.01 were excluded. Third, linkage disequilibrium (LD) among IVs was eliminated to reduce the bias in results caused by strong LD. We removed strong SNPs by the clumping procedure (R2 < 0.001, clumping length = 10 000 kb), and used 1 000 genomes of the European population as a reference. Fourth, corresponding SNPs that affect exposure and outcome should have the same effect alleles, and those with different effector genes should be corrected or deleted to guarantee that palindromic sequences are not included in IVs. Finally, after screening according to the above requirements, if there were no corresponding SNPs that affect exposure and outcome, proxy SNPs should be sought for further analysis (r2>0.8).

The included IVs should be subject to the following three assumptions: (1) IVs are closely related to exposure; (2) IVs are irrelevant to any confounding factors affecting the exposure-outcome association, F statistic was applied to evaluate the strength of correlation between the two, and those with the F statistic less than 10 were considered to be weakly correlated, which needed to be eliminated; (3) IVs do not affect outcomes except by association with exposure. Diabetes and hypertension, as common complications of ankylosing spondylitis, may affect DKK-1 production and function in the body (34–36). In order to exclude their influence as much as possible, we included them as confounding factors for further analysis.




2.4 Statistical analysis

R (version 4.1.1) was used for all statistical analyses. The correlation between serum DKK-1 and AS was assessed by calculating the standardized mean difference (SMD) with a 95% confidence interval (CI). Before calculating SMD, the data units were unified, SEM values were converted to SD using the function, SD=SEM× (37), and the median (IQR) references the methods of Zhao et al (38) and Luo et al (39) to convert into mean ± SD. The heterogeneity of the research was examined utilizing Cochran’s Q statistic and I2 test (40). The choice of effect model depended on the P value and I2. When P < 0.100 or I2>50%, the random effect model was chosen, and the fixed effect model was chosen for other cases. To further investigate the source of heterogeneity, subgroup analysis and meta-regression were implemented. Sensitivity analysis was carried out by eliminating each study to check the robustness of the results. The assessment of publication bias was adapted through Egger’s linear regression test and Begger’s rank correlation test, and funnel plots were used for its visualization. Outside the heterogeneity test (P < 0.100), other tests defined P <0.05 as significant.

The MR analysis methods used to estimate the causal effect between exposure and outcome in this study were the inverse variance weighting method (IVW), MR-Egger regression, weighted median method, and weighted method. A sensitivity analysis of the MR analysis results was also needed, which can be divided into three aspects. On one side, Cochran’s Q statistic was applied to test the heterogeneity among SNPs. Second, MR pleiotropy residual sum and outlier (MR-PRESSO) was utilized to test horizontal pleiotropy, eliminate outliers to correct the results, and compare the results before and after correction. Third, a leave-one-out analysis was conducted to examine the robustness and consistency of the result.





3 Results



3.1 Observed associations between serum DKK-1 and AS



3.1.1 Publication search and study characteristics

The detailed process of literature screening is shown in Figure 1. Of the 6,066 articles originally searched, 40 studies published from 2010 to 2022 were ultimately included in the meta-analysis. A total of 2,371 AS patients and 1,633 healthy controls were investigated. Of the 40 studies, 31 were case-control studies and 9 were cross-sectional studies. Furthermore, 6 were conducted in Euramerican and 34 in Asia. All of the studies used enzyme-linked immunosorbent assay (ELISA) to detect the serum levels of DKK-1. All the included articles were of medium to high quality, with NOS scores ranging from 5 to 8. The main information of the literature is shown in Table 1.




Figure 1 | Flowchart of article selection.




Table 1 | General characteristics of included meta-analyses.






3.1.2 Overall effects

Meta-analysis of the overall articles showed significant heterogeneity (I2 = 97.5%, P<0.001), therefore the random-effect model was used to calculate the effect sizes. The serum DKK-1 levels of AS patients had no significant change compared with controls (pooled SMD=0.207, 95% CI = −0.418-0.832, P=0.516). The forest plot of SMDs (95% CI) of serum DKK-1 in AS patients relative to controls is shown in Figure 2.




Figure 2 | Forest plot of serum DKK-1 levels for AS patients vs healthy controls (a/b means the different subgroup from the same research).






3.1.3 Subgroup analysis and meta-regression analysis

Subgroup analysis was conducted by stratification according to study type, age, region, course of disease, C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), the Bath AS Disease Activity Index (BASDAI), and the modified Stroke AS Spine Score (mSASSS). The results showed that among the CRP ≤10 mg/L subgroup, the serum DKK-1 concentration in AS patients was higher than that in healthy controls (SMD=2.267, 95% CI = 0.102-4.432, P=0.040) (Figure 3). The other subgroups all had no statistical significance (all P > 0.05) (Supplementary Figures 1–7).




Figure 3 | Forest plot with subgroup analysis of CRP (a/b means the different subgroup from the same research).



The results of meta-regression analysis on NOS, publication year, and research sample size showed that none of them were potential sources of heterogeneity (all P >0.05) (Table 2).


Table 2 | Meta-regression analysis for the basic characteristics of the study.






3.1.4 Publication bias and sensitivity analysis

Egger’s linear regression test (t = 1.14, P = 0.260) and Begger’s rank test (Z = 0.58, P = 0.565) did not detect any publication bias (Figure 4). A sensitivity analysis of all the included studies indicated that none of the 40 studies changed the overall effect size (all P >0.05), suggesting the results were robust.




Figure 4 | Funnel plots assessing publication bias of included studies.







3.2 Causal associations between serum DKK-1 and AS



3.2.1 IV selection

Initially, 579 were extracted as IVs from a large-scale GWAS. After eliminating SNPs that had LD effects, 9 SNPs were selected as IVs. The calculated F-statistic was 76.0, greater than 10, so there was no weak IV in these 9 SNPs.




3.2.2 Two-sample MR analysis

The result of IVW showed no evidence of an association between serum DKK-1 levels and the risk of AS (IVW OR= 0.999, 95% CI = 0.989-1.008, P = 0.800) (Figure 5). MR-Egger regression was used to assess the horizontal pleiotropy among IVs and outcome, and the results showed that there was no horizontal pleiotropy between them (P = 0.261). For the sensitivity analysis, no outliers were found in the analysis by MR-PRESSO (P = 0.692). The results of Cochran’s Q test indicated that there was no significant heterogeneity (Q= 5.527, P = 0.700) in the effect of DKK-1-related SNPs on the risk of AS, which revealed the reliability of MR results. Through the leave-one-out test of eliminating each SNP, the consistency of the results indicated the stability of the MR analysis results (Supplementary Table 2). There was no statistical significance between DKK-1 and confounding factors (All P > 0.05) (Supplementary Tables 3, 4).




Figure 5 | Evaluated causal relationships between DKK-1 and AS using different MR methods.








4 Discussion

Ectopic formation of new bone and fusion of spinal joints in axial bones are vital factors in the disease burden of AS, and the β-catenin-dependent canonical Wnt signaling pathway has been investigated and proved to be an essential mechanism for osteogenesis and spinal sacralization (66). In a previous observational study exploring the link between Wnt signaling and AS, Diara et al. reported for the first time that the expression level of DKK-1 was lower in AS patients than in controls (10). As a recognized Wnt inhibitor, DKK-1 can be expressed through osteoblasts, antagonize the Wnt pathway, and inhibit osteoblast maturation and new bone formation. Moreover, blocking the Wnt pathway can promote the regulation of osteoclasts (67). DKK-1 can therefore impact osteoblasts and osteoclasts to participate in bone metabolism.

In subsequent studies on the serological level of DKK-1 in patients with AS, some studies (17, 20, 22, 24, 26–28, 44, 47, 49, 51–53, 55, 56, 59, 60, 62) also demonstrated lower serum DKK-1 levels in patients than in controls. In contrast, some studies (15, 16, 18, 21, 23, 25, 43, 45, 48–50, 57, 58, 63) have reported that the serum level of DKK-1 in patients was higher than that in controls. Furthermore, there were also some studies (19, 29, 41, 42, 46, 54, 61, 64, 65) showing that there was no significant diversity in DKK-1 serum levels among AS patients and healthy controls. Our current meta-analysis suggested that there was no significant association between serum DKK-1 and AS. This was similar to the overall effect result in a previous meta-analysis by Wu et al (14). In order to reduce the influence of confounding factors and make causal inference more reliable, we further conducted MR analysis, and the result likewise supported the finding of meta-analysis.

The reasons for the above results can be explained by the following points. First, DKK-1 primarily contributes to the development of new bone during AS (68). However, the expression of DKK-1 is not limited to bone, and it is also highly expressed in T cells, platelets, and a variety of cancer cells, with platelets serving as a significant source of circulating DKK-1 (11). We analyzed some complications as confounding factors, but the influence of other complications could not be excluded. Therefore, it is not accurate to ascribe DKK-1 fluctuation in the human body only to AS. Second, TNF-α and IL-1β can induce DKK-1 and sclerostin (SOST), and IL-6 stimulates B cells to differentiate into DKK-1-expressing plasma cells (6, 7). SOST is also an inhibitor of the Wnt pathway, binding low-density lipoprotein-related receptors 5 and 6 (LRP5/6) to affect Wnt signaling, and when DKK-1 is blocked, SOST may produce a compensatory response to restore Wnt signaling to a stable state (69). DKK-1 may interact with the molecules listed above to regulate Wnt signaling, which affects bone metabolism. Third, functional DKK-1 can validly play its role in blocking the Wnt pathway; however, when it is dysfunctional, it may not bind tightly to LPR5/6, resulting in the inability to inhibit Wnt signaling (34, 70). A previous study has shown that anti-TNF therapy can effectively inhibit the inflammatory response in the treatment of AS, but cannot prevent bone fusion, which may be related to DKK-1 disability (71). In addition, non-steroid anti-inflammatory drugs (NSAIDs) also affect the expression level of DKK-1 in patients, and different treatment regimens may lead to clinical heterogeneity (17).

The subgroup analysis results of the normal CRP group (CRP ≤ 10 mg/L) showed that AS patients had higher serum DKK-1 levels relative to the healthy controls. This result was partially identical to the results reported by Wu et al (14). The above phenomenon may also be related to the relative balance of proinflammatory cytokines, Wnt pathway inhibitors, and DKK-1 in the human body environment. The different results between the CRP subgroup and the ESR subgroup are probably due to the different rates at which the two indicators reflect inflammation in the body. CRP and ESR are indicators of the inflammatory response in the acute phase. CRP has higher sensitivity and can reflect the inflammatory state of the body more timely and accurately, and CRP is currently the most sensitive biomarker reflecting the disease activity of AS (72, 73). Therefore, it is not clear whether DKK-1 can reflect the inflammation of AS.

There were some limitations in our study. First, in the meta-analysis, there was significant heterogeneity in the results. Despite our subgroup and meta-regression analyses, the source of heterogeneity was still unknown. Second, the accuracy of reagents and instruments used to detect DKK-1 levels in various studies was not uniform, which was crucial to the research results. Third, the effect of participants’ medications on DKK-1 fluctuations in the body was uncertain, potentially reversing the findings. Fourth, in the MR analysis stage, the data were all from the European population, thus the extrapolation of the MR analysis results to other populations of different races should be treated with caution. Our study also had several strengths. First, the meta-analysis summarized all existing studies related to this study, increasing the sample size of the data and improving the accuracy of the results. Second, MR analysis used genetic polymorphisms of genes to select IVs from GWAS to explore the relationship between exposure and outcome (74). This can minimize confounding bias and avoid reverse causality because genetic variation occurs before disease, which makes the result more reliable (75). Third, some confounding factors that may affect the results of the MR analysis were analyzed to further reduce confounding bias. Finally, both meta-analysis and MR analysis showed that there was no statistical correlation between serum DKK-1 level and AS, so the results were more realistic and reliable. Based on these results, it can be known that no difference in the expression level of DKK-1 between AS patients and controls has been found at the serum level and gene level, and it is uncertain whether DKK-1 can be used as a clinical indicator of AS.




5 Conclusion

The results of the meta-analysis and MR analysis both revealed that there was no significant association between serum DKK-1 concentration and AS. The molecular mechanism of DKK-1 and other cytokines in the occurrence of AS still warrants further study.
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Background

Ulcerative colitis (UC) and atherosclerosis (AS) are closely related. However, the pathologic mechanisms underlying the co-occurrence of UC and AS are not well understood.





Objects

To reveal the hub molecule and mechanism involved in the co-occurrence of UC and AS.





Methods

Differentially expressed genes (DEGs) of UC and AS were obtained, and the shared DEGs of UC and AS were explored for biological function. Next, the hub genes were explored using the cytoHubba plugin. The predictive ability of the hub genes was measured by constructing the receiver operating characteristic curve. Analyses of immune infiltration and the single-gene gene set enrichment analysis (GSEA) for the hub genes were further carried out.





Results

Identification of 59 DEGs (55 were upregulated and four were downregulated) shared by both UC and AS was performed. Enriched pathways of the shared DEGs were mainly related to immunity and inflammation. Protein tyrosine phosphatase, receptor type, C (PTPRC) was identified as the hub crosstalk gene for the comorbidity of UC and AS. The upregulation of PTPRC was correlated with mast cells resting, T cells CD4 memory resting, macrophages M0, and macrophages M1. Pathways of immune and inflammatory processes, including NF-kappa B, viral protein interaction with cytokine and cytokine receptor, and cytokine–cytokine receptor interaction, were significantly correlated with high expression of PTPRC in UC and AS.





Conclusion

At the transcriptional level, our study reveals that imbalanced inflammatory and immune responses are the key pathological mechanisms underlying the comorbidity of UC and AS and that PTPRC is a key biomarker for the comorbidity of UC and AS.





Keywords: ulcerative colitis, atherosclerosis, co-occurrence, mechanism, PTPRC




1 Background

As an inflammatory bowel disease (IBD), ulcerative colitis (UC) is characterized by chronic inflammation originating in the rectum and extending proximally to the colon in a continuous manner (1). Recently, the incidence and prevalence of UC have increased globally, especially in developing countries (2). As a result of interactions between genetic factors, environmental factors, gut microbiology, and the immune system, patients with UC experience uncontrolled intestinal inflammation (3). However, the pathogenesis of UC has not yet been fully understood (4). As a common cause of death worldwide, atherosclerosis (AS) is a chronic inflammatory disease involving the arteries (5). A number of factors are considered to contribute to the accelerated development of AS, including chronic inflammation (6), autoimmune responses (7), and endothelial dysfunction (8). Ischemic cerebrovascular disease, ischemic heart disease, and peripheral arterial disease are the major forms of vascular disease, and AS is the leading cause of all these conditions (9).

Compared with the general population, patients with IBD exhibit a higher risk of early AS and increased intima–media thickness (10–13). Epidemiological data suggest that there is a significant increase in the incidence of arterial vascular events in IBD patients (14). Similarly, patients with AS also have an increased risk of developing IBD (15). The duration of UC was also found to be an independent risk factor for AS (16). These accumulating findings point to a strong link between UC and AS, although molecular mechanisms and pathological interactions remain unknown. Accordingly, there is undeniable clinical significance in investigating the molecular mechanisms linking UC and AS, as well as in identifying and treating these conditions at an early stage.

In the current study, the transcriptome-level crosstalk mechanism between UC and AS was identified using microarray data (Figure 1). New insights into the biological mechanism of UC and AS were hypothesized to be provided by the crosstalk genes and associated pathways between the two diseases.




Figure 1 | Research design flowchart.






2 Materials and methods



2.1 Collection of microarray data

The following criteria were applied to retrieve microarray data of UC and AS from the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo/): a) from the same sequencing platform, two distinct expression profiles were generated; b) the test specimens included should be from humans; c) no less than 10 samples should be included per group. Finally, four datasets numbered GSE92415 (17), GSE87473 (18), GSE100927 (19), and GSE28829 (20) were included in this study. GSE92415 contains 87 UC patients and 21 controls, GSE87473 contains 106 UC patients and 21 controls, GSE100927 contains 69 AS patients and 35 controls, and GSE28829 contains 13 early AS and 16 advanced AS. More details of the included datasets are listed in Table 1.


Table 1 | Details on the included datasets.






2.2 Differentially expressed gene identification

The “limma” package in R software was used to determine the differentially expressed genes (DEGs) between the disease and control groups. Significant DEGs were thresholded at logFC (fold change)| ≥ 1 and p-value <0.05. In addition, the “VennDiagram” package was applied to locate the DEGs that were shared by UC and AS. The shared DEGs were saved for use in subsequent analyses.




2.3 Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using an online platform (Chinese version, https://www.bioinformatics.com.cn ; English version, http://www.bioinformatics.com.cn/srplot) that is based on the “clusterProfiler” and “pathview” packages. In this study, the Chinese version of this platform was used to obtain visual results of enrichment analysis after inputting the common DEGs and selecting species as human.




2.4 Construction of PPI network and identification of hub genes

The construction of the protein–protein interaction (PPI) network was carried out based on the STRING database (https://cn.string-db.org/). Cytoscape (version 3.7.2) was used to visualize the PPI network. Subsequently, the hub genes were analyzed using the cytoHubba plug-in of Cytoscape based on 10 common algorithms (MNC, MCC, EPC, Degree, Betweenness, Closeness, Radiality, BottleNeck EcCentricity, and Stress).




2.5 Hub gene expression validation

To improve confidence, the mRNA expression of identified hub genes was verified in GSE87473 and GSE28829. An independent t-test was applied to compare the hub gene expression between the cases and controls. p-Value <0.05 was considered significant




2.6 Efficacy evaluation of hub genes

Receiver operating characteristic (ROC) curves were performed using the “pROC” package to evaluate the predictive accuracy of the hub genes. Discrimination is absent if the area under the curve (AUC) is less than 0.5, adequate if it is between 0.7 and 0.8, excellent if it is between 0.8 and 0.9, and superb if it is greater than 0.9 (21).




2.7 Assessment of the immune landscape

With the use of the computational strategy of CIBERSORT (http://cibersort.stanford.edu/), the expression levels of immune cells for each sample of GSE92415 and GSE100927 were quantified. Next, Spearman’s approach was used to evaluate the association between the expression of the hub genes and the expression of immune cells in case group samples from the datasets.




2.8 GSEA of hub genes

Based on a single hub gene expression level, samples of the dataset were initially categorized as high expression or low expression. Subsequently, gene set enrichment analysis (GSEA) was performed using the “GSVA” package to reveal the pathways involved in the hub genes. Q value <0.25, p < 0.05, and |normalized enrichment score (NES)| > 1 were used as the criteria for enrichment analysis.





3 Results



3.1 Differential gene screening

A total of 979 DEGs for UC (Figure 2A) and 418 DEGs for AS (Figure 2B) were obtained from GSE92415 and GSE100927, respectively. After the overlapping analysis, 59 shared DEGs of UC and AS were identified, of which four were downregulated genes and 55 were upregulated genes (Figures 2C, D).




Figure 2 | (A) DEGs shown on a volcano plot in GSE92415. (B) DEGs shown on a volcano plot in GSE100927. (C) Venn diagram of upregulated DEGs shared by UC and AS. (D) Venn diagram of downregulated DEGs shared by UC and AS. DEGs, differentially expressed genes; UC, ulcerative colitis; AS, atherosclerosis.






3.2 Functional enrichment analysis

Analysis of GO enrichment revealed that the shared DEGs were primarily enriched in the regulation of leukocyte differentiation, positive regulation of leukocyte cell–cell adhesion, and positive regulation of T-cell activation (Figure 3). In terms of the KEGG pathway, the significant enrichment pathways were rheumatoid arthritis, hematopoietic cell lineage, B-cell receptor signaling pathway, osteoclast differentiation, and chemokine signaling pathway (Figure 4). Interestingly, the shared DEGs were primarily involved in pathways related to immunity and inflammation.




Figure 3 | The enrichment analysis results of GO terms. GO, Gene Ontology.






Figure 4 | The enrichment analysis results of KEGG. KEGG, Kyoto Encyclopedia of Genes and Genomes.






3.3 Construction of PPI network and identification of hub crosstalk gene

The PPI network of the shared DEGs contained 50 nodes and 550 edges, with interaction scores greater than 0.400 (Figure 5A). Cytoscape plug-in cytoHubba was utilized to obtain the hub genes, and the 10 algorithms all pointed to protein tyrosine phosphatase, receptor type, C (PTPRC) as the hub crosstalk gene between UC and AS (Figure 5B; Table 2).




Figure 5 | (A) STRING-based PPI network of shared DEGs. (B) Ten algorithms to screen hub genes by R package “UpSet”. PPI, protein–protein interaction; DEGs, differentially expressed genes.




Table 2 | The top 10 hub genes rank in cytoHubba.






3.4 Validation of PTPRC

The expression of PTPRC was higher in both UC and AS cases than in controls (Figures 6A, B). GSE87473 was used for UC validation, and GSE28829 for AS validation. Interestingly, PTPRC was significantly upregulated in UC compared to controls, and PTPRC was also significantly upregulated in advanced AS compared to early AS (Figures 6C, D).




Figure 6 | The expression and diagnosis significance of PTPRC in UC and AS. (A) PTPRC expression levels in UC patients were determined using GSE92415. (B) PTPRC expression levels in AS patients were determined using GSE92415. (C) PTPRC expression levels in UC patients were validated using GSE87473. (D) PTPRC expression levels in AS patients were validated using GSE28829. UC, ulcerative colitis; AS, atherosclerosis. ***P < 0.0005.






3.5 Efficacy evaluation of PTPRC

The results of the efficacy evaluation of PTPRC revealed that the AUC values were both greater than 0.9 in GSE92415 and GSE100927 (Figures 7A, B). Further ROC analyses of the external UC and AS datasets were conducted to confirm the diagnostic performance, and the results showed that PTPRC had high predictive accuracy (Figures 7C, D).




Figure 7 | Diagnosis significance of PTPRC in UC and AS. Diagnostic efficacy of PTPRC for UC (A, B) and AS was analyzed using ROC curves (C, D). UC, ulcerative colitis; AS, atherosclerosis; ROC, receiver operating characteristic.






3.6 Association between PTPRC and immune cell landscape

In comparison to the control group, the immune landscape in UC and AS was significantly altered, according to the results of the CIBERSORT algorithm (Figures 8A, B). Furthermore, correlation analysis suggested that PTPRC was significantly corrected with the expression of mast cells resting, T cells CD4 memory resting, macrophages M1, and macrophages M0 (Figures 8C, D).




Figure 8 | (A) The immune infiltration landscape in UC. (B) The immune infiltration landscape in AS. (C) Association between PTPRC and immune infiltrating cells in UC. (D) Association between PTPRC and immune infiltrating cells in AS. UC, ulcerative colitis; AS, atherosclerosis.






3.7 GSEA of PTPRC

The single-gene (PTPRC) GSEA in UC showed markedly enriched pathways including NF-kappa B, cytokine–cytokine receptor interaction, oxidative phosphorylation, and chemokine signaling pathway (Figure 9A), while NF-kappa B, cytokine–cytokine receptor interaction, lysosome, and phagosome were identified in AS (Figure 9B). Interestingly, almost all pathways identified in UC and AS were related to immunity and inflammation.




Figure 9 | (A) Single-gene GSEA for PTPRC in UC using GSE92415. (B) Single-gene GSEA for PTPRC in AS using GSE100927. GSEA, gene set enrichment analysis; UC, ulcerative colitis; AS, atherosclerosis.







4 Discussion

The correlation between UC and AS is continuously being revealed. It has been reported that UC patients are significantly more likely to develop AS than the general population (10–13). The most frequent cause of death in AS patients is cardiovascular and cerebrovascular disease (9), and patients with IBD have a higher risk of cardiac and cerebrovascular events when compared to matched non-IBD subjects (22, 23). Furthermore, the risk of IBD is increased in patients with AS when compared with matched non-AS subjects (15). In recent years, numerous candidate genetic loci have been identified. However, few studies concentrate on the genetic mechanism and biomarkers that are shared. In this study, 59 shared genes of UC and AS were identified, and the enriched biological functions and enriched pathways of these genes were mainly related to immunity and inflammation. Further exploration suggested that PTPRC was the hub crosstalk gene of the comorbidity of UC and AS, and PTPRC played a regulatory role in the comorbidity of UC and AS mainly through immune inflammation-related pathways.

The KEGG enrichment analysis revealed that the shared DEGs between UC and AS showed significant enrichment for rheumatoid arthritis, hematopoietic cell lineage, B-cell receptor signaling pathway, osteoclast differentiation, and chemokine signaling pathway. A crucial role for the B-cell receptor signaling pathway is played by numerous systemic autoimmune disorders. In patients with UC, significant abnormalities in the B-cell receptor signaling pathway were observed (24). AS is a lipid-driven vascular inflammatory disease, and the effects of B cells on AS have been widely recognized (25). Abnormalities in the B-cell signaling pathway are critical to the development of AS, and regulating B-cell preference pathways may be a promising strategy to prevent AS (25). Macrophages induced by the chemokine enter the wall of the blood vessels, which is a key pathological characteristic of the progression of AS (26). Chemokine receptor signaling can promote or prevent UC depending on the receptor. The balance of chemokines and their receptors is fraught with potential for inflammatory modulation in UC, and their promise as therapeutic molecular targets is widely recognized (27). Similarly, chemokine receptor signaling can influence the pathological progression of AS depending on the receptor. Several drugs created based on these concepts have shown positive benefits in animal models (28). Furthermore, as a key pathway in immunomodulation, rheumatoid arthritis possesses similar roles and therapeutic potential in UC and AS. Interestingly, these functional enrichment findings point to immune and inflammatory pathways as potential contributors to the co-occurrence of UC and AS. IBD is considered an immune-mediated disease causing systemic vascular inflammation. Immune system dysregulation, abnormal platelet function, and endothelial dysfunction all contribute to AS (29, 30). Increasing evidence suggests that autoimmune-related chronic inflammation is present in both IBD and AS (31). Furthermore, the overlap of IBD with AS treatment has also been reported. According to a retrospective matched case–control study, the use of statin was corrected with a lower risk of UC (OR 0.70, 0.65–0.76) (32). Patients who received 5-ASA experienced a decrease in their risk of developing ischemic heart disease, according to a nationwide, population-based retrospective cohort study (33). A multicenter prospective longitudinal study found a significant improvement in arterial pulse wave velocity in IBD patients after receiving long-term anti-TNF therapy, indicating that decreased inflammation improves endothelial dysfunction (34). In addition, mice with colitis treated with clopidogrel showed improvements in disease activity and colonic mucosal damage (35). Therefore, abnormal immune and inflammatory responses are the mechanisms of comorbidity of UC and AS, and comprehensive adjustment of immune and response status is the basis for the combined prevention and treatment of these two diseases.

PTPRC was identified as the hub crosstalk gene between UC and AS according to the cytoHubba plug-in of Cytoscape. PTPRC, a significant leukocyte antigen, has been demonstrated to be a crucial regulator of T- and B-cell antigen receptor signaling and to have played a crucial role in the innate immune system (36). According to the results of the present study, the expression levels of PTPRC were significantly higher in UC and AS patients, and this gene also showed excellent discriminatory power for these two diseases. Importantly, these findings were also confirmed by the external data. It has been reported that PTPRC is overexpressed in the serum of patients with IBD (37). Furthermore, in the trinitrobenzene sulfonic acid-induced colitis model, increased immunoreactivity of PTPRC was detected (38). However, in PTPRC knockout mice, colitis follows dietary changes (39). For AS, PTPRC has been uncovered as a hub gene (40–43), and it also has been experimentally confirmed by animal models (44). Inflammatory and immune pathways were involved in the comorbidity of UC and AS, according to enrichment analysis of the shared DEGs. Immune infiltration analysis further revealed that the immune landscape in UC and AS was significantly different from the control group. Additionally, correlation analysis revealed a significant relationship between PTPRC and the expression of mast cells resting, T cells CD4 memory resting, macrophages M0, and macrophages M1. As a result of the single-gene GSEA, NF-kappa B, cytokine–cytokine receptor interaction, and viral protein interaction with cytokine and cytokine receptors were identified. The above results all imply that PTPRC may mediate the comorbidity of UC and AS by regulating immunity and inflammation through the NF-kappa B, cytokine–cytokine receptor interaction, and viral protein interaction with cytokine and cytokine receptors. For the early detection and prevention of UC and AS comorbidity, PTPRC may be a potential biomarker.

Limitations should be acknowledged. First, we did not identify microarray data from patients with comorbidities of UC and AS; therefore, the dataset used in this study were either UC or AS, which may have caused the hub molecule and mechanism we have uncovered for the comorbidity of UC and AS to be an over-interpretation of the data. Second, we were unable to gather enough clinical samples of UC and AS within a limited timeframe. Thus, even if the external microarray datasets validated the results of bioinformatics analysis, their reproducibility and general application still need to be validated with clinical samples in the future. Third, the function of the hub genes must be validated in vitro, which will be the focus of our future research.




5 Conclusion

At the transcriptional level, our study reveals that imbalanced inflammatory and immune responses are the key pathological mechanisms underlying the comorbidity of UC and AS and that PTPRC is a key biomarker for the comorbidity of UC and AS.
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Inflammatory bowel disease (IBD), a general term encompassing Crohn’s disease (CD) and ulcerative colitis (UC), and other conditions, is a chronic and relapsing autoimmune disease that can occur in any part of the digestive tract. While the cause of IBD remains unclear, it is acknowledged that the disease has much to do with the dysregulation of intestinal immunity. In the intestinal immune regulatory system, Cholesterol-25-hydroxylase (CH25H) plays an important role in regulating the function of immune cells and lipid metabolism through catalyzing the oxidation of cholesterol into 25-hydroxycholesterol (25-HC). Specifically, CH25H focuses its mechanism of regulating the inflammatory response, signal transduction and cell migration on various types of immune cells by binding to relevant receptors, and the mechanism of regulating lipid metabolism and immune cell function via the transcription factor Sterol Regulator-Binding Protein. Based on this foundation, this article will review the function of CH25H in intestinal immunity, aiming to provide evidence for supporting the discovery of early diagnostic and treatment targets for IBD.
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1 Introduction

Inflammatory bowel disease (IBD) including Crohn’s disease (CD) and ulcerative colitis (UC) is a chronic and relapsing inflammatory digestive disease. As the incidence of IBD has rapidly increased, an increasing number of experts and scholars are investigating the etiology of the disease. Although IBD is founded to be closely related to external factors such as people’s dietary habits and living environment (1), its internal factors, namely its specific cause and exact mechanism, remain to be explored. It is acknowledged that IBD is primarily associated with environmental factors, genetic predisposition, the dysbiosis of intestinal microbiota, and immune dysfunction. CH25H has been demonstrated to have the ability to regulate intestinal immunity and is associated with IBD (2). Previous studies have found that cholesterol-25-hydroxylase (CH25H) can catalyze the production of 25-hydroxycholesterol (25-HC) from cholesterol (3). Sterol regulatory-element binding proteins (SREBPs) is also conducive to transcription in the intestinal immune regulatory system. SREBPs are a family of transcriptive factors that regulate the expression of genes involved in lipogenic processes. They also get involved in numerous cellular processes and pathologies such as reactive oxygen species generation, endoplasmic reticulum stress, apoptosis, and autophagy (4). 25-HC can inactivate SREBPs to inhibit lipid synthesis or exert anti-inflammatory effects. In addition to its role in cholesterol metabolism, CH25H and its downstream products can bind to relevant receptors and participate in regulating immune system, including the direct regulation of inflammatory programming, the development of immune responses, and the signaling transduction. Previous studies have highlighted the significance of CH25H in immunology, arguing that CH25H plays a protective role against viral and bacterial infections (5). However, further investigation is needed to examine the function of CH25H in intestinal immunity, particularly in relation to IBD. Based on this foundation, this article is intended to provide an overview of the research progress of CH25H in intestinal immunity.




2 Biological characteristics of CH25H

CH25H has some biological characteristics, including CH25H gene, CH25H protein, and 25-HC. Specifically, CH25H gene is a member of interferon-stimulating genes (ISGs), which has crucial functions in inflammation, innate immunity, and adaptive immune responses via interferon (IFN) signaling. CH25H protein belongs to the redox enzyme family and is a 31.6-kDa endoplasmic reticulum (ER)-associated hydroxylase that can catalyze cholesterol to produce 25-HC (6). 25-HC is an endogenous oxysterol produced by the oxidation of CH25H. Its function is to regulate the activity of SREBP, thereby inhibiting the biosynthesis of cholesterol and reducing its accumulation. Furthermore, 25-HC can also regulate the activity of nuclear receptors, which enables the regulation of immune response processes and lipid metabolism (3, 7). Regarding the regulation of CH25H expression, Diczfalusy et al. (8) have found that lipopolysaccharide (LPS) can induce an increase in the level of CH25H in macrophages of both mice and human volunteers. In a similar vein, Park et al. (9) conducted a further investigation, discovering that the expression of CH25H is mainly up-regulated by type I IFN via JAK/STAT1 signaling pathway. Through our observations, we have noted that the rapid induction of CH25H subsequently leads to the production of 25-HC, indicating that CH25H plays a significant role in lipid metabolism, gene expression, and immune activation (Figure 1A). Since previous studies have shown that CH25H plays a vital role in antiviral infections and various immune system-related diseases (3, 7), these regulatory mechanisms mentioned above have the possibility to be involved in the pathogenesis of IBD.




Figure 1 | Regulation of immune function by 25-HC through LXR. (A) The transcription levels of CH25H are induced by Type I IFN through the STAT1-dependent signaling pathway, resulting in the production of 25-HC via cholesterol oxidation. (B) Binding LXR, 25-HC can induce the expression of ABCA1, disrupting the recruitment of MyD88 and TRAF6, and subsequently blocking the TLR-induced activation of NF-κB and MAPK, thereby suppressing the production of various inflammatory mediators such as IL-1β, IL-6, IL-17, TNFα, CXCL1, and CCL2. Additionally, 25-HC can also induce the expression of IFN-γ, thereby enhancing the CH25H expression through feedback regulation. (C) In CD4+ T cells, 25-HC activates SREBP1 or inhibits RORγt through LXR, leading to the inhibition of IL-17 expression and Th17 cell differentiation. 25-HC, 25-hydroxycholesterol; CH25H, Cholesterol-25-hydroxylase; LXR, Liver X receptor; IFN, Interferon; ABCA1, ATP-binding cassette transporters A1; MyD88, myeloid differentiation primary response protein 88; TRAF6, TNF Receptor Associated Factor 6; TLR, Toll-like receptor; NF-κB, Nuclear factor-κB, MAPK, Mitogen-activated protein kinase; TNFα, Tumor necrosis factor α; CXCL1, C-X-C motif chemokine ligand 1; CCL2, C-C motif chemokine ligand 2; SREBP1, Sterol regulatory-element binding protein 1; RORγt, Retinoic acid receptor-related orphan receptor γt; AHR, Aryl hydrocarbon receptor.



CH25H is widely expressed in various immune cells in physiological conditions, including macrophages, dendritic cells (DCs), neutrophils, and many others (10), whereas 25-HC is mainly produced in macrophages (11, 12) and regulates the functions and phenotypes of various immune cells, including macrophages, B cells, T cells, DCs, and neutrophils through its receptors (13). Notably, 25-HC has both pro-inflammatory and anti-inflammatory effects, and these differences may depend on its concentration and microenvironment, thereby exerting different functions in regulating gene expression, cellular proliferation, differentiation, and apoptosis (7).




3 Mechanism of CH25H regulation on intestinal immunity

The innate and adaptive immune responses in intestinal immune system are typically tightly regulated. Imbalances in the immune system will result in the development and progression of IBD (14). The immunological dysregulation present in IBD is characterized by epithelial damage, the expansion of inflammation facilitated by intestinal microbiota, and the infiltration of various types of cells into lamina propria, including T cells, B cells, macrophages, DCs, and neutrophils. These activated cells within the lamina propria produce proinflammatory cytokines such as tumor necrosis factor (TNF), Interleukin-1β (IL-1β), IFN-γ, and the IL-6 family of cytokines, leading to a high level of inflammation in the local tissue (15). CH25H can potentially contribute to the pathogenesis of IBD as it is widely expressed in various immune cells (10, 13). Intestinal dysbiosis and IBD often have a mutually causal relationship. The dysbiosis observed in individuals with IBD is associated with the increased production of LPS, and damage to the gut epithelial barrier allows LPS produced by the microbiota to enter the bloodstream, resulting in metabolic endotoxemia (16). Upon LPS stimulation, the TLR4/TRIF dependent pathway upregulates the expression of CH25H (8). The CH25H metabolite can act on multiple membrane receptors and nuclear receptors, exerting regulatory functions. Among these receptors, the liver X receptor (LXR), G protein-coupled receptor 183 (GPR183), and retinoic acid receptor-related orphan receptor (ROR) are pivotal in immune regulation.



3.1 LXR

LXRs, as the nuclear receptor of ligand-activated transcription factors, is capable of participating in various metabolic processes, including lipid, cholesterol, and carbohydrate metabolism. There are two LXR isoforms: LXRα and LXRβ (7, 17). LXRα may primarily play a role in the innate immune response via macrophages and dendritic cells, whereas LXRβ is likely responsible for the immune response in colonic epithelial cells and the adaptive immune response through CD3/CD4 lymphocytes (17). The activation of LXRs in a mouse colitis model can suppress the expression of inflammatory factors such as IL-1β, IL-6, IL-17A, TNFα, and chemokines such as CXCL1/KC, CXCL2/MIP2, CXCL8/IL-8, CCL2/MCP1 and CXCL10 in the colon tissue (17). In addition, LXRs can aid in the polarization of M2 macrophages and enhance the phagocytosis of macrophages and DCs, thereby increasing the clearance of senescent neutrophils and maintaining the neutrophil homeostasis (18, 19).

Being 25-HC an LXR ligand, it can induce the expression of cholesterol efflux transporters, such as ATP-binding cassette transporters A1 (ABCA1) and ATP-binding cassette transporters G1 (ABCG1). 25-HC can also upregulate the expression of Apolipoprotein E (ApoE) and Cytochrome P450 family 7 subfamily A member 1 (CYP7A1), which are important for cholesterol clearance (20). Additionally, 25-HC can induce the expression of IFN-γ in an LXR-dependent mechanism. The activated IFN-γ can subsequently enhance the expression of CH25H, forming a positive feedback loop (21). Ito et al. (22) have also found that the activation of LXRs can induce the expression of ABCA1, which could impede the recruitment of myeloid differentiation primary response protein 88 (MyD88) and TNF Receptor Associated Factor 6 (TRAF6), and subsequently block the Toll-like receptor (TLR)-induced activation of nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling pathways. Consequently, this leads to the inhibition of the production of several inflammatory mediators, such as IL-1β, IL-6, IL-17, TNFα, CXCL1, and CCL2 (Figure 1B).

LXRs are associated with the innate immunity against pathogens. Research has shown that LXRs can protect macrophages from pathogen-induced cell death, thereby reducing pathogen infection (23, 24). There are two types of macrophages involving in host defense and tissue homoeostasis: M1 and M2 macrophages. M2 macrophages possess an anti-inflammatory property, contributing to maintaining tissue homeostasis. M2 macrophages can be polarized due to the activation of LXR by 25-HC. This polarization is generated due to the presence of intracellular amino-acid sufficiency signal and the extrinsic IL-4 signal (19). On the other hand, under the stimulation of pathogenic microorganisms, IFN-γ or TLR ligands can activate macrophages to become M1 macrophages, which play a role in initiating and sustaining inflammation (19). However, both IFN-γ or TLR ligands can also lead to the production of 25-HC, which can promote the polarization of M2 macrophages. It has been reported that the activation of TLR4 by LPS can increase the level of 25-HC, thereby regulating the LXR-dependent lipid metabolism and immune response, and inhibiting the expression of inflammatory mediators in macrophages such as COX-2, IL-6, IL-1β, and G-CSF (25).

LXRs also affect the function of neutrophils. Smoak et al. (26) have shown that the activation of LXRs can inhibit neutrophil motility, thus impairing pulmonary antibacterial host defense, and worsening the survival of mice. Korf et al. (27) found that mice lacking LXRs showed a deficiency in the early neutrophilic airway response to Mycobacterium tuberculosis infection, an impaired Th1/Th17 function, and a higher susceptibility to disseminated systemic infection. Reboldi et al. (28) discovered that the recruitment of neutrophils to the peritoneum relies on IL-1β, whereas 25-HC functions in suppressing IL-1β-mediated peritoneal inflammation by acting the downstream of type I IFN. The findings indicate that the signaling pathway of LXRs, which is activated by 25-HC, plays multiple roles in the regulation of innate immunity.

Anti-aging gene Sirtuin 1 (SIRT1) is associated with autoimmune diseases and irreversible programmed cell death in various cells and tissues (29). SIRT1 is regulated by environmental factors, diet, stress, lifestyle factors and bacterial LPS (30, 31). SIRT1 has to do with LXRs, in the sense that SIRT1 can deacetylate LXRs and promote their ubiquitination, thereby regulating ABCA1 and SREBP1c, which are involved in cellular cholesterol homeostasis (30). Studies have discovered that metformin can alleviate hepatic inflammation by activating CH25H in a SIRT1-dependent manner in that CH25H can promote cholesterol catabolism and the subsequent increased levels of 25-HC can inhibit inflammation driven by IL-1β. Moreover, metformin can suppress the polarization of M1 macrophages in a SIRT1-dependent manner (32). These findings suggest that SIRT1 gets involved in the regulation of cholesterol homeostasis through the LXR/ABCA1 pathway relevant to the regulation of CH25H and its downstream products.

The helper T cell plays an important role in the pathogenesis of IBD. The activation of LXRs leads to an increase in the expression of SREBP1, which then translocate into the nucleus and disrupts aryl hydrocarbon receptor (AHR), an essential positive regulator of Th17 cell differentiation. As a result, this negatively regulates the Th17 cell differentiation and inhibits the IL-17 promoter to reduce the IL-17 transcription (20, 33) (Figure 1C). 25-HC can also inhibit the differentiation of Th17 cells by suppressing the production of IL-1, which works synergistically with transforming the growth of factor-β (TF-β) to induce Th17 cells (28, 34). Jakobsson et al. (17) observed that LXR-deficient mice are more susceptible to suffer dextran sodium sulfate (DSS)- and 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis and showed a slower recovery and decreased survival, while LXRs agonists can inhibit the expression of inflammatory cytokines, i.e. TNFα, and the recruitment of CD11b+ immune cell populations, and reduce the infiltration of pro-inflammatory Th17 cells in the colon epithelium. The activation of LXRs can also induce the differentiation of regulatory T cells, thereby reducing the severity of colitis (35). It has been found that the LXR level in the colon of IBD patients is significantly repressed, indicating the involvement of LXR in the development of IBD (17). 25-HC acts as a natural agonist of LXR, showing potential therapeutic effects for IBD.




3.2 GPR183

GPR183, also known as Epstein-Barr virus-induced G-protein-coupled receptor 2 (EBI2), is activated by its ligand 7α,25-dihydroxycholesterol (7α,25-HC). CH25H and Cytochrome P450 family 7 subfamily B member 1 (CYP7B1) are critical enzymes required for the generation of 7α,25-HC, which binds to GPR183 to exert its immune regulatory function by inducing the localization of immune cells in the spleen and lymph nodes. GPR183 is expressed in B cells, T cells, DCs, macrophages, natural killer (NK) cells, neutrophils, and plays an important role in immune system (10, 36).

The concentration of 7α,25-HC is a key factor inducing the migration of GPR183+ cells. Immune cells such as B cells, T cells, DCs, etc., migrate to lymphoid tissues and lymphoid organs according to the concentration gradient of 7α,25-HC, thus enhancing the efficacy of adaptive immune responses (37). Dietary cholesterol absorption and microbiome recognition can result in the production of 7α,25-HC in duodenal intestinal epithelial cells. The elevated levels of 7α,25-HC can influence the migration and positioning of intestinal plasma cells by binding to GPR183. Additionally, 7α,25-HC can reduce the expression of CD98 in these cells and impair their ability to secrete IgA (38). Innate lymphoid cells (ILCs) also express GPR183 and migrate to the solitary intestinal lymphoid tissue in colonic and small intestinal tissues according to the concentration gradient of 7α,25-HC. Among the different types of ILCs, ILC3s are dominant and express higher levels of GPR183. They are characterized by the expression of RORγt and can produce IL-22, playing an protective role in intestinal barrier integrity and immunity (37). Liu et al. (10) found that under the LPS stimulation, CH25H and CYP7B1 were highly up-regulated in spleen DCs, macrophages, and especially NK cells and neutrophils, indicating that these cells are likely to be the source of 7α,25-HC production. Additionally, since these cells also express GPR183, they may also be regulated by 7α,25-HC. Chen et al. (39) have recently discovered that lymphatic stromal cells are the primary source of 7α,25-HC within lymphoid organs, thus facilitating the migration of B cells and DCs, and stimulating the effective adaptive immunity and antibody production. Similarly, fibroblast stromal cells within the colonic lymphoid tissue can produce 7α,25-HC, which induces the migration of ILC3 and helps maintain colonic immune homeostasis (40) (Figure 2).




Figure 2 | 7α,25-HC inducing the migration of GPR183+ cells. Stromal cells serve as the primary source of 7α,25-HC, which is synthesized from cholesterol through hydroxylation by CH25H and CYP7B1 enzymes. Immune cells such as ILC3s, B cells, and DCs, migrate to colonic lymphoid tissues and lymphoid organs in response to the concentration gradient of 7α,25-HC. Proper localization of immune cells enhances the effectiveness of adaptive immune responses. 7α,25-HC, 7α,25-dihydroxycholesterol; GPR183, G protein-coupled receptor 183; CH25H, Cholesterol-25-hydroxylase; CYP7B1, Cytochrome P450 family 7 subfamily B member 1; ILC3s, Type 3 innate lymphoid cells.



Despite its importance in regulating intestinal immune homeostasis, the overexpression of GPR183 is considered a pathological mechanism in colitis. Emgard et al. (40) found that GPR183 facilitates the formation of cryptopatches and isolated lymphoid follicles in the colon by ILC3s, both in steady-state conditions and during inflammation. The increase levels of GPR183 ligand 7α,25-HC produced by CH25H and CYP7B1 can exacerbate the inflammatory response through the GPR183-dependent activation of ILC migration, the recruitment of myeloid cells, and tissue remodeling, and knocking out of GPR183 was able to alleviate the severity of CD40-Ab-induced colitis. Wyss et al. (41) further investigated the function of GPR183 and found that GPR183 also plays a role in promoting lymphoid tissue formation in IL-10-/- colitis. However, in the DSS colitis model, GPR183 knockout resulted in a reduction of colonic lymphoid structures but did not alleviate the severity of acute or chronic inflammation induced by DSS. Therefore, it is speculated that the destruction of the epithelial barrier and innate immune response are the main factors involved in the pathogenesis of the DSS colitis model, while GPR183 plays a minor role. On the other hand, in ILCs-related colitis models such as CD40 colitis, IL-10 colitis, T-bet (-/-) Rag2 (-/-) ulcerative colitis (TRUC), GPR183 is one of the pathogenic mechanisms.

The 7α,25-HC-GPR183 pathway is critical for the formation of colonic lymphoid structures, but it is dispensable in small intestine, as other factors can compensate for its absence (40). Although GPR183 primarily influences ILCs-related colitis models, it is considered a potential therapeutic target for the treatment of IBD.




3.3 ROR

RORs belong to the nuclear receptor family of transcription factors binding oxysterols, which includes three different isoforms: RORα, RORβ, and RORγ. RORγ also has variants, including RORγ1 and RORγ2 (also known as RORγt) (42). RORγt participates in the differentiation process of IL-17-producing cells such as Th17 cells and γδT cells, and plays an important role in various pathological conditions. Oxysterols such as 20α-HC, 22R-HC, 25-HC, and 27-HC can act as the agonists of RORγ nuclear receptors, especially the RORγt isoforms, thereby affecting the function of lymphocytes (43). Soroosh et al. (44) found that 7β,27-HC and 7α,27-HC can promote the differentiation of Th17 cells through RORγt, confirming that oxysterols can directly regulate lymphocyte differentiation through RORγt. Therefore, 25-HC, a ROR receptor agonist, also appears to be involved in the differentiation of IL17-producing lymphocytes (20, 45). In contrast, Cui et al. (33) found that the activation of LXR can lead to a decrease in the level of RORγt expressions, inhibiting the differentiation of Th17 cells (Figure 1C). Indicating the dual role of 25-HC in immune system.

The generation and function of ILC3s depend on the expression of RORγt and are involved in the pathogenesis of IBD. The activated DCs produce IL-6, IL-23 and TNF-α, which promote the movement of ILC3s into or out of cryptopatches, starting an inflammatory immune cascade and causing intestinal inflammation (46, 47). 25-HC can inhibit the production of pro-inflammatory cytokines in macrophages and DCs, as well as the expression of RORγt in ILC3, thereby potentially impacting the occurrence and development of IBD.




3.4 Lipid metabolism and immune cell function regulated by 25-HC through SREBP

SREBPs regulate genes that are involved in lipogenic processes, such as fatty acid and cholesterol synthesis. There are three isoforms of SREBPs, of which SREBP1a and SREBP1c are mainly involved in genes that relate to fatty acid synthesis, while SREBP2 regulates cholesterol synthesis (20). The overexpression of CH25H can suppress cholesterol biosynthesis through SREBP. In the absence of cholesterol, SREBPs bind to the SREBP cleavage-activating protein (SCAP) in the endoplasmic reticulum to form SREBP/SCAP complexes. These complexes are then transported to the Golgi apparatus and cleaved into mature transcription factor forms by site 1 protease (S1P) and site 2 protease (S2P), which promotes the expression of the rate-limiting enzyme, HMG-CoA reductase, and increases cholesterol biosynthesis. In the presence of excessive cholesterol, 25-HC binds to insulin-induced gene 2 (INSIG2), which is an endoplasmic reticulum anchor protein. This binding promotes the formation of SREBP/INSIG2/SCAP complexes that prevent SREBP from transporting to the Golgi apparatus, reducing intracellular cholesterol production (Figure 3A) (3, 20).




Figure 3 | The involvement of 25-HC in the regulation of lipid metabolism and related immunity. (A) The binding of 25-HC with INSIG2 protein forms the SREBP/INSIG2/SCAP complex, which inhibits the transportation of SREBP to the Golgi apparatus. As a result, the expression of HMG-CoA reductase is suppressed and intracellular cholesterol production is reduced. (B) By inhibiting SREBP, the cholesterol synthesis is reduced, thereby inhibiting the activation of NLRP3 and AIM2 inflammasomes and subsequently suppressing the expression of IL-1β, IL-1α, and IL-18. (C) 25-HC increases the expression of CYP7A1 by activating LXR and enhances the synthesis of bile acids through the classical pathway. In addition to its role in hydroxylating 25-HC to 7α,25-HC, CYP7B1 also functions as an enzyme involved in the alternative bile acid pathway. 25-HC, 25-hydroxycholesterol; 7α,25-HC, 7α,25-dihydroxycholesterol; INSIG2, Insulin-induced gene 2, SREBP, Sterol regulatory-element binding protein; SCAP, SREBP cleavage-activating protein; HMG-CoA, 3-hydroxy-3-methyl glutaryl coenzyme A reductase; HMGCR, HMG-CoA reductase; NLRP3, NOD-like receptor protein 3; AIM2, Absent in melanoma 2; LXR, Liver X receptor; CYP7A1, Cytochrome P450 family 7 subfamily A member 1; CYP7B1, Cytochrome P450 family 7 subfamily B member 1.



25-HC can inhibit the activation of NOD-like receptor protein 3 (NLRP3) inflammasomes and the expression of cytokines IL-1β, IL-1α, and IL-18 by suppressing SREBP translocation (28). Dang et al. (48) have shown that the cholesterol overload in macrophages can trigger the release of mitochondrial DNA and activate the absent in melanoma 2 (AIM2) inflammasomes, leading to an increase in IL-1β production. However, 25-HC can maintain the integrity of mitochondria by inhibiting SREBP2-mediated cholesterol synthesis, which in turn prevents the activation of AIM2 inflammasomes and the IL-1β-induced inflammation (Figure 3B). LPS activates macrophage TLR4 to induce the synthesis and secretion of 25-HC. This can inhibit the activity of the transcription factor SREBP2 in intestinal germinal center B cells, suppressing their differentiation into IgA plasma cells and reducing the production of IgA, and consequently impairing antigen-specific IgA responses during intestinal infections (12, 49). SREBPs also play a significant role in Th17 cell differentiation. Cholesterol synthesis induced by SREBPs increases intracellular sterol that serves as RORγ receptor agonists. By inhibiting SREBPs and reducing cholesterol metabolism, 25-HC can indirectly inhibit Th17 cell differentiation (45, 50). In addition, 25-HC can activate SREBP1 through LXRs, which can bind to the IL-17 promoter and interact with the positive regulator of Th17 differentiation, leading to the inhibition of Th17 cell differentiation and transcriptional antagonism of IL-17 (20, 33). As 25-HC has a weak but specific RORγ receptor activity, it can influence Th17 cell differentiation through various pathways (45).

When ER cholesterol is more than 5 moles% of total ER lipids, INSIG binds to SCAP/SREBP complex, preventing the complex from transporting to the Golgi and reducing the cholesterol synthesis and uptake. However, ER only contains about 1% of the total cellular cholesterol and no more than 5% of total membrane lipids. Similarly, 25-HC accounts for a small portion of the total cellular sterol; it can still regulate cellular lipid metabolism quickly and accurately (51). Das et al. (51) proposed that cholesterol in plasma membrane can be divided into three pools: accessible pool, sphingomyelin (SM)-sequestered pool, and essential pool. Of these, the accessible pool is labile, serving as a primary site for the excessive cholesterol absorption. Subsequently, this excess cholesterol is transported to the pool in endoplasmic reticulum, thereby regulating cholesterol metabolism. Abrams et al. (52) found that 25-HC produced by IFN-γ-stimulated macrophages can increase the activity of acyl-CoA: cholesterol acyltransferase (ACAT), which can convert cholesterol in the ER to cholesteryl esters and induce the formation of cholesterol-rich lipid droplets. This decreases the level of the free cholesterol in the ER, triggering the internalization of accessible cholesterol from the plasma membrane and reducing the cholesterol synthesis and uptake. In addition, 25-HC can result in a long-term suppression of accessible cholesterol through inhibiting SREBP2. The cell surface accessible cholesterol is crucial for bacteria to penetrate adjacent cells, and the antibacterial activity of 25-HC is based on the decrease in accessible cholesterol on the plasma membrane (52). Ormsby et al. (53) conducted further research and found that by reducing accessible cholesterol on the plasma membrane through ACAT, 25-HC can limit pore formation and cytolysis caused by pore-forming toxins, thus protecting tissues from pathogenic bacteria.

CH25H exerts its antivirus function through inhibiting cholesterol biosynthesis, interacting with viral components, and modulating inflammation and immunity (3). Gastrointestinal symptoms are also observed in patients with SARS-CoV-2 when the virus infects intestinal epithelial cells. This is because differentiated enterocytes express high levels of the SARS-CoV-2 receptor, angiotensin-converting enzyme 2 (ACE2) (54). Studies have shown that 25-HC engages in anti-SARS-CoV-2 activities. Wang et al. (55) proposed that 25-HC inhibits the fusion of the viral envelope with the plasma membrane by activating ACAT, which can reduce the accessible cholesterol in the plasma membrane. In a similar vein, the research conducted by Zang et al. (56) demonstrated that 25-HC is capable of reducing the fusion of viral membrane by inhibiting Niemann-Pick C1 (NPC1), which is responsible for the reduction of accessible cholesterol in the membrane of the endosomal/lysosomal compartment. However, SARS-CoV-2 infection can also increase the level of 7α,25-HC in lungs, attracting monocytes/macrophages through a GPR183-dependent mechanism and subsequently leading to inflammation. Inhibiting GPR183 can reduce SARS-CoV-2 loads, macrophage infiltration, and inflammatory cytokine expression (57).

Bile acids are synthesized in the liver from cholesterol. Evidence shows that the altered composition of primary bile acids and secondary bile acids may contribute to the development of IBD through differential effects on epithelial and immune cells (58). Metabolomics studies have found that primary bile acids (PBAs) are increased while secondary bile acids (SBAs) are decreased in patients with IBD (58, 59). Dong et al. (60) have shown that 25-HC can increase bile acid synthesis through the activation of LXRs, which is regulated by the classic pathway of CYP7A1, and secondary bile acids also increase due to the involvement of gut bacteria. In addition, CH25H can regulate innate immune responses via the SREBP regulation and alleviate the liver inflammation caused by a high-fat diet, indicating that CH25H has a regulatory role in bile acid metabolism and anti-inflammation (Figure 3C). In addition to hydroxylating 25-HC to 7α,25-HC, CYP7B1 is also an enzyme involved in the alternative bile acid pathway (61). In humans, the major SBAs are lithocholic acid (LCA) and deoxycholic acid (DCA). Studies (62, 63) have found that gut bacteria and corresponding enzymes can convert the LCA into 3-oxoLCA and isoLCA, which have different effects on the differentiation of immune cells. Specifically, 3-oxoLCA can inhibit the differentiation of Th17 cells via RORγt, while isoLCA promotes the differentiation of Treg cells by inducing the production of mitochondrial reactive oxygen species (mitoROS) and subsequently increasing the FoxP3 expression. These effects help reduce the inflammation in intestine, and both bile acid metabolites were found to be significantly reduced in patients with IBD. However, previous studies have shown that although CH25H can regulate the cholesterol metabolism in a tissue-specific fashion, it contributes little to the overall bile acid synthesis (64). Further research is needed to examine whether CH25H can help regulate the inflammatory responses in IBD patients by affecting the bile acid pathway.




3.5 Other mechanisms of immune regulation by CH25H

The research above indicates that 25-HC can inhibit the production of inflammatory factors through LXR or SREBP. In addition, 25-HC can also interact with myeloid differentiation protein 2 (MD2) to prevent LPS from binding to TLR4, thereby inhibiting the transcription of NF-κB and AP-1 and leading to the inhibition of inflammatory responses (65).

Regarding the pro-inflammatory effect of 25-HC, researchers (66, 67) have found that 25-HC can induce the secretion of pro-inflammatory cytokines and chemokines in macrophage cells, such as IL-1β and IL-6. When cocultured with smooth muscle cells and monocytic cells, 25-HC can induce monocytes to produce IL-1, which in turn synergistically increases the levels of IL-6 and MCP-1 expressions produced by smooth muscle cells (67, 68). Bai et al. (68) discovered that 25-HC can also enhance the IL-8 promoter activity caused by IL-1β in Caco-2 cells. Further research (69) has shown that 25-HC can bind to the lipid raft domains of the plasma membrane and promote Ca2+ influx, leading to the activation of calcium-dependent kinase PYK2, and consequently activating the MAPK ERK1/2 pathway and AP-1 transcription, which promoted the transcription of IL-8. Another study concluded that 25-HC promotes NLRP3 inflammasome assembly and its activation through potassium efflux, mitoROS and LXR-mediated pathways (70). Moreover, 25-HC can activate the FAK signaling pathway by binding to α5β1/αvβ3 integrins directly, leading to an increase in the production of pro-inflammatory cytokines, such as TNF and IL-6 (71).

Scholars (72, 73) have found that 25-HC can enhance the immune response mediated by TLR3 in airway epithelial cells, stimulate the release of IL-8 and IL-6 via the NF-κB pathway, and participate in neutrophilic airway inflammation. Friedrich et al. (74) have shown that for patients with IBD who did not respond to anti-TNF therapy or corticosteroids, their inflamed tissues were characterized by neutrophil infiltrates, fibroblast activation, and loss of epithelial cells. In addition, the high amount of IL-1β was expressed in colon ulcers, but not in NR3C1, ITGA4, or TNF. Fibroblast IL-1R signaling drives the recruitment of neutrophils, which then induces inflammation, indicating that targeting the neutrophil-attractant program in fibroblasts by blocking IL-1R could be used as an alternative treatment for patients with refractory IBD. CH25H can inhibit the secretion of IL-1β by macrophages and may have a potential role in regulating the migration and function of neutrophils, which are involved in the pathogenesis of IBD. However, there is a lack of relevant research on the mechanism by which CH25H regulates neutrophils.

CH25H can enhance the progression and metastasis of colorectal cancer (CRC). A reduced level of CH25H was observed in the cancer stroma, particularly in the intratumoral endothelial cells (ECs), among CRC patients (75). It is worth noting that intercellular biomolecule transfer (ICBT), facilitated by tumor-derived extracellular vesicles (TEVs), is also a crucial factor that influences the progression and prognosis of CRC. CH25H is capable of inhibiting of the fusion lipid membrane, thereby hindering the uptake of TEVs. As a result, CH25H restricts the ICBT-induced angiopoietin-2 (ANGPT2)-dependent activation of ECs, and inhibits intratumoral angiogenesis. Furthermore, it has also been observed that the administration of reserpine as a treatment can enhance the expression of CH25H in TEV-treated cells. This subsequently leads to a reduction in the ICBT between malignant and benign cells, ultimately resulting in the suppression of angiogenesis (75). Additionally, a study has revealed that LINC01915, a type of long non-coding RNA, inhibited the uptake of TEVs by normal fibroblasts (NFs), cancer-associated fibroblasts (CAFs) activation, and tumor angiogenesis through the miR-92a-3p/KLF4/CH25H axis, thereby impeding tumor growth. These findings indicate that CH25H has an inhibitory effect on CRC (76).

It is accepted that 25-HC as a soluble factor can function both as an autocrine and paracrine agent. Specifically, Doms et al. (77) employed transient transfection to conduct an exogenous expression of CH25H in HeLa cells using a plasmid. They observed that the exogenous expression of CH25H reduced the proportion of cells infected with reovirus, particularly in the cells expressing CH25H. Moreover, they found that reovirus infection decreased in cells that do not express CH25H, indicating that 25-HC may be secreted from cells to limit infection in CH25H non-expressing cells. On the other hand, Canfrán-Duque et al. (78) have found that in atherosclerosis, activated macrophages release 25-HC which acts on SMC through paracrine action. This interaction blunts SMC migration by altering platelet-derived growth factor (PDGF) signaling and ultimately promotes plaque instability. Thus, the potential role of extracellular 25-HC in intestinal immunity needs to be further explored.

CH25H may have either pro-inflammatory or anti-inflammatory effects, depending on the experimental protocols used, such as the concentration of 25-HC or treatment time. For instance, the high concentrations of 25-HC were used in the study that discovered its pro-inflammatory effect, while relatively low concentrations were used in the study that found its anti-inflammatory effect (28, 70).





4 The impact of CH25H on the occurrence and development of IBD

Although the pathogenesis of IBD is still unclear, it is mainly associated with genetic susceptibility, intestinal microbiota, environmental factors, and immunological dysregulation characterized by abnormal infiltration of T cells, B cells, macrophages, DCs, and neutrophils, which produce high levels of proinflammatory cytokines such as TNF, IL-1β, IFN-γ, and cytokines of the IL-23/Th17 pathway (15). As an oxysterol produced through oxidation by CH25H, 25-HC has various effects on immune cell regulation, but its specific role in IBD has not been fully ascertained.



4.1 The role of immune cells in IBD



4.1.1 Macrophages

Macrophages are among the most abundant types of leukocytes, found in the intestines of all mammalian species. Macrophages play a crucial role in maintaining local homeostasis and the balance of commensal microbiota. Moreover, they are significant factors in the development of IBD (79, 80). Resident macrophages in the lamina propria of the intestine have the ability to capture and degrade bacteria in a non-inflammatory manner. This helps prevent commensal bacteria from crossing the intestinal epithelial barrier. Additionally, macrophages can maintain intestinal homeostasis through the production of anti-inflammatory cytokines like IL-10 and TGF-β, debris scavenging, angiogenesis, and wound repair (79–81). Intestinal macrophages are also capable of inducing T cells to become anergic or differentiate into Tregs to promote immune tolerance, and mediate Th1, Th2, and Th17 to help participate in the adaptive immune response (80).

In colitis models, monocytes and immature macrophages can migrate to intestinal mucosa through the CCL2 or MCP-1 mediated recruitment and produce large quantities of inflammatory mediators such as IL-1, IL-6, and TNFα, as well as inflammatory chemokines like CCL2 and CCL3 to coordinate the recruitment of other innate and adaptive immune cells, such as neutrophils, Th1, and Th17 cells (82). In IL-10-/- mice with spontaneous chronic colitis, macrophages differentiate into pro-inflammatory subsets that produce large amounts of IL-12 and IL-23 in response to bacterial stimulation, inducing Th1 cell polarization (81). Similar findings have been observed in patients with IBD. The inflamed mucosa of patients with IBD shows an increase in the number of macrophages, and several phenotypic and functional characteristics of these macrophages differ from those under physiological conditions. For example, these macrophages display the expression of T cell costimulatory molecules like CD40, CD80, and CD86 (83), as well as pathogen-associated molecular pattern (PAMP) receptors like TLR2, TLR4, CD89, TREM1, and CD14 (84, 85). The abnormal expression of CD14 in macrophages enhances their pro-inflammatory activities induced by LPS, ultimately leading to the secretion of the significant amounts of IL-23 and TNF-α, which further promotes the release of IFN-γ by lamina propria mononuclear cells. IFN-γ then drives macrophage differentiation toward an IL-23-hyperproducing phenotype and forms a positive feedback, thereby playing a pivotal role in the pathogenesis of IBD (84, 86).




4.1.2 ILCs

ILCs are an important component of intestinal organs and contribute to antibacterial defense, immune regulation, maintenance of barrier function, and intestinal homeostasis (87). There are three subtypes of ILCs: type 1 ILCs (including NK cells and ILC1), type 2 ILCs (ILC2), and type 3 ILCs (including ILC3 and lymphoid tissue-inducing cells (LTis)) (47). Unlike intestinal B, T, and NK cells, the intestinal population of ILCs does not continuously replenish from circulation (88). They are maintained by self-renewal in physiological conditions and continuously produce cytokines and other soluble factors that can have a direct impact on the function of epithelial cells at steady state, such as ILC1 producing IFNγ, ILC2 producing IL-5 and IL-13, and ILC3 producing IL-22 and IL-17 (47, 87). Type 1 ILCs are predominantly located in upper gastrointestinal tract, type 2 ILCs are distributed over the intestine in relatively small proportions, and type 3 ILCs are mainly found in ileum and colon (89). Any imbalance in ILC subtypes can result in the disruption of intestinal homeostasis and lead to intestinal inflammation.

In patients with CD, the number of IL-17/IL-22-producing type 3 ILCs is reduced in inflamed intestinal tissues, while there is an accumulation of IFNγ-producing type 1 ILCs. This could be ascribed to a decrease in the expression of RORγt which is a marker for type 3 ILCs, followed by the expression of T-bet, NK1.1, and NKp46, resulting in the acquisition of type 1 ILC phenotype (46). Type 1 ILCs produce a significant amount of IFN-γ, which induces the migration of neutrophils and activates lymphocytes, macrophages, endothelial cells, and affects the tight junction function, resulting in the damage to the epithelial barrier, thereby exacerbating the induction and progression of inflammation (46). RORγt type 3 ILCs also involve in the pathogenesis of IBD. When stimulated by TNF-α, IL-23, and IL-6, RORγt type 3 ILCs enter and exit crypts, which may initiate inflammatory immune cascades that lead to intestinal inflammation (46, 47). The increase of IFN-γ–producing ILC1s and IL-17–producing ILC3s, and the decrease of IL-22–producing ILC3s, are associated with the level of inflammation in patients with IBD.




4.1.3 T cells and DCs

CD4+ Th cells play a crucial role in adaptive immune response. Naive CD4+ T cells differentiate into various types of Th cells in response to different cytokines. Under the stimulation of IL-12 or IL-27, they differentiate into Th1 cells which primarily secrete IFN-γ. In contrast, under the stimulation of IL-4, they differentiate into Th2 cells which produce a range of interleukins, including IL-4, IL-5, IL-13, and IL-25. When exposed to both IL-4 and TGF-β, they differentiate into Th9 cells, which secrete IL-9, IL-10, and IL-21. Conversely, with the stimulation from IL-1, IL-6, IL-23, and TGF-β, they differentiate into Th17 cells that secrete IL-17A, IL-17F, IL-21, and IL-22. Finally, with the induction of IL-2 and TGF-β, they develop into Treg cells that maintain immune tolerance and regulate the homeostasis, activation, and function of lymphocytes (90, 91). Studies have shown that Th1 cells are primarily involved in the development of CD, while Th2 cells are associated with UC (92, 93). Additionally, the pathogenesis of UC involves the participation of Th9 cells (94), and both Th17 and Treg cells contribute to the pathogenesis of UC and CD (95). In IBD, the chronic inflammatory environment and the local hypoxic condition result in the upregulation of hypoxia-inducible-factor-1-alpha (HIF-1α). This upregulation can impair Th17 regulatory responses to AHR ligation by increasing ABC transporter levels, thus promoting the pro-inflammatory phenotype in T cells (96).

DCs are regarded as the most potent professional antigen-presenting cells within human body. They possess the ability to internalize, process, and present antigens to T cells while also orchestrating innate and adaptive immune responses. The increased expression of chemokines and adhesion molecules observed in the intestinal mucosa of patients with IBD results in an accumulation of DCs in inflammatory sites (97). In patients with CD, the failure to control IL-12 secretion by the activated DCs will lead to undesirable Th1 inflammatory responses (98). In mouse colitis, DCs within the colonic lamina propria express higher levels of costimulatory molecules (CD40, CD80, and CD86) and generate increased amounts of IL-12p40 and IL-23p19, which ultimately combine to form IL-23, thereby promoting Th17 differentiation (99). Additionally, the intestinal tissues of patients with CD exhibit a decreased abundance of CD11c DCs, resulting in an enhanced ability to generate Th1/Th2/Th17 responses (100).




4.1.4 Neutrophils

Neutrophils are the first line of defense in the innate immunity of the intestinal mucosa. They are the most abundant immune cells and can be quickly recruited to sites of infection or inflammation (100). Kuhl et al. (101) discovered that blocking neutrophil adhesion and migration or neutrophil depletion could exacerbate TNBS/DNBS-induced colitis in mice. This indicates that neutrophils are an important factor in mediating wound healing in IBD. Further research (102, 103) has revealed that neutrophils can maintain mucosal barrier function and immune response in the gut by depleting local oxygen and stabilizing the transcription factor HIF, or by altering nucleotide signaling to promote mucosal inflammatory resolution and epithelial restitution.

Neutrophils participate in the development of IBD. Neutrophils cause the damage to the epithelial barrier and inflammation by producing high levels of ROS. They also release proteases, proinflammatory cytokines, and mediators such as IL-8, TNF-α, and leukotriene B4, which further damages the epithelial barrier and recruit monocytes and additional neutrophils to the inflamed tissue (100, 104). Neutrophil extracellular traps (NETs) are released by neutrophils during the infection and inflammation as a protective response to inhibit foreign pathogens. However, they can also cause damage to the intestinal barrier and activate proinflammatory functions of neutrophils through the phosphorylation of Akt, ERK1/2, and p38 (104, 105). The level of NETs increases in the inflamed intestinal mucosa, blood, and stool of IBD patients, especially during the active stage of the disease (104). NETs can activate macrophages to release cytokines such as IL-1β, TNF-α, IL-6, induce the activation of platelets and intestinal epithelial cells, promoting colitis and thrombosis. This ultimately causes the damage to intestinal epithelial and vascular endothelial cells (106). Studies have also shown that butyrate, a microbial metabolite in the intestines, can improve intestinal inflammation by inhibiting neutrophil migration and NETs formation, as well as reducing pro-inflammatory mediator production (107).





4.2 CH25H impacting on the disease phenotype of IBD

Macrophages are the main source of 25-HC (9, 11). Through interactions with membrane receptors, nuclear receptors, and the regulation of lipid metabolism and other pathways, 25-HC can influence the differentiation and function of immune cells, including macrophages, T cells, B cells, DCs, and neutrophils. Additionally, 7α,25-HC can induce the migration of immune cells, such as ILCs, DCs, and B cells, as well as regulating gut immune homeostasis and inflammation. Therefore, CH25H is believed to be involved in the pathogenesis of IBD.

Except for being generated in cells and tissues through enzymatic or nonenzymatic reactions, oxysterols are also found in various foodstuffs, particularly in cholesterol-rich foods. The most commonly represented oxysterols in cholesterol-rich foods are 7-oxygenated sterols and 5,6-oxygenated sterols, while 25-HC is present in smaller amounts, and both dietary and endogenous oxysterols have potentially proapoptotic, pro-oxidant and cytotoxic effects, leading to the loss of epithelial colonic cells and the impairment of the intestinal barrier function (108–110).

Chalubinski et al. (111) noted that although 25-HC can cause slight damage to the integrity of Caco2 cell monolayers, it does not have a significant effect on cell viability or apoptosis. This suggests that 25-HC is not the primary factor disrupting epithelial barrier function. Guillemot et al. (112) discovered that in both the DSS or TNBS-induced mouse colitis model and patients with IBD, there is a disturbance in the enzymatic metabolism of oxysterols. CH25H levels increased in mouse colon tissue, plasma, liver, and human colon tissue, as did the 7α,25-HC. This indicates that the increase in CH25H may serve as a form of internal homeostatic regulation to alleviate inflammatory reaction. One of the main characteristics of IBD is the destruction of the intestinal barrier. The damaged intestinal barrier allows unrestricted entry of microbiota into both lamina propria and bloodstream (113). A study conducted by Sheng et al. (114) revealed that intestinal tight junction protein expression is reduced in CH25H-/- mice, which leads to the disruption of the intestinal epithelial barrier function and increases susceptibility to and severity of DSS-induced colitis, while supplementing exogenous 25-HC can alleviate colitis in mice and improve the integrity of the intestinal barrier. This suggests that CH25H may have a protective role in colitis and is associated with intestinal epithelial regeneration and tissue reconstruction. IBD is usually accompanied by dysbiosis, and persistent dysbiosis can worsen inflammation. Conversely, chronic inflammation contributes to dysbiosis by altering the oxidative and metabolic environment of the intestine (115). The administration of medications, such as anti-TNFα antibody therapy, for the treatment of IBD has been found to impact the composition of intestinal microbiota (116). While CH25H has been shown to improve the intestinal inflammation and the integrity of the intestinal barrier, its impact on the composition of intestinal microbiota remains unknown.

The SIRT1-CH25H pathway is one of the mechanisms that contribute to the metformin-induced alleviation of hepatic inflammation (32), and the nuclear receptor SIRT1 has been shown to play a role in the pathogenesis of IBD. Caruso et al. (117) demonstrated that SIRT1 is downregulated in the inflamed tissue of patients with IBD and colitis models by TNF-α and IL-21. T cells and macrophages deficient in SIRT1 are hyperactivated and produce significant amounts of inflammatory cytokines. Conversely, the activation of SIRT1 can reduce the acetylation of NF-κBp65 and subsequently decrease NF-kB activation, thereby decreasing the levels of inflammatory cytokines such as IFN-γ, IL-17A, and IL-21. However, SIRT1 also has deleterious effects on IBD. The Inhibition of SIRT1 may reduce the severity of colitis by promoting the production of Foxp3+T-regulatory cells, as well as paneth and goblet cells, which play crucial roles in maintaining gastrointestinal homeostasis (118). Therefore, SIRT1 imbalances in the immune system can result in the development and progression of IBD, and it is speculated that SIRT1 decreases the production of inflammatory cytokines by macrophage and Th1/Th17 cells through the activation of CH25H, and enhance the LXR/ABCA1 pathway to exert anti-inflammatory effects. Since SIRT1 serves as the upstream regulator of CH25H, the role of SIRT1 activators and inhibitors may influence the effects of CH25H on IBD relevant to gastrointestinal immune homeostasis. SIRT1 is relevant to the impact of CH25H on IBD through immune cells, the detection of both SIRT1 and CH25H can assist in the early diagnosis and treatment of the disease.

However, studies have shown that the overexpression of CH25H in ILC-related colitis models can stimulate the pro-inflammatory ILC3 activity and aggravate inflammatory reactions (40, 41). Additionally, 25-HC, the product of CH25H can contribute to the development of intestinal fibrosis, resulting in complications such as intestinal stenosis (119). In other conditions, such as obesity and diabetes, CH25H is upregulated in adipose tissue while associating with insulin resistance and adipose tissue inflammation. This is because 25-HC can induce inflammatory gene expressions in macrophages and preadipocytes from patients with diabetes (120). These results suggest that the role of CH25H may be different or even opposite in different disease models, possibly related to the pathogenesis and microenvironment of the disease.





5 Conclusions and perspectives

CH25H and its downstream products have been found to have various functions, such as immunomodulation and lipid metabolism. The downstream product of CH25H exerts its function by binding to multiple membrane receptors and nuclear receptors, such as LXR, GPR183 and ROR. This helps regulate the immune cell function in maintaining gastrointestinal homeostasis. Additionally, 25-HC can regulate the activity of SREBP, thereby inhibiting the biosynthesis of fatty acids and cholesterol and playing a role in lipid metabolism regulation. 25-HC can also regulate immune function via SREBP.

The immunological dysregulation caused by IBD is characterized by epithelial damage, the expansion of inflammation and the infiltration of various types of immune cells, including macrophages, ILCs, T cells, DCs and neutrophils. 25-HC can influence the differentiation and function of these immune cells, while 7α,25-HC can induce their migration. These effects of CH25H metabolite may be different or even opposite in different conditions. The dual role of CH25H may depend on the pathogenesis and microenvironment of IBD. This highlights the importance of maintaining CH25H balance in the immune system for the treatment of IBD.

The pathogenesis of IBD remains unclear, and the high expression of CH25H in patients with IBD makes it a potential target for future diagnosis and treatment. While the regulation of CH25H and its downstream products have been extensively investigated, its role and function in the immune system and related diseases are not fully understood. Although it has been confirmed that various immune cells play a role in the development of IBD, research on discussing the relationship between CH25H and IBD is still insufficient. Further investigation on the impact of CH25H on IBD through immune cells is essential for the early diagnosis and treatment of IBD.
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Poor graft function (PGF), manifested by multilineage cytopenias and complete donor chimerism post-allogeneic stem cell transplantation (alloSCT), and acquired aplastic anaemia (AA) are immune-mediated acquired bone marrow (BM) failure syndromes with a similar clinical presentation. In this study, we used spatial proteomics to compare the immunobiology of the BM microenvironment and identify common mechanisms of immune dysregulation under these conditions. Archival BM trephines from patients exhibited downregulation of the immunoregulatory protein VISTA and the M2 macrophage marker and suppressor of T-cell activation ARG1 with increased expression of the immune checkpoint B7-H3 compared to normal controls. Increased CD163 and CD14 expression suggested monocyte/macrophage skewing, which, combined with dysregulation of STING and VISTA, is indicative of an environment of reduced immunoregulation resulting in the profound suppression of hematopoiesis in these two conditions. There were no changes in the immune microenvironment between paired diagnostic AA and secondary MDS/AML samples suggesting that leukaemic clones develop in the impaired immune microenvironment of AA without the need for further alterations. Of the eight proteins with dysregulated expression shared by diagnostic AA and PGF, the diagnostic AA samples had a greater fold change in expression than PGF, suggesting that these diseases represent a spectrum of immune dysregulation. Unexpectedly, analysis of samples from patients with good graft function post-alloSCT demonstrated significant changes in the immune microenvironment compared to normal controls, with downregulation of CD44, STING, VISTA, and ARG1, suggesting that recovery of multilineage haematopoiesis post-alloSCT does not reflect recovery of immune function and may prime patients for the development of PGF upon further inflammatory insult. The demonstrable similarities in the immunopathology of AA and PGF will allow the design of clinical interventions that include both patient cohorts to accelerate therapeutic discovery and translation.
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Introduction

Acquired aplastic anaemia (AA) and poor graft function (PGF) following allogeneic stem cell transplantation (alloSCT) are acquired bone marrow failure syndromes (BMFS) that lead to infection and bleeding as a result of persisting leukopenia and thrombocytopenia.

Aplastic anaemia has an incidence of 2.35 cases per million people, and mortality rates in newly diagnosed AA are up to 50% and in relapsed AA are up to 70% (1). First-line therapy for patients with AA is dependent on patient age and alloSCT donor availability. Patients who are young and have an appropriate donor are treated using alloSCT. Patients over 40 are at increased risk of transplant-related mortality and are therefore initially treated with immunosuppressive therapies such as antithymocyte globulin + cyclosporin, to which 20% of patients have a poor response and one-third relapse within 2 years (2). Up to 15% of patients will develop secondary myelodysplasia (MDS) or acute myeloid leukaemia (AML) (3–6), which has a poorer prognosis than primary MDS/AML (7).

Poor graft function is a syndrome of severe, life-threatening peripheral cytopenias despite >95% donor engraftment (8). Analysis of our transplant centre data (929 patients, alloSCT 2000–2016) has shown that PGF occurs in 13% of patients undergoing alloSCT, with a mortality rate of 60% in those without bone marrow (BM) recovery (9). Risk factors for PGF include an antecedent diagnosis of myeloproliferative disorder (e.g., myelofibrosis), age ≥50 years, concurrent graft vs. host disease (GVHD), pre-engraftment infection, early ICU admission, and post-engraftment viral infection (9). There are currently no standardised treatments for patients with PGF. Most patients are treated with supportive care (monitoring of blood counts, transfusions, and G-CSF as required), though the use of repeat stem cell infusions, thrombopoietin (TPO) agonists, reactive oxygen species scavengers, and treatment with donor-derived mesenchymal stem cells has been reported (10). The immunopathology of PGF has not been previously described.

Aplastic anaemia is a condition of hyperactive T-cell activation resulting in excessive interferon-γ (IFN-γ) production, which in turn suppresses HSC proliferation, inducing T-cell-mediated HSC apoptosis and the clinical presentation of pancytopenia (11). In addition, mouse models of acquired bone marrow failure have demonstrated that IFN-γ induces tumour necrosis factor alpha (TNF-α) (12) and CCR5 expression (13) in BM resident macrophages, inducing further IFN-γ expression and setting up a positive feedback loop of IFN-γ/TNF-α production and a hyper-inflammatory state. Similarly, excessive IFN-γ has been demonstrated in mouse models of GVHD-driven BM aplasia (14). Analysis of primary AA patient samples has demonstrated skewing of CD4 and CD8 T-cell memory subsets (15, 16), reductions in T regulatory cells (17), oligoclonal expansions of CD8 T cells (18), including loss or mutation of HLA (19, 20), and increased IFN-γ expression in T cell and monocyte subsets (12, 15). However, few studies have examined the immunology of PGF in primary patient samples or the co-contribution of dysregulated myeloid and lymphoid lineages within the BM immune microenvironment of AA.

The similar clinical presentations and potentially IFN-γ driven inflammatory pathology described by others lead us to hypothesise that AA and PGF share similarities in the mechanism of disease pathogenesis and immunobiology. In this study, we utilised primary patient BM samples to directly compare the immunopathology of patients with PGF and AA.





Methods




Patient cohort

The analysis of archival samples left over from diagnostic procedures was approved under a waiver of consent by the Melbourne Health Human Research Ethics Committee (Project 2018.239) and conducted in accordance with the Declaration of Helsinki. Clinical data were obtained from review of patient records (Supplementary Table S1).

Peripheral blood samples were collected with informed consent from patients at the Peter MacCallum Cancer Centre and The Royal Melbourne Hospital (Melbourne, Australia) under ethics approval of the Melbourne Health Human Research Ethics Committee (Projects 2016.207, 2018.017, and 2019.280) and in accordance with the Declaration of Helsinki. Peripheral blood mononuclear cells (PBMC) were isolated using Ficoll–Paque Plus (GE Healthcare, Chicago, IL, USA) density gradient separation and cryopreserved until required. Peripheral blood samples from age-matched healthy donors were obtained from the Australian Red Cross Blood Service with ethics approval from the Melbourne Health Human Research Ethics Committee (Project 2013.288).

Through a review of our centre records, patients with appropriate BM trephine samples available were selected. Patient characteristics are listed in Supplementary Table S1. For severe AA, patients with diagnostic and progression to myeloid malignancy samples prior to alloSCT were selected, of whom six patients had paired diagnostic and progression samples. Normal controls (NC) were selected from patients undergoing staging for high-grade lymphomas with morphologic and immunophenotypically uninvolved bone marrow biopsies.

For PGF, patients were selected based on the following parameters (1): complete myeloid chimerism at the last reading (2), Hb ≤85, neutrophils ≤1.0 × 109/L (3), platelets ≤100 × 109/L for 30 days post-D30. Morphological disease must not be present. As a control, a cohort of patients with good graft function (GGF) post-alloSCT was selected if they had normal blood counts, complete donor chimerism, and no features of disease relapse. PGF and GGF patients were matched 1:1 by the following variables: age, sex, disease/disease risk index, conditioning intensity, donor relation, graft, and donor sex match. Trephines from PGF and GGF were taken at a similar time point post-alloSCT ± 10 days. Where possible, a GGF control with identical matching variables to the PGF patients was selected. If this was not possible, patients were matched with a control that had identical age, conditioning intensity, and disease risk index. The final judgement to use control based on the available matched variables was made by two clinical haematologists.





Spatial proteomics

At the time of sample collection, BM trephines were processed using standard diagnostic laboratory practice (fixation in B5, decalcification in acid, and paraffin embedding). From identified archival BM trephine blocks, 4 μm sections were cut and mounted on super-frosted slides. Spatial proteomics was performed using the GeoMX platform as previously described (21). Briefly, the tissue area of interest was located using fluorescence imaging, and 6 × 300 µm regions of interest were selected by dual CD45+/CD3+ expression for each trephine sample (Supplementary Figure S1). For multiplexed protein expression, samples were analysed using the GeoMX Immune Cell Profiling Core, IO Drug Target Module, Immune Activation Status Module, Immune Cell Typing Module, and Pan-Tumour Module to determine the expression of 57 proteins (Supplementary Table S2). As this analysis used predesigned panels, it included markers that are not known to be expressed in the BM, such as MART1, Her2, and NY-ESO-1. These markers were included in the statistical analysis but were not considered further for the dissection of tissue pathology.





Flow cytometry analysis

Details of the antibodies used are listed in Supplementary Table S3. PBMC were stained with Live/Dead Aqua (Thermo Fisher, Waltham, MA, USA) for 30 min at 4°C, washed in FACS buffer (2% FBS in PBS), and blocked in Fc block (BD Biosciences, Franklin Lakes, NJ, USA) and CellBlox Blocking Buffer (Thermo Fisher) for 10 min at RT. Cells were stained with NovaRed685-antiCD25 for 30 min at 4°C, followed by remaining surface antibodies for a further 30 min at 4°C. Cells were washed twice in FACS buffer and permeabilised using Cytofix/Cytoperm Kit (BD Biosciences) according to the manufacturer’s instructions. Cells were stained with BV421-antiSTING in Perm/Wash buffer for 30 min at 4°C prior to two washes with perm/wash buffer. Samples were resuspended in FACS buffer, acquired on an Aurora Spectral Flow Cytometer (Cytek Biosciences, Fremont, California, USA), and analysed using FlowJo (BD Biosciences). The representative gating strategy is shown in Supplementary Figure S2.





Immunohistochemistry

Tissue sections of BM trephines were baked for 2 h at 65°C and deparaffinised/rehydrated using a Leica Jung XL Autostainer (Leica Microsystems Pty Ltd, Macquarie Park, Australia). Antigen retrieval was performed using 10 mM of sodium citrate buffer at pH 6 (Chem Supply, Gillman, SA, Australia) in a Prestige Medical Pressure Cooker (Aptum Biologics Ltd., Southampton, UK). Slides were allowed to come to room temperature and blocked in 1% bovine serum albumin (Sigma Aldrich, Darmstadt, Germany) in PBS with 0.3% Triton X-100 (Sigma Aldrich, Darmstadt, Germany) for 1 h at room temperature. Slides were stained overnight at 4°C with human anti-STING antibody [EPR13130] (ab198952, Abcam, Cambridge, UK). Sections were post-fixed with 4% paraformaldehyde for 30 min at room temperature, and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich, Darmstadt, Germany) at 0.1 mg/ml for 5 min at room temperature. Sections were mounted in ProLong glass antifade (Thermo Fisher Scientific, Waltham, MA, USA). Images were captured using the Vectra Polaris Automated Quantitative Pathology Imaging System (Akoya Biosciences, Menlo Park, CA, USA) and analysed using the Phenocart 1.1.0 imaging software (Akoya Biosciences, Menlo Park, CA, USA).





Statistical analysis

Spatial proteomics analyses were conducted as previously described (22). Data exploration and quality checks were conducted using relative log expression (RLE) plots and principal component analysis (PCA). The raw counts were normalised using the trimmed mean of M-values (TMM) method (23) to normalise the raw counts (Supplementary Figure S3), and PCA was used to identify the progression effect and graft functions as the factors explaining the variation in the data. Differential expression (DE) analysis was undertaken using R/Bioconductor package limma (v3.48.0) (24). For AA studies, comparisons modelled include “AA DX vs. Normal” and “AA PROG vs. Normal”, with batch as a covariate. For PGF studies comparisons undertaken were “PGF vs. Normal” and “GGF vs. Normal”, with batch as a covariate. For all contrasts, the voom-limma with duplication correlation pipeline (25) was used and the TREAT criteria applied (26) (p-value <0.05) to conduct statistical tests and to calculate the t-statistics, log-fold change (logFC), and adjusted p-values. p-values <0.05 were considered statistically significant. Heatmaps were graphed using log normalised counts (logCPM) of DE genes for samples of interest with the R package pheatmap. For box plots, data are graphed as centre line, median; box limits, first and third quartiles; whiskers, 1.5 × interquartile range; and points, outliers.

Flow cytometry data were analysed in GraphPad Prism Version 6.07 using a Kruskal–Wallis one-way ANOVA with Dunn’s multiple comparisons tests. The data are graphed as individual points and mean ± standard deviation.






Results




Spatial proteomics identifies dysregulated BM immunity in patients with AA and PGF

One of the major barriers to the study of patients with AA or PGF is a lack of cryopreserved BM samples stored at the time of diagnosis that are suitable for immunological examination by either flow cytometry or single-cell gene expression analysis. We have recently described the application of spatial proteomics using the GeoMX platform, which enables the analysis of BM immunity in archival trephine samples (21, 22). This has allowed us to construct a unique cohort of patients (Supplementary Table S1) treated at our centre between 2002 and 2020 to provide the first direct comparison of the immunobiology of AA and PGF. Our analysis consisted of severe AA patients at diagnosis (AA_DX, n = 15, median age: 45 (21–50)) and patients with newly diagnosed PGF (n = 20, median age: 55 (19–68)). In addition, we collated samples from patients with severe AA who had progressed to AML/MDS (AA_PROG, n = 15, median age: 47 (25–61)) to allow analysis of immune determinants of AA progression, while a cohort of patients with GGF post-alloSCT (n = 20, median age 49 (19–64)), matched for transplant characteristics to those with PGF, were included to allow dissection of the immune impacts of alloSCT vs. those of PGF. The most common indication for alloSCT was AML (45%) and BM trephines were taken at a median of 100 days (60–118) post-alloSCT. Normal controls (n = 20, median age: 51 (18–78)) were included as a reference. Six regions of immune infiltrate per trephine, selected by dual CD45/CD3 staining, were selected (Supplementary Figure S1) and analysed for the expression of 57 proteins using predesigned panels to explore immune cell types, memory phenotype, and activation status (Supplementary Table S2) to provide a comprehensive overview of the immune microenvironment in each sample. Data were processed and analysed using a spatial proteomics-specific bioinformatics pipeline (22) to control for confounders such as variations in cell number, analysis batch, and intra-patient sampling. For subsequent comparisons, each region of immune infiltrate is reported as a single value, giving six values per sample, which were accounted for in our bioinformatics analysis. All p-values are therefore reported as adjusted p-values (adj p). Analysis of the cohort by PCA showed that normal control patients clustered tightly compared to disease groups. Separation was observed on PC1 based on disease, with AA_DX and PGF samples clustering together away from normal controls (Figure 1).




Figure 1 | Principal component analysis of study samples demonstrates separation based on disease group along PC1. Comparison of the pattern of protein expression across aplastic anaemia at diagnosis (AA_DX), aplastic anaemia at progression (AA_PROG), poor graft function (PGF), good graft function (GGF), and normal controls (normal).



Compared to normal controls, all patient samples in any of the patient cohorts (AA at diagnosis or progression, PGF or GGF) showed significantly dysregulated immunobiology (Figures 2A–D; Table 1), with AA_DX having the highest number of significantly differentially expressed proteins. As would be expected given the hypocellular BM of these conditions, expression of CD45 was significantly reduced compared to normal controls across AA_DX (adj p = 5.413E−10), AA_PROG (adj p = 8.299E−08), and PGF (adj p = 8.634E−09) groups (Figure 2E; Table 1). More surprisingly, patients with GGF showed a similar reduction in CD45 (adj p = 1.06E−04). In addition, all patient groups had downregulation of the immunoregulatory protein VISTA and the M2 macrophage marker and suppressor of T-cell activation ARG1 with increased expression of the immune checkpoint B7-H3 compared to normal controls (Figures 2F–H; Table 1), suggesting a common microenvironment of immune dysregulation leading to marrow hypoplasia.




Figure 2 | Multivariate analysis identifies significant immune dysregulation across patient groups compared to normal controls. MAplots from multivariate analysis demonstrating changes in expression in (A) aplastic anaemia at diagnosis (AA_DX), (B) aplastic anaemia at progression (AA_PROG), (C) poor graft function (PGF), and (D) good graft function (GGF) compared to normal controls. Expression of (E) CD45, (F) VISTA, (G) ARG1, and (H) B7-H3 was significantly different across all patient groups compared to normal controls. See Table 1 for the full list of significant proteins shown in (A).




Table 1 | Multivariate analysis of significant changes in protein expression vs. normal control.



Analysis of the AA_DX cohort reveals changes in both immune cell frequency and function (Figure 2A; Table 1). Significant downregulation of CD66b (adj p = 8.46E−24) is likely reflective of neutropenia in these patients but may also indicate a reduced granulocytic myeloid suppressor cell (MDSC) population. This is augmented by the markedly decreased expression of the immunoregulatory protein VISTA (adj p = 6.84E−27), which is highly expressed in immunosuppressive myeloid populations (including MDSCs) but also has a critical role in naïve T-cell maintenance and peripheral tolerance (27). While total myeloid cells were unchanged based on CD11c expression, the combined increase in CD14 (adj p = 0.018) and CD163 expression (adj p = 4.53E−06) indicated a skewing toward an inflammatory monocyte phenotype. The pathogen recognition and dsDNA sensor protein STING, which plays a central role in both innate and adaptive immunity across dendritic cells and T cells (28), was also decreased in AA_DX patients (adj p = 6.14E−13). The decreased expression of both STING and VISTA, combined with increased expression of ICOS (adj p = 0.002) and B7-H3 (adj p = 0.002), indicates an environment of profound T-cell activation and cytokine production. The nonimmune BM microenvironment is also impacted with increased expression of FAP-alpha (adj p = 1.22E−05) and S100B (adj p = 7.02E−09), indicating changes in mesenchymal stem cells (29) and Schwann cells (30), respectively. Finally, decreased Ki-67 (adj p = 4.53E−06) combined with increased Bcl-2 (adj p = 0.017) may reflect an environment of reduced proliferation and apoptosis resistance in residual haematopoietic cells.





Progression of AA to AML/MDS is not associated with changes to the immune microenvironment

Changes in protein expression between AA_DX and AA_PROG samples were analysed to assess the contribution of the BM immune microenvironment to the progression to myeloid malignancy. When all patient samples were included, STING was the top protein upregulated at progression (adj p = 2.59E−06) with CD66b, VISTA, and CD34 also significantly upregulated (Figure 3A; Table 2). However, when the analysis was restricted to the six patients with matched diagnosis and post-progression samples available, while there was a trend to increased expression of STING, CD34, and VISTA after progression, this was not significant (Supplementary Figure S4), indicating that the significant results when all patients are included may be a consequence of inter-patient variation in disease biology rather than disease stage. Furthermore, when the AA_DX samples were separated into those patients who would go on to develop progressive disease vs. those who did not, there were no differentially expressed proteins. Overall, this suggests that the immune microenvironment in AA does not change upon the development of subsequent myeloid malignancies.




Figure 3 | Multivariate analysis of protein expression across AA_DX, AA_PROG, PGF, and GGF. MAplots from multivariate analysis for aplastic anaemia at diagnosis (AA_DX) vs. aplastic anaemia at progression (AA_PROG) (A), poor graft function (PGF) vs. good graft function (GGF) (B) and AA_DX vs. PGF (C).




Table 2 | Multivariate analysis of significant changes in protein expression across AA_DX, AA_PROG, PGF, and GGF.







Patients undergoing alloSCT have dysregulated BM immunity, which is further dysregulated in PGF

Despite having normal blood counts and full donor chimerism at day 100 post-alloSCT, GGF samples also exhibited a dysregulated BM immune microenvironment. Most significantly, the adhesion marker CD44 was downregulated compared to normal controls (adj p = 1.06E−04, Figure 2D) and PGF samples (adj p = 0.007, Figure 2B), with PGF samples exhibiting normal expression of CD44. Expression of VISTA, ARG1, and B7-H3 had a greater degree of dysregulation in PGF patients compared to GGF patients (Figures 2F–H), but this difference was not significant (Figure 3B), suggesting the ongoing contribution of these proteins to immune dysregulation in the BM post-alloSCT regardless of graft function. Indeed, PCA demonstrated a significant overlap between PGF and GGF samples (Supplementary Figure S5).

Within PGF samples, CD163 expression was increased compared to GGF samples (adj P = 0.007), suggesting skewing of monocyte/macrophage populations, with decreased CD66b reflecting the neutropenia of PGF (adj p = 9.89E−06) (Figure 3B). In addition, multiple proteins were dysregulated in PGF, including upregulation of IDO1 (adj p = 1.40E−04), TIM-3 (adj p = 0.041), and HLA-DR (adj p = 0.041), and downregulation of CD45RO (adj p = 0.041) compared to normal controls (Figure 2C), suggesting changes in T-cell immunomodulation and/or a bias toward monocytes/macrophages.





PGF parallels the dysfunctional BM immune microenvironment seen in AA

PCA of AA_DX and normal controls demonstrated the overlap in the immune microenvironment between AA_DX and PGF, with AA_DX and normal control samples separating into two distinct groups along PC1, with PGF clustering either with AA_DX or between the two groups (Supplementary Figure S6). There was greater similarity between AA_DX and PGF samples, with eight of the top 9 proteins dysregulated in PGF also dysregulated in AA_DX samples when compared to normal controls (Table 1; Supplementary Figure S7), than in PGF and GGF samples, where only CD45, VISTA, ARG1, and B7-H3 are shared (Figure 2). However, there were important differences between AA_DX and PGF (Figure 3C), with PGF samples having decreased expression of CD3 (adj p = 0.001) and CD27 (adj p = 0.026), suggesting impaired antigen-specific T-cell responses (31). As outlined above, PGF and AA_DX exhibited a similar pattern of monocyte/macrophage skewing with increased CD163 and CD14 expression. Furthermore, while there were statistically significant differences between these groups for the expression of STING (adj p = 2.38E−06), VISTA (adj p = 0.001), and CD66b (adj p = 0.026), each marker’s expression is highest in normal controls, with decreases in PGF and further decreases in AA_DX samples. This pattern of expression was confirmed by examining STING expression via fluorescent immunohistochemistry (Figure 4) in study trephine samples, suggesting that PGF (allogeneic) and AA (autologous) exist on a spectrum of immune dysregulation with a common mechanism of immunopathology in the BM.




Figure 4 | STING is significantly downregulated in the BM of patients with AA_DX and PGF. (A) Expression of STING in spatial proteomics multivariate analysis. Refer to Tables 1 , 2 for statistical analysis. (B) Immunohistochemistry of STING expression demonstrating reduced expression in aplastic anaemia at diagnosis (AA_DX) and poor graft function (PGF) (blue = DAPI, white = STING).







Peripheral blood immunity does not reflect changes in BM immunity

To further confirm the dysregulated expression of VISTA and STING, their expression was examined in PBMC from patients with AA, PGF, and GGF. There were small changes in the proportions of B cells, NK cells, T cells, and monocytes across the groups, with CD4 T cells reduced in patients with PGF and GGF and reduced classical monocytes in AA patients (Supplementary Figure S8). Unexpectedly, patients with AA and PGF exhibited significantly different percentages of STING and VISTA-positive cells across B, NK, T, and monocyte subsets (Figures 5A–E), with AA patients having expression equivalent to normal controls and most PGF patients having higher expression, equivalent to that of GGF patients. The dysregulated expression was consistent across T-cell memory subsets (Supplementary Figure S9). An increased proportion of cells positive for STING and VISTA in patients with GGF provides further evidence of dysregulated immunity in a cohort of patients that are often considered to have normal immunity post-alloSCT. Given the lymphopenia in AA and PGF patients, the absolute number of positive cells is similar, with AA and PGF patients having lower total STING and VISTA positive cells compared to GGF patients (Supplementary Figure S10). It should be noted that PBMC samples lack granulocytes, and we were therefore unable to assess changes in STING and VISTA expression in this cell population. Overall, the discordance between peripheral blood (PB) and BM immunity underscores the importance of BM examination in these conditions. Assessment of PB immunology does not necessarily mirror the BM microenvironment and is most likely reflective of ongoing inefficient haematopoiesis, consisting of the cells remaining from disease onset that are not subsequently replaced, rather than the immunopathology of bone marrow failure.




Figure 5 | Expression of STING and VISTA in PB immune subsets is significantly different between AA and PGF patients. Flow cytometry analysis of STING and VISTA expression in PB samples from patients with aplastic anaemia (AA) (n = 5; median age = 32.5 (range = 27–70); 60% male patients, 40% female patients), poor graft function (PGF) (n = 17; median age = 59.0 (range = 40–71); 65% male patients, 35% female patients), good graft function (GGF) (n = 13; median age = 59.0 (range = 20–66); 84% male patients, 16% female patients) and normal controls (n = 14; median age = 57.0 (range = 25–71); 57% male patients, 43% female patients) across (A) B cells, (B) NK cells, (C) CD8 T cells, (D) CD4 T cells, and (E) monocytes. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.








Discussion

Aplastic anaemia and PGF following alloSCT are acquired BMFS that both present clinically as multilineage cytopenias with BM aplasia. The objective of this study was to investigate the potential of a common BM immunopathology underpinning these conditions. We utilised spatial proteomics analysis of primary archival patient samples from patients treated at our centre over an 18-year period, allowing us to carefully construct our patient cohort to include samples from patients with PGF or GGF and AA patients at diagnosis or post-AML/MDS progression. Our analysis revealed a common microenvironment of immune dysregulation with inflammatory monocyte skewing and increased T-cell activation and identified many potential areas for future investigation for their contribution to BMFS.

Expression of ARG1 was decreased across all patient groups. While commonly used to identify alternatively activated M2 macrophages, ARG1 is also highly expressed in polymorphonuclear neutrophils, where it plays an important role in the suppression of T-cell proliferation and cytokine production (32, 33). Furthermore, the use of ARG1 KO donors in mouse BMT models, when combined with high fat-induced inflammatory conditions (i.e., a Western diet), leads to a decrease in circulating B cells and spleen size (34), suggesting that a reduction in ARG1 expression in GGF patients may prime them for the development of PGF upon a further subsequent injury to the BM such as infection or GVHD. Further reduction in ARG1 in AA and PGF patients is likely the result of ongoing neutropenia and may also contribute to the dysregulated T-cell activation in these conditions.

While this study was primarily designed to examine the immune microenvironment of the BM in these conditions, changes in components of the wider BM microenvironment were detected with increased expression of markers for mesenchymal stromal cells and Schwann cells, suggesting changes to the BM niche and possible effects on HSC quiescence (30). In addition, the T-cell costimulatory protein B7-H3 was upregulated across all patient groups, with the highest expression in PGF patients. Expressed by a wide range of cells, including activated T cells, NK cells, dendritic cells, and macrophages (35–37), along with non-hematopoietic cells, including fibroblasts, synoviocytes, osteoblasts, and epithelial cells (38–40), with both immunostimulatory (41, 42) and inhibitory (43, 44) roles described. Its role in osteoblast differentiation and bone mineralisation (39) suggests that B7-H3 may also be involved in the recovery of the BM post-injury, whether that be chemotherapy-induced or inflammatory-mediated BM aplasia.

Downregulation of both VISTA and STING across patients with AA and PGF is a likely major contributor to immune dysregulation, with VISTA being highly expressed in immunosuppressive MDSCs (45) and a critical regulator of naïve T-cell maintenance (27). In addition, BM-derived macrophages from VISTA KO mice express high levels of CCL3 and CCL5 (46), which have been shown to stimulate CCR5 production in macrophages and IFN-γ production in T cells in mouse models of acquired BMFS (13). The end result is HSC depletion, either directly by IFN-γ increasing the sensitivity of HSCs to T-cell-mediated apoptosis (12, 47) or indirectly by CCR5 increasing inflammatory macrophage persistence and the depletion of CD41+ HSCs (13). While STING classically regulates type 1 IFN responses to dsDNA pathogens and is expressed in most haematopoietic lineages, IFN-independent effects in T cells have been recently described, with STING KO mice exhibiting reduced T-cell death in response to STING agonists (48) and significant effects post-alloSCT, including increased proportions of macrophages and activated dendritic cells and increased CD8 T-cell proliferation and IFN-γ production (49). Additionally, analysis of mouse models of neutropenia has recently demonstrated that IFN-γ signalling in myeloid cells is associated with the functional decline of haematopoiesis (50). Collectively, this suggests that reduced VISTA and/or STING expression results in a dysregulated BM immune microenvironment with reduced immunosuppressive cell populations and increased T-cell activation/proliferation resulting in increased IFN-γ/TNF-α production and HSC depletion. Future investigation of this finding will require complex models that accurately reflect the BM-specific downregulation of both STING and VISTA found in this study to confirm their impact on acquired BMFS.

One intriguing aspect of this study is the dysregulated immunity in patients with GGF post-alloSCT. While the degree of dysregulation was lower than that of patients with PGF, it does suggest that recovery of multilineage haematopoiesis to normal ranges does not necessarily reflect normal immunity, and this dysregulation may impair BM recovery following an inflammatory insult, resulting in PGF. CD44 was specifically downregulated in GGF patients, suggesting possible defects in HSC homing (51) and function (52) and T-cell activation (53, 54) and trafficking to the thymus and lymph nodes (55). In addition, CD44+ CD8 T cells have been shown to mediate anti-tumour responses without inducing GVHD (56), suggesting that downregulation in GGF patients may diminish graft vs. tumour responses. STING has also been examined for its impact on GVHD in both MHC-matched and mismatched mouse models, demonstrating that STING agonists may reduce or prevent GVHD (49, 57, 58). Our analysis is the first to our knowledge to examine STING expression in patient PB and BM samples, demonstrating an increased frequency of STING-positive cells across multiple PB lymphocyte subsets in patients post-alloSCT with STING downregulation in the BM of patients with PGF. Further longitudinal analysis of STING expression in patient samples across the BM, PB, and gastrointestinal tract should be undertaken to understand the dynamics of expression post-alloSCT prior to the application of STING agonists in the clinic.

Our study is the first to describe a common inflammatory immunopathology across AA and PGF in primary patient samples, indicating an environment of reduced immunoregulation and immunosurveillance. There was no difference in the immune microenvironment of AA patients at diagnosis vs. progression to myeloid malignancy, supporting the conclusion by others that secondary MDS/AML is a result of HSC clonal evolution (19, 59, 60) that evades the impaired, yet stable, immune marrow microenvironment. Our results suggest that AA and PGF exist on a spectrum, with AA showing a greater degree of dysregulation. The close monitoring and use of immunosuppression post-alloSCT likely allows for prompt intervention in PGF patients, preventing the degree of dysregulation seen in AA patients, who are only diagnosed when they present with significant persistent cytopenias. The inflammatory trigger for the development of acquired BMFS is unknown, and we are unable to draw any conclusions about this based on our analysis. However, the finding of common immunopathology provides the opportunity to analyse the clinical records of patients with PGF to understand the risk factors for and mechanisms of pathogenesis across acquired BMFS. Furthermore, it will allow for the design of preclinical and clinical studies that include both patient populations, accelerating our understanding of the biology and the development of new treatment strategies.

Recently, TPO mimetics such as eltrombopag have emerged as a new treatment option in AA (61, 62) and post-alloSCT thrombocytopenia (63) with response rates of 44% and 36%, respectively, in prospective studies. TPO mimetics can prevent the induced blockade of endogenous TPO to activate TPO signalling on HSCs and promote HSC survival (64). However, this therapeutic intervention does not interrupt the IFN-γ/TNF-α feedback loop, and its effect on patient immunity is largely unknown. The Janus Kinase 1/2 inhibitor ruxolitinib has recently been shown to reduce T-cell cytokine production in mouse models of immune bone marrow failure (65), and it is soon to be tested in clinical trials, which may provide additional immune-directed therapy for these patients.

This analysis of primary patient BM samples has identified that rather than a single master regulator of immune dysregulation, acquired BMFS presents with multiple mechanisms of immune dysregulation upstream of IFN-γ and TFN-α, all of which likely contribute to the inflammatory BM immunopathology. These require further study and validation in primary patient BM samples and translational mouse models, both in isolation and combination, to determine their relative contribution to acquired BMFS. New therapies for acquired BMFS should be investigated that specifically target the underlying immune dysregulation to reset and recover patient immunity, prevent HSC apoptosis, and lead to improved haematopoietic output and ultimately potential cure of the disease.
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Alterations in the composition or function of the gut microbiota are associated with the etiology of human diseases. Drug-microbiota interactions can affect drug bioavailability, effectiveness, and toxicity through various routes. For instance, the direct effect of microbial enzymes on drugs can either boost or diminish their efficacy. Thus, considering its wide range of metabolic capabilities, the gut microbiota is a promising target for pharmacological modulation. Furthermore, drugs can alter the microbiota and the mechanisms by which they interact with their host. Individual variances in microbial profiles can also contribute to the different host responses to various drugs. However, the influence of interactions between the gut microbiota and drugs on treatment efficacy remains poorly elucidated. In this review, we will discuss the impact of microbiota dysbiosis in the pathogenesis of rheumatoid arthritis (RA), and we will attempt to elucidate the crosstalk between the gut microbiota and disease-modifying anti-rheumatic drugs (DMARDs), with an emphasis on how drug-microbiota interactions affect the treatment efficacy in RA. We speculate that improved knowledge of these critical interactions will facilitate the development of novel therapeutic options that use microbial markers for predicting or optimizing treatment outcomes.
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1 Introduction

Rheumatoid arthritis (RA) is one of the most common immune-mediated disorders. Its primary manifestation is inflammatory arthritis, characterized by symmetric, polyarticular pain and swelling, frequently affecting peripheral joints (1). Despite recent significant advances in RA therapy, overall remission remains unsatisfactory, and once bone or joint degradation has started it is virtually impossible to reverse (2). The poorly defined RA pathogenetic mechanisms may be related to the intricate relationship between genetic, environmental, and immunological responses, resulting in immune system dysregulation and lack of autoimmune tolerance.

Over the past years, a growing number of evidence from epidemiological and translational research suggests that interactions between mucosal sites and dysbiotic microbiota may play a causal role in RA development (3, 4). Notably, altered composition of microbial flora has been observed in the preclinical stages of RA patients. Furthermore, the gut contains more innate and adaptive immune cells than any other organ in the body (5, 6). The intricate linkages between altered gut microbiota and an immune system genetically predisposed to autoimmunity may be the basis of inflammatory arthritis. These changes in the gut microbiota may result from a systemic inflammation that affects the gut, or from an interplay between the environment and the innate immune system in individuals genetically prone to RA (7). Nevertheless, studies in early-stage RA patients and results from murine models indicate that these changes may predate the onset of arthritis, and constitute a veiled trigger of systemic inflammation (3).

The emergence of new innovative technologies has facilitated the investigation of the gut microbiota, which is pivotal in determining the clinical features and therapeutic responses of RA patients (8). Great advances have been made in relation to microbial diversity and the investigation of the bacterial metagenome in RA by sequencing analysis of the bacterial 16s ribosomal RNA (rRNA) and metagenomics (8, 9). In particular, a wide range of bacterial species associated with the RA clinical presentation spectrum has been identified in RA patients (10). Additionally, cohort studies have aided in establishing a link between gut microbiota and therapeutic response variability in RA (3, 10). Therefore, understanding the mechanisms of the effects disease-modifying anti-rheumatic drugs (DMARDs) exert on the gut microbiota, the consequences of gut dysbiosis in regulating treatment efficacy, and the approaches to restore microbial symbiosis in RA is crucial.




2 Microbiota and immune dysfunction in RA

Animal studies have demonstrated that alterations in the gut microbiota can affect local and systemic immunity, thereby resulting in joint inflammation (11, 12) (Figure 1). Antibiotics treatment has been shown to worsen arthritis in collagen-induced arthritis (CIA) mice, and to elevate levels of proinflammatory cytokines such as interleukin (IL)-6, interferon (IFN)-gamma, and IL-17 (13). Desulfovibrio, Prevotella, Parabacteroides, Odoribacter, Acetatifactor, Blautia, Coprococcus, and Ruminococcus genera were abundant, and levels of serum IL-17 and splenic CD4+ Th17 cells were elevated in arthritic mice, suggesting that the gut microbiota composition differs between CIA-susceptible and CIA-resistant mice (13). IL-17 and IL-1β production, and toll like receptor-2 (TLR2) and TLR4 activation, are increased in IL-1RA knockout mice, whereas these inflammatory responses are suppressed under germ-free conditions, attenuating arthritis development (14–16). Nevertheless, the clinical scores of these IL-RA knockout germ-free mice improved upon colonization with Bifidobacterium bifidum compared with those maintained under standard conditions (15). Maeda et al. discovered that transferring gut microbiota of RA patients to germ-free arthritis-prone SKG mice led to an increase in Th17 cells and severe arthritis. Further evidence revealed that co-culturing SKG dendritic cells with Prevotella copri resulted in activation of autoreactive cells in the gut and exacerbated joint inflammation in response to RA autoantigens (17). Pianta et al. reported that CD4+ T cells recognizing the autoantigens Filamin A and N-acetylglucosamine-6-sulfatase also recognized similar sequences from Prevotella, Butyricimonas, and Parabacteroides (18). Interestingly, they also identified antibodies against P. copri in new-onset RA patients, but not in healthy adults (18). Moreover, P. copri-specific IgA responses were strongly associated with serum concentrations of Th1- and Th17-related cytokines. This indicates that the immune response to elevated P. copri in the gut may be pivotal in initiating RA. Together, these findings suggest that the microbiota may function as a molecular mimic that triggers autoimmune responses in animal models and RA patients.




Figure 1 | Interactions between the gut microbiota and disease-modifying anti-rheumatic drugs: implications for treatment efficacy in rheumatoid arthritis. The gut microbiota plays a critical role in the pathogenesis of rheumatoid arthritis (RA). The dynamic gut microbiota composition helps regulating host autoimmunity. Expansion of some opportunistic commensal bacteria may influence RA development by modifying the host’s microbiome, metabolic profile, and immune responses. The microbiota and its metabolite-associated signals are responsible for the activation and function of different immune cells. Autoreactive cells (e.g., Th1 and Th17 cells) are activated in lymphoid tissues, leading to inflammatory cytokine responses and production of autoantibodies. Certain disease-modifying anti-rheumatic drugs (DMARDs), such as methotrexate (MTX), sulfasalazine (SSZ), and etanercept (ETN), can directly affect the growth of gut microbiota. Furthermore, alteration of the gut microbiota may also contribute to the treatment efficacy of DMARDs by various mechanisms. CPDG2, carboxypeptidase-G2; DAMPA, 2,4-diamino-N(10)-methylpteroic acid; ETN, etanercept; MTX, methotrexate; SSZ, sulfasalazine; Th1, T helper 1 cells; Th17, T helper 17 cells.






3 Gut dysbiosis contributes to different clinical features of RA

Chiang et al. used metagenomic analysis to investigate the gut microbiota of RA patients with variable clinical characteristics, and observed that those with positive anti-cyclic citrullinated peptide antibodies had reduced microbial diversity and higher abundance of the Blautia, Akkermansia, and Clostridiales genera (19). A functional link between genes and the arginine deiminase enzyme was also discovered, suggesting a significant role in RA onset (20). This raises the possibility that some gut bacteria may be responsible for protein citrullination and may contribute to the abnormal autoimmunity in RA. The discovery of 21 citrullinated peptides in colon tissues of RA patients suggests that the colon contents create a tolerance site owing to loss of intestinal integrity. The presence of citrullinated antigens may trigger and perpetuate immune responses in RA (21). Patricia et al. investigated the relationship between gut microbiota and inflammatory activities in RA patients (22) and reported that the gut microbiota composition varies with RA disease activities. Despite notable variances across participants, Collinsella was strongly associated with cumulative inflammatory burden in RA patients, which is consistent with previous observations (20, 23). Cheng et al. conducted a large-scale cohort study and demonstrated dynamic changes in the gut microbiota and plasma metabolome, as well as their persistent involvement in RA pathogenesis throughout the four distinct RA stages (24). More importantly, they presented solid evidence confirming that microbial invasion of the joint synovial fluid occurs in the fourth stage of RA. Thus, a stage-specific intervention of microbial dysbiosis and metabolic disorders is warranted for improved RA prognosis and prevention.




4 Crosstalk between the gut microbiota and different DMARDs



4.1 Application of disease-modifying anti-rheumatic drugs in RA

DMARDs are encouraged by international clinical practice guidelines for the therapeutic management of RA (25). These can be administered as a single agent or in combination with other DMARDs, such as methotrexate (MTX), sulfasalazine (SSZ), and leflunomide (LEF). Corticosteroids (Cs) can be either gradually or intermittently administered in conjunction with DMARDs (25). Moreover, chloroquine (CLQ) and hydroxychloroquine (HCQ) are also recommended treatments (26, 27). Treat-to-target treatment (T2T) has recently been proposed as the optimum therapy to achieve clinical remission in RA patients by the rational use of medications. T2T comprises the combined use of MTX + SSZ + HCQ (28). When traditional medications fail to alleviate RA symptoms, clinicians may use biologic DMARDs (bDMARDs) or targeted synthetic DMARDs (tsDMARDs) (1, 29, 30). Currently, conventional synthetic DMARDs (csDMARDs) remain the gold standard for treating RA worldwide.




4.2 Gut microbiota regulate the csDMARD metabolic pathway

Despite the recent introduction of various effective therapies, low-dose MTX remains the cornerstone drug for RA treatment and is widely accepted to promote the efficacy of biologics (31, 32). There are three distinct metabolic routes for MTX (33, 34) (Figure 1). First, 2,4-diamino-N (10)-methylpteroic acid (DAMPA) is generated as a metabolite of MTX by gut bacteria; carboxypeptidase-G2 (CPDG2) is a bacterial enzyme that forms non-toxic metabolites such DAMPA and glutamate by hydrolyzing MTX (35, 36). Pseudomonas species catalyze the production of glutamate through CPDG2 from MTX in vitro, suggesting that gut bacteria may govern the availability of active metabolites of drugs as well as control their operational mechanisms (37). Second, the liver’s metabolic pathway is responsible for the biotransformation of MTX to 7-OH-MTX (38). 7-OH-MTX inhibits the dihydrofolate reductase (DHFR) enzyme. DHFR is also present in the gut microbiota, suggesting it may affect the metabolism of drugs, and vice versa, resulting in a reciprocal interaction between the drug and microbial metabolism (34, 38). Third, MTX is converted into polyglutamate within the cells. As it comprises the primary mechanism of immunomodulation, this route is prioritized over others (39, 40). Hence, the main active form of MTX relies on gut homeostasis and intestinal barrier integrity.

Gut microbiota can also indirectly regulate pharmacological metabolism by preserving the integrity of the intestinal barrier. Microbial dysbiosis affects microbial diversity and impacts translocation, immunomodulation, metabolism, and enzymatic degradation in the gut (8, 41). High MTX dosages exert anti-bacterial effects, leading to decreased Bacteroidetes and increased Firmicutes abundance in the host (42). The abundance of Bacteroides fragilis, but not that of Lactobacillales, is decreased after MTX administration in mouse models (43, 44). Furthermore, the effects of SSZ on the gut microbiota have also been confirmed despite its use as a monotherapy or in conjunction with MTX (25). Reduction of SSZ into sulfapyridine and 5-aminosalicylic acid (5-ASA/mesalazine) facilitates its metabolism by the gut microbiota through azoreductase-mediated chemical reactions (45). Most 5-ASA is stored in the colon, recirculated via the enterohepatic system, and eliminated in the feces (46). Meanwhile, the anti-inflammatory effects of 5-ASA might be neutralized by microbial arylamine of N-acetyltransferases (NATs) (47). Sulfapyridine can be metabolized in the liver by acetylation by the arylamine NAT-2, hydroxylation, and glucuronidation, all of which contribute to its anti-microbial activity (48–50). Based on the aforementioned factors, the abundance of bacteria belonging to Bifidobacterium, Lactobacillus, Enterococcus, Clostridium, Eubacterium, and Bacteroides genera, which generate azoreductases, as well as those that generate NATs, may have a significant effect on the parameters that define response to RA therapy (51–53).




4.3 Regulatory effects of bDMARDs on gut microbiota

bDMARDs are routinely prescribed as an alternative therapy for RA patients who do not respond well to conventional DMARDs. bDMARDs successfully delay RA progression, alleviate symptoms, and improve the overall quality of life by targeting specific proinflammatory cytokines, such as tumor necrosis factor-α (TNF-α), IL-1, and IL-6 (1). As a TNF-α inhibitor, etanercept has a favorable impact on the gut microbiota. Etanercept administration in RA patients was related to a decline in the amount of Clostridiaceae and Deltaproteobacteria and an increased abundance of Cyanobacteria (54). In CIA mice, etanercept treatment decreased diversity and richness of the microbial community; notably, Escherichia and Shigella became more prevalent, whereas Clostridium XIVa, Tannerella, and Lactobacillus became less common (55). However, our understanding of the impact of biologics on the gut microbiome remains limited. Further research is required to address these knowledge gaps by establishing the mechanisms by which bDMARDs influence the intestinal microbiota diversity in RA.




4.4 Regulation of gut microbiota by traditional Chinese medicine

Traditional Chinese medicine (TCM)-based treatments have considerable therapeutic efficacy and cause few side effects in RA (56, 57). Moreover, the potential success of TCM in treating RA may be partially attributed to its ability to alter the composition of the gut microbes (58, 59). Qingluo Tongbi decoction limits inflammatory responses controlled by the gut microbiota and effectively treats arthritis in AIA mice (60). Total paeony glucosides significantly improved microbial taxonomic diversity and increased the relative abundance of some preferable commensal bacteria in CIA rats (61). Xie et al. recently found that the protective effects of ASPS are mediated through the fecal microbiota and inhibited by a concomitant antibiotic cocktail, indicating that gut microbiota may be associated with ASPS (62).

Tripterygium wilfordii, a classical Chinese herbal medicine, is commonly used to treat RA in China. It can reduce inflammation and bone damage in RA through various approaches (63). Intestinal microbes, such as Holdemania fliformis and Bacteroides, are particularly abundant in RA patients; however, the abundance of these bacteria reduced substantially after treatment with glycosides from T. wilfordii. Furthermore, the microbiome of RA patients treated with MTX and T. wilfordii is abundant in Prevotella intermedia compared with those treated with T. wilfordii or MTX alone (64). Another independent study revealed that during incubation with Tripterygium glycosides and their active components, the gut microbiota produced various metabolites in the tryptophan (Trp) and phenylalanine (Phe) pathways, including two potentially favorable Trp metabolites: indole propionic acid and indole acetic acid (65). Taken together, these findings suggest that Tripterygium wilfordii can impact the host-microbiome composition and modulate metabolite production, underlining their considerable therapeutic potential in RA.





5 Impact of gut microbes on the treatment efffcacy of csDMARDs in RA

To date, the pathogenesis of RA remains obscure and conventional therapy either yields inadequate clinical efficacy or has severe adverse events. For example, up to 50% of RA patients who received MTX treatment could not acquire a clinically satisfactory outcome (66, 67); this inadequacy may be attributed to gut microbiota dysbiosis, suggesting that drug metabolism is closely associated with the gut microbiota.



5.1 The feedback loop between gut microbiota and csDMARDs

Treatment with DMARDs affects the gut microbiota composition; furthermore, a feedback loop may exist between DMARDs and their effects (8) (Figure 1). Significantly, the Firmicutes and Bacteroidetes phyla could increase owing to RA treatment, which is a desired outcome in this respect (42, 68, 69). Dysbiosis can be caused by either the intrinsic ability to consume a xenobiotic or by extrinsic variables such as drug combination, prescription dosage, or treatment duration. Hence, further investigation into this area is required for the development of optimum RA treatment strategies. Increased abundance of Clostridium perfringes in the gut microbiota was observed in an RA patient cohort nonresponsive to standard drug treatment (70). In contrast, the amount of Clostridium perfringens was reduced in RA patients who responded well to drug treatment (70, 71). These observations suggest that the microbiota may influence clinical responses to RA treatment. SSZ administration is also associated with decreased E. coli and Bacteroides abundance, which highlights its anti-bacterial properties (72). Moreover, nonresponse to RA therapy has been linked to MTX consumption, and is currently attributed to increased abundance of Clostridia and decreased abundance of Bacteroidia (68, 73–75). Certain Bacteroides species may be more vulnerable or resistant to csDMARDs, and Bacteroides have been demonstrated to possess anti-microbial resistance genes (76, 77).

Variability in DMARDs responses is associated with the presence of bacterial enzymes that catalyze their metabolism. Overexposure to a protein with DHFR activity restores sensitivity to intracellular MTX in strains of medication-resistant Escherichia coli. MTX may share compatibility with bacterial DHFR, as in the case of Escherichia coli and Lactobacillus casei (78–80). Consequently, MTX is deposited in cells harboring mutations in acrA or tolC, which have rendered the efflux pump resistant to multiple AcrAB treatments that rely on tolC inactivity (81). Furthermore, MTX can be converted into MTX polyglutamate by the gut flora (44). Some patients may not respond to the initial strategy of orally administered medicine because the production pathway of tetrahydrofolate reductase, dictated by intestinal metagenomes such as Bacteroides, might compete with the DHFR and MTX metabolism in the host, thereby disturbing the anti-inflammatory effects of MTX (68).




5.2 Underlying mechanisms of gut microbiota on the treatment efficacy of MTX

In addition to discovering the close association between treatment efficacy and gut microbiota dysbiosis, several studies have comprehensively explored the underlying mechanisms, including immune regulation and metabolic modulation. Herein, we have exemplified the role of MTX, the anchor drug of RA treatment, to illustrate the interactions between gut microbiota and treatment responses. Nayak et al. reported that MTX significantly modifies the human gut microbiome. Despite differing drug susceptibility between strains, the action mechanism against DHFR is seemingly conserved in human and bacterial cells (42). The gut microbiota of RA patients responded differently to MTX treatment in terms of alterations in bacterial taxa and abundance in gene families. Immune activation was suppressed after transplanting post-treatment samples into germ-free mice exposed to inflammatory triggers, permitting the detection of MTX-modulated bacterial taxa associated with intestinal and splenic immune cells (42). Artacho et al. revealed a significant correlation between the abundance of gut bacterial taxa and their genes, particularly orthologs involved in methotrexate and purine metabolism, with clinical responses (82). Additionally, they created a microbiome-based model that predicts MTX non-response in a different set of patients. Intriguingly, clinical response was strongly associated with MTX levels remaining after ex vivo incubation with distal gut samples from pre-treatment RA patients, implying a direct impact of the gut microbiota on MTX metabolism and therapeutic efficacy. More recently, using machine learning Han et al. discovered that the composition of genes involved in MTX metabolism differed significantly between the response and non-response groups (83). These genes were predominantly related to Firmicutes and Bacteroidetes. Furthermore, they demonstrated that the catabolic ability of the drug in the gut microbiota is closely associated with the response mechanism to MTX in RA patients, and proposed that metabolic capability is a critical component in determining the host response to MTX.





6 Conclusion and perspectives

The gut microbiota has been extensively studied over the last decades, and its importance in health and disease states has been established. Gut microbiota influence almost every biological process within the host, and microbiota dysbiosis is associated with compromised immunological tolerance and RA development. Moreover, alterations in the gut microbiota have been linked to RA disease activity, even before clinical arthritis onset. Analyzing the gut microbiota has provided novel insights into variables that promote or limit the sensitivity to disease, and has become a feasible method for predicting and reducing RA occurrence. The human gut microbiota and its enzymatic products can also directly and/or indirectly influence drug bioavailability, clinical efficacy, and toxicity. Conversely, certain medications and active ingredients can influence the immune system by modifying the gut microbiota composition, thus strengthening the host defenses. Despite significant abnormalities in specific microbial communities being associated with RA progression, several critical aspects must be addressed to facilitate development of gut microbiota-targeted treatments. First, future studies need to establish the causes of dysbiosis and to determine exactly how and when gut dysbiosis influences RA development. Second, the association of the disease with altered microbial composition and the mechanistic pathways influencing RA development must be elucidated, to acquire effective diagnostic, prognostic, and therapeutic targets. Third, it is necessary to understand the mechanism of the effects DMARDs exert on the gut microbiota and the implications of gut dysbiosis on the modulation of treatment response, in order to optimize therapeutic strategies that restore microbial symbiosis in RA patients. Collectively, further research into these unresolved topics would help promote treatment efficacy, reduce toxicity risk, and improve RA clinical outcomes.
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Lupus nephritis (LN) is a common and severe manifestation of systemic lupus erythematosus and an important cause of acute and chronic kidney injury. Early diagnosis of LN and preventing relapses are key to preserving renal reserve. However, due to the complexity and heterogeneity of the disease, clinical management remains challenging. Kidney biopsy remains the gold standard for confirming the diagnosis of LN and subsequent assessment of kidney histopathology, but it is invasive and cannot be repeated frequently. Current clinical indicators of kidney function such as proteinuria and serum creatinine level are non-specific and do not accurately reflect histopathological changes, while anti-dsDNA antibody and C3 levels reflect immunological status but not kidney injury. Identification of novel and specific biomarkers for LN is prerequisite to improve management. Renal function deterioration is associated with changes in the endothelial glycocalyx, a delicate gel-like layer located at the interface between the endothelium and bloodstream. Inflammation induces endothelial cell activation and shedding of glycocalyx constituents into the circulation. This review discusses the potential role of soluble glycocalyx components as biomarkers of active LN, especially in patients in whom conventional serological and biochemical markers do not appear helpful.
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1 Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by a breakdown of immune tolerance, autoantibody production and immune-mediated injury to multiple organs. SLE has a wide spectrum of clinical manifestations. Kidney involvement, termed lupus nephritis (LN), affects up to 60% of patients, and is an important cause of morbidity and mortality (1). Improvement in immunosuppressive treatment over the past two decades has improved short-term clinical outcomes. Cardiovascular disease (CVD) has emerged as an important cause of morbidity and mortality during long-term follow-up (2). Lupus patients have increased risk of developing CVD compared to age- and gender-matched controls, and the risk ratio is even greater in premenopausal women with LN compared with age-matched controls (3–5). Increased prevalence of sub-clinical atherosclerosis has also been reported, with up to 40% of patients showing evidence of carotid plaque or increased coronary calcification (6, 7). Factors that contribute to cardiovascular events in lupus patients include not only the traditional Framingham Study risk factors such as advanced age, duration of disease, hypertension, smoking and hypercholesterolemia, but also SLE-related factors such as immune complex-induced endothelial injury, antiphospholipid antibody-induced thrombosis, complement activation, and corticosteroid exposure (3).

Accumulating evidence suggests that vascular inflammation and endothelial cell activation in lupus patients precedes CVD (8). Increased secretion of pro-inflammatory cytokines and chemokines by immune and non-immune cells, and binding of anti-dsDNA antibodies to cell surface cross-reactive antigens on resident renal cells can promote the loss of the protective endothelial glycocalyx and exposes cell adhesion molecules on endothelial cells, which in turn, promotes leukocyte recruitment. Shedding of glycocalyx constituents such as syndecan-1 (also known as CD138), hyaluronan (HA), thrombomodulin and cell adhesion molecules into the circulation may serve as soluble biomarkers of endothelial cell activation and dysfunction in LN. More recently, results from our group and others showed that circulating levels of these glycocalyx components are associated with disease activity in LN patients and may contribute to the pathogenesis of LN as well as CVD. It is pertinent to note that severe forms of LN, namely Class 3 or 4 in the ISN-RPS Classification (9, 10), are characterized by inflammatory cell infiltration in the glomerular capillaries, and it is not uncommon to observe endothelial cell abnormalities at the ultrastructural level under electron microscopy. As a result, abnormalities affecting vascular endothelial cells affect patients with LN at both microvascular and macrovascular levels. This review aims to give a brief overview of the endothelium, mechanisms of endothelial injury in LN, and recent advances in the understanding of endothelial glycocalyx constituents in the pathogenesis of LN, and their potential role as biomarkers for disease activity or complications in clinical management.




2 Endothelium

The vascular endothelium comprises a monolayer of endothelial cells that lines the entire circulatory system and separates the blood from the interstitial compartments. The integrity of the endothelium is dependent on intercellular junction complexes including tight junctions, adherens junctions and gap junctions; and integrins that facilitate the adhesion of endothelial cells to their underlying substratum (11). The endothelium plays critical roles in the regulation of vascular tone, permselectivity, platelet aggregation, blood coagulation, leukocyte trafficking, antigen presentation and lipoprotein catabolism (12, 13). Endothelial cells release numerous vasodilatory and vasoconstrictive molecules to maintain vascular homeostasis (11). Nitric oxide (NO) is an important vasoactive compound synthesized by endothelial cells through the conversion of L-arginine by nitric oxide synthase (NOS). NO maintains blood flow by regulating vasodilation, inhibits platelet aggregation and leukocyte adhesion, and prevents smooth muscle cell proliferation. The luminal surface of endothelial cells is lined by a protective glycocalyx which regulates many functions of blood vessels (Table 1), for example, thrombomodulin and heparan sulphate proteoglycans are key constituents of the glycocalyx and both exhibit antithrombotic actions.


Table 1 | Functions of the glycocalyx.



The endothelium also maintains the normal function of the kidney, a highly vascularized organ (14). The renal artery and its microvasculature provides blood to the kidney, delivers oxygen and nutrients to renal cells, and maintains the integrity of the endothelial monolayer through the expression of numerous proteins including interjunctional protein complexes, vascular endothelial cadherin, PECAM-1, VEGF/VEGFR complex, Tie2 and its ligands angiopoietin-1 (Ang1) and Ang2 (15). The microvasculature in the kidney cortex comprises afferent arterioles that direct blood into the glomerulus and efferent arterioles that transport blood from the glomerulus into peritubular capillaries surrounding tubules where they deliver blood into postcapillary venules. Renal endothelial cells are surrounded by support cells on their abluminal side, with smooth muscle cells supporting endothelial cells in arterioles and postcapillary venules, podocytes and mesangial cells supporting glomerular endothelial cells, and pericytes supporting peritubular capillaries (16). The microvasculature in the glomerulus serves as a selective permeability filter which permits small molecules such as water, sugars, electrolytes and small proteins to pass through while retaining high molecular weight proteins in the circulation (17). Peritubular microvessels remove waste molecules from the circulation into the urine and reabsorb molecules from pre-urine back into the blood. Compared to endothelial cells from other organs, fenestrated glomerular endothelial cells are endowed with a particularly thick glycocalyx that extends into the pores and also covers the surface of podocytes (18), and forms a critical component of the permeability barrier to solutes. Disturbances in the permeability of the glomerular capillary wall and loss of the glycocalyx contributes to albuminuria (19–21).




3 Endothelial glycocalyx

The luminal surface of endothelial cells is lined by a protective glycocalyx, also known as the pericellular matrix or endothelial surface layer. It is a delicate and heterogenous gel-like structure with a thickness ranging from 0.5 - 2 µm and it is composed of negatively-charged proteoglycans and glycosaminoglycans (GAGs) such as heparan sulphate, chondroitin sulphate and HA; glycoproteins bearing acidic oligosaccharides and terminal sialic acids; and plasma proteins including albumin and antithrombin. Glycoproteins such as selectins and cell adhesion molecules are located at the base of the glycocalyx and under physiological conditions, are obscured by a dense layer of proteoglycans covalently bound to the endothelial cell membrane. Proteoglycans such as syndecan-1, syndecan-4 and glypican-1, mask the binding sites of selectins and cell adhesion molecules thereby inhibiting leukocyte adhesion (22). On the luminal side, plasma proteins such as albumin are bound to GAG chains through electrostatic interactions between the negatively-charged sulphate and carboxylate groups on the GAG chains and positive arginine residues in albumin, and this interaction stabilizes the glycocalyx structure. The composition of the glycocalyx may vary depending on the blood vessel type, vascular bed and fluid shear stress applied to the endothelial cell surface (21). The glycocalyx synthesized by glomerular endothelial cells express more thrombomodulin compared to HUVEC but less than human brain microvascular endothelial cells, whereas expression of cell adhesion molecules are comparable between the aforementioned endothelial cells (23). The presence of proteoglycans and GAGs endows the glycocalyx with a high net negative charge that not only repels negatively charged molecules but prevents white blood cells and platelets from interacting with the endothelium. The glycocalyx serves to cushion and protect endothelial cells from injury and plays a vasculoprotective role by restricting transvascular protein leakage, leukocyte extravasation, thrombosis and complement activation; regulates redox state and NO release; and sequestration of antithrombotic factors, antioxidants, anti-inflammatory mediators, lipoproteins and protease inhibitors (24, 25) (Table 2). The glycocalyx also binds enzymes such as superoxide dismutase that protects the glycocalyx from oxidative stress. The integrity of the endothelial and glycocalyx barrier is regulated by endothelial stabilizing agents such as sphingosine-1-phosphate, which is transported to the endothelium by high density lipoprotein (HDL) and albumin, where it serves to stabilize the endothelial cortical actin cytoskeleton and inhibits secretion of matrix metalloproteinases (MMPs). These proteases degrade proteoglycans in the glycocalyx and matrix proteins which form the substratum on which endothelial cells adhere to (26).


Table 2 | Constituents of the endothelial glycocalyx and their functions.



Preserving the integrity of the glycocalyx is essential to maintain vascular homeostasis. Despite its important role in vasculoprotection, the glycocalyx is a fragile structure and can be easily damaged by changes in blood chemistry and flow patterns along the vessel walls, increased levels of hormones, neurotransmitters, vasoactive and atherogenic factors, TNF-α and MMPs, and a loss of plasma components especially albumin in the circulation (26–29). Inflammation or ischemia also induces endothelial cell activation, triggering downstream activation of proteases and shedding of the glycocalyx resulting in fluid extravasation, leukocyte and platelet adhesion, vascular inflammation, hypercoagulability, thrombosis, and loss of flow-responsive vasodilation (30). Shedding of the glycocalyx can reduce glycocalyx thickness by up to 65% and exacerbates systemic inflammatory processes by acting as danger associated molecular patterns (DAMPs) and initiate recruitment of neutrophils (30, 31). A loss of the glycocalyx leads to the acquisition of a non-adaptive phenotype characterized by a loss of the homeostatic mechanisms present in healthy endothelial cells. Alteration in the endothelial glycocalyx and composition is associated with CVD, hypertension and renal disease (19, 32–34) and precedes podocyte foot process effacement and proteinuria (35).




4 Endothelial injury in lupus nephritis

Endothelial cell activation, vascular inflammation and kidney injury can be induced through numerous effector mechanisms in LN and include the deposition of oxidized LDL (ox-LDL) in blood vessels, production of autoantibodies against endothelial cells and their subsequent binding to their cell surface antigens, induction of pro-inflammatory mediators including TNF-α, and formation of neutrophil extracellular traps (NETs).

Patients with Class 3 or 4 LN show glomerular endothelial injury, characterized by leukocyte accumulation and endocapillary proliferation associated with capillary wall destruction. These detrimental changes are initiated by immune complex deposition in the subendothelial space or thrombotic events in SLE-associated lupus anticoagulant syndrome (9, 10). The glomerular endothelium together with its negatively charged glycocalyx facilitates the deposition of positively charged autoantibodies (36). Deposition of immune complexes in the glomerular subendothelium or binding of anti-endothelial antibodies to cross-reactive antigens on the plasma membrane of endothelial cells results in the activation of procoagulation pathways, fibrin deposition and exudative lesions. Immune complex deposition, mediated in part through C5b-9 following complement activation, also increases secretion of cytokines and chemokines and expression of cell adhesion molecules leading to degradation of the glycocalyx, leukocyte recruitment, increased endothelial permeability, endothelial cell apoptosis and kidney injury (37–39). Inflammation is the body’s immediate response to tissue damage where circulating leukocytes adhere to activated endothelial cells and emigrate to the site of tissue damage with the aim of removing the injurious insult and start the healing process. This is a highly regulated, multi-step process comprising a series of coordinated interactions between leukocytes and endothelial cells. Neutrophils are the first-line responders to tissue injury and their adhesion to the vascular endothelium is essential to mount an inflammatory response. TNF-α released by macrophages at the site of injury facilitates the degradation of the endothelial glycocalyx constituents through activation of heparanase and MMP-9 in endothelial cells, and release of free radicals, proteases and heparanase from leukocytes and mast cells (40, 41). Shedding of heparan sulphate proteoglycans from the glycocalyx exposes selectins and cell adhesion molecules constitutively expressed on the endothelial cell surface, and engagement of P-selectin and E-selectin to sialylated, fucosylated mucin on leukocytes facilitate the initial attachment and rolling of leukocytes on the endothelium. Chemokines secreted by macrophages and stromal cells, which are immobilized by heparan sulphate proteoglycans in the glycocalyx, generate a chemotactic gradient that promotes activation of transmembrane G-protein coupled receptors on leukocytes, which initiates integrin clustering on leukocytes and their binding to VCAM-1, ICAM-1 and ICAM-2, leading to firm adhesion on the endothelium and subsequent extravasation or diapedesis (42–44). Secretion of pro-inflammatory cytokines such as IL-1, IFN-γ and TNF-α by tissue-resident macrophages and mast cells, and release of cytokines, chemokines and growth factors sequestered by heparan sulphate GAG chains following glycocalyx degradation, increases E-selectin, VCAM-1 and ICAM-1 expression and decreases thrombomodulin expression in endothelial cells, which augments neutrophil recruitment (23, 45). Increased expression of adhesion molecules on the luminal endothelial cell surface during inflammation is therefore associated with thinning of the glycocalyx. While glycocalyx degradation is crucial for neutrophilic response to danger signals, reconstitution of the glycocalyx is important for resolution of inflammatory processes. Elimination or suppression (as in the case of autoimmune diseases) of the injurious insult is essential to initiate both glycocalyx and tissue repair. In LN patients, a loss of self-tolerance, aberrant innate and adaptive immune responses and autoantibody production creates an inflammatory microenvironment in the kidney especially during relapse, and timely treatment is essential to prevent endothelial cell activation and vascular inflammation, and preserve patient and kidney survival (46).

Long-term use of immunosuppressive medication, impaired immune response, renal impairment and disease activity in LN patients is associated with an increased risk of infection (47). Neutrophils recruited to sites of infection release antimicrobial NETs, composed of chromatin and neutrophil components that trap and kill microbes in tissues and vasculature (48). Timely degradation and removal of NETs is crucial for tissue homeostasis and to prevent their presentation as autoantigens. DNase 1 is required to degrade NETs. LN patients have been reported to show impaired NET degradation consequent to increased serum level of DNase 1 inhibitors and production of anti-NET antibodies (49). Impairment of NET degradation correlates with disease activity in LN patients (49) and contribute to endothelial cell injury, vascular inflammation and thrombosis (48). Low density granulocytes (LDGs) are a distinct subset of pro-inflammatory neutrophils, which are increased in SLE patients and have been shown to promote endothelial cell injury in culture (50). Studies have shown that SLE-derived LGDs express high level of active MMP-9, which are externalized during NETosis and cluster on the plasma membrane of cultured endothelial cells and activates endothelial MMP-2 (51), which may contribute to shedding of the endothelial glycocalyx.

Chronic inflammation induces a plethora of inflammatory mediators including TNF-α, IL-1β and IL-6 and proteolytic enzymes, which augment shedding of endothelial glycocalyx constituents and their detection in the circulation and urine (52–56). Inflammation induces ROS and activation of MMPs, ADAMs and other proteases including elastase and cathepsin B, which induces cleavage of syndecan-1 and CD44 and releases their ectodomains from endothelial cells, while heparanase and hyaluronidase degrade heparan sulphate and HA GAG chains respectively. Although it was previously believed that MMPs were rapidly released following de novo synthesis, emerging evidence suggests that MMPs in their activated form are stored in secretory granules in the endothelial cells and can be rapidly released by inflammatory or angiogenic stimuli without prior upregulation of their mRNA (57). In experimental studies, considerable shedding of glycocalyx components in coronary vessels have been observed in isolated guinea pig hearts after 20 min following TNF-α perfusion (58), and this was associated with increased expression of cell adhesion molecules on the endothelium and reduced degradation of asymmetric dimethylarginine, the latter an endogenous NOS inhibitor (59). Serum TNF-α level is increase in LN patients with active disease and contribute to glycocalyx shedding and subsequent inflammatory processes in LN patients.

Endothelial injury leads to impaired vascular tone and permeability and reduced NO release resulting in diminished endothelium-dependent vasodilation and subsequent atherosclerotic lesion in SLE patients. Endothelial NOS (eNOS) expression inversely correlates with the degree of glomerular injury in LN patients, mediated in part through increased IFN-α signature (60, 61). Atherogenic risk and intimal-medial thickening have been reported to inversely correlate with the thickness of the glycocalyx (62). Aortic stiffness, defined as the reduced capability of an artery to expand and contract in response to changes in pressure (63), has been reported in SLE patients and predisposes patients to CVD. Artery stiffness associated with hypertension and ageing induces degradation of the endothelial glycocalyx (64, 65). HUVEC cultured on polyacrylamide gels with a substrate stiffness of 10 kPa, which mimicked subendothelial stiffness detected in aged or diseased arteries, showed a marked reduction in heparan sulphate GAG chains and glypican-1 core protein but not HA expression, and was accompanied by increased MCP-1 secretion and ICAM-1 expression when compared to cells cultured on gels with a subendothelial stiffness equivalent to that in healthy arteries (2.5 - 5.0 kPa) (66). To date, the clinico-association of glypican-1 with disease activity in SLE or LN patients has not been documented, and further studies are warranted to determine the association of glycocalyx-associated glypican-1 and vascular stiffness in LN patients.

Lipoprotein oxidation is an early event in atherogenesis resulting in the formation of various oxidation products that trigger local immune responses (67), and may play an important role in premature atherosclerosis in SLE patients. Increased levels of oxidized epitopes on LDL have been reported in SLE patients and is associated with coronary or peripheral arterial disease, carotid plaque, increased intima-medial thickness score, and kidney involvement (68). Whereas HDL possesses anti-oxidant properties and removes ROS from ox-LDL and inhibits the expression of adhesion molecules on endothelial cells, ox-LDL contributes to inflammatory processes through induction of inflammatory mediators and monocyte recruitment. In SLE patients, total HDL level is decreased whereas pro-inflammatory LDL level is increased (69). Increased inflammatory processes in atherogenesis results in the shedding of the glycocalyx constituents into the circulation leading to an impairment in its selective permeability barrier, which in turn, results in transendothelial leakage of atherogenic LDL at lesion-prone arterial sites (70). Areas of glycocalyx damage have been shown to correlate with ox-LDL cholesterol uptake. In apolipoprotein E-deficient mice, lipid accumulation and plaque formation increase in areas of the endothelium that showed reduced glycocalyx coverage, whereas plaque-free regions were observed in the endothelium with an intact glycocalyx (71, 72).

Endothelial cell apoptosis is a key feature of atherosclerosis and colocalizes with tissue factor activity in atherosclerotic plaques, possibly through activation of the redox-sensitive pathways and redistribution of phosphatidylserine residues (73, 74). Increased circulating apoptotic endothelial cells and decreased bone marrow-derived endothelial progenitor cells and myeloid angiogenic cells suggests an imbalance between endothelial cell injury and repair in SLE and LN patients (73). Stimulation of glomerular endothelial cells with serum from SLE and LN patients increases IL-1β and IL-6 transcripts and IL-8, IL-15 and PDGF-BB secretion and is associated with increased neutrophil recruitment (75, 76). These pro-inflammatory mediators also induce glycocalyx shedding.

Numerous physiological and pathological stimuli can alter endothelial permeability. Thrombin, histamine and pro-inflammatory cytokines can induce opening of adherens and tight junctional complexes through increased PKC phosphorylation, which in turn mediates cytoskeleton reorganization, altered expression of focal adhesion components including vinculin, α-actinin and talin, resulting in changes in cell-matrix interactions, a loss of cell-cell contact and increased paracellular transport (77). Although the PKC isoenzymes that mediated increased endothelial permeability was not determined, it is possible that PKC-α and PKC-β isoforms were increased since they are the predominant isoforms present in endothelial cells (78). We previously demonstrated that anti-dsDNA antibodies induced PKC-α, PKC-βI and PKC-βII phosphorylation in human mesangial cells and their expression were increased in the glomeruli in NZB/W F1 mice with active nephritis (79). Immune deposition in the subendothelial region is a characteristic feature in severe LN. It is possible that anti-dsDNA or other autoantibodies could bind to glomerular endothelial cells to induce endothelial injury through PKC activation or other signaling pathways. High molecular weight HA has been shown to reduce renal PKC activation in a murine model of diabetic nephropathy (80). Given that HA is a key component of the glycocalyx, its cleavage or shedding from the glycocalyx may induce PKC activation and subsequent acceleration of endothelial cell activation and dysfunction.




5 Clinical association of circulating glycocalyx constituents in patients with lupus nephritis

Early diagnosis of LN and monitoring of treatment efficacy is challenging, since conventional parameters used in clinical practice, such as proteinuria or deranged kidney function, are likely preceded by a stage of preclinical kidney injury. Kidney biopsy remains the gold standard in the diagnosis of LN and subsequent assessment of kidney histopathology but since it is invasive it is performed infrequently and cannot be repeated frequently. Conventional parameters for the assessment of kidney function such as proteinuria and serum creatinine are non-specific, and do not accurately reflect histopathological changes (54). Serial monitoring of anti-dsDNA and C3 levels is useful in some, but not all, patients (81, 82). There is currently no biomarker that shows a distinct advantage for flare prediction (83). Recently, we and others have demonstrated that measurement of glycocalyx constituents in serum and urine samples correlate with disease activity in LN.

Shedding of the glycocalyx constituents into the bloodstream is considered an early sign of endothelial activation and injury (34), and measurement of circulating glycocalyx components may serve as biomarkers of CVD and kidney injury in LN patients. Circulating fragments of the glycocalyx are emerging as diagnostic and prognostic tools for numerous pathological conditions including autoimmune diseases and sepsis. The next section will focus on circulating glycocalyx constituents that show association with disease parameters in SLE and LN patients.



5.1 Syndecan-1

Heparan sulphate comprises more than 50% of the total GAG content in the glycocalyx. It is synthesized in the Golgi apparatus and is composed of repeating disaccharide units of D-glucuronic acid and N-acetyl glucosamine residues. During biosynthesis, the GAG chain can be modified by N-deacetylation or N-sulphation of the glucosamine unit, O-sulphation of both monosaccharide units or C5 epimerization of glucuronic acid to iduronic acid (84). Given the different combination of modifications that can occur, the extent of sulphation and their location along the GAG chain, there is considerable structural diversity and 23 different disaccharides in heparan sulphate chains have so far been identified (85), which endow heparan sulphate GAG chains with the ability to bind to numerous ligands that mediate various biological functions (84). Heparan sulphate GAG chains are attached to a core protein and are present in the glycocalyx predominantly as syndecan-1.

Syndecan-1 is a transmembrane proteoglycan that has five potential attachment sites for GAG chains and may contain both heparan sulphate and chondroitin/dermatan sulphate GAG chains. Heparan sulphate GAG chains are restricted to the N terminus of the core protein whereas chondroitin/dermatan sulphate GAG chains are attached at the C terminus (86). Through its heparan sulphate GAG chains, syndecan-1 can interact with numerous extracellular matrix proteins such as collagen, laminin and fibronectin and it can serve as co-receptors for integrins and growth factors such as FGF, EGF and HGF, and inhibit IFN-γ and TNF-α activity (87, 88). Owing to these interactions, syndecan-1 plays key roles in cell proliferation, adhesion, signaling, wound healing and inflammation (88–90). Syndecan-1 can impede leukocyte adhesion to the endothelium by inhibiting the interaction of β2 integrin on leukocytes to ICAM-1 on endothelial cells. Transmigration of leukocytes from the circulation, across the endothelium and basement membrane to the site of injury is mediated through a chemotactic gradient. Syndecan-1 can immobilize chemokines such as CXCL1, 2 and 8 through electrostatic interactions between the negative charge of heparan sulphate GAG chains and the positive charge present in arginine and lysine residues in chemokines (85, 91), which alters the orientation and oligomerization of chemokines, which in turn, affects the interaction of chemokines with their receptors (91, 92). In patients with renal disease including LN, syndecan-1 present on tubular epithelial cells can bind L-selectin and MCP-1, and the degree of binding is associated with leukocyte infiltration (93). In addition to the glycocalyx, tubular epithelial cells may be another source of syndecan-1 in the kidney which can contribute to tubulo-interstitial fibrosis. In lupus-prone mice, syndecan-1 has been shown to interact with death receptor 6, an orphan immune regulator, which regulates expansion and activation of autoreactive follicular helper T cells and disease progression (94). A loss of syndecan-1 may exacerbate immunological responses in LN.

Endothelial cells are constantly exposed to the mechanical shearing forces of blood flow. Changes in the magnitude of shear stress in addition to temporal and spatial distribution have been reported to alter endothelial permeability and hydraulic conductivity and expression of cell adhesions. Fluid shear stress is a potent regulator of vascular homeostasis and induces AKT, Rho A and paxillin phosphorylation in endothelial cells, which play critical roles in NO production, regulation of oxidative stress and cell survival, cytoskeletal remodeling and adherence of endothelial cells to their underlying substratum (95–99). Heparan sulphate proteoglycans have been shown to act as mechanosensors (100). A loss of syndecan-1 in cultured endothelial cells through gene silencing inhibited AKT and Rho A activation and abolished the establishment of a paxillin phosphorylation gradient in response to flow, and induced a pro-atherosclerotic phenotype with decreased gene expression of Kruppel-like factor (KLF)-2 and KLF-4 and increased expression of KLF5 (101). KLF are a family of transcription factors and key regulators of vasomotor tone, inflammatory and thrombotic processes, and shear stress-induced phenotypic changes in endothelial cells. Whereas KLF-2 and KLF-4 can increase genes that are atheroprotective, KLF-5 induces gene expression of pro-inflammatory mediators in endothelial cells. These studies support a role for syndecan-1 in mechanosensing in cultured endothelial cells and suggests an atheroprotective role for syndecan-1 (101), and loss of syndecan-1 is associated with a pro-inflammatory phenotype. Pro-inflammatory mediators including TNF-α or IL-6 induces loss of syndecan-1 through increased MMP activation, which cleaves syndecan-1 ectodomain. Heparanase is an enzyme or sheddase that specifically cleaves heparan sulphate GAG chains from their protein core and is secreted by numerous cells including macrophages, podocytes and mast cells. Enzymatic removal of heparan sulphate GAG chains from the glycocalyx of cultured human glomerular endothelial cells resulted in an increase in albumin flux across the cell monolayer (102). Furthermore, increased glomerular heparanase expression is associated with proteinuria, increased BUN and glomerular injury (103, 104). The release of heparan sulphate GAG chains from syndecan-1 will in turn release a plethora of growth factors and cytokines sequestered on the GAG chains, triggering downstream inflammatory and fibrotic processes.

LN patients with active disease have increased serum syndecan-1 level compared to patients in remission and the level correlated with serological and clinical parameters of disease including anti-dsDNA antibody titre, proteinuria, serum creatinine level and both SLEDAI-2K and renal SLEDAI-2K scores (56, 105, 106). Proteinuria and renal SLEDAI-2K score are reliable markers of renal activity in LN and they reflect kidney injury. When compared to proteinuria and renal SLEDAI-2K score, serum syndecan-1 level showed comparable correlation with serological markers of active disease, and a better correlation with serum creatinine level and eGFR. Serum syndecan-1 level was also higher in LN patients with active disease compared to SLE patients with extrarenal manifestations (53, 56) and this may be attributed, at least in part, to a loss of syndecan-1 from the glomerular endothelial glycocalyx and downstream glomerular injury. Serum syndecan-1 level showed a higher sensitivity rate (85.91%) than anti-dsDNA antibody titre (75.00%) and C3 level (62.07%) in distinguishing patients with active LN from quiescent LN patients, while the specificity rate was comparable between all three markers (86.21%, 91.67% and 96.43% respectively) (53). Although anti-dsDNA antibody and C3 levels reflect serological activation, not all episodes of relapse are preceded by an increase in these clinical indicators. Serum syndecan-1 level also correlated with the severity of interstitial inflammation in renal biopsies from LN patients with active disease (53, 56). One possible mechanism through which soluble syndecan-1 contributes to interstitial inflammation may be through the release of chemokines after syndecan-1 shedding from tubular epithelial cells, which facilitates ligand-receptor interaction and recruitment of mononuclear cells (107). Serum syndecan-1 level has also been reported to correlate with circulating CD20-CD38+CD138+ plasma cells suggesting that syndecan-1 may also be derived from CD138+ plasma cells (105). Soluble syndecan-1 can activate B cell differentiation and autoantibody production in a murine model of SLE (108), whereas heparan sulphate fragments can induce secretion of pro-inflammatory cytokines and low molecular weight HA which exacerbate inflammatory processes through TLR-4 and highlights a pathogenic role of syndecan-1 in SLE and LN (109, 110). In a longitudinal study, increased serum syndecan-1 level preceded clinical flare by 3 to 4 months and decreased after treatment in parallel with clinical improvement suggesting that measurement of serum syndecan-1 level may be useful in monitoring impending disease flare (53). Whether syndecan-1 level might be related to cardiovascular complications in SLE patients remains to be investigated but it may be a predictor of endothelial cell activation. Despite an increase in serum syndecan-1 level, none of the LN patients in the longitudinal study developed CVD at the time of recruitment (53). Since endothelial cells play a key role in the early events of atherosclerosis, it is not surprising that endothelial cell activation and injury is observed in asymptomatic patients. Increased plasma syndecan-1 level and decreased capillary glycocalyx thickness is observed in patients with antiphospholipid syndrome and may contribute to endothelial injury and vascular thrombosis that are characteristic features in this condition (111). Increase plasma syndecan-1 level may serve as an independent risk factor for adverse cardiovascular events in patients with non-ischemic dilated cardiomyopathy (112).




5.2 Hyaluronan

HA is a non-sulphated GAG composed of repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine and is synthesized on the inner surface of the plasma membrane by one of three isoforms of HA synthase (HAS), namely HAS-1, HAS-2 and HAS-3. Nascent HA molecules are extruded through the plasma membrane onto the cell surface or into the extracellular matrix. Despite its simple chemical structure, HA has pleiotropic functions that depend on its molecular weight and tissue distribution. High molecular weight HA possesses anti-inflammatory and anti-angiogenic properties, whereas low molecular weight HA generated by either de novo synthesis or degradation of the parent molecule by ROS or hyaluronidase, possesses pro-inflammatory and angiogenic properties, and may exacerbate tissue inflammation, through its ability to induce chemokine secretion in macrophages (113). Its anionic properties are attributed to the presence of carboxyl groups. Unlike other GAGs, HA is not covalently attached to a core protein and is bound and tethered to endothelial cells by binding to CD44, its principal cell surface receptor. At the cell surface, HA polymerization generates macromolecules with molecular weight in excess of 1,000 kDa, with a length ranging from 2 - 25 µm. HA accounts for 5 - 20% of the total GAG content in the glycocalyx, and HA cables intertwines in the glycocalyx and functions as a scaffold and microdomain for the binding and clustering of different receptors and contributes to the permselectivity of vessels by repelling or preventing the passage of plasma proteins, thereby creating a small protein-free zone in the more compact inner layer of the glycocalyx. HA also contributes to the oncotic gradient directed towards the lumen of the blood vessel, which limits water efflux out of the bloodstream, and this gradient is reduced following the loss of HA from the glycocalyx. In animal studies, inactivation of HAS-2 in glomerular endothelial cells decreased HA expression in the endothelial glycocalyx by 80%, and this was associated with vascular destabilization characterized by capillary ballooning, loss of endothelial fenestrations, mesangiolysis, glomerulosclerosis and development of albuminuria (114). A loss of HA also resulted in a reduction of Ang1/Tie2 signaling, the latter a key regulator of endothelial quiescence and maintenance of endothelial cell barrier (114).

In a murine model of atherosclerosis, pharmacological inhibition of HA synthesis using 4-methylumbelliferone reduced the thickness of the endothelial glycocalyx and this was accompanied by endothelial dysfunction, increased thrombotic and inflammatory responses with macrophage retention in vascular lesions and a more rapid progression to atherosclerosis (115). Exposure of the glycocalyx to hyaluronidase also resulted in a marked decrease in glycocalyx thickness with a concomitant increase in capillary wall permeability and pericapillary oedema (116). In diabetic patients, the extent of glycocalyx shedding and release of HA into the circulation correlates with carotid artery intimal-medial thickness (117). A similar correlation may exist in LN patients although further studies are warranted to confirm this. A loss of glycocalyx HA, whether by enzymatic cleavage or pharmacological inhibition, promotes atherosclerotic lesion and highlights the importance of glycocalyx HA in maintaining homeostatic vascular function. Proteolytic degradation of CD44 by cathepsin B, elastase or thrombin can also release HA from the glycocalyx and may exert similar detrimental effects (118).

In the vasculature, HA is incorporated into the glycocalyx or extracellular matrix. Although glycocalyx HA plays a key role in preserving vascular integrity and homeostasis, recent studies have shown that it also contributes to progressive LN by acting as a ligand for CD44+ T cell binding (119). In healthy subjects, circulating HA has a half-life of 2 - 5 min and is rapidly removal from the circulation by the liver and kidney (120). Serum HA level is increased in LN patients with active disease compared to patients in remission, which may be attributed to either impaired clearance or increased synthesis, and it correlated with serological and clinical parameters of disease (53, 121). Whereas serum syndecan-1 level increased prior to clinical flare, HA level increase at the time of nephritic flare, decreased after treatment and returned to basal level after 9 months (53). Serum HA level showed similar sensitivity but lower specificity than anti-dsDNA antibody or C3 levels (sensitivity and specificity rates: 74.07% and 68.96% respectively for HA, 75.00% and 91.67% respectively for anti-dsDNA antibodies, and 62.07% and 96.43% respectively for C3), and lower sensitivity and specificity rates than proteinuria (sensitivity and specificity rates of 85.71% and 87.50% respectively) and renal SLEDAI-2K scores (sensitivity and specificity rates of 100.00% and 100.00% respectively) in distinguishing LN patients with active disease and remission (53). HA level was comparable in patients with LN and non-renal SLE, and given that HA plays an important role in inflammatory disorders and is expressed by both immune and non-immune cells (122), it is not surprising that HA level cannot distinguish between active LN and active non-renal SLE patients. Serum HA level correlates with tubular atrophy score, interstitial fibrosis score and overall chronicity index and showed no association with activity index or its components suggesting that HA may contribute to chronic kidney disease (53). In CKD patients, plasma syndecan-1 level was detected in patients with stage 4 CKD, whereas increased HA level was observed only in patients with stage 5 CKD suggesting that shedding of HA occurs later than that of syndecan-1 and may be indicative of more severe injury to the kidney (123).

HA has been reported to drive inflammatory and fibrotic processes in the lungs through activation of CD44 and TLR-4 (122). HA also contributes to kidney fibrosis in lupus-prone mice and this may explain at least in part, the association of HA with histologic chronicity index. HA expression is increased in the glomerulus of LN patients, mediated through anti-dsDNA antibody induction of HAS-2 and IL-1β and downstream synthesis of both high and low molecular weight HA (121). Low molecular weight HA may be generated by HAS-3 activation or through enzymatic degradation of high molecular weight HA by hyaluronidases. Given that anti-dsDNA antibodies had no effect on HAS-3 activation (121), an increase in low molecular weight HA may be due to enzymatic cleavage of the glomerular endothelial glycocalyx. Low molecular weight HA exacerbates inflammatory processes through its ability to expose cell adhesion molecules in the glycocalyx and subsequent macrophage binding and recruitment.

LN is characterized by aberrant influx of immune cells into the kidney. T cell homing in the glomerulus is mediated through the binding of CD44 on T cells to HA in the endothelial glycocalyx. The glycocalyx is thus the first point of contact between circulating immune cells and the local microenvironment and may contributes to pathogenesis of disease (119). In contrast to other experimental models of kidney disease where a reduction of endothelial glycocalyx is observed, murine models of LN have shown a 3-fold increase in the thickness of the endothelial glycocalyx, attributed to increased HA expression and this was accompanied by proteinuria, whereas removal of HA from the endothelial glycocalyx using hyaluronidase removed the number of activated T cells in the glomerulus and improved proteinuria (119). Whether an increase in glomerular endothelial glycocalyx thickness is also observed in LN patients has not been investigated. We and others have demonstrated that glomerular HA expression is increased in LN patients, mediated in part through anti-dsDNA antibodies and increased HAS-2 expression (121, 124). It is possible that HA plays a protective and pathogenic role in LN depending on its molecular weight.




5.3 Thrombomodulin

Thrombomodulin is a 74 kDa transmembrane protein that is predominantly expressed in the endothelial glycocalyx and to a lesser extent on mesangial cells, mesothelial cells, dendritic cells and monocytes (125, 126). Thrombomodulin acts as a membrane-bound, high-affinity receptor for thrombin and prevents its interaction with platelets and coagulation factors. Following its binding to thrombin, thrombomodulin activates protein C, which in turn degrades coagulation factors (127–129). Thrombomodulin may also contain chondroitin sulphate GAG chains which may serve as a weak ligand for thrombin (130). Thrombomodulin generates an anti-inflammatory and barrier-stabilizing microenvironment and has been shown to regulate NFκB signaling, IL-6 secretion and expression of cell adhesion molecules including ELAM-1, VCAM-1 and ICAM-1 (131). Decreased thrombomodulin expression in the endothelial glycocalyx is attributed to reduced transcription and translation induced by pro-inflammatory cytokines such as TNF-α (132), or through cleavage by neutrophil proteinases, with a concomitant increase in soluble thrombomodulin in serum, plasma and urine in patients with renal disease including LN (53, 133–135).

Increased soluble thrombomodulin level is associated with endothelial dysfunction and vascular risk, atherosclerosis, cardioembolic stroke and obesity (136). We and others have reported that serum thrombomodulin level is increased in patients with active LN compared to LN patients in remission, patients with non-renal SLE, CKD patients and healthy subjects (53, 133–135, 137–141). Serum thrombomodulin level correlated with serological and clinical parameters of disease including anti-dsDNA antibody level, renal SLEDAI-2K score, proteinuria and serum creatinine level, and inversely correlated with eGFR, serum albumin and C3 levels (53, 56, 135). In a longitudinal study, increased serum thrombomodulin level preceded clinical flare by almost 4 months and as with syndecan-1, may be a potential indicator of impending disease flare (53). Unlike syndecan-1 and HA levels which returned to baseline levels after approximately 9 months of treatment, serum thrombomodulin level persisted for a longer duration (53). Whether this suggests abnormality of endothelial cell function, ongoing low-grade immune-mediated inflammation or progressive kidney damage warrants further investigation. Serum thrombomodulin level can distinguish between patients with active LN and healthy subjects and patients with active non-renal SLE but did not show a high specificity in distinguishing LN patient and CKD patients suggesting that increased thrombomodulin level may be a potential biomarker of kidney damage (53). In a Multi-Ethnic Study of Atherosclerosis (MESA), serum thrombomodulin level showed a strong inverse correlation with glomerular filtration rate (142). When compared to conventional serological markers of active LN, thrombomodulin level was more sensitive (89.66%) than anti-dsDNA antibody and C3 levels in distinguishing active LN from remission and showed less specificity (68.97%) to conventional biomarkers (53). Serum thrombomodulin level correlated with the severity of interstitial inflammation in renal biopsies from patients with active LN and may reflect histopathological changes, for example, renal vascular lesions in LN is associated with increased plasma thrombomodulin levels (53, 134), and patients with end-stage kidney disease show a noticeable loss of their glycocalyx in the sublingual microvasculature, which is accompanied by an increase in plasma thrombomodulin levels compared with healthy subjects (125). Kidney transplantation replenishes the endothelial glycocalyx and can reduce serum thrombomodulin levels, except in patients who developed allograft CKD when thrombomodulin level remained elevated (125).




5.4 Cell adhesion molecules

Adhesion of circulating leukocytes to the endothelium and their transmigration to the site of injury is mediated through cell adhesion molecules such as E-selectin, VCAM-1 (also known as CD106) and ICAM-1. Under non-inflammatory conditions, the glycocalyx serves as the first line of defense against leukocyte adhesion and limits the interaction of leukocytes with cell adhesion molecules. Under inflammatory conditions, shedding of the endothelial glycocalyx exposes cell adhesion molecules, which permits circulating leukocytes to adhere to the endothelium followed by diapedesis. Diseases characterized by acute inflammation are often associated with increased E-selectin expression, whereas chronic inflammation is associated with increased expression of VCAM-1 and ICAM-1 (143). VCAM-1 and ICAM-1 expression is increased during systemic and local inflammation by TNF-α and IL-1β, and they initiate the strong adhesion of circulating leukocytes to the endothelium and their subsequent transmigration through endothelial cell junctions (144).

Adhesion molecules are shed from the activated endothelium following proteolytic cleavage and are detected in the circulation where they could potentially serve as soluble biomarkers of vascular endothelial dysfunction and cardiovascular disease (145, 146). Plasma VCAM-1 and E-selectin are associated with cardiovascular events, coronary calcium, and carotid plaques in SLE patients (147, 148). VCAM-1 and ICAM-1 expression have also been detected in the glomeruli and renal tubules in patients and mice with active LN, suggesting that resident renal cells may also contribute to circulating levels of adhesion molecules (149, 150).

Early studies that investigated serum VCAM-1 level in SLE and Class 3 or 4 LN patients were conflicting (133, 151–153). Independent researchers have shown an association between serum VCAM-1 level and proteinuria, but not with anti-dsDNA antibody or C3 levels, or SLEDAI score (134), while other studies demonstrated an increase in VCAM-1 level in SLE patients but no association with disease activity or organ involvement (154). Correlation between serum VCAM-1 level and coronary calcification/subclinical atherosclerosis has also been reported, irrespective of whether the patient had lupus (155). We recently demonstrated that serum VCAM-1 level was significantly higher in LN patients with nephritic flare compared to remission, and its level correlated with clinical and serological parameters of disease including anti-dsDNA antibody level, renal SLEDAI score and proteinuria and inversely correlated with C3 level. Serum VCAM-1 level also showed high sensitivity and specificity and could distinguish between patients with active LN from those in remission (sensitivity and specificity rates of 68.97% and 89.66% respectively), patients with active non-renal SLE (sensitivity and specificity rates of 90.91% and 86.21% respectively), CKD patients (sensitivity and specificity rates of 89.66% and 82.61% respectively) and healthy subjects (96.55% and 96.00% respectively) (52). When compared to conventional biomarkers of disease, serum VCAM-1 level showed comparable sensitivity and specificity as anti-dsDNA antibody and C3 levels in distinguishing patients with active LN and remission, and similar sensitivity and specificity as C3 (sensitivity and specificity rates of 90.00% and 89.29% respectively), but higher specificity than anti-dsDNA antibody titre (sensitivity and specificity rates of 100.00% and 42.86% respectively), in distinguishing active LN patients from patients with active non-renal SLE. The measurement of a panel of biomarkers rather than a single biomarker, may be more useful to predict nephritis flares (156, 157) and VCAM-1 in combination with C3, proteinuria or serum levels of syndecan-1, HA and thrombomodulin was superior to C3, anti-dsDNA antibody titre or serum creatinine level in distinguishing active LN from quiescent disease (52). In a longitudinal study, serum VCAM-1 level increased 4.5 months before nephritic flare was evident clinically as shown by an increase of serum creatinine level and/or proteinuria and VCAM-1 level returned to baseline after one year, suggesting that serum VCAM-1 level may serve as an early indicator of impending nephritic flare. Serum VCAM-1 level correlated with serum levels of syndecan-1, HA and thrombomodulin suggesting a close association between components of the endothelial glycocalyx. At the time of flare, serum VCAM-1 level correlates with leukocyte infiltration score and fibrinoid necrosis/karyorrhexis score in renal biopsies from LN patients highlighting its role in leukocyte infiltration into the kidney (52). Increased urine VCAM-1 level has also been reported in patients with active LN and strongly correlated with renal biopsy activity score. In this respect, urine VCAM-1 level has been proposed to serve as a noninvasive marker in assessing histopathologic changes in the kidney and is associated with inferior long-term renal outcome (54, 158–161). In childhood-onset SLE, urinary VCAM-1 outperformed anti-dsDNA antibody titre and C3 level as biomarkers to predict nephritic flare (55). Using aptamer-based screening followed by ELISA validation, urinary VCAM-1 was identified as a strong candidate to distinguish between active LN and quiescent disease irrespective of ethnicity (162). More recently, the assessment of urine: serum fractional excretion ratios of cell adhesion molecules outperformed corresponding urine and serum levels in identifying active LN from remission (163).

As with VCAM-1, conflicting results have also been reported for serum ICAM-1 and E-selectin levels in SLE and LN patients and their association with clinical and serological parameters of disease (52, 152, 162, 164–171). The discrepancies may be related to differences in the characteristics of patients, ethnicity and management, the timing of sample collection in relation to disease activity, and differences in the sensitivity of assays used (52, 134, 172). In our study, whereas VCAM-1 showed a high seropositivity rate (93%) in patients with active LN, a lower seropositivity rate was observed for ICAM-1 at 38%. Although the longitudinal profile of ICAM-1 followed a similar trend to that of disease activity and response to treatment, serum ICAM-1 level showed no association with anti-dsDNA antibody or C3 levels. In addition to its expression on endothelial cells, VCAM-1 and ICAM-1 expression has also been observed on monocytes, mesangial cells, proximal tubular epithelial cells and smooth muscle cells. Increased VCAM-1 expression is observed in the kidney of lupus-prone mice with active disease when compared to non-autoimmune mice, suggesting a role in mediating leukocyte infiltration in the inflamed kidney parenchyma (149). The mechanisms though which renal VCAM-1 or ICAM-1 expression is induced in LN remain to be fully defined although their induction by anti-dsDNA antibodies has been proposed (173, 174).





6 Conclusions

Early diagnosis of LN, accurate assessment of disease activity and timely monitoring of treatment efficacy is essential for patient and kidney survival, but this remains challenging due to the heterogeneity and complexity of LN. A renal biopsy remains the gold standard for the diagnosis and prognosis of LN but since it is invasive, it is not feasible to perform frequent kidney biopsies for routine monitoring of histopathologic changes and disease activity. Conventional clinical and serological parameters to assess disease activity rely on non-specific indicators of kidney injury or function such as proteinuria and serum creatinine level, which could present late in the course of disease activation and do not reflect histopathologic changes. Serological tests for anti-dsDNA antibody and C3 levels reflect immunological status but not kidney injury and not all patients show an association of anti-dsDNA antibody titre with disease activity. Identification of novel biomarkers for LN should facilitate early diagnosis of nephritic flare and monitoring of treatment response in order to preserve residual kidney function. Biomarkers for LN should accurately reflect disease activity, be reliable and useful in clinical practice, easily measured routinely, have biological and pathophysiological relevance across ethnicities, and show superiority to current conventional markers (175). Furthermore, biomarkers for LN should be able to distinguish between LN and non-renal SLE patients. Given the heterogeneity and complexity of disease, it is unlikely that one molecule can serve as a biomarker for LN. Over the past few decades, biomarker discovery in LN has progressed from individual candidates to unbiased high-throughput platforms mass spectrometry, proteomics and aptamer-based screening. Urinary biomarkers have yielded promising results in predicting the activity of LN, but their clinical utility requires further assessment. The current challenge in the development of novel biomarkers following their discovery for LN is their validation in a large population with ethnic diversity. A biomarker panel may provide superior information regarding LN compared to a single marker, without overlap with other types of glomerulonephritis (176).

We and others have shown that constituents of the glycocalyx correlate with disease activity and may have potential diagnostic and prognostic value in LN, endothelial cell activation and possible cardiovascular complications. Table 3 compares the clinico-pathological association of serum syndecan-1, HA, thrombomodulin and VCAM-1 with conventional indicators of kidney injury and immunologic activity in LN patients. Further studies are warranted in a larger cohort to validate these findings especially in longitudinal studies and different ethnic groups to ascertain whether certain biomarker panels may be used for specific ethnicity and genetic composition. A schematic diagram detailing changes in the glycocalyx in LN patients is presented in Figure 1.


Table 3 | Comparison of syndecan-1, hyaluronan, thrombomodulin and VCAM-1 as putative biomarkers for lupus nephritis compared to conventional serological and clinical markers of disease.






Figure 1 | Changes in the glycocalyx composition in lupus nephritis patients. In a healthy subject, the glycocalyx ranges from 0.5 - 2.0 μm in thickness and comprises negatively-charged proteoglycans, glycosaminoglycans (GAG) and glycoproteins such as syndecan-1 (S1), CD44, HA, thrombomodulin (TM), and cell adhesion molecules. The glycocalyx serves to cushion and protect endothelial cells and restrict transvascular protein leakage. The interaction of albumin (red circle) with heparan sulphate GAG chains (HS GAG) stabilizes the glycocalyx structure. S1 and TM may also contain chondroitin sulphate (CS) GAG chains which contribute to the electronegative charge of the glycocalyx. The high net negative charge of the glycocalyx prevents leukocytes and platelets from interacting with the endothelium and contributes to the maintenance of endothelial permeability to plasma proteins (green circles). Proteoglycans also mask the binding sites of selectins and cell adhesion molecules, which inhibits leukocyte adhesion. In LN, chronic inflammation is accompanied by increased cytokine, chemokine and growth factor secretion in immune and non-immune cells, which in turn, increases synthesis of enzymes that cleave glycocalyx constituents leading to the destruction of the glycocalyx. These enzymes include hyaluronidase (Hy’ase) that cleaves HA, heparanase (Hep’ase) that cleaves HS GAG chains, MMPs that cleave syndecan-1 ectodomain and CD44, neutrophil protease that cleaves TM, and ADAM-17 that cleaves cell adhesion molecules. Shedding of the glycocalyx releases pro-inflammatory mediators that were bound to glycocalyx constituents and unmasks the binding sites in VCAM-1 and ICAM-1 thereby permitting the binding of leukocytes and exacerbation of inflammation. Shedding of the glycocalyx also contributes to transvascular protein leakage and proteinuria.







Author contributions

Drafting the article: SY and TC. Approval of the final version for submission: SY and TC. All authors contributed to the article.





Funding

This work was supported by the University of Hong Kong Small Project Funding [grant number: 201409176201], the Department of Medicine Academic Activities Fund, UGC Matching Grant Scheme and kind donations from Mr. C. S. Yung, Mr. S. Ho, and Hui Hoy & Chow Sin Lan Charity Fund and the Family of Mr. Hui Ming. SY is supported by the Endowment Fund established for the ‘Yu Chiu Kwong Professorship in Medicine’ awarded to TC, the Wai Hung Charitable Foundation Limited and Mr. and Mrs. Tam Wing Fan Edmund Renal Research Fund. The funders were not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication. All authors declare no other competing interests.





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.





References

1. Chan, TM. Treatment of severe lupus nephritis: the new horizon. Nat Rev Nephrol (2015) 11(1):46–61. doi: 10.1038/nrneph.2014.215

2. Urowitz, MB, Bookman, AA, Koehler, BE, Gordon, DA, Smythe, HA, and Ogryzlo, MA. The bimodal mortality pattern of systemic lupus erythematosus. Am J Med (1976) 60(2):221–5. doi: 10.1016/0002-9343(76)90431-9

3. Esdaile, JM, Abrahamowicz, M, Grodzicky, T, Li, Y, Panaritis, C, du Berger, R, et al. Traditional Framingham risk factors fail to fully account for accelerated atherosclerosis in systemic lupus erythematosus. Arthritis Rheumatol (2001) 44(10):2331–7. doi: 10.1002/1529-0131(200110)44:10<2331::AID-ART395>3.0.CO;2-I

4. Manzi, S, Meilahn, EN, Rairie, JE, Conte, CG, Medsger, TA Jr., Jansen-McWilliams, L, et al. Age-specific incidence rates of myocardial infarction and angina in women with systemic lupus erythematosus: comparison with the Framingham Study. Am J Epidemiol (1997) 145(5):408–15. doi: 10.1093/oxfordjournals.aje.a009122

5. Asanuma, Y, Oeser, A, Shintani, AK, Turner, E, Olsen, N, Fazio, S, et al. Premature coronary-artery atherosclerosis in systemic lupus erythematosus. N Engl J Med (2003) 349(25):2407–15. doi: 10.1056/NEJMoa035611

6. Roman, MJ, Shanker, BA, Davis, A, Lockshin, MD, Sammaritano, L, Simantov, R, et al. Prevalence and correlates of accelerated atherosclerosis in systemic lupus erythematosus. N Engl J Med (2003) 349(25):2399–406. doi: 10.1056/NEJMoa035471

7. Bruce, IN, Burns, RJ, Gladman, DD, and Urowitz, MB. Single photon emission computed tomography dual isotope myocardial perfusion imaging in women with systemic lupus erythematosus. I. Prevalence and distribution of abnormalities. J Rheumatol (2000) 27(10):2372–7.

8. Ahearn, J, Shields, KJ, Liu, CC, and Manzi, S. Cardiovascular disease biomarkers across autoimmune diseases. Clin Immunol (2015) 161(1):59–63. doi: 10.1016/j.clim.2015.05.024

9. Weening, JJ, D’Agati, VD, Schwartz, MM, Seshan, SV, Alpers, CE, Appel, GB, et al. The classification of glomerulonephritis in systemic lupus erythematosus revisited. J Am Soc Nephrol (2004) 15(2):241–50. doi: 10.1097/01.ASN.0000108969.21691.5D

10. Weening, JJ, D’Agati, VD, Schwartz, MM, Seshan, SV, Alpers, CE, Appel, GB, et al. The classification of glomerulonephritis in systemic lupus erythematosus revisited. Kidney Int (2004) 65(2):521–30. doi: 10.1111/j.1523-1755.2004.00443.x

11. Otsuka, F, Finn, AV, Yazdani, SK, Nakano, M, Kolodgie, FD, and Virmani, R. The importance of the endothelium in atherothrombosis and coronary stenting. Nat Rev Cardiol (2012) 9(8):439–53. doi: 10.1038/nrcardio.2012.64

12. Bordy, R, Totoson, P, Prati, C, Marie, C, Wendling, D, and Demougeot, C. Microvascular endothelial dysfunction in rheumatoid arthritis. Nat Rev Rheumatol (2018) 14(7):404–20. doi: 10.1038/s41584-018-0022-8

13. Cahill, PA, and Redmond, EM. Vascular endothelium - Gatekeeper of vessel health. Atherosclerosis (2016) 248:97–109. doi: 10.1016/j.atherosclerosis.2016.03.007

14. Yuen, DA, Gilbert, RE, and Marsden, PA. Bone marrow cell therapies for endothelial repair and their relevance to kidney disease. Semin Nephrol (2012) 32(2):215–23. doi: 10.1016/j.semnephrol.2012.02.008

15. Yu, X, Seegar, TC, Dalton, AC, Tzvetkova-Robev, D, Goldgur, Y, Rajashankar, KR, et al. Structural basis for angiopoietin-1-mediated signaling initiation. Proc Natl Acad Sci U S A (2013) 110(18):7205–10. doi: 10.1073/pnas.1216890110

16. Lemos, DR, Marsh, G, Huang, A, Campanholle, G, Aburatani, T, Dang, L, et al. Maintenance of vascular integrity by pericytes is essential for normal kidney function. Am J Physiol Renal Physiol (2016) 311(6):F1230–f42. doi: 10.1152/ajprenal.00030.2016

17. Quaggin, SE, and Kreidberg, JA. Development of the renal glomerulus: good neighbors and good fences. Development (2008) 135(4):609–20. doi: 10.1242/dev.001081

18. Okada, H, Takemura, G, Suzuki, K, Oda, K, Takada, C, Hotta, Y, et al. Three-dimensional ultrastructure of capillary endothelial glycocalyx under normal and experimental endotoxemic conditions. Crit Care (2017) 21(1):261. doi: 10.1186/s13054-017-1841-8

19. Rabelink, TJ, and de Zeeuw, D. The glycocalyx - linking albuminuria with renal and cardiovascular disease. Nat Rev Nephrol (2015) 11(11):667–76. doi: 10.1038/nrneph.2015.162

20. Salmon, AH, Ferguson, JK, Burford, JL, Gevorgyan, H, Nakano, D, Harper, SJ, et al. Loss of the endothelial glycocalyx links albuminuria and vascular dysfunction. J Am Soc Nephrol (2012) 23(8):1339–50. doi: 10.1681/asn.2012010017

21. Salmon, AH, and Satchell, SC. Endothelial glycocalyx dysfunction in disease: albuminuria and increased microvascular permeability. J Pathol (2012) 226(4):562–74. doi: 10.1002/path.3964

22. Butler, MJ, Down, CJ, Foster, RR, and Satchell, SC. The pathological relevance of increased endothelial glycocalyx permeability. Am J Pathol (2020) 190(4):742–51. doi: 10.1016/j.ajpath.2019.11.015

23. Sartain, SE, Turner, NA, and Moake, JL. TNF regulates essential alternative complement pathway components and impairs activation of protein C in human glomerular endothelial cells. J Immunol (2016) 196(2):832–45. doi: 10.4049/jimmunol.1500960

24. Haraldsson, B, Nyström, J, and Deen, WM. Properties of the glomerular barrier and mechanisms of proteinuria. Physiol Rev (2008) 88(2):451–87. doi: 10.1152/physrev.00055.2006

25. Weinbaum, S, Tarbell, JM, and Damiano, ER. The structure and function of the endothelial glycocalyx layer. Annu Rev BioMed Eng (2007) 9:121–67. doi: 10.1146/annurev.bioeng.9.060906.151959

26. Zeng, Y, Adamson, RH, Curry, FR, and Tarbell, JM. Sphingosine-1-phosphate protects endothelial glycocalyx by inhibiting syndecan-1 shedding. Am J Physiol Heart Circ Physiol (2014) 306(3):H363–72. doi: 10.1152/ajpheart.00687.2013

27. Lipowsky, HH. Microvascular rheology and hemodynamics. Microcirculation (2005) 12(1):5–15. doi: 10.1080/10739680590894966

28. Lipowsky, HH. The endothelial glycocalyx as a barrier to leukocyte adhesion and its mediation by extracellular proteases. Ann BioMed Eng (2012) 40(4):840–8. doi: 10.1007/s10439-011-0427-x

29. Tarbell, JM. Shear stress and the endothelial transport barrier. Cardiovasc Res (2010) 87(2):320–30. doi: 10.1093/cvr/cvq146

30. Barry, M, and Pati, S. Targeting repair of the vascular endothelium and glycocalyx after traumatic injury with plasma and platelet resuscitation. Matrix Biol Plus (2022) 14:100107. doi: 10.1016/j.mbplus.2022.100107

31. Wiesinger, A, Peters, W, Chappell, D, Kentrup, D, Reuter, S, Pavenstadt, H, et al. Nanomechanics of the endothelial glycocalyx in experimental sepsis. PloS One (2013) 8(11):e80905. doi: 10.1371/journal.pone.0080905

32. Basile, DP. The endothelial cell in ischemic acute kidney injury: implications for acute and chronic function. Kidney Int (2007) 72(2):151–6. doi: 10.1038/sj.ki.5002312

33. Kang, DH, Joly, AH, Oh, SW, Hugo, C, Kerjaschki, D, Gordon, KL, et al. Impaired angiogenesis in the remnant kidney model: I. Potential role of vascular endothelial growth factor and thrombospondin-1. J Am Soc Nephrol (2001) 12(7):1434–47. doi: 10.1681/asn.V1271434

34. Rabelink, TJ, de Boer, HC, and van Zonneveld, AJ. Endothelial activation and circulating markers of endothelial activation in kidney disease. Nat Rev Nephrol (2010) 6(7):404–14. doi: 10.1038/nrneph.2010.65

35. Ebefors, K, Wiener, RJ, Yu, L, Azeloglu, EU, Yi, Z, Jia, F, et al. Endothelin receptor-A mediates degradation of the glomerular endothelial surface layer via pathologic crosstalk between activated podocytes and glomerular endothelial cells. Kidney Int (2019) 96(4):957–70. doi: 10.1016/j.kint.2019.05.007

36. Nangaku, M, and Couser, WG. Mechanisms of immune-deposit formation and the mediation of immune renal injury. Clin Exp Nephrol (2005) 9(3):183–91. doi: 10.1007/s10157-005-0357-8

37. van Paassen, P, Duijvestijn, A, Debrus-Palmans, L, Damoiseaux, J, Vroomen, M, and Tervaert, JW. Induction of endothelial cell apoptosis by IgG antibodies from SLE patients with nephropathy: a potential role for anti-endothelial cell antibodies. Ann N Y Acad Sci (2007) 1108:147–56. doi: 10.1196/annals.1422.017

38. Moscato, S, Pratesi, F, Bongiorni, F, Scavuzzo, MC, Chimenti, D, Bombardieri, S, et al. Endothelial cell binding by systemic lupus antibodies: functional properties and relationship with anti-DNA activity. J Autoimmun (2002) 18(3):231–8.doi: 10.1006/jaut.2002.0583

39. Dieudé, M, Senécal, JL, and Raymond, Y. Induction of endothelial cell apoptosis by heat-shock protein 60-reactive antibodies from anti-endothelial cell autoantibody-positive systemic lupus erythematosus patients. Arthritis Rheumatol (2004) 50(10):3221–31. doi: 10.1002/art.20564

40. Ramnath, R, Foster, RR, Qiu, Y, Cope, G, Butler, MJ, Salmon, AH, et al. Matrix metalloproteinase 9-mediated shedding of syndecan 4 in response to tumor necrosis factor α: a contributor to endothelial cell glycocalyx dysfunction. FASEB J (2014) 28(11):4686–99. doi: 10.1096/fj.14-252221

41. Dogné, S, and Flamion, B. Endothelial glycocalyx impairment in disease: focus on hyaluronan shedding. Am J Pathol (2020) 190(4):768–80. doi: 10.1016/j.ajpath.2019.11.016

42. Weninger, W, Biro, M, and Jain, R. Leukocyte migration in the interstitial space of non-lymphoid organs. Nat Rev Immunol (2014) 14(4):232–46. doi: 10.1038/nri3641

43. Nourshargh, S, and Alon, R. Leukocyte migration into inflamed tissues. Immunity (2014) 41(5):694–707. doi: 10.1016/j.immuni.2014.10.008

44. Romagnani, P, De Paulis, A, Beltrame, C, Marone, G, and Romagnani, S. Chapter 36 - chemokine receptors on human mast cells. In:  G Marone, LM Lichtenstein, and SJ Galli, editors. Mast cells and basophils. London: Academic Press (2000). p. 579–96.

45. Glennon-Alty, L, Hackett, AP, Chapman, EA, and Wright, HL. Neutrophils and redox stress in the pathogenesis of autoimmune disease. Free Radic Biol Med (2018) 125:25–35. doi: 10.1016/j.freeradbiomed.2018.03.049

46. Yap, DY, Tang, CS, Ma, MK, Lam, MF, and Chan, TM. Survival analysis and causes of mortality in patients with lupus nephritis. Nephrol Dial Transplant (2012) 27(8):3248–54. doi: 10.1093/ndt/gfs073

47. Thong, KM, and Chan, TM. Infectious complications in lupus nephritis treatment: a systematic review and meta-analysis. LUPUS (2019) 28(3):334–46. doi: 10.1177/0961203319829817

48. Clark, SR, Ma, AC, Tavener, SA, McDonald, B, Goodarzi, Z, Kelly, MM, et al. Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nat Med (2007) 13(4):463–9. doi: 10.1038/nm1565

49. Hakkim, A, Fürnrohr, BG, Amann, K, Laube, B, Abed, UA, Brinkmann, V, et al. Impairment of neutrophil extracellular trap degradation is associated with lupus nephritis. Proc Natl Acad Sci U S A (2010) 107(21):9813–8. doi: 10.1073/pnas.0909927107

50. Denny, MF, Yalavarthi, S, Zhao, W, Thacker, SG, Anderson, M, Sandy, AR, et al. A distinct subset of proinflammatory neutrophils isolated from patients with systemic lupus erythematosus induces vascular damage and synthesizes type I IFNs. J Immunol (2010) 184(6):3284–97. doi: 10.4049/jimmunol.0902199

51. Carmona-Rivera, C, Zhao, W, Yalavarthi, S, and Kaplan, MJ. Neutrophil extracellular traps induce endothelial dysfunction in systemic lupus erythematosus through the activation of matrix metalloproteinase-2. Ann Rheum Dis (2015) 74(7):1417–24. doi: 10.1136/annrheumdis-2013-204837

52. Yu, KY, Yung, S, Chau, MK, Tang, CS, Yap, DY, Tang, AH, et al. Clinico-pathological associations of serum VCAM-1 and ICAM-1 levels in patients with lupus nephritis. LUPUS (2021) 30(7):1039–50. doi: 10.1177/09612033211004727

53. Yu, KYC, Yung, S, Chau, MKM, Tang, CSO, Yap, DYH, Tang, AHN, et al. Serum syndecan-1, hyaluronan and thrombomodulin levels in patients with lupus nephritis. Rheumatol (Oxford) (2021) 60(2):737–50. doi: 10.1093/rheumatology/keaa370

54. Singh, S, Wu, T, Xie, C, Vanarsa, K, Han, J, Mahajan, T, et al. Urine VCAM-1 as a marker of renal pathology activity index in lupus nephritis. Arthritis Res Ther (2012) 14(4):R164. doi: 10.1186/ar3912

55. Soliman, SA, Haque, A, Vanarsa, K, Zhang, T, Ismail, F, Lee, KH, et al. PF4 and VCAM-1 surpass conventional metrics in identifying nephritis disease activity in childhood-onset systemic lupus erythematosus. Front Immunol (2022) 13:885307. doi: 10.3389/fimmu.2022.885307

56. Kim, KJ, Kim, JY, Baek, IW, Kim, WU, and Cho, CS. Elevated serum levels of syndecan-1 are associated with renal involvement in patients with systemic lupus erythematosus. J Rheumatol (2015) 42(2):202–9. doi: 10.3899/jrheum.140568

57. Taraboletti, G, D’Ascenzo, S, Borsotti, P, Giavazzi, R, Pavan, A, and Dolo, V. Shedding of the matrix metalloproteinases MMP-2, MMP-9, and MT1-MMP as membrane vesicle-associated components by endothelial cells. Am J Pathol (2002) 160(2):673–80. doi: 10.1016/s0002-9440(10)64887-0

58. Chappell, D, Hofmann-Kiefer, K, Jacob, M, Rehm, M, Briegel, J, Welsch, U, et al. TNF-alpha induced shedding of the endothelial glycocalyx is prevented by hydrocortisone and antithrombin. Basic Res Cardiol (2009) 104(1):78–89. doi: 10.1007/s00395-008-0749-5

59. Ito, A, Tsao, PS, Adimoolam, S, Kimoto, M, Ogawa, T, and Cooke, JP. Novel mechanism for endothelial dysfunction: dysregulation of dimethylarginine dimethylaminohydrolase. Circulation (1999) 99(24):3092–5. doi: 10.1161/01.cir.99.24.3092

60. Buie, JJ, Renaud, LL, Muise-Helmericks, R, and Oates, JC. IFN-α Negatively regulates the expression of endothelial nitric oxide synthase and nitric oxide production: implications for systemic lupus erythematosus. J Immunol (2017) 199(6):1979–88. doi: 10.4049/jimmunol.1600108

61. Jones Buie, JN, Pleasant Jenkins, D, Muise-Helmericks, R, and Oates, JC. L-sepiapterin restores SLE serum-induced markers of endothelial function in endothelial cells. Lupus Sci Med (2019) 6(1):e000294. doi: 10.1136/lupus-2018-000294

62. van den Berg, BM, Spaan, JA, Rolf, TM, and Vink, H. Atherogenic region and diet diminish glycocalyx dimension and increase intima-to-media ratios at murine carotid artery bifurcation. Am J Physiol Heart Circ Physiol (2006) 290(2):H915–20. doi: 10.1152/ajpheart.00051.2005

63. Gavish, B, and Izzo, JL Jr. Arterial stiffness: going a step beyond. Am J Hypertens (2016) 29(11):1223–33. doi: 10.1093/ajh/hpw061

64. Weinbaum, S, Cancel, LM, Fu, BM, and Tarbell, JM. The glycocalyx and its role in vascular physiology and vascular related diseases. Cardiovasc Eng Technol (2021) 12(1):37–71. doi: 10.1007/s13239-020-00485-9

65. Ikonomidis, I, Voumvourakis, A, Makavos, G, Triantafyllidi, H, Pavlidis, G, Katogiannis, K, et al. Association of impaired endothelial glycocalyx with arterial stiffness, coronary microcirculatory dysfunction, and abnormal myocardial deformation in untreated hypertensives. J Clin Hypertens (Greenwich) (2018) 20(4):672–79. doi: 10.1111/jch.13236

66. Mahmoud, M, Mayer, M, Cancel, LM, Bartosch, AM, Mathews, R, and Tarbell, JM. The glycocalyx core protein Glypican 1 protects vessel wall endothelial cells from stiffness-mediated dysfunction and disease. Cardiovasc Res (2021) 117(6):1592–605. doi: 10.1093/cvr/cvaa201

67. Karvonen, J, Päivänsalo, M, Kesäniemi, YA, and Hörkkö, S. Immunoglobulin M type of autoantibodies to oxidized low-density lipoprotein has an inverse relation to carotid artery atherosclerosis. Circulation (2003) 108(17):2107–12. doi: 10.1161/01.Cir.0000092891.55157.A7

68. Frostegård, J, Svenungsson, E, Wu, R, Gunnarsson, I, Lundberg, IE, Klareskog, L, et al. Lipid peroxidation is enhanced in patients with systemic lupus erythematosus and is associated with arterial and renal disease manifestations. Arthritis Rheumatol (2005) 52(1):192–200. doi: 10.1002/art.20780

69. McMahon, M, Grossman, J, Skaggs, B, Fitzgerald, J, Sahakian, L, Ragavendra, N, et al. Dysfunctional proinflammatory high-density lipoproteins confer increased risk of atherosclerosis in women with systemic lupus erythematosus. Arthritis Rheumatol (2009) 60(8):2428–37. doi: 10.1002/art.24677

70. van den Berg, BM, Spaan, JA, and Vink, H. Impaired glycocalyx barrier properties contribute to enhanced intimal low-density lipoprotein accumulation at the carotid artery bifurcation in mice. Pflugers Arch (2009) 457(6):1199–206. doi: 10.1007/s00424-008-0590-6

71. Mitra, R, O’Neil, GL, Harding, IC, Cheng, MJ, Mensah, SA, and Ebong, EE. Glycocalyx in atherosclerosis-relevant endothelium function and as a therapeutic target. Curr Atheroscler Rep (2017) 19(12):63. doi: 10.1007/s11883-017-0691-9

72. Cancel, LM, Ebong, EE, Mensah, S, Hirschberg, C, and Tarbell, JM. Endothelial glycocalyx, apoptosis and inflammation in an atherosclerotic mouse model. Atherosclerosis (2016) 252:136–46. doi: 10.1016/j.atherosclerosis.2016.07.930

73. Rajagopalan, S, Somers, EC, Brook, RD, Kehrer, C, Pfenninger, D, Lewis, E, et al. Endothelial cell apoptosis in systemic lupus erythematosus: a common pathway for abnormal vascular function and thrombosis propensity. Blood (2004) 103(10):3677–83. doi: 10.1182/blood-2003-09-3198

74. Bombeli, T, Karsan, A, Tait, JF, and Harlan, JM. Apoptotic vascular endothelial cells become procoagulant. Blood (1997) 89(7):2429–42. doi: 10.1182/blood.V89.7.2429

75. Dimou, P, Wright, RD, Budge, KL, Midgley, A, Satchell, SC, Peak, M, et al. The human glomerular endothelial cells are potent pro-inflammatory contributors in an in vitro model of lupus nephritis. Sci Rep (2019) 9(1):8348. doi: 10.1038/s41598-019-44868-y

76. Russell, DA, Markiewicz, M, and Oates, JC. Lupus serum induces inflammatory interaction with neutrophils in human glomerular endothelial cells. Lupus Sci Med (2020) 7(1): e000418. doi: 10.1136/lupus-2020-000418

77. Lum, H, and Malik, AB. Mechanisms of increased endothelial permeability. Can J Physiol Pharmacol (1996) 74(7):787–800. doi: 10.1139/y96-081

78. Bussolino, F, Silvagno, F, Garbarino, G, Costamagna, C, Sanavio, F, Arese, M, et al. Human endothelial cells are targets for platelet-activating factor (PAF). Activation of alpha and beta protein kinase C isozymes in endothelial cells stimulated by PAF. J Biol Chem (1994) 269(4):2877–86.

79. Yung, S, Zhang, Q, Zhang, CZ, Chan, KW, Lui, SL, and Chan, TM. Anti-DNA antibody induction of protein kinase C phosphorylation and fibronectin synthesis in human and murine lupus and the effect of mycophenolic acid. Arthritis Rheumatol (2009) 60(7):2071–82. doi: 10.1002/art.24573

80. Campo, GM, Avenoso, A, Micali, A, Nastasi, G, Squadrito, F, Altavilla, D, et al. High-molecular weight hyaluronan reduced renal PKC activation in genetically diabetic mice. Biochim Biophys Acta (2010) 1802(11):1118–30. doi: 10.1016/j.bbadis.2010.08.004

81. Isenberg, DA, Manson, JJ, Ehrenstein, MR, and Rahman, A. Fifty years of anti-ds DNA antibodies: are we approaching journey’s end? Rheumatol (Oxford) (2007) 46(7):1052–6. doi: 10.1093/rheumatology/kem112

82. Yap, DYH, Kwan, LPY, Ma, MKM, Mok, MMY, Chan, GCW, and Chan, TM. Preemptive immunosuppressive treatment for asymptomatic serological reactivation may reduce renal flares in patients with lupus nephritis: a cohort study. Nephrol Dial Transplant (2019) 34(3):467–73. doi: 10.1093/ndt/gfy024

83. Gensous, N, Marti, A, Barnetche, T, Blanco, P, Lazaro, E, Seneschal, J, et al. Predictive biological markers of systemic lupus erythematosus flares: a systematic literature review. Arthritis Res Ther (2017) 19(1):238. doi: 10.1186/s13075-017-1442-6

84. Ledin, J, Staatz, W, Li, JP, Götte, M, Selleck, S, Kjellén, L, et al. Heparan sulfate structure in mice with genetically modified heparan sulfate production. J Biol Chem (2004) 279(41):42732–41. doi: 10.1074/jbc.M405382200

85. Esko, JD, and Selleck, SB. Order out of chaos: assembly of ligand binding sites in heparan sulfate. Annu Rev Biochem (2002) 71:435–71. doi: 10.1146/annurev.biochem.71.110601.135458

86. Kokenyesi, R, and Bernfield, M. Core protein structure and sequence determine the site and presence of heparan sulfate and chondroitin sulfate on syndecan-1. J Biol Chem (1994) 269(16):12304–9. doi: 10.1016/S0021-9258(17)32716-3

87. Sarrazin, S, Bonnaffé, D, Lubineau, A, and Lortat-Jacob, H. Heparan sulfate mimicry: a synthetic glycoconjugate that recognizes the heparin binding domain of interferon-gamma inhibits the cytokine activity. J Biol Chem (2005) 280(45):37558–64. doi: 10.1074/jbc.M507729200

88. Teng, YH, Aquino, RS, and Park, PW. Molecular functions of syndecan-1 in disease. Matrix Biol (2012) 31(1):3–16. doi: 10.1016/j.matbio.2011.10.001

89. Couchman, JR. Transmembrane signaling proteoglycans. Annu Rev Cell Dev Biol (2010) 26:89–114. doi: 10.1146/annurev-cellbio-100109-104126

90. Alexander, CM, Reichsman, F, Hinkes, MT, Lincecum, J, Becker, KA, Cumberledge, S, et al. Syndecan-1 is required for Wnt-1-induced mammary tumorigenesis in mice. Nat Genet (2000) 25(3):329–32. doi: 10.1038/77108

91. Proudfoot, AE. The biological relevance of chemokine-proteoglycan interactions. Biochem Soc Trans (2006) 34(Pt 3):422–6. doi: 10.1042/BST0340422

92. Middleton, J, Patterson, AM, Gardner, L, Schmutz, C, and Ashton, BA. Leukocyte extravasation: chemokine transport and presentation by the endothelium. Blood (2002) 100(12):3853–60. doi: 10.1182/blood.V100.12.3853

93. Celie, JW, Reijmers, RM, Slot, EM, Beelen, RH, Spaargaren, M, Ter Wee, PM, et al. Tubulointerstitial heparan sulfate proteoglycan changes in human renal diseases correlate with leukocyte influx and proteinuria. Am J Physiol Renal Physiol (2008) 294(1):F253–63. doi: 10.1152/ajprenal.00429.2007

94. Fujikura, D, Ikesue, M, Endo, T, Chiba, S, Higashi, H, and Uede, T. Death receptor 6 contributes to autoimmunity in lupus-prone mice. Nat Commun (2017) 8:13957. doi: 10.1038/ncomms13957

95. Dai, G, Vaughn, S, Zhang, Y, Wang, ET, Garcia-Cardena, G, and Gimbrone, MA Jr. Biomechanical forces in atherosclerosis-resistant vascular regions regulate endothelial redox balance via phosphoinositol 3-kinase/Akt-dependent activation of Nrf2. Circ Res (2007) 101(7):723–33. doi: 10.1161/circresaha.107.152942

96. Dimmeler, S, Assmus, B, Hermann, C, Haendeler, J, and Zeiher, AM. Fluid shear stress stimulates phosphorylation of Akt in human endothelial cells: involvement in suppression of apoptosis. Circ Res (1998) 83(3):334–41. doi: 10.1161/01.res.83.3.334

97. Dimmeler, S, Fleming, I, Fisslthaler, B, Hermann, C, Busse, R, and Zeiher, AM. Activation of nitric oxide synthase in endothelial cells by Akt-dependent phosphorylation. Nature (1999) 399(6736):601–5. doi: 10.1038/21224

98. Cicha, I, Goppelt-Struebe, M, Muehlich, S, Yilmaz, A, Raaz, D, Daniel, WG, et al. Pharmacological inhibition of RhoA signaling prevents connective tissue growth factor induction in endothelial cells exposed to non-uniform shear stress. Atherosclerosis (2008) 196(1):136–45. doi: 10.1016/j.atherosclerosis.2007.03.016

99. Zaidel-Bar, R, Kam, Z, and Geiger, B. Polarized downregulation of the paxillin-p130CAS-Rac1 pathway induced by shear flow. J Cell Sci (2005) 118(Pt 17):3997–4007. doi: 10.1242/jcs.02523

100. Florian, JA, Kosky, JR, Ainslie, K, Pang, Z, Dull, RO, and Tarbell, JM. Heparan sulfate proteoglycan is a mechanosensor on endothelial cells. Circ Res (2003) 93(10):e136–42. doi: 10.1161/01.Res.0000101744.47866.D5

101. Voyvodic, PL, Min, D, Liu, R, Williams, E, Chitalia, V, Dunn, AK, et al. Loss of syndecan-1 induces a pro-inflammatory phenotype in endothelial cells with a dysregulated response to atheroprotective flow. J Biol Chem (2014) 289(14):9547–59. doi: 10.1074/jbc.M113.541573

102. Singh, A, Satchell, SC, Neal, CR, McKenzie, EA, Tooke, JE, and Mathieson, PW. Glomerular endothelial glycocalyx constitutes a barrier to protein permeability. J Am Soc Nephrol (2007) 18(11):2885–93. doi: 10.1681/asn.2007010119

103. Garsen, M, Benner, M, Dijkman, HB, van Kuppevelt, TH, Li, JP, Rabelink, TJ, et al. Heparanase is essential for the development of acute experimental glomerulonephritis. Am J Pathol (2016) 186(4):805–15. doi: 10.1016/j.ajpath.2015.12.008

104. Gil, N, Goldberg, R, Neuman, T, Garsen, M, Zcharia, E, Rubinstein, AM, et al. Heparanase is essential for the development of diabetic nephropathy in mice. Diabetes (2012) 61(1):208–16. doi: 10.2337/db11-1024

105. Minowa, K, Amano, H, Nakano, S, Ando, S, Watanabe, T, Nakiri, Y, et al. Elevated serum level of circulating syndecan-1 (CD138) in active systemic lupus erythematosus. Autoimmunity (2011) 44(5):357–62. doi: 10.3109/08916934.2010.545846

106. Mosaad, NA, Lotfy, HM, Farag, YM, Mahfouz, RH, and Shahin, RM. Study of serum syndecan-1 levels in a group of Egyptian juvenile systemic lupus erythematosus patients. Immunol Lett (2017) 181:16–9. doi: 10.1016/j.imlet.2016.11.005

107. Celie, JW, Katta, KK, Adepu, S, Melenhorst, WB, Reijmers, RM, Slot, EM, et al. Tubular epithelial syndecan-1 maintains renal function in murine ischemia/reperfusion and human transplantation. Kidney Int (2012) 81(7):651–61. doi: 10.1038/ki.2011.425

108. Liu, L, and Akkoyunlu, M. Circulating CD138 enhances disease progression by augmenting autoreactive antibody production in a mouse model of systemic lupus erythematosus. J Biol Chem (2021) 297(3):101053. doi: 10.1016/j.jbc.2021.101053

109. Noble, PW. Hyaluronan and its catabolic products in tissue injury and repair. Matrix Biol (2002) 21(1):25–9. doi: 10.1016/s0945-053x(01)00184-6

110. Goodall, KJ, Poon, IK, Phipps, S, and Hulett, MD. Soluble heparan sulfate fragments generated by heparanase trigger the release of pro-inflammatory cytokines through TLR-4. PloS One (2014) 9(10):e109596. doi: 10.1371/journal.pone.0109596

111. Miranda, S, Billoir, P, Le Besnerais, M, Joannides, R, Richard, V, Levesque, H, et al. New insights into antiphospholipid-related endothelial dysfunction by assessment of vascular glycocalyx layer: results from a preliminary cross-sectional study. LUPUS (2020) 29(2):157–64. doi: 10.1177/0961203319897958

112. Liu, W, Wang, Y, Zheng, J, Song, D, Zheng, S, Ren, L, et al. Syndecan-1 as an independent risk factor for the incidence of adverse cardiovascular events in patients having stage C and D heart failure with non-ischemic dilated cardiomyopathy. Clin Chim Acta (2019) 490:63–8. doi: 10.1016/j.cca.2018.12.022

113. Horton, MR, McKee, CM, Bao, C, Liao, F, Farber, JM, Hodge-DuFour, J, et al. Hyaluronan fragments synergize with interferon-gamma to induce the C-X-C chemokines mig and interferon-inducible protein-10 in mouse macrophages. J Biol Chem (1998) 273(52):35088–94. doi: 10.1074/jbc.273.52.35088

114. van den Berg, BM, Wang, G, Boels, MGS, Avramut, MC, Jansen, E, Sol, W, et al. Glomerular function and structural integrity depend on hyaluronan synthesis by glomerular endothelium. J Am Soc Nephrol (2019) 30(10):1886–97. doi: 10.1681/asn.2019020192

115. Nagy, N, Freudenberger, T, Melchior-Becker, A, Röck, K, Ter Braak, M, Jastrow, H, et al. Inhibition of hyaluronan synthesis accelerates murine atherosclerosis: novel insights into the role of hyaluronan synthesis. Circulation (2010) 122(22):2313–22. doi: 10.1161/circulationaha.110.972653

116. Henry, CB, and Duling, BR. Permeation of the luminal capillary glycocalyx is determined by hyaluronan. Am J Physiol (1999) 277(2):H508–14. doi: 10.1152/ajpheart.1999.277.2.H508

117. Nieuwdorp, M, Mooij, HL, Kroon, J, Atasever, B, Spaan, JA, Ince, C, et al. Endothelial glycocalyx damage coincides with microalbuminuria in type 1 diabetes. Diabetes (2006) 55(4):1127–32. doi: 10.2337/diabetes.55.04.06.db05-1619

118. Becker, BF, Jacob, M, Leipert, S, Salmon, AH, and Chappell, D. Degradation of the endothelial glycocalyx in clinical settings: searching for the sheddases. Br J Clin Pharmacol (2015) 80(3):389–402. doi: 10.1111/bcp.12629

119. Kadoya, H, Yu, N, Schiessl, IM, Riquier-Brison, A, Gyarmati, G, Desposito, D, et al. Essential role and therapeutic targeting of the glomerular endothelial glycocalyx in lupus nephritis. JCI Insight (2020) 5(19): e131252. doi: 10.1172/jci.insight.131252

120. Fraser, JR, Laurent, TC, and Laurent, UB. Hyaluronan: its nature, distribution, functions and turnover. J Intern Med (1997) 242(1):27–33. doi: 10.1046/j.1365-2796.1997.00170.x

121. Yung, S, Tsang, RC, Leung, JK, and Chan, TM. Increased mesangial cell hyaluronan expression in lupus nephritis is mediated by anti-DNA antibody-induced IL-1beta. Kidney Int (2006) 69(2):272–80. doi: 10.1038/sj.ki.5000042

122. Jiang, DH, Liang, JR, and Noble, PW. Hyaluronan as an immune regulator in human diseases. Physiol Rev (2011) 91(1):221–64. doi: 10.1152/physrev.00052.2009

123. Padberg, JS, Wiesinger, A, di Marco, GS, Reuter, S, Grabner, A, Kentrup, D, et al. Damage of the endothelial glycocalyx in chronic kidney disease. Atherosclerosis (2014) 234(2):335–43. doi: 10.1016/j.atherosclerosis.2014.03.016

124. Feusi, E, Sun, L, Sibalic, A, Beck-Schimmer, B, Oertli, B, and Wuthrich, RP. Enhanced hyaluronan synthesis in the MRL-Fas(lpr) kidney: role of cytokines. Nephron (1999) 83(1):66–73. doi: 10.1159/000045475

125. Dane, MJ, Khairoun, M, Lee, DH, van den Berg, BM, Eskens, BJ, Boels, MG, et al. Association of kidney function with changes in the endothelial surface layer. Clin J Am Soc Nephrol (2014) 9(4):698–704. doi: 10.2215/cjn.08160813

126. Pruna, A, Peyri, N, Berard, M, and Boffa, MC. Thrombomodulin is synthesized by human mesangial cells. Kidney Int (1997) 51(3):687–93. doi: 10.1038/ki.1997.99

127. Lay, AJ, Donahue, D, Tsai, MJ, and Castellino, FJ. Acute inflammation is exacerbated in mice genetically predisposed to a severe protein C deficiency. Blood (2007) 109(5):1984–91. doi: 10.1182/blood-2006-07-037945

128. Nozaki, Y, Ri, J, Sakai, K, Niki, K, Funauchi, M, and Matsumura, I. Protective effects of recombinant human soluble thrombomodulin on lipopolysaccharide-induced acute kidney injury. Int J Mol Sci (2020) 21(7): 2519. doi: 10.3390/ijms21072519

129. Nesheim, M, Wang, W, Boffa, M, Nagashima, M, Morser, J, and Bajzar, L. Thrombin, thrombomodulin and TAFI in the molecular link between coagulation and fibrinolysis. Thromb Haemost (1997) 78(1):386–91. doi: 10.1055/s-0038-1657557

130. Hashiguchi, T, Mizumoto, S, Nishimura, Y, Tamura, J, Yamada, S, and Sugahara, K. Involvement of human natural killer-1 (HNK-1) sulfotransferase in the biosynthesis of the GlcUA(3-O-sulfate)-Gal-Gal-Xyl tetrasaccharide found in alpha-thrombomodulin from human urine. J Biol Chem (2011) 286(38):33003–11. doi: 10.1074/jbc.M111.279174

131. Nara, H, Okamoto, H, Minota, S, and Yoshio, T. Mouse monoclonal anti-human thrombomodulin antibodies bind to and activate endothelial cells through NF-kappaB activation. vitro Arthritis Rheumatol (2006) 54(5):1629–37. doi: 10.1002/art.21797

132. Boehme, MW, Deng, Y, Raeth, U, Bierhaus, A, Ziegler, R, Stremmel, W, et al. Release of thrombomodulin from endothelial cells by concerted action of TNF-alpha and neutrophils: in vivo and in vitro studies. Immunology (1996) 87(1):134–40.

133. Constans, J, Dupuy, R, Blann, AD, Resplandy, F, Seigneur, M, Renard, M, et al. Anti-endothelial cell autoantibodies and soluble markers of endothelial cell dysfunction in systemic lupus erythematosus. J Rheumatol (2003) 30(9):1963–6.

134. Yao, GH, Liu, ZH, Zhang, X, Zheng, CX, Chen, HP, Zeng, CH, et al. Circulating thrombomodulin and vascular cell adhesion molecule-1 and renal vascular lesion in patients with lupus nephritis. LUPUS (2008) 17(8):720–6. doi: 10.1177/0961203308089441

135. Boehme, MW, Raeth, U, Galle, PR, Stremmel, W, and Scherbaum, WA. Serum thrombomodulin-a reliable marker of disease activity in systemic lupus erythematosus (SLE): advantage over established serological parameters to indicate disease activity. Clin Exp Immunol (2000) 119(1):189–95. doi: 10.1046/j.1365-2249.2000.01107.x

136. Ohdama, S, Yoshizawa, Y, Kubota, T, and Aoki, N. Plasma thrombomodulin as an indicator of thromboembolic disease in systemic lupus erythematosus. Int J Cardiol (1994) 47(1 Suppl):S1–6. doi: 10.1016/0167-5273(94)90319-0

137. Boehme, MW, Nawroth, PP, Kling, E, Lin, J, Amiral, J, Riedesel, J, et al. Serum thrombomodulin. A novel marker of disease activity in systemic lupus erythematosus. Arthritis Rheumatol (1994) 37(4):572–7. doi: 10.1002/art.1780370419

138. el-Gamal, YM, Heshmat, NM, el-Kerdany, TH, and Fawzy, AF. Serum thrombomodulin in systemic lupus erythematosus and juvenile idiopathic arthritis. Pediatr Allergy Immunol (2004) 15(3):270–7. doi: 10.1111/j.1399-3038.2004.00085.x

139. Ho, CY, Wong, CK, Li, EK, Tam, LS, and Lam, CW. Elevated plasma concentrations of nitric oxide, soluble thrombomodulin and soluble vascular cell adhesion molecule-1 in patients with systemic lupus erythematosus. Rheumatol (Oxford) (2003) 42(1):117–22. doi: 10.1093/rheumatology/keg045

140. Hu, YQ, Wang, ZX, Xiang, K, He, YS, Feng, YT, Shuai, ZW, et al. Elevated circulating thrombomodulin levels in systemic lupus erythematosus: A systematic review and meta-analysis. Curr Pharm Des (2022) 28(4):306–12. doi: 10.2174/1381612827666211111152319

141. Kotajima, L, Aotsuka, S, and Sato, T. Clinical significance of serum thrombomodulin levels in patients with systemic rheumatic diseases. Clin Exp Rheumatol (1997) 15(1):59–65.

142. Dubin, R, Cushman, M, Folsom, AR, Fried, LF, Palmas, W, Peralta, CA, et al. Kidney function and multiple hemostatic markers: cross sectional associations in the multi-ethnic study of atherosclerosis. BMC Nephrol (2011) 12:3. doi: 10.1186/1471-2369-12-3

143. Adams, DH, and Shaw, S. Leucocyte-endothelial interactions and regulation of leucocyte migration. Lancet (1994) 343(8901):831–6. doi: 10.1016/S0140-6736(94)92029-X

144. Vestweber, D. How leukocytes cross the vascular endothelium. Nat Rev Immunol (2015) 15(11):692–704. doi: 10.1038/nri3908

145. Hwang, SJ, Ballantyne, CM, Sharrett, AR, Smith, LC, Davis, CE, Gotto, AM Jr., et al. Circulating adhesion molecules VCAM-1, ICAM-1, and E-selectin in carotid atherosclerosis and incident coronary heart disease cases: the Atherosclerosis Risk In Communities (ARIC) study. Circulation (1997) 96(12):4219–25. doi: 10.1161/01.CIR.96.12.4219

146. Nakai, K, Itoh, C, Kawazoe, K, Miura, Y, Sotoyanagi, H, Hotta, K, et al. Concentration of soluble vascular cell adhesion molecule-1 (VCAM-1) correlated with expression of VCAM-1 mRNA in the human atherosclerotic aorta. Coron Artery Dis (1995) 6(6):497–502.

147. Reynolds, HR, Buyon, J, Kim, M, Rivera, TL, Izmirly, P, Tunick, P, et al. Association of plasma soluble E-selectin and adiponectin with carotid plaque in patients with systemic lupus erythematosus. Atherosclerosis (2010) 210(2):569–74. doi: 10.1016/j.atherosclerosis.2009.12.007

148. Gustafsson, J, Gunnarsson, I, Borjesson, O, Pettersson, S, Moller, S, Fei, GZ, et al. Predictors of the first cardiovascular event in patients with systemic lupus erythematosus - a prospective cohort study. Arthritis Res Ther (2009) 11(6):R186. doi: 10.1186/ar2878

149. Wuthrich, RP. Vascular cell adhesion molecule-1 (VCAM-1) expression in murine lupus nephritis. Kidney Int (1992) 42(4):903–14. doi: 10.1038/ki.1992.367

150. Daniel, L, Sichez, H, Giorgi, R, Dussol, B, Figarella-Branger, D, Pellissier, JF, et al. Tubular lesions and tubular cell adhesion molecules for the prognosis of lupus nephritis. Kidney Int (2001) 60(6):2215–21. doi: 10.1046/j.1523-1755.2001.00055.x

151. Wellicome, SM, Kapahi, P, Mason, JC, Lebranchu, Y, Yarwood, H, and Haskard, DO. Detection of a circulating form of vascular cell adhesion molecule-1: raised levels in rheumatoid arthritis and systemic lupus erythematosus. Clin Exp Immunol (1993) 92(3):412–18. doi: 10.1111/j.1365-2249.1993.tb03413.x

152. Spronk, PE, Bootsma, H, Huitema, MG, Limburg, PC, and Kallenberg, CG. Levels of soluble VCAM-1, soluble ICAM-1, and soluble E-selectin during disease exacerbations in patients with systemic lupus erythematosus (SLE); a long term prospective study. Clin Exp Immunol (1994) 97(3):439–44. doi: 10.1111/j.1365-2249.1994.tb06107.x

153. Ikeda, Y, Fujimoto, T, Ameno, M, Shiiki, H, and Dohi, K. Relationship between lupus nephritis activity and the serum level of soluble VCAM-1. LUPUS (1998) 7(5):347–54. doi: 10.1191/096120398678920172

154. Hajialilo, M, Tayari, P, Ghorbanihaghjo, A, Khabbazi, A, Malek Mahdavi, A, and Rashtchizadeh, N. Relationship between serum vascular cell adhesion molecule-1 and endothelin-1 levels with organ involvement and disease activity in systemic lupus erythematosus patients. LUPUS (2018) 27(12):1918–25. doi: 10.1177/0961203318796285

155. Rho, YH, Chung, CP, Oeser, A, Solus, J, Raggi, P, Gebretsadik, T, et al. Novel cardiovascular risk factors in premature coronary atherosclerosis associated with systemic lupus erythematosus. J Rheumatol (2008) 35(9):1789–94.

156. Fasano, S, Pierro, L, Borgia, A, Coscia, MA, Formica, R, Bucci, L, et al. Biomarker panels may be superior over single molecules in prediction of renal flares in systemic lupus erythematosus: an exploratory study. Rheumatol (Oxford) (2020) 59(11):3193–200. doi: 10.1093/rheumatology/keaa074

157. Wolf, BJ, Spainhour, JC, Arthur, JM, Janech, MG, Petri, M, and Oates, JC. Development of biomarker models to predict outcomes in lupus nephritis. Arthritis Rheumatol (2016) 68(8):1955–63. doi: 10.1002/art.39623

158. Soliman, S, Mohamed, FA, Ismail, FM, Stanley, S, Saxena, R, and Mohan, C. Urine angiostatin and VCAM-1 surpass conventional metrics in predicting elevated renal pathology activity indices in lupus nephritis. Int J Rheum Dis (2017) 20(11):1714–27. doi: 10.1111/1756-185x.13197

159. Parodis, I, Gokaraju, S, Zickert, A, Vanarsa, K, Zhang, T, Habazi, D, et al. ALCAM and VCAM-1 as urine biomarkers of activity and long-term renal outcome in systemic lupus erythematosus. Rheumatol (Oxford) (2020) 59(9):2237–49. doi: 10.1093/rheumatology/kez528

160. Mok, CC, Soliman, S, Ho, LY, Mohamed, FA, Mohamed, FI, and Mohan, C. Urinary angiostatin, CXCL4 and VCAM-1 as biomarkers of lupus nephritis. Arthritis Res Ther (2018) 20(1):6. doi: 10.1186/s13075-017-1498-3

161. Kiani, AN, Wu, T, Fang, H, Zhou, XJ, Ahn, CW, Magder, LS, et al. Urinary vascular cell adhesion molecule, but not neutrophil gelatinase-associated lipocalin, is associated with lupus nephritis. J Rheumatol (2012) 39(6):1231–7. doi: 10.3899/jrheum.111470

162. Stanley, S, Vanarsa, K, Soliman, S, Habazi, D, Pedroza, C, Gidley, G, et al. Comprehensive aptamer-based screening identifies a spectrum of urinary biomarkers of lupus nephritis across ethnicities. Nat Commun (2020) 11(1):2197. doi: 10.1038/s41467-020-15986-3

163. Soliman, SA, Stanley, S, Vanarsa, K, Ismail, F, Mok, CC, and Mohan, C. Exploring urine:serum fractional excretion ratios as potential biomarkers for lupus nephritis. Front Immunol (2022) 13:910993. doi: 10.3389/fimmu.2022.910993

164. Egerer, K, Feist, E, Rohr, U, Pruss, A, Burmester, GR, and Dorner, T. Increased serum soluble CD14, ICAM-1 and E-selectin correlate with disease activity and prognosis in systemic lupus erythematosus. LUPUS (2000) 9(8):614–21. doi: 10.1191/096120300678828749

165. Sfikakis, PP, Charalambopoulos, D, Vayiopoulos, G, Oglesby, R, Sfikakis, P, and Tsokos, GC. Increased levels of intercellular adhesion molecule-1 in the serum of patients with systemic lupus erythematosus. Clin Exp Rheumatol (1994) 12(1):5–9.

166. Kling, E, Bieg, S, Boehme, M, and Scherbaum, WA. Circulating intercellular adhesion molecule 1 as a new activity marker in patients with systemic lupus erythematosus. Clin Investig (1993) 71(4):299–304. doi: 10.1007/BF00184731

167. Sari, RA, Taysi, S, Erdem, F, Yilmaz, O, Keles, S, Kiziltunc, A, et al. Correlation of serum levels of soluble intercellular adhesion molecule-1 with disease activity in systemic lupus erythematosus. Rheumatol Int (2002) 21(4):149–52. doi: 10.1007/s00296-001-0159-6

168. Tulek, N, Aydintug, O, Ozoran, K, Tutkak, H, Duzgun, N, Duman, M, et al. Soluble intercellular adhesion molecule-1 (sICAM-1) in patients with systemic lupus erythematosus. Clin Rheumatol (1996) 15(1):47–50. doi: 10.1007/BF02231684

169. Wais, T, Fierz, W, Stoll, T, and Villiger, PM. Subclinical disease activity in systemic lupus erythematosus: immunoinflammatory markers do not normalize in clinical remission. J Rheumatol (2003) 30(10):2133–9.

170. Mason, JC, Kapahi, P, and Haskard, DO. Detection of increased levels of circulating intercellular adhesion molecule 1 in some patients with rheumatoid arthritis but not in patients with systemic lupus erythematosus. Lack of correlation with levels of circulating vascular cell adhesion molecule 1. Arthritis Rheumatol (1993) 36(4):519–27. doi: 10.1002/art.1780360412

171. Lhotta, K, Schlogl, A, Kronenberg, F, Joannidis, M, and Konig, P. Soluble intercellular adhesion molecule-1 (ICAM-1) in serum and urine: correlation with renal expression of ICAM-1 in patients with kidney disease. Clin Nephrol (1997) 48(2):85–91.

172. Skeoch, S, Haque, S, Pemberton, P, and Bruce, IN. Cell adhesion molecules as potential biomarkers of nephritis, damage and accelerated atherosclerosis in patients with SLE. LUPUS (2014) 23(8):819–24. doi: 10.1177/0961203314528061

173. Chan, TM, Yu, PM, Tsang, KL, and Cheng, IK. Endothelial cell binding by human polyclonal anti-DNA antibodies: relationship to disease activity and endothelial functional alterations. Clin Exp Immunol (1995) 100(3):506–13. doi: 10.1111/j.1365-2249.1995.tb03730.x

174. Wuthrich, RP, Jevnikar, AM, Takei, F, Glimcher, LH, and Kelley, VE. Intercellular adhesion molecule-1 (ICAM-1) expression is upregulated in autoimmune murine lupus nephritis. Am J Pathol (1990) 136(2):441–50.

175. Monroy Trujillo, JM, and Fine, DM. Lupus nephritis in the era of biomarkers. Clin J Am Soc Nephrol (2016) 11(1):4–5. doi: 10.2215/cjn.12371115

176. Rovin, BH, and Zhang, X. Biomarkers for lupus nephritis: the quest continues. Clin J Am Soc Nephrol (2009) 4(11):1858–65. doi: 10.2215/cjn.03530509





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 © 2023 Yung and Chan. 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.




Glossary


 






REVIEW

published: 04 October 2023

doi: 10.3389/fimmu.2023.1267091

[image: image2]


The role of inflammation in autoimmune disease: a therapeutic target


Yu Xiang 1†, Mingxue Zhang 2†, Die Jiang 3, Qian Su 4* and Jianyou Shi 1*


1 Department of Pharmacy, Personalized Drug Therapy Key Laboratory of Sichuan, Sichuan Academy of Medical Science & Sichuan Provincial People’s Hospital, Sichuan Provincial People’s Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China, 2 State Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of Traditional Chinese Medicine, Chengdu, Sichuan, China, 3 School of Life Science and Engineering, Southwest Jiaotong University, Chengdu, China, 4 Department of Health Management & Institute of Health Management, Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, Chengdu, China




Edited by: 

Jian Gao, Shanghai Children’s Medical Center, China

Reviewed by: 

Yong Ling, Nantong University, China

Peng Wang, Anhui Medical University, China

*Correspondence: 

Jianyou Shi
 shijianyoude@126.com 

Qian Su
 20020248@163.com








†These authors have contributed equally to this work and share first authorship



Received: 26 July 2023

Accepted: 20 September 2023

Published: 04 October 2023

Citation:
Xiang Y, Zhang M, Jiang D, Su Q and Shi J (2023) The role of inflammation in autoimmune disease: a therapeutic target. Front. Immunol. 14:1267091. doi: 10.3389/fimmu.2023.1267091



Autoimmune diseases (AIDs) are immune disorders whose incidence and prevalence are increasing year by year. AIDs are produced by the immune system’s misidentification of self-antigens, seemingly caused by excessive immune function, but in fact they are the result of reduced accuracy due to the decline in immune system function, which cannot clearly identify foreign invaders and self-antigens, thus issuing false attacks, and eventually leading to disease. The occurrence of AIDs is often accompanied by the emergence of inflammation, and inflammatory mediators (inflammatory factors, inflammasomes) play an important role in the pathogenesis of AIDs, which mediate the immune process by affecting innate cells (such as macrophages) and adaptive cells (such as T and B cells), and ultimately promote the occurrence of autoimmune responses, so targeting inflammatory mediators/pathways is one of emerging the treatment strategies of AIDs. This review will briefly describe the role of inflammation in the pathogenesis of different AIDs, and give a rough introduction to inhibitors targeting inflammatory factors, hoping to have reference significance for subsequent treatment options for AIDs.
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1 Introduction

When talking about autoimmune diseases (AIDs), it is necessary to mention the concept of “immune tolerance”, which is an acquired feature during human development (1). Immune tolerance is disrupted by immune system disorders leading to malignant proliferation of autoreactive T and B lymphocyte populations, which in turn produce an attack response to autoantigens (2, 3). This process is the basis and root cause of AIDs, mainly caused by the immune system’s ineffective judgment of self and non-self (4). The occurrence of AIDs usually goes through three stages, first of all, the immune system is blocked under the stimulation of a variety of factors, at which time the immune tolerance has been destroyed. In this process, the activated innate immune response triggers the emergence of adaptive immune response, and T and B cells misrecognize antigens to cause abnormal immune function; Secondly, abnormal proliferation of innate immune cells (macrophages, granulocytes, dendritic cells) secretes a large number of inflammatory factors to stimulate abnormal infiltration of T and B cells, and eventually patients has progressive inflammation and tissue damage; Finally, the control stage of AIDs is usually limiting the development of autoimmune responses from the internal and extrinsic mechanisms of cells, and this stage would continue to have the possibility of remission and recurrence (5, 6).

In terms of maintaining immune homeostia and preventing immune tolerance, regulatory T cells (Treg cells) are a key cell that reduces the activation and proliferation of autoreactive T cells in the body through cell-to-cell contact and secretion of inhibitory cytokines in various immune cell subsets mediated by the regulatory factor Foxp3, one of the key transcription factors for Treg cell development and function, thereby alleviating the development of AIDs (7). However, due to the changes of Foxp3 or epigenetics, Treg cells might be unstable or plasticity (TH1-like, TH2-like or TH17-like cells) to develop numerical or functional deficits, leading to AIDs (8). Therefore, maintaining the balance between autoimmune effects and immunomodulatory responses is pivotal to treating AIDs (6, 9). Next, this review mainly discusses the role of inflammation in AIDs and proposes therapeutic strategies targeting inflammatory mediators/pathways.




2 Autoimmune diseases



2.1 Features and classification

Autoimmune reactions are physiological and pathological, and physiological autoimmunity is usually a low-level recognition of exogenous antigens by immune cells - T cells and B cells. Because autoantigens have similarities with foreign antigens, the specific recognition of the two is not well distinguished, so it leads to the emergence of pathological autoimmunity, which is accompanied by a decrease in the survival rate and activation threshold of B cells, as well as changes in T cell activation and proliferation, which also marks immune tolerance disorders (5, 10). The main feature of AIDs is the presence of autoantibodies targeting the bulk tissue, which would trigger its own cytotoxic reaction, eventually resulting in pathological changes in organ tissues, accompanied by inflammation, which is also called pathological AIDs (2, 4). Helper T cells produce cytokines or recruit inflammatory cells to cause tissue damage, while autoantibodies cause cells’ damage or death and drive inflammation through mechanisms of interaction with their antigen-binding sites (Fab) or crystallizable fragments (Fc), formation of immune complexes, cytolysis or phagocytosis of target cells, both of which mediate the emergence of AIDs (5, 10).

At present, there are more than 100 AIDs, including rheumatoid arthritis, Sjogren’s syndrome, systemic sclerosis, juvenile idiopathic arthritis, psoriasis. An important way to classify AIDs is through systemic and organ-specific distinctions, of which systemic representatives are systemic lupus erythematosus, which occurs in joints, kidneys, lungs, skin, and heart (2). Such diseases may have similarities in clinical, immunological and genetic characteristics, while organ-specific representatives are type 1 diabetes mellitus that occurs in the pancreas, but different AIDs have specific disease characteristics (2, 11).




2.2 Epidemiology and diagnosis

For the general population, the prevalence of AIDs is about 4.5%, of which 2.7% in men and 6.4% in women with significant differences. The risk of most AIDs in women is much higher than in men, indicating a bias of AIDs towards women (12). However, there is a higher proportion of some disorders in men, including Guillain-Barré syndrome and ankylosing spondylitis, which show a higher prevalence than in women (13). The main reason for the gender differences in the manifestations of AIDs may be discrepant in the immune systems of men and women, in which diverse categories of lymphocytes are different. Women have more T lymphocytes and show a stronger autoimmune response, which might make women more susceptible to AIDs (14, 15). In addition, the prevalence of Ulcerative colitis (UC) and Crohn’s disease (CD) is at a balanced level in the proportion of men and women, so there are geographical differences in the incidence and prevalence of different AIDs in men and women. For example, celiac disease usually occurs more in women, but shows a higher prevalence in men in India (16).

Currently, clinical symptoms, physical examination, laboratory tests, and radiological results are fundamental to the diagnosis of AIDs. In the case of rheumatoid arthritis, the physical examination focuses on joint pain, swelling, redness, and rigidity, and laboratory tests include inflammatory and serological markers (5, 17). In most AIDs, an antinuclear antibody (ANA) test can initially screen suspected patients. A positive result indicates that the immune system is under false immune stress, and the higher the number, the greater the probability of developing the autoimmune disease, but there are false positives (18). Hence, once positive is confirmed, antibody tests are also performed, combined with clinical features to obtain more accurate diagnostic information (19).

The reactivity of binding autoantibodies in serum of autoimmune patients is a key step in diagnosis, and autoantibodies have been initiated as to be used as a biomarker in the diagnosis of some diseases. For instance, autoantibodies against SSA and SSB in Sjogren’s syndrome (3), anti-PLA2R antibodies in primary membranous nephropathy (20), and IgM anti-dsDNA antibodies to prevent lupus nephritis (21). These predictive antibodies might be able to recognize the presence of risk of AIDs and play a preventive role in risk factors (22). Meanwhile, citrullineated products, including CPs and citrullineated proteins, began to be used as markers for the diagnosis of RA. CPs were detected by synovial samples from inflammatory joints in RA patients, while anti-citrullinated peptides/protein antibodies (ACPAs), which could be converted to citrulline by PADs enzymes, disrupting immune tolerance, could be detected by mass spectrometry (17). In addition, RA-related autoantibodies rheumatoid factor (RF) are also an indicator of laboratory testing, but diagnosis must be made in conjunction with imaging (23). Therefore, the autoantibody immune reactivity in the patient is important diagnostic information, which has reference significance for some potential immune diseases. Autoantibody detection experiments should be carried out on the basis of some other test results and clinical features, and finally combined with a variety of test results to obtain diagnostic conclusions (3, 19).

In addition, inflammatory factors may play a role in the diagnosis and treatment of diseases by acting as biomarkers of inflammatory diseases to assess the degree of activity. For example, integrin is a key pathogenesis in the mechanism of juvenile idiopathic arthritis, and elevated level of it is an important marker for patients. Meanwhile, testing for CXCL9 may be a useful test for this disease activity (24). Measurement for serum levels of cytokines or soluble cytokine receptors may make a judgment about the efficacy of biologics in patients. Nishina et al. found that baseline levels of IL-6R appear to predict clinical remission after tocilizumab treatment in RA patients, but are not associated with disease activity (25). Therefore, inflammatory factors are not only important players in the pathogenesis of AIDs, but also have an auxiliary role in diagnosis and treatment.




2.3 Causative factors

The genetic susceptibility to AIDs may be related to the incidence and risk of diseases. Studies have shown the prevalence of first-degree family members and monozygotic twins of patients, and the matching rate of monozygotic twins is higher than that of monozygotic twins. The reason is probably the genes of such people are too similar to the genes of infected people, and then the probability of carrying disease genes would be higher. so the risk of disease would increase, indicating vulnerability to these diseases must be rooted at least in part in heredity (10). AIDs, on the other hand, are often the result of multiple susceptibility genes leading to an abnormal phenotype. At the same time, the presence of susceptibility genes makes gene polymorphisms promote autoimmunity (10). According to genomic analysis, gene mutations and polymorphisms are strongly associated with the development of AIDs. For example, the correlation between HLA-DR3, a class II HLA molecule, and autoantibodies, might affect subtypes of systemic lupus erythematosus, Sjogren’s syndrome, and autoimmune myositis (11). The emergence of susceptibility is frequently connected with risk factors including smoking, obesity, family history of AIDs, immune deficiency, and low vitamin D status, so these aspects could be used to avoid it when considering preventive measures for the disease to reduce the probability of the disease (22).

Nevertheless, the occurrence of AIDs is caused by a combination of genetic susceptibility and environmental factors of to contribute an imbalanced response of the immune system between self-defense and immune tolerance (2, 4). Environmental factors also play a crucial role, for example, cutaneous lupus might be caused by excessive apoptosis due to ultraviolet radiation, which possibly results in the production of autoantigens to trigger an autoimmune response (26). Meanwhile, genetic and environmental factors interact with each other, for example, smoking may contribute to the production of autoantibodies in autoimmune myositis, which is the result of interaction with HLA haplotypes (11). Therefore, immune-related gene polymorphisms may lower the threshold for autoreactive T cell activation, which combined with environmental stimulation and improper regulation of cytokines to lead to tissue damage ultimately.





3 Autoimmune diseases and autoinflammatory diseases

The most essential difference between autoimmunity and autoinflammation is that the type of immune system disorder is not the same (27). First of all, it is necessary to understand two concepts, innate immunity and adaptive immunity, the former is the first barrier against injury and infection, mainly involving monocytes, macrophages, neutrophils, but less specificity, while the latter has a stronger resistance but takes more time to appear, produced by innate immune stimulation (28). Both activate the conduction of TNF, IL and IFN signaling pathways, but overactivation carries a risk of autoimmunity and autoinflammation (29). Autoimmunity is an adaptive autoimmunity, the major body involved is lymphoid T and B cells, mainly after the autoimmune tolerance is disrupted and the immune system dysfunction appears a sustained immune response to its own cells, which in turn leads to tissue damage and clinical features (30).

However, AIDs and autoinflammatory diseases are similar and potentially linked. Both diseases can cause systemic injury, although the pathways leading to tissue damage are different, autoinflammatory diseases are inflammation and damage directly caused by the innate immune system, while AIDs lead to the persistence of inflammation through the corresponding pathway after the emergence of adaptive immunity caused by innate immunity (28). However, the emergence of adaptive immunity involves innate immunity, and long-term stimulation of congenital inflammation contributes to abnormal activation and infiltration of T and B cells, which disrupts immune tolerance and leads to the production of autoantibodies, resulting in autoimmunity to aggravate tissue damage and inflammation (28). In the meantime, both innate immunity and adaptive immunity are affected by the cytokine IL-1β. The former manifests IL-1β, as a driver of inflammation, might lead to innate immune abnormalities to result in the emergence of autoinflammation (31), while the latter is an increase in proliferation of lymphoid T and B cells due to the impact of IL-1β, which possibly increases adaptive immunity, and if this process is excessive, it might lead to the development of AIDs (32). Hence, the emergence of AIDs might be accompanied by the appearance of features of autoinflammation, and the demarcation between the two is not very well defined clinically. So there are three situations in the pathogenesis of immune diseases, namely simple autoimmune mechanism, complete autoinflammatory mechanism and autoinflammatory-autoimmune mechanism, and clarifying the specific pathogenesis is very critical for the treatment of the disease (27).

At present, the treatment strategies of AIDs focus on targeting lymphocytes, and anti-inflammatory strategies have good results in the treatment of autoinflammatory diseases. From the perspective of pathogenesis, these related cytokines and inflammatory complexes also play an important role in AIDs. For example, a significant increase in IL-18 levels was found in the serum of patients with systemic lupus erythematosus, and its expression also correlated with the intensity of damage and renal activity in patients (33). The innate immune system of rheumatoid arthritis patients was activated, so the macrophages involved in it released the pro-inflammatory factors TNF, IL-1β, IL-8, and the inflammatory process indicated that the nlrp3 inflammasome was abnormally activated, which possibly drove the stimulation of adaptive immunity, potentially leading to autoimmune production (34, 35). These suggest that inflammatory processes play an important role in autoimmune responses, and that anti-inflammatory strategies might become another effective therapeutic measure for AIDs.




4 The role of inflammation in the pathogenesis of autoimmune diseases

When the body is subjected to external adverse stimuli, it will stimulate the body’s innate immunity and trigger inflammation, followed by the emergence of adaptive immunity. Once the adaptive immune system is disordered, it may lead to AIDs. The microenvironment balance of pro-inflammatory and anti-inflammatory cytokines in these processes is closely associated with AIDs, particularly rheumatoid arthritis, inflammatory bowel disease, and systemic lupus erythematosus, which have a persistent inflammatory response in the pathological features of AIDs (36, 37). Therefore, inflammatory dysfunction plays an important role in the pathogenesis of AIDs. Subsequently, inflammation may become the treatment direction of the disease. However, there are many AIDs, and the role of inflammation in different diseases may be different. The potential role of inflammation in the pathogenesis of different AIDs will be briefly introduced below.



4.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) (Figure 1) is a chronic inflammatory autoimmune disease characterized by synovitis that clinically presents with joint swelling and pain, cartilage erosion, and injury, accompanied by a persistent inflammatory state (38). RA is usually caused by immune cells soaking the membrane joints. The occurrence of synovitis is induced by the infiltration of a large number of white blood cells into the synovial compartment, which is related to immune activation. Under the combined action of innate and adaptive immune systems, heterogeneous changes in stromal cells (fibroblasts) in the synovium result in RA (39, 40). Macrophages polarize to the M1 pro-inflammatory phenotype and produce a large number of pro-inflammatory cytokines (such as TNF, IL-1 and IL-6) and pro-inflammatory molecules or mediators (such as inflammasomes, reactive oxygen species, MMPs) to promote the ongoing inflammatory process and activate neighboring T cells, dendritic cells, fibroblast-like synovial cells (FLS), ultimately leading to joint cartilage damage (39, 41); the M2 anti-inflammatory phenotype is far from sufficient to resist the deterioration of inflammation (41). In the remission of RA, a cluster of macrophages, MerTKposCD206pos, has a recovery effect on inflammation and induces the repair capacity of FLS, which probably helps maintain immune homeostasis in the joints (40), so the bidirectional action of macrophages works at different stages. Adaptive immune cells (such as T-helper-1 and T-helper-17 cells, B cells) begin diffuse infiltration into the synovium, and gradually proliferate, differentiate and produce autoantibodies, which also produce inflammation-related effector factors (such as IL-10, IL-17) and recruit inflammatory cells (37). This process is accompanied by selective activation of aggressive synovial fibroblasts, which produce pro-inflammatory factors and induce the transition from joint inflammation to chronic synovitis, while accelerating the migration of synovitis to other joints, driving synovial inflammation and bone erosion (39, 42–44). Hence, the inflammatory state has always been accompanied by the development of RA, and the degree changes with different stages, from the initial arthritis to chronic synovitis, and may continue to worsen.




Figure 1 | The pathogenesis of RA. Antigen-presenting cells activate T cells and B cells to trigger adaptive immunity. B cells produce autoantibodies that stimulate macrophages to secrete pro-inflammatory factors and promote transcription of inflammatory genes. T cell differentiation into TH17 cells plays a pro-inflammatory role, and IL-4/IL-13 produced by TH2 cells triggers the activation of anti-inflammatory signaling pathways, and the production of anti-inflammatory factors and anti-inflammatory lipids is conducive to disease reversal. PD1 PD15, anti-inflammatory lipids. APCs, antigen-presenting cells. TCR, T cell receptor. TLR, Toll-like receptor.



ACPAs produced by B cells and rheumatoid factor (RF) are the hallmark autoantibodies in RA patients, the former is significantly more specific in patients than the latter, and plays a key role in the autoimmune response (42, 45). Individuals with high expression of ACPAs and RF develop acute arthritis for a short time but resolve quickly, and yet, there is still a possibility of developing chronic synovitis. Under the induction of ACPAs, osteoclasts secrete CXCL8 to promote neutrophil differentiation and infiltration into the synovial compartment. ACPAs and the immune complex between ACPA-IgG stimulates macrophages to produce pro-inflammatory factors to drive inflammation by binding to Toll-like receptor 4 (TLR4) and Fc receptors (42). In addition, complement activation or microvascular damage may alter vascular permeability to accelerate the transfer of inflammatory cells to the synovium, promoting the progression of RA (45). Thus, ACPAs and RF-mediated events promote the activation of inflammation-associated cytokines, increasing the damaging effects of inflammation and driving the development of chronic synovitis (39). There are also studies that show in leukocyte-rich RA, levels of inflammatory response genes (PTGS2, PTGER3, and ICAM1) in fibroblasts and monocytes are significantly elevated (46). The above shows that inflammation is an important player in RA, and what are the effects of inflammatory factors and inflammatory mediators produced by these cells on RA?

Up to now, there have been two pro-inflammatory factors in the pathogenesis of RA, TNF and IL-6, which are the most studied. Both of them play a multifaceted role in the pathogenesis of RA, which stimulate the activation of stromal cells to aggravate the inflammatory response. TNF activates NF-kB and induces transcription of downstream inflammatory target genes through binding to TNF1R, and also promotes the recruitment of immune cells to the site of inflammation to accelerate tissue damage, while binding to TNF2R mediates the function and differentiation of Treg cells to maintain immune homeostasis (47). IL-6, mainly derived from Subliming fibroblasts and B cell (46), activates the intracellular JAK/STAT signaling pathway by binding to receptors, and STAT phosphorylated by JAK translocates to the nucleus to mediate the transcription of target genes, affecting cell proliferation and differentiation (47, 48). This signaling pathway exhibits constitutive phosphorylation activity in both T cells and monocytes. If this signaling pathway is impaired, it could effectively alleviate and improve the progression of RA (49), so JAK inhibitors have good therapeutic prospects in RA patients. IL-6 also stimulates CD4+ T cell proliferation and differentiation of Treg, Th17, and Tfh cells (47). Granulocyte-macrophage colony-stimulating factor (GM-CSF), a hematopoietic growth factor produced primarily by T cells and stromal cells, acts as a soluble pro-inflammatory factor that can lead to inflammation by stimulating innate immune cells, such as inducing the polarization of the macrophage M1 phenotype and stimulating the activation of neutrophils (47, 50). Some research also indicates that MMPs, highly expressed in RA patients, are derived from a variety of cells, particularly cadherin-11-positive FLS, where proteases such as collagenase and matrix lysin cause severe damage to cartilage (39). These pro-inflammatory factors activate FLS to release more cytokines, resulting in the recruitment of a large number of pro-inflammatory factors in the synovial space, which extremely increases the number of such cytokines and stimulates the formation of osteoclasts and the degradation of cartilage. The synergistic effect between pro-inflammatory factors is required for the pathogenesis of RA, such as the stimulating effect of TNF-α on IL-6 and the IL-6-STAT pathway on IL-17-induced inflammation (47).

At the same time, some anti-inflammatory factors play a role in disease alleviation in RA, including IL-4, IL-13, IL-5, IL-9, and IL-33 (47). IL-4 and IL-13, mainly produced by helper T cells 2 (TH2) and 2 groups of innate lymphoid cells (ILC2s), activate the downstream STAT6 pathway by binding to the receptor to promote the polarization process of the macrophage M2 phenotype, accelerating the release of other anti-inflammatory factors, and inhibit the infiltration of inflammatory cells into the synovium and the production of pro-inflammatory factors. These effects reduce the production of osteoclasts and the damage of chondrocytes, so ultimately the tissue damage and inflammation of RA are alleviated (47). The anti-inflammatory effect of IL-5 is mainly manifested in the recruitment of eosinophils at the site of inflammation, and the cells help the resolution of inflammation by the production of IL-4 and IL-13 to mediate the differentiation of the M2 phenotype and the secretion of anti-inflammatory lipids (such as PD1, PD15) (47, 51). The anti-inflammatory action of IL-9 occurs mainly during the regression phase of RA, which affects the proliferation of ILC2 to make Treg cells be activated, and this regressive role on arthritis reduces cartilage damage to relieve inflammation and maintain immune homeostasis (52). The function of IL-33 on RA varies with the stage of the disease. In the early stage, it plays a pro-inflammatory role by promoting the migration of inflammatory cells and the release of related factors, while in the regression phase of RA, IL-33 affects the proliferation and differentiation of ILC2 and TH2 cells, as well as the tendency to regulatory M2 phenotypic production, especially the activation of Treg cell population, which are very beneficial for reversing RA (53).

In summary, most anti-inflammatory cytokines indirectly or directly mediate the polarization process from macrophage M1 to M2 phenotype, which ultimately influences tissue damage and inflammation. However, there are more than two phenotypes of macrophages, and the distribution of polarized macrophage subsets varies in different diseases. Studies have shown higher expression of CD163 in synovitis in spondylarthritis compared with RA, which might lead to different outcomes in chronic synovitis (54). In addition to being an autoimmune disease, RA is also a chronic systemic inflammatory disease, in which inflammation is the main pathological feature. Consequently, figuring out the role of inflammation in RA is very beneficial to the development of anti-cytokine therapeutic agents. Anti-inflammatory therapy may become the first choice for this disease in the future, which has two research ideas, namely inhibitors of pro-inflammatory factors or agonists of anti-inflammatory factors, but which treatment of RA is better needs further research.




4.2 Systemic lupus erythematosus

systemic lupus erythematosus (SLE) (Figure 2), as a systemic autoimmune disease, is also a chronic diffuse connective tissue disease that invades the systemic system, which often occurs in women, and clinically manifests skin lesions, arthritis, kidney disease, hematologic changes, with a great risk of cardiovascular morbidity (55). The main feature of SLE is that the process of destruction of immune tolerance is accompanied by the emergence of autoantibodies and immune complexes, which lead to the dysfunction of T cells and B cells and the abnormal increasement in some cytokines (56). Such disease usually leaves most organs in an inflammatory state and tissue damage, and the degree of inflammation of each organ is often used as an important reference indicator for SLE activity scores, including the level of C-reactive protein (CRP), a standard marker of inflammation, decreased erythrocyte sedimentation rate (ESR) possibly triggered by inflammation and anemia (57, 58).




Figure 2 | The pathogenesis of SLE. The appearance of NETosis in neutrophils promotes the secretion of IFN-α/β by pDC cells to stimulate the body’s innate immunity and adaptive immunity, while the frontal interaction between inflammatory cells and lymphoid T and B cells results in the production of a large number of inflammatory factors. APCs, antigen-presenting cells. TCR, T cell receptor. BCR, B cell receptor. BAFFR, B-cell activating factor receptor. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate.



Studies have shown that most patients with SLE have “type I interferon (IFN) characteristics”, and its content and induced gene expression are elevated in vivo, which is highly related to the pathogenesis of SLE. So IFN is an important pathogenic factor leading to the destruction of immune tolerance in SLE. Previous studies have shown that IFN has antiviral function, which is a key linker of innate immune response and adaptive immune response. Under abnormal external stimulation, a large number of IFN-α/β produced would affect the activation and proliferation of immune cells (macrophages, CD8-T cells, B cells) and induce apoptosis of infected cells (59, 60). But in SLE, the imbalance in the production and clearance of apoptotic cells leads to an increase in autoantigens, which might be presented to autoreactive B cells to influence the body’s immune tolerance. These induce the emergence of pro-inflammatory factors and autoantibodies and an increase in immune complexes to lead to massive deposition of their various organs and tissues, which might stimulate the response of the autoimmune response to result in tissue damage and inflammation (61, 62). IFN-α, mainly derived from plasmacyte-like dendritic cells (pDC), could affect B cells in many ways, including stimulating dendritic cells to produce B-cell activating factor (BAFF, also known as BLyS), increasing the response of B cells to BAFF and promoting the transformation of B cells (63), which may increase the production of autoantibodies. Stimulation of Treg cell dysfunction by IFN-α may induce disruption of immune tolerance, but the regulation of Treg cells by IL-2 may reverse this phenomenon. In addition, IFN stimulates multiple cells to produce pro-inflammatory and chemokines. It could be seen that IFN plays an important role in the pathogenesis of SLE. Compared to macrophages in RA, neutrophils are an important factor driving early SLE inflammation and organ damage, which release proteases, ROS, and pro-inflammatory factors to stimulate immune disorders (64). Abnormal subsets have highly expressed NETosis, a cell death mechanism, which presents neutrophil extracellular traps (NETs), in which contain pro-inflammatory factors that promote the development of inflammation. At the same time, NETs as autoantigens also stimulate the emergence of anti-neutrophil cytosolic antibodies to form immune complexes, which promotes more IFN production (62, 65). The immune complexes formed by these processes are absorbed by phagocytes, DCs, and pDCs through the Fc receptor to activate autoreactive T and B cells in the immune system (6, 57). Immune complexes may be deposited in various organs if they are not effectively cleared, leading to tissue damage and inflammation (6).

The expression of many cytokines in SLE is at an increased level, which affects the destruction of susceptibility and tolerance of SLE (65). These factors are dysfunctional before the appearance of clinical features of SLE, of which IL-18 and TNF are the two most important pro-inflammatory factors. Both could be used as inflammatory markers of SLE, are extremely elevated in patients, and their expression has a great correlation with the degree of SLE activity (56). IL-18 and IFN-γ are positively correlated, possibly because IL-18 induces the production of IFN-γ, while IFN-γ in turn affects the expression of IL-18-binding proteins, so the synergy between these two factors promotes the development of SLE (56, 66, 67). However, IL-18-binding proteins may produce a negative feedback regulation to reduce the production of IL-18 and IFN-γ, which has been confirmed in some preclinical studies, and it may be a new idea in the treatment of SLE (67, 68). These proteins appear to play the role of inhibitors in IL-18 and IFN-γ. The role of TNF in SLE is currently controversial, although TNF is involved in autoimmune responses in a variety of pathways, including immunomodulatory effects through the effects on proliferation, differentiation and cytokine secretion of B-cells, T cells, and dendritic cells, and the pro-inflammatory effects on the aggregation of neutrophils and activation of monocytes, and the stimulation of IFN expression (69). Preclinical studies have shown that after administration of high doses of TNF-α, lupus-susceptible mice delayed disease onset without preventing the onset of disease (70), while TNF-α in mice already suffering from lupus might have malignant consequences (71), suggesting that the effect of TNF-α on lupus may vary depending on the state and tissue of the disease (i.e., the former is the lupus susceptibility model and the latter is the experimental SLE). These all show that the ambiguity of the effect of TNF-α on SLE, and how its interaction with the receptor would have on SLE is not very clear. Subsequent experiments are needed to explore, but the pro-inflammatory effect of TNF-α on inflammation in SLE is very clear (72). In addition, IL-17, as a pro-inflammatory factor, recruits inflammatory factors, chemokines, and inflammatory cells to the tissue site to affect inflammation and damage (65). The IL-23/IL-17 axis formed by its combination with IL-23 may be positively correlated with the severity of SLE, mainly because Th17 cells acting on IL-23 could produce IL-17 and expand it to drive the development of inflammation (73). Meanwhile, studies found that the IL-12/IL-23 axis appeared to play a role in SLE, and targeting this mediator may inhibit the progression of the disease. It could be seen that the inflammation of SLE is produced by the combined action of many factors.




4.3 Systemic sclerosis

Systemic sclerosis (SSc) (Figure 3), also known as scleroderma, is an autoimmune chronic fibrotic disease, clinically manifested as skin hardening of the limbs and face, essentially caused by severe skin fibrosis. In the early stage of the disease there is no obvious specific clinical feature, making early diagnosis very difficult, so it can only be judged by the Raynaud’s phenomenon due to endothelial dysfunction, autoantibodies and skin phenotype. In the terminal stage, the disease deterioration is more serious to be easily diagnosed, including ulceration of the fingers, joint contractures, sclerosis (74, 75). As a systemic disease, SSc is usually manifested in the kidneys, heart, gastrointestinal tract, and musculoskeletal disease, especially the emergence of interstitial lung diseases, which is the main cause of SSc’s death. Therefore, screening patients with SSc for organ involvement is critical (75).




Figure 3 | The pathogenesis of SSc. Upregulation of vasoactive factors affects apoptosis of epithelial cells, followed by cytokines that stimulate the immune response in the body, and the inflammatory response that occurs eventually triggers the transformation of fibroblasts, leading to the formation of skin fibrosis. ECM, extracellular matrix. CXC, chemotaxis.



The main pathological features in the pathogenesis of SSc are vascular lesions, immune system disorders, and skin fibrosis, which are closely related and accompanied by the emergence of early inflammation, an important factor in inducing fibrosis (76, 77). Firstly, under endogenous or exogenous stimulation, vascular lesions occur, and abnormal expression of vasoactive molecules changes vascular permeability, when endothelial cells are damaged or apoptosis and activated, recruiting inflammatory cells and immune cells (such as monocytes/macrophages, pDC) to the lesion site to cause inflammatory infiltration, and activating the innate immune response. These cells are activated to release pro-inflammatory and chemokines to induce tissue inflammatory response, microvascular damage and oxidative stress, which trigger fibrosis (74, 77), in which oxidative stress plays an important role. Abnormal oxidative stress has been found in SSc patients, that is, excessive production of ROS and an imbalance between oxidation and oxidation, and its effect with the inflammatory response (i.e., the effect of ROS on macrophage polarization and activation of inflammasome NLRP3 (78)) may promote the development of vascular lesions, and its induction effect on autoimmune disorders, endothelial dysfunction, and fibrosis is conducive to maintaining the pro-inflammatory state of SSc (79, 80).

In the adaptive immune process, T cells undergo inflammatory infiltration and abnormal expression, and partially differentiate into pathogenic T cells (such as Th17, Th1, TH2), which secrete pro-inflammatory factors to aggravate early tissue inflammation. Dysfunctional imbalances between pathogenic T cells and cells (Treg cells) which are beneficial to maintain immune homeostasis and abnormal differentiation of Treg cells might lead to SSc (77, 81). At the same time, IL-4 and IL-13, secreted by TH2 cells, exert a profibrotic role in SSc driving the deposition of ECM in fibroblasts, which is different from the disease-reversal effect shown in RA (81). B-cells activated by BAFF are stimulated by DC-presented antigens to produce autoantibodies that may have the ability to maintain and stimulate fibrosis of SSc (82), for example, the induction of persistent apoptosis of endothelial cells by endothelial autoantibodies (AECA) is beneficial to fibrotic lesions in SScs (83). B cells also secrete IL-6 to induce proliferative differentiation of autoreactive T cells and have pro-inflammatory effects, while direct or indirect contact between B cells and other cells is involved in the induction of fibrosis, cell activation and apoptosis, vascular lesions, and immune dysregulation processes (82). Moreover, T and B cells stimulate the proliferation, differentiation, and synthesis of fibroblasts in SScs by secreting cytokines (e.g., TNF-α, IL-6, TGF-β), promoting the progression of fibrosis (84, 85). This process leads to persistent inflammatory infiltration of SSc, which is linked to subsequent fibrosis and matrix deposition.

During the inflammatory phase, macrophages are activated to polarize into the M1 type, producing a large number of pro-inflammatory and chemokines, especially TGF-β (mainly produced by macrophages), which leads to pathological fibrosis. Early studies clearly showed that TGF-β is the most important effective inducer in fibrosis, stimulating the activation of fibroblasts and differentiation into myofibroblasts (the main effector cells for fibrosis formation), which could also be obtained through endothelial-mesenchymal transformation of endothelial cells. Myofibroblasts produce large amounts of collagen and express α-SAM, resulting in abnormal increase and excessive deposition of the extracellular matrix (ECM), which causes fibrosis (86, 87). The other effects of TGF-β on fibrosis have been described in other literatures, so they would not be repeated here. The occurrence of fibrosis and inflammation are inseparable, and chronic inflammation is one of the pathological features of SSc, so inflammation must play an important role in the pathogenesis of SSc. In addition to being the cause of fibrosis, its related pro-inflammatory factors and inflammatory mediators are also key participants in the pathogenesis of SSc. These pro-inflammatory factors not only act as promoters of inflammation, but also are a mediator to induce pathological fibrosis. For example, in SSc lung fibroblasts, inflammatory some NLRP3 mediated collagen synthesis by increasing miR-155 expression to promote fibrosis (88), while the effects of inflammatory factors IL-6, TNF-α, IL-4, and IL-13 on SSc have been discussed above. It can be seen that inflammation is an important player in the pathogenesis of SSc.




4.4 Sjogren syndrome

Sjogren syndrome (SS) (Figure 4) is a chronic systemic autoimmune disease, but it is more common in the lacrimal and salivary glands, and clinically manifests as keratoconjunctivitis sicca, dry mouth (89). SS is divided into primary Sjogren syndrome (pSS) and secondary Sjogren syndrome (sSS), in which sSS appears on the basis of other immune diseases (such as RA, SSc), so other AIDs have the possibility of sSS, and the symptom may overlap. The main pathological feature of SS is the dysfunction of the exocrine glands (mainly lacrimal and salivary glands), which is caused by the infiltration of the exocrine glands by immune cells (90).




Figure 4 | The pathogenesis of SS (take the lacrimal glands as an example). The cytokines produced by epithelial cells stimulate the secretion of inflammatory factors by monocytes and macrophages and the joint response of inflammasomes, which combine with the interaction between bound immune cells, ultimately leading to inflammation. NLRP3, inflammasomes. CXC, chemotaxis.



Abnormal external stimuli triggers apoptosis or necrosis of cells in epithelial tissue and causes local inflammation of the gland, while Serena et al. showed that the induction of tissue inflammation of the gland to autophagy (anti-apoptotic pathway) of salivary gland epithelial cells derived the activation of these cells in inflammatory pSS (91). The activated epithelial cells secrete cytokines (pro-inflammatory factors, chemokines, BAFF), and upregulate the expression of adhesion factors to recruit immune cells (DC, lymphoid T and B cells) to the site of injury of the gland, which makes them abnormally activated (92, 93). T cells are the core players in the pathogenesis of SS, of which CD4 T lymphocytes account for the main (7). CD4 T cells are essentially immune regulation as a helper T cell. According to scRNA-Seq, studies have shown specific expansion of CD4 T cells in pSS patients, and the pathogenic effects of their cell subsets TFH, TH17, TH2 on SS have also been confirmed in multiple studies (94). In the lip salivary glands, high expression of TH2-related factors in infiltrating lymphocytes stimulated the formation of ectopic GC, which may be beneficial for infiltrating B cells to produce autoantibodies. Therefore, compared with its role in RA, TH2 may play a pathogenic effect in SS (95).

Stimulated by DC, T cells, and BAFF, B cells are overactivated. The hallmark event is the presence of ectopic germinal centers (GCs) in the glands of SS patients, followed by the production of autoantibodies that interfere with the expression of muscarinic receptors on the glands and the formation of immune complexes with ribonucleoproteins to worsen the infiltration process of immune cells to circulate the cycle of immune activation, eventually leading to tissue damage (89, 92, 96). At the same time, immune cells secrete cytokines (such as IL, TNF, MMPs) to damage the gland. IL and TNF, in addition to aggravating the local inflammation of the gland, destroy the release of acetylcholine to affect its effect on gland receptors, while MMPs interfere with the interaction between gland cells and cytoplasmic matrix, which leads to obstruction of gland secretion, thereby making gland dysfunction (92, 97).

The innate immune process of SS is accompanied by the infiltration of monocytes, and the presence of a large number of macrophages is detected. The number of monocytes is positively correlated with the level of tissue inflammation, and the resulting inflammation may drive the activation of epithelial cells, which affect the release of pro-inflammatory factors and the proliferation and differentiation of inflammatory cells, thereby maintaining the inflammatory state of the gland (98). Meanwhile, the activation of inflammasome NLRP3 and the upregulation of downstream caspase-1, IL-1β and IL-18 expression in infiltrating monocytes and macrophages were observed in patients with pSS. NLRP3 appeared to be activated by purinergic P2X7 receptors (P2X7R) and DNA deposits produced by persistent inflammatory conditions, and it ultimately mediated the pathogenesis of SS with the IFN pathway (99–101). Studies have also shown that in SS, angiogenesis was associated with gland inflammation. Neo angiogenesis accompanied by epithelial tissue lesion processes leaded to increased infiltration of monocytes, and the presence of vascular endothelial growth factor was detected in the inflammatory cells of the gland, so the formation of micro vessels may reflect the degree of chronic inflammatory lesions of gland tissue (102). At the same time, in the inflammatory microenvironment of SS patients, pro-inflammatory factors produced by inflammatory cells and immune cells form a complex cytokine network to intervene in the disease process. For instance, in AQP5-Cre mice, the upregulation of TNF-α expression weakened the immune dysfunction of the salivary glands and induced inflammation, accompanied by atrophy of acinar cells to reduce saliva secretion (103); In mouse models, IL-17 secreted by TH17 cells reduced saliva flow rate and aggravated glandular tissue damage (104); In SS, levels of IL-6 were associated with the amount of monocyte infiltration, inflammation of the salivary glands, and TH17 production (105).

In the pathogenesis of SS, inflammation may be an important element of salivary gland epithelial cell activation, and the concept of “autoimmune epitheliitis” has been proposed (106), and the interaction between this cell and innate, adaptive response leads to the occurrence of SS. In NZB/W F1 mice it has been verified that persistent inflammatory stimulation produced gland dysfunction, which was a catalyst for the development of SS-like diseases (107). At the same time, inflammation may be presented as a pathological feature of SS, including conjunctivitis, the complication interstitial pneumonia. Studies have shown that infiltration of inflammatory cells (macrophages) is not much associated with the degree of MSG lesion in SS patients, but may be related to adverse prognostic factors or later systemic features (108), which indirectly illustrates the expression of inflammation in the late stage of SS.




4.5 Ankylosing spondylitis

Ankylosing spondylitis (AS) (Figure 5), also known as radiographic axial vertebral osteoarthritis (radiology axSpA), is a chronic systemic inflammatory rheumatoid disease. The main pathological features of AS are inflammation of spinal attachment points and sacroiliac joints, accompanied by inflammation of tendons and formation of ligamentous osteophytes, making it have osteogenic changes and osteolytic bone destruction, eventually leading to abnormal bony rigidity. AS is clinically manifested as arthritis, inflammatory back pain, spinal dysfunction that obstructs movement and extra-articular complications (109–111).




Figure 5 | The pathogenesis of AS. ER stress triggered by the HLA-B27 gene may be the trigger for AS, and the T cell cross-reactivity triggered by the formed complex may also be one of the triggers. The IL-23/IL-17 pathway in the body plays an important role in the overall pathogenesis and is an important player in leading to inflammation and cartilage damage. MIF, macrophage migration inhibitor. TCR, T cell receptor.



As an immune-mediated inflammatory disease, is AS classified as autoinflammatory or autoimmune disease? This point is not clearly defined. Both innate and adaptive immunity are involved in the pathogenesis of AS, among which human leukocyte antigen (HLA)-B27 has a strong correlation, with only about 20% genetic correlation, but may be an important predisposing factor of AS. There are related “articular peptide theory” and misfolded protein response hypothesis, the former is that HLA-B27 presented antigenic peptides trigger lymphocyte cross-reaction, and the abnormal adaptive immune response triggered is the basis for autoimmunity. The latter refers to the accumulation of incorrect or partial folds of HLA-B27 in the cell results in an endoplasmic reticulum (ER) stress response, which may lead to the activation of the unfolded protein response (UPR), subsequently triggering the activation of NF-κB. This induces the release of pro-inflammatory factors in nuclear cells/macrophages and promotes the development of AS inflammation, which indicate the inflammatory effects of HLA-B27 on AS (112, 113). The specific mechanisms of these two hypotheses have not been fully elucidated, and have not been fully combined, and are still partially questioned.

In addition to the importance of HLA-B27, the correlation between the IL-23/IL-17 pathway and AS has gradually been revealed by more experiments. IL-23 itself could drive attachment inflammation in spondyloarthropathy by binding to receptors affecting Rag-dependent cells (114), while ER stress induces macrophage polarization stimulation to produce IL-23 to upregulate the expression of transcription factor Blimp-1 through STAT3-dependence, inducing the differentiate of pathogenic helper T17(TH17) cells to develop an inflammatory cascade (115). TH17 cells specifically express the transcription factor ROR-γt to induce transcription of the IL-17 gene. Subsequently, the production of IL-17 promotes the secretion of IL-1, IL-6, TNF-α by other cells. IL-17 is synergistic with these factors to exert pro-inflammatory effects, ultimately inducing joint inflammation in AS (116). IL-17 could also stimulate the activation of osteoclasts to inhibit bone regeneration, but the downstream cytokine IL-22 of IL-23 has the effect of inducing osteoblast activation to stimulate bone proliferation (114, 117), so the IL-23/IL-17 pathway may explain the existence of two contradictory phenomena of bone erosion and new bone formation in AS patients. However, in another study, although it was confirmed that IL-23 and IL-17 expression were at an increased level and positively correlated in AS, it was shown that IL-23R-positive γ/δ T cells in peripheral blood secrete IL-17 to mediate the progression of AS, rather than TH17 cells, which may be related to the sample site of AS selected in the experiment (118), indicating that the sources of IL-17 are multifaceted, including neutrophils, macrophages, and innate lymphocytes.

Although both innate and adaptive immunity are involved in the pathogenesis of AS, according to the current research results, the innate immune system occupies a dominant position, in which innate immune cells (neutrophils, monocytes, macrophages, ILCs) play a key role. The role of macrophages in AS is mainly reflected in the secretion of a large number of pro-inflammatory factors (TNF-α, IL-1β and IL-23) after polarization and the stimulation of lymphoid T cell activation by antigen presentation (119). In inflamed tissues, macrophage migration inhibitor (MIF), mainly produced by neutrophils, acts as the upstream driver of pro-inflammatory factors and promotes the activation of TH17 cell-like phenotypes, which accelerate the emergence of SpA-like clinical features (120). Existing studies have shown that intestinal disorders have a strong correlation with the inflammation of AS. ILC3 in AS patients with intestinal inflammation migrated to peripheral blood, synovial fluid and bone marrow (BM) to expand after intestinal polarization to participate in the development of AS, as well as produce IL-17 and IL-22, in response to IL-23 to induce inflammation (121); In AS patients with intestinal inflammation, overexpression of NLRP3, NLRC4 and AIM2 were observed in inflammatory-infiltrating monocytes and epithelial cells, which might be driven by gut bacteria. And then, the inflammasome regulated IL-17, IL-22 and IL-1 expression through IL-23β induction, indirectly affecting the IL-23/IL-17 pathway. Intestinal dysbiosis may induce activation of innate immunity, and the resulting inflammasome activation may be involved in the formation of intestinal inflammation (122), so the effect of intestinal dysregulation on inflammation may be involved in the development of AS, which possibly has strongly associated with the ILC3 population of intestinal origin.

In addition to being a pathological feature of AS, inflammation is an important driver in the pathogenesis of AS. Early inflammation leaded to the destruction of intervertebral discs, followed by focal bone erosion and cartilage damage. This sustained destruction eventually contributed to excessive tissue formation and ectopic chondrocytes formation (123). The dysfunction of the inflammasome on the activation of autoreactive T cells and the effect of pro-inflammatory factors on bone hyperplasia have been confirmed (124), indicating that inflammation is an important cause of AS. In the late stage of AS, inflammation is more present as a pathological feature in various organs of the patient, such as arthritis, enthesitis and uveitis. One study showed that the occurrence of inflammation in the advanced stage of SpA was greatly correlated with IL-17, but situ analysis of IL-17 in the patient’s bone tissue samples showed that it was mainly produced by granulocytes, not TH17 cells (125), in which mast cells released stored exogenous IL-17A to amplify local tissue inflammation of peripheral SpA (126).Therefore, from the cytokine sources, innate immunity seems to be more involved in the pathogenesis of AS than adaptive immunity, and has a greater correlation with it.

In the adaptive immune response to AS, more research has shown that TH17 cell responses trigger inflammation in AS. In mouse models of SpA, the presented antigen activated cytotoxic CD8+ T cells, and immunodeficiency appeared to increase these immune responses, leading to the emergence of SpA-like diseases after combining genetic predisposition to dysfunction and autoreactivity of Treg cells (110). The role of B cells seems to be minimal in the pathogenesis of AS, and not many experiments have revealed it, but specific autoantibodies have been detected in serum samples of AS patients (127). Immune complexes, B cell activation and immune tolerance disruption all seem to be verified (110), making AS seemly have some characteristics of autoimmunity and as AIDs possibly. Although more evidence suggests that AS is more likely to be a chronic autoinflammatory disease, autoimmunity and autoinflammation seem to be connected in the pathogenesis of AS, but a clear dominance of one may help the study of the treatment strategy of this disease. The autoimmune characteristics in AS should be explored later, such as the role of autoantibodies, which is conducive to a clearer elucidating of the pathogenesis of AS.




4.6 Autoimmune hepatitis

Autoimmune hepatitis (AIH) (Figure 6), one of the most common autoimmune liver diseases (AILD), is a persistent inflammatory disease with women as the main affected population. The main pathological features of AIH are interface hepatitis, autoantibodies and lymphocyte infiltration, but there is no significant specific clinical phenotype, making diagnosis very difficult, and later inflammation, liver fibrosis and liver failure would occur (128, 129).




Figure 6 | The pathogenesis of AIH. The activation of T cells by antigen-presenting cells prompts them to differentiate into multiple cells, which act in tandem with B cells and innate immune cells by secreting different inflammatory factors to promote apoptosis and damage of liver cells, which eventually leads to the appearance of chronic hepatitis. Treg cells, regulatory T cells; DAMP, damage-related molecular patterns. APCs, antigen-presenting cells. CLT, Cytotoxic lymphoid T cells.



The core key to the pathogenesis of AIH is the destruction of the liver’s immune tolerance, which triggers the imbalance between effector cells and Treg cells in the liver. This results in the liver’s immune response to autoantigens, eventually leading to autoreactive liver damage and continuous occurrence (129), and the liver dysfunction leads to liver failure. Regulation of T cells plays a key role in the pathogenic process of AIH. After the resting antigen-presenting cells (APCs) are activated, the autoantigen peptide is presented to the naïve T cells (TH0) through the T cell receptor (TCR), so that TH0 is differentiated into TH1, TH2 and TH17, and recruited to the site of liver injury (130, 131). In the liver, a variety of cells could act as APCs, including dendritic cells, Kupfey cells, hepatic sinus endothelial cells, hepatic stellate cells (132). TH1, TH2 and TH17 exert pathogenic effects, TH2 secretes IL-4, IL-10, 1L-13 to promote the maturation of B cells, thereby promoting the production of autoantibodies (130, 131), such as ANA, anti-smooth muscle antibodies (SMA), anti-liver and kidney microsomal type 1 (anti-LKM1) antibodies, anti-LKM3 antibodies and anti-hepatic cytoplasmic type 1 (anti-LC1) antibodies, these autoantibodies bind to hepatocytes to cause toxic reactions (130); IL-2 produced by TH1 induces the expression of HLA class I molecules on cytotoxic T cells, while the resulting IFN-γ provokes the expression of HLA molecules on hepatocytes, and ultimately stimulates effector T cells to trigger adaptive autoimmunity. TH17 secretes IL-17 and IL-22 to affect hepatocyte damage and tissue inflammation (130, 131), and the above process eventually leads to liver parenchymal damage and worsening of inflammation.

In AIH, Treg cell defects are advantageous for the maintenance of autoimmune responses and loss of immune tolerance. Stimulated by TGF-β, TH0 differentiates Treg cells to produce anti-inflammatory factors that play a role in maintaining immune homeostasis (130). Treg cells themselves are functionally repaired in immunoregulation, and although previous experiments have confirmed that the number and proliferation of CD4+CD25+Treg cells are reduced in active disease (133, 134). More studies have shown that the number and expansion of functional CD4+CD25+FOXP3+Treg cells are increasing in AIH patients. The frequency of Treg cells increases with the degree of inflammation in patients, and they migrate and accumulate to inflamed parts of the liver, which appears to be associated with stimulation of the inflammatory factors TGF-β, IL-2, and the chemokine CXCR3/CXCL9 (135–137). This contradictory result seems to have population differences with a phenomenon of patient heterogeneity, that is, the number of Treg cells decrease in pediatric patients but enrich in the adult’s liver. This is possible because the child’s development is not mature enough, so Treg cells are not very resistant to the effects of external adverse stimuli. The difference in the selection criteria for Treg cells in the previous and later studies might make the final conclusion different, which needs to be confirmed by further experiments. However, immune system disorders in the AIH have greatly increased apoptosis in Treg cells (138), although whether this affects Treg cells’ control of the disease has not been experimentally explained.

However, Treg cells may undergo pathogenic transitions in AIH. Arterbery et al. found that newly onset AIH patients had the transformation of FOXP3 Treg cells to a pro-inflammatory phenotype, that was, an increase in the frequency of TH1-like Treg cells and TH17-like Treg cells. Subsequently, secretion of effector factors IL-17 and IFN-γ were important participants in the pathogenesis of AIH. This transition seemed to be related to the negative impact of the inflammatory microenvironment on Treg cells. Inflammatory factors secreted by monocytes (such as IL-12 and IL-6) might promote the pro-inflammatory phenotype of Treg cells to make it malfunction, eventually inducing persistent chronic inflammatory states (139); Toll-like receptors on CD14 monocytes were stimulated by damage-related molecular patterns (DAMP) to activate inflammasome NLRP3 and its signaling pathway, so that the secretion of IL-12, IL-1β and IL-18 was enhanced. Under the action of inflammatory factors, Treg cells transformed to a pro-inflammatory phenotype to cause dysfunction, thereby promoting autoimmunity, while monocytes also stimulated apoptosis of hepatocytes to aggravate hepatitis (140). Therefore, the regulation of Treg cells by the pro-inflammatory environment may be a key factor in the pathogenesis of emerging AIH. In the ConA-induced AIH mouse model, it has shown that pathogenic NLRP3 had a promoting effect on liver injury and hepatitis, which might be activated by ROS produced by inflammatory cells in the inflamed site. Subsequently it stimulated caspase-1-mediated pyroptosis and IL-1β production to aggravate damage and inflammation in AIH (141). In addition, the infiltration of inflammatory cells in AIH patients is observed, which play an important role in maintaining the state of hepatitis through a large amount of pro-inflammatory factors. Macrophages can be stimulated by IFN-γ secreted by TH2 to produce IL-1, TNF-α (130), while monocytes are activated to spontaneously migrate to the site of liver injury to aggravate the degree of inflammation. The over-activation of monocytes seems to be enhanced by conventional Treg cells (142). Therefore, in addition to directly accelerating liver injury and inflammation, inflammatory mediators could mediate the action of T cells in autoimmunity to influence the pathogenesis of AIH.




4.7 Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs) (Figure 7) are an inflammatory autoimmune disease characterized by chronic intestinal inflammation, mainly including Crohn’s disease (CD) and ulcerative colitis (UC). The clinical manifestations of IBDs involve abdominal pain, diarrhea, blood in the stool, and weight loss. UC usually occurs only in the colon and rectal mucosa, while CD possibly occurs in all parts of the gastrointestinal tract (143, 144). The appearance of IBDs may have the following causes: impaired mucosal barrier, intestinal flora infection, immune dysregulation, intestinal dysbiosis (145). The root cause of IBDs may be a disorder of the mucosal immune system, which may be triggered by damaged intestinal epithelial cells or abnormal intestinal flora. The dysregulated mucosal immune system produces an excessive immune response to the normal microbial composition of the intestine to lead to the destruction of intestinal immune tolerance, thereby inducing intestinal inflammation (146).




Figure 7 | The pathogenesis of IBDs. The occurrence of IBD is often accompanied by immune disorders, intestinal flora disorders, and metabolic disorders, which are related to the imbalance regulation between inflammatory cells, immune cells, and intestinal groups. The damage of this intestinal epithelial cell triggers a cascading response by the immune system, and the various cytokines produced can trigger the destruction of the intestinal mucosal barrier, leading to the appearance of intestinal inflammation.CLT, Cytotoxic lymphoid T cells. CXC, chemotaxis.



The pro-inflammatory factors and chemokines secreted by intestinal epithelial cells after injury promote the infiltration of innate immune cells to the inflammatory site (147), while the antimicrobial peptides produced by epithelial cells that have a protective effect on the body are reduced in IBDs patients. This increases the enrichment of immune cells and the translocation of intestinal flora, thereby inducing inflammation, in which defensins have antibacterial properties. However, in UC patients, under the inducement of the pro-inflammatory factor TNF-α, IL-6, the abnormal increasement of HBD-2 of Defensin-β may exacerbate the inflammatory response (148). Under normal conditions, M2 macrophages secrete anti-inflammatory factors to maintain immune homeostasis, but once overstimulated, there would be a tendency to polarize to M1 type (147). Local inflammatory microenvironment of the intestine might stimulate the transformation of macrophages to pro-inflammatory phenotypes. Studies have shown that there is a unique subset of intestinal macrophages CD14 in the inflamed mucosa of IBDs patients, which are obtained by abnormal differentiation of macrophages induced by IFN-γ. Under the action of coexisting bacteria, excess IL-23, TNF-α, and IL-6 produced by macrophages may induce effector T cells to produce IFN-γ in response to TH17/TH1 cell responses. The forming IL-23/IFN-γ axis affects local inflammation in the gut, while the role of IL-23/IL-17 axis may be more manifested in systemic inflammation (149). In addition, macrophages can also stimulate TH17/TH1 differentiation as antigen-presenting cells. DC cells undergo antigen presentation to activate the immune response of T cells. Next, IL-23 secreted by these two cells after activation not only participates T cell differentiation, but also stimulates ILCs to produce IL-22 to promote epithelial cells to produce antimicrobial peptides to maintain intestinal homeostasis, but dysfunction of ILCs may still adversely affect IBDs (147). So, these innate immune cells are key initiators or continuators of IBD.

The pathogenic TH17 immune response appears to dominate the pathogenesis of IBD, performing key pro-inflammatory processes. TH17-related cytokines seemingly have increased expression at the site of inflammation in IBD patients, in which IL-17 expression in the inflamed mucosa of active CD and UC patients was significantly increased, mainly derived from monocytes/macrophages and T cells (148). IL-17 would aggravate the induction and persistence of inflammation by increasing the expression and production of pro-inflammatory factors. The differentiation of IL-17-producing T cells can be induced by TGF-β stimulated by IL-6, while the inhibitory effect of TGF-β on TH1 and TH2 differentiation indicates its anti-inflammatory potential, and this difference appears to be related to systemic or local expression (150). However, studies have shown that TH17 cells induced by TGF-β and IL-6 appear to be non-pathogenic, while IL-23/IL-6/IL-1β stimulation produces inflammatory TH17 cell phenotype (151), which indirectly explains the disease-promoting effect of the IL-23/IL-17 axis. Th17 cells also indirectly promote the migration and recruitment of neutrophils by secreting IL-17 to induce other factors, while neutrophils in turn present antigens to stimulate T cells (152), thereby maintaining the occurrence of intestinal inflammation.

A healthy gut microbiota is an important factor in maintaining homeostasis, but the presence of ecological disturbance in the co-existing flora could have an adverse effect and increase the burden of chronic inflammation. In IBDs patients, the number of anti-inflammatory properties (eg, Bifidobacteria) decreases, while pathogenic adherent Escherichia coli has an abnormal increase (153), which adheres to and invade intestinal epithelial cells (154). Its continuation of intestinal inflammation may be achieved by mediating the differentiation of TH17 cells, the development of Treg cells, promotes the differentiation and recruitment of inflammatory cells, and stimulates the release of their pro-inflammatory factors, ultimately resulting in the presence of more pathogenic T cells in the gut (155, 156). At the same time, deficiencies of inflammasome NLRP6 in gut may alter the ecological regulation of the fecal microbiome to drive the onset and worsening of intestinal inflammation (157). Studies have also shown a correlation between malnutrition, intestinal flora and intestinal inflammation. A stronger response to inflammation was observed in nutrient-deficient individuals, which might aggravate the inflammatory response to produce more pro-inflammatory factors, ultimately leading to systemic chronic inflammation. Intestinal inflammation and impaired mucosal barriers might lead to bacterial translocations to alter gut microbial composition, which influenced the metabolism and absorption of nutrients (158). In the meantime, inflammatory factors reduced the synthesis of metabolic hormones by activating NF-κB, and affected appetite, which was not conducive to the body’s absorption of nutrients, aggravating the body’s malnutrition (159). This whole process is the result of a vicious circle, which also explains the clinical characteristics of weight loss in IBDs patients.





5 Targeted therapy related to inflammation

At present, the treatment of AIDs focuses on the use of immunosuppressants, and the application of anti-inflammatory strategies in AIDs is gradually increasing. The following will focus on the role of key inflammatory factors or mediators in the pathogenesis, and briefly introduce the inhibitors of many popular targets such as TNF-α, IL-6, IL-1 in inflammation, mainly including antibodies (Table 1), small molecule compounds (Figure 8), and natural products related to the corresponding targets, and antibodies are the main ones, in which antibodies are classified based on targets.


Table 1 | The antibodies that could be used to treat AIDs.






Figure 8 | The structure of small molecule inhibitors.





5.1 Antibodies



5.1.1 TNF-α



5.1.1.1 Infliximab and its biosimilars (1)

Infliximab(IFX; Remicade™), a chimeric IgG1-infused human monoclonal antibody (mAb) that selectively blocks TNF-α activity, was developed early and was the first biologic agent approved for the treatment of CD and UC (160). IFX is now approved in various countries for monotherapy or combined administration, and is widely used to treat moderate and severe RA, active AS, and psoriasis (161), which might have better relief when used early in the disease. However, IFX undergoes loss of response over time and serious adverse effects, such as infection, infusion reactions, hypersensitivity reactions (160), which lead to greatly reduced patient compliance, so when treating these immune-mediated inflammatory diseases, active therapeutic drug monitoring (TDM) of IFX leads to better outcomes (162).

Biosimilars of IFX are currently approved by the FDA and EMA for the treatment of IBD, including PF-66438179, CT-P13, SB-2, ABP 710 (163). CT-P13 (Remsima) is the first developed IFX biosimilar, produced in the same cell line (an SP2/0 murine cell line), with the same amino acid sequence, and the efficacy, safety, and immunogenicity in most clinical trials are comparable to IFX (163). While CT-P13 is commonly administered intravenously, subcutaneous CT-P13 has been developed and shown to have a similar safety and durability to intravenous treatment for IBD (NCT02148640), resulting in higher patient satisfaction and acceptance (164). This route of administration shift not only improves patient compliance but may also help reduce the risk of infection. Moreover, a 13-year global study of CT-P13 after its launch is ongoing (NCT02557295) (165). SB-2 differs from Infliximab in that the murine cells used (a Chinese hamster ovary (CHO) cell line) are different, which may lead to differences in C-terminal Lys residues, changing the proportion of their different charge isomers, but this does not affect the site recognition and antigen fragment binding of SB-2, which has a high degree of biological similarity with IFX. SB-2 is currently approved by the European Union in 2015 for the treatment of IFX indications (163, 166). PF-06438179 (GP1111) is another IFX biosimilar produced after SB-2, developed in accordance with regulatory recommendations from the FDA and EMA. PF-06438179 has differences in N-glycosylation and charge heterogeneity caused by C-terminal Lys compared to IFX, but these have no clinical relevance. It has been approved for the treatment of the indications used for IFX, and all evidence indicates the biosimilarity between PF-06438179 and IFX (167). ABP 710 (AVSOLA) is developed as an IFX reference product using the same CHO cell line as SB-2 and has been approved for clinical treatment in the United States and Canada (168). Therefore, a large body of evidence suggests that there is no clinically significant difference between IFX and its biosimilars, and that drug translation does not increase the risk of disease in patients, indicating the safety and efficacy of biosimilars.




5.1.1.2 Etanercept and its biosimilars (2)

Etanercept is a dimeric fusion protein produced by recombinant DNA consisting of the extracellular fraction of human p75 TNFR with the Fc fraction of IgG1, the presence of the latter fraction giving it a half-life of up to 4.8 days. As an inhibitor, Etanercept competitively binds to soluble and membrane-bound TNF to inhibit its activity, exhibiting high binding capacity (Ki = 10-10M), which has effective relief of inflammation, and now is used to treat severely active AS, psoriasis, juvenile idiopathic arthritis, especially moderately or severely active RA (169). Because Etanercept is administered subcutaneously, the most common adverse reactions are injection site reaction (ISR) and serious infection, but it combined with methotrexate (MTX) may reduce the incidence of ISR and shows better clinical efficacy in the treatment of RA (170). Due to the high production cost of Etanercept, leading to only a small number of people have the affordable availability, the emergence of biosimilars is very necessary. Some biosimilars of Etanercept have been developed, including SB4, GP2015, LBEC0101, DWP422, HD203, CHS-0214, TuNEX/ENIA11®. These antibodies have been incorporated into clinical use and have shown better efficacy in the treatment of RA patients who do not respond to MTX, even better than Etanercept, but there is a lack of real-world research data to confirm (171).




5.1.1.3 Adalimumab and its biosimilars (3)

Adalimumab (Humira®, AbbVie) is a fully human IgG1 mAb obtained by bacteriophage display technology, consisting of two κ light chains and one heavy chain, with a total molecular weight of 148 kDa, which only binds specifically to soluble TNF (Kd = 6×10-10 M) (172, 173). Adalimumab was approved for clinical use by the EMA in 2003, initially primarily for the treatment of RA, and is now also used for the treatment of AS, CD, UC and psoriasis, and the indications are increasing all the time (173). Compared to other TNFi, Adalimumab appears to have the broadest range of therapeutic indications. However, the cost of using Adalimumab is relatively high, imposes a significant financial burden on patients, which may limit its use. With the time of administration, the proportion of patients with anti-drug antibodies increases, so biosimilars are gradually being developed. There are currently more than ten biosimilars, including ABP 501, SB5, FKS327, BI695501, MSB11022, GP2017, PF-061410293, CTP17, AV702. Most of these antibodies are composed of two heavy chains and two light chains of the κ subclass, with molecular weights comparable to Adalimumab. According to a large number of preclinical studies and clinical trial results, these antibodies have a high degree of similar clinical efficacy to Adalimumab with no significant difference, and the immunogenicity of it is also comparable, which have generally been used in the treatment of related indications (173, 174).




5.1.1.4 Certolizumab pegol (4)

Certolizumab pegol (Cimzia) is a humanized mAb of recombinant and polydiethanolated Fab’ fragments, in which the fragments of Fab are synthesized by microbial fermentation in Escherichia® coli through DNA recombinant technology. It has the advantages of low cost, short cycle, good returns and sufficient sources (175). From the structural point, Certolizumab lacks the Fc part of IgG1 in previous anti-TNF drugs, resulting in different performance in in vitro experiments. The structural modification of polydiethanolation may be beneficial to its half-life, penetration and staying power in vivo, ultimately resulting in Certolizumab specifically binds to TNF-α, which is used to treat CD, RA, AS (176). Certolizumab, whether alone or in combination with MTX, has been shown to be good at alleviating clinical signs and reducing joint damage in patients with RA. The efficacy of Certolizumab appears to be comparable to other TNF-α inhibitors, due to its structural differences may have lower immunogenicity (6.9%), which helps reduce the risk of infusion reactions and allergic reactions in patients (177). However, Certolizumab appears to have a greater risk of serious infection and a higher frequency of adverse events (NCT01491815), but lack of clinical data related to safety in long-term use (178), so the duration of treatment needs to be confirmed when choosing Certolizumab.




5.1.1.5 Golimumab (5)

Golimumab (Simponi™) is a mAb of human immunoglobulin G1κ produced by knocking human immunoglobulin genes into the mouse genome, with subcutaneous and intravenous injection, only once a month, which is now used to treat multiple inflammatory AIDs, such as RA, psoriatic arthritis, AS, UC (179). The main feature of Golimumab is that it has high binding to TNF-α and low immunogenicity, and its binding force to soluble TNF-α is 19 pM measured by surface plasmon resonance, which seems to be comparable to Etanercept, but significantly higher than other antibodies. The immunogenicity is the lowest (3.8%) (compared with the above inhibitors), which indicates that the proportion of patients with anti-drug antibodies is the smallest, so it is not likely to occur hypersensitivity reactions, infusion response and has easier drug efficacy (180). Although these adverse effects are a few, the frequency of infection is increased in patients with Golimumab, particularly the risk of tuberculosis, so screening or potential viral testing is necessary before patients receive treatment to reduce the frequency of infection (179, 180).




5.1.1.6 Ozoralizumab (6)

Ozoralizumab is a 38-kd trivalent anti-TNFα NANOBODY compound consisting of two humanized anti-human TNF VHH antibodies and one humanized anti-human serum albumin (HSA) VHH antibody. The presence of the latter part gives it a long half-life, namely, there is t1/2 for 30 days after subcutaneous injection of 30mg, which has been approved by Japan for the treatment of RA in 2022 (181). Ozoralizumab had the potent inhibition to arthritis and showed low immunogenicity and long-term efficacy, which were demonstrated in transgenic mouse models, possibly due to the special structural composition of Ozoralizumab. It seemed to tend to form small immune complexes (ICs) with TNF-α trimers that were not easily recognized by Fcγ receptors on immune cells to trigger additional immune responses. Therefore, in animal models, ICs were not easy to induce neutrophil recruitment at the injection site to stimulate acute inflammation, so the frequency of ISR was low, which indirectly indicated that Ozoralizumab was an effective candidate for alleviating inflammation (182, 183). In a phase II/III trial (NCT01007175) of Ozoralizumab in combination with MTX in the treatment of RA, patients experienced improvements in signs and symptoms with acceptable safety and tolerability (184). Therefore, Ozoralizumab is expected to be subsequently marketed in other countries for the treatment of RA.





5.1.2 IL-6



5.1.2.1 Tocilizumab (7)

Tocilizumab (TCZ; MRA) is the first humanized mAb that blocks IL-6 by transplanting the complementarity determining region of the anti-human IL-6 receptor of mice into human IgG1 using genetically engineered recombinant technology. TCZ competitively binds specifically to IL-6R to inhibit IL-6 activity, and is used to treat active RA, juvenile idiopathic arthritis, CD, SLE, and SSc. As a drug for RA, TCZ has the advantages of low immunogenicity, long-term and short-term efficacy, and good monotherapy, but the risk of infection is still relatively high (185, 186). In recent years, TCZ has been increasingly studied for the treatment of COVID-19 and appears to be effective in reducing mortality, and other indications (giant cell arteritis, polymyalgia rheumatica) are increasing.




5.1.2.2 Sarilumab (8)

Sarilumab (REGN88; Kevzara®), a human IgG1 mAb, was approved by the FDA in 2017 for the treatment of RA. Compared with TCZ, it appears to have a higher affinity for the target, with Kd of 61.9 pM and 12.8 pM for recombinant monomer and dimer hIL-6Rα, respectively, and has higher inhibitory efficacy against IL-6, but no significant difference in safety has been observed in clinical trials (NCT01768572) (187, 188). Whether alone or in combination therapy, Sarilumab seems to have a good therapeutic effect on RA and improvement of physical function, and its efficacy is higher than Adalimumab. In patients with insufficient response to antirheumatic drugs, inflammatory symptoms and cartilage damage in patients treated with Sarilumab are significantly relieved. ADA in a small number of patients seems to have no effect on its efficacy and adverse effects, and might have greater advantages for the treatment of RA. However, when choosing combination therapy, Sarilumab is more likely to be used in combination with conventionally synthesized DMARDs, and it binding to biological DMARDs appears to increase the risk of immunosuppression and infection (189). Overall, Sarilumab has good therapeutic prospects as the second IL-6 inhibitor on the market, which is now also beginning to be used as a treatment for COVID-19.




5.1.2.3 Sirukumab (9)

Sirukumab(SRK; CNTO 136) is a human IgG1κ mAb against IL-6 that specifically targets soluble IL-6 to block signaling of STAT3 (190). Based on phase I and II trials, phase III clinical trials (NCT01604343, NCT01606761, NCT02019472, NCT01689532, NCT01856309) for inflammatory diseases (RA, SLE) have been completed, and SRK produces therapeutic effects and adverse reactions that are comparable to other IL-6 blockers, showing a longer half-life (>15 days) and decreased levels of CRP (a nonspecific marker of inflammation activation), and a few ADA occurred. However, it was not known whether it was associated with a reduction in CRP due to higher mortality from severe infection and cardiovascular disease in later follow-up (191). In the latest clinical trial (NCT01856309), SRK maintained the safety and efficacy consistent with previous trials, namely the reduction in symptom of RA and improvement in physical function (192). Therefore, more clinical trials are needed to confirm whether SRK is truly incorporated into clinical use.




5.1.2.4 Clazakizumab (10)

Clazakizumab (CLZ; BMS945429; ALD518) is a humanized mAb that specifically targets IL-6 using rabbit antibodies, with a high affinity of about 4 pM for human IL-6, which produced in Pichia pastoris yeast, and has entered clinical stage (193). In multiple phase II trials (NCT01373151, NCT00867516) with moderate or severe RA or inadequate response to MTX, CLZ had a long half-life, was well tolerated, had rapid improvements in patient mobility and HRQoL, and changes in laboratory indicators (eg, increased aminotransferases, slight injection responses, neutrophil reductions) were within the range of IL-6 inhibitors. Its combination therapy with MTX has shown better efficacy than monotherapy (194, 195) and has also demonstrated good tolerability and safety of CLA in a phase IIb trial (NCT01490450) with active psoriatic arthritis (196), and a clinical trial on CLZ therapy in patients who do not respond adequately to TNF inhibitors (NCT02015520) has been completed, but results have not yet been disclosed. Clinical trials of CLZ for other indications for non-AID are ongoing, suggesting that CLZ has great potential for inclusion in clinical use.




5.1.2.5 Olokizumab (11)

Olokizumab)OKZ; CDP 6038), an anti-IL-6 mAb obtained after humanization of antibody 132E09 produced in immune rats, exerts inhibitory activity by binding to IL-6 at site3 (Kd = 10 pM) to block the gp130 signaling that forms hexamers, showing significant anti-inflammatory effects in arthritis models (197), which is currently in the clinical stage of the treatment of RA. According to previous studies, OKZ has a half-life of up to 31 days, so it is administered less frequently There is a significant reduction in the levels of IL-6 and CRP, and it has similar therapeutic results to the two IL-6 inhibitors already on the market (198). In a phase III trial (NCT02760407) in RA, OKZ showed efficacy no less than Adalimumab (199). However, the frequency of TEAEs appears to be dependent on OKZ dose, which may have implications for long-term treatment (198), so more trials are needed to further explore OKZ dose and long-term efficacy once to evaluate the level of RA in treatment.




5.1.2.6 ALX-0061 (12)

ALX-0061 is a 26 kDa bispecific Nanobody targeting IL-6R and HAS, consisting of two sequence-optimized variable domains of VHH antibodies, much smaller than mAbs to facilitate specific binding to IL-6R, so it shows a high binding capacity (Kd of 0.19 ± 0.08 pM for hsIL-6R), whose interaction with HAS effectively prolongs the half-life. ALX-0061 is a novel IL-6 inhibitor that has shown dose-dependent anti-inflammatory effects in IL-6-induced inflammatory models in cynomolgus monkeys (200). In the Phase I/II RA trial, ALX-0061 showed the desired therapeutic outcome, namely well tolerated, no found serious infection and ADA (201), and more trials are needed to confirm its efficacy and safety in the treatment of AIDs.





5.1.3 IL-1



5.1.3.1 Anakinra (13)

Anakinra (ANA; Kineret) is an exogenous recombinant IL-1Ra obtained by mimicking the natural presence of IL-1R antagonist, which is produced by recombinant DNA technology using Eschericlzia coli fermentation. ANA lacks glycosylation and additional amino acid residues in structure, but it does not affect its affinity with IL-1R (binding is comparable to IL-1Ra). ANA restores IL-1/IL-1Ra balance by inhibiting IL-1 activity by competitively binding to IL-1R and has been approved by the FDA for the treatment of RA, early-onset multisystem inflammatory disease (NOMID) in children and adults (202, 203). Compared with other drugs for RA, ANA shows a lower efficacy, in which injection site reactions, high-dose infection, and immunogenicity are the most common adverse reactions, so the overall frequency of use for RA is not very high (202). Clinical trials (NCT01399281, NCT03932344) demonstrated the safety of ANA in the long-term treatment of JIA, with a higher incidence of serious adverse events in the first six months but a decrease thereafter. Existing studies have shown therapeutic promise in refractory brain autoinflammatory-autoimmune diseases, with improved benign responses to symptoms (204). Therefore, the indications for ANA increase, but its adverse effects and safety for long-term use in different diseases have yet to be confirmed.




5.1.3.2 Canakinumab (14)

Canakinumab (CAM; ACZ885; Ilaris®), a human IgG1 mAb that specifically targets IL-1β (binding dissociation constant 40 pmol/L) with no cross-reactivity to IL-1α or IL-1Ra, is currently used as an orphan drug for cryopyrin-associated periodic syndromes (CAPSs) and systemic-onset juvenile idiopathic arthritis (sJIA) (>2 years) (205, 206). During treatment with sJIA, CAM rapidly reduced disease activity to delay onset and effectively allowed a gradual decrease in glucocorticoids, and maintained efficacy over a 49-week follow-up period. When reducing the dose or increasing the dosing interval, CAM appears to maintain the clinical remission of CAM in patients with long-term inhibition (206, 207). In terms of safety, patients have mild or moderate adverse reactions in most cases, and the proportion of infections and infestations is the highest, so screening or detection of potential virus should be performed prior to CAM and avoiding combination with TNF inhibitors to reduce the possibility of infection. CAM is not recommended for severely active patients (206). In addition, CAM appears to be effective in the treatment of autoinflammatory diseases (such as familial Mediterranean fever, mevalonate kinase deficiency) (NCT02059291). It has a good prevention control and mitigating effects of flares (based on the PGA score, a comprehensive clinical measure of severity, and the CRP level) and fever to reduce the incidence of disease (208), suggesting that the inhibitory effect of CAM on IL-1 seems to exert a good anti-inflammatory effect, so it is very effective in inflammatory diseases.




5.1.3.3 Rilonacept (15)

Rilonacept (Arcalyst) is a dimeric fusion protein with a molecular weight of 251 kDa composed of the domain of IL-1R and its essential protein and the Fc fraction of human IgG1, which has a high affinity by targeting IL-1β to block IL-1α signaling by acting as a soluble decoy receptor. Rilonacept seems to be used more in the treatment of inflammatory diseases, and has been approved for recurrent pericarditis, CAPSs (209). Studies have shown that Rilonacept has the therapeutic potential of sJIA, but it has not been approved for the treatment of this indication, and it may be that the therapeutic effect is not as good as the previous two IL-1 inhibitors.




5.1.3.4 Gevokizumab (16)

Gevokizumab (XOMA 052) is a humanized anti-IL-1β mAb containing the Fc fraction of IgG1 (high affinity of 300 fM for IL-1β) designed by computer and obtained by ergonomic technology. The inhibitory effect of it on IL-1β-induced IL-6 expression was measured in human lung fibroblasts with an IC50 of 4.9 pM, significantly higher than that of Anakinra (210). The advantage of XOMA 052 is that it has a long half-life, allowing it to only need to be administered once a month and improving patient acceptability. XOMA 052 effectively reduces inflammation and improves blood glucose in type 2 diabetes, but has no clear improvement effect on C-peptide levels and β cell function in type 1 diabetes (211, 212). It seems that XOMA 052 is more inclined to the treatment of autoinflammatory diseases, and whether it would have clinical value for AIDs in the future remains to be studied.





5.1.4 IL-17



5.1.4.1 Secukinumab (17)

Secukinumab(SEC; AIN457; Cosentyx) is a fully human IgG1κ mAb that specifically targets IL-17A, which has been approved for the treatment of PsA, AS, psoriasis, moderate to severe plaque psoriasis (PSO), and axSpA (213). SEC reduces immune-mediated inflammatory response by inhibiting the activity of IL-17A and lowers disease activity, which is effective in improving clinical signs and conditions with or without MTX, exhibiting tolerable characteristics consistent with other indications. The most common adverse reactions are nasopharyngitis, headache, diarrhea, and upper respiratory tract infections, with the incidence of severe infections ranging from 1.2/100 to 1.8/100 PY, but it does not appear to increase the risk of viral infection, so the SEC has a long-term safety and therapeutic effect (214, 215). In a phase III comparative trial (NCT02745080) for PsA, SEC did not show a better treatment effect than adalimumab, but had higher treatment retention. Other trials confirmed no significant difference in treatment endpoints (216, 217), which may be that the inhibitory effect on IL-17 and TNF-α did not produce a therapeutic difference in PsA.




5.1.4.2 Ixekizumab (18)

Ixekizumab)IXE; LY2439821; Taltz) is an anti-IL-17A hinge-modified humanized IgG4 mAb with high binding power to human IL-17A or IL-17A/F(Kd<3 pM) to block the binding of IL-17A to IL-17AR. IXE has been approved for PsA, AS, psoriasis, moderate to severe PSO, and axSpA (218). IEX appears to slow disease activity and radiographic disease progression in these diseases, but there is an increased risk of infection. The most common adverse effect is injection site reactions, particularly in the treatment of PsA, which occurs at a significantly higher rate than adalimumab (219); In terms of efficacy, IEX showed superior results over AIN457 and TNF inhibitors in short-term treatment of plaque psoriasis, comparable to brodalumab, risankizumab and guselkumab (220); The efficacy of IEX for AS is similar to that of TNFi and SEC, which could be an alternative for AS patients with an inadequate response to TNFi, but does not appear to be applicable to AS patients with IBD (221).




5.1.4.3 Brodalumab (19)

Brodalumab (AMG827; KHK4827) is a fully human IgG2 mAb that works by blocking the IL-17RA chain of the IL-17 receptor on the cell surface compared to the first two antibodies, and is the first anti-IL-17RA inhibitor to treat psoriasis. The improvement in PsA conditions, safety and good tolerability of AMG827 have been validated in multiple trials (NCT02029495, NCT02024646), which could be used in a larger population (222). However, in the early clinical stages, patient became suicidal after taking AMG827, so it was discontinued and subsequently developed. In the treatment of PSO, AMG827 quickly controls the disease, has a good efficacy, better than ustekinumab, and may be higher than SEC and IXE, which may be because it blocks IL-17 signal more thoroughly. The adverse reactions appear to be consistent with the first two antibodies, such as nasopharyngitis, upper respiratory tract infections, headache and joint pain. However, the FDA issued a black box warning after six patients committed suicide in four clinical trials. So, when using AMG827, it is necessary to pay close attention to the patient’s depressive tendencies and suicide attempts, and this drug cannot be used for patients with such symptoms (223, 224). The existing trial (NCT02985983) also revealed the potential therapeutic effect of AMG827 on axSpA, with long-term safety and efficacy, so its indications may increase subsequently (225).




5.1.4.4 Bimekizumab (20)

Bimekizumab (UCB4940; Bimzelx) is a humanized IgG1/κ mAb produced from CHO cells based on recombinant DNA technology, which selectively inhibits IL-17A and IL-17F to block interaction with IL-17RA/IL-17RC receptor complexes. The binding to IL-17A is higher than that of IL-17F, and the Kd of Human IL-17A, IL-17F and IL-17A/F are 3.2 pM, 23 pM, and 26 pM, respectively. Its inhibitory effect on the pro-inflammatory factor IL-17 allows inflammation to be reversed to improve signs of disease in patients (226, 227). Compared to ustekinumab or adalimumab, Bimekizumab appears to have a faster onset of action and better efficacy in short-term treatment of PSO, better than SEC as well. Its most common adverse reactions are infections, such as upper respiratory tract infections, Candida infections, so preclinical testing, patient screening, and preventive measures are necessary (228, 229). At present, Bimekizumab has been approved to treat moderate to severe PSO, and the treatment of PsA, AS, and axSpA is in clinical trials.




5.1.4.5 Sonelokimab (21)

Sonelokimab (M1095; ALX-0761) is a novel trivalent anti-IL-17A/F bispecific nanobody with a molecular weight of 40 kDa, including three sequence-optimized monovalent camel nanobodies, and specifically targets human IL-17A, IL-17F, and HAS. In a phase I trial of moderate to severe PsA (NCT02156466), M1095 resulted in a significant reduction in inflammatory markers of psoriasis with a favorable safety profile at doses up to 240 mg, and a dose-dependent improvement in the patient’s skin condition was also observed (230). In the Phase II trial for PSO (NCT03384745), M1095 showed significant and rapid clinical efficacy, tolerability and safety similar to SEC. Although its efficacy was confirmed, more clinical data are needed to support subsequent clinical use (231, 232).





5.1.4.6Netakimab (22)

Netakimab(NTK; BCD-085) is a novel recombinant IL-17-resistant humanized IgG1 mAb composed of modified Fc fragments (Fc fragment crystallizable region) and CDR (complementary determinant region), with a strong affinity with IL-17A (Kd 10-12mol/L). Due to its structural characteristics, NTK has the characteristics of low immunogenicity, low toxicity and good tolerance. In phase II trials (NCT03390101, NCT02763111), NTK has good efficacy on PSO and AS with a high clinical response rate, reduces AS activity, improves psoriasis and inflammatory symptoms, and maintains a good safety profile, while a phase III trial of NTK on active AS (NCT03447704) is ongoing (233, 234).




5.1.4.7 Vunakizumab (23)

Vunakizumab (SHR-1314), a humanized IgG1/κ mAb targeting IL-17A, has demonstrated good tolerability and safety in the completed Phase I trials of PSO. In the latest short-term phase II trial (NCT03463187), SHR-1314 has a significantly higher efficacy than placebo, effectively improves the skin of PSO patients with psoriasis area and severity index improvement of at least 75%. Adverse reactions of it are in the known range of (235), providing data support for subsequent clinical trials of larger groups, so SHR-1314 is a potential candidate for the treatment of PSO.




5.1.4.8 CNTO6785 (24)

CNTO6785 is a fully human IgG1λ mAb specifically targeting IL-17A, showing high affinity and selectivity for IL-17A in vitro. In a phase II clinical trial for RA with insufficient response to MTX, CNTO6785 has not shown significant clinical efficacy, but it has good tolerability and safety in patients (236), so whether it has a therapeutic effect on immune-mediated diseases needs to be studied later.




5.1.4.9 COVA322 (25)

COVA322 is a bispecific FynomAb obtained by fusing a small anti-IL-17A Fynomer (7 kDa) with adalimumab, which can significantly inhibit TNF and IL-17A (IC50 value of 169 pM) in vivo and in vitro to exert anti-inflammatory effects, and is a potential drug for the treatment of inflammatory diseases, and is currently in the phase 1b/2a trial of PsA (NCT02243787) (237).




5.1.4.10 ABT-122 (26)

ABT-122 (AbbVie) is a novel dual mutant immunoglobulin (DVD-Ig™) molecule targeting both TNF and IL-17A, obtained by combining existing IL-17 antibody with TNF antibody, and the Kd and IC50 are in the low pM range. ABT-122 showed good affinity, potency and long half-life in the mouse model of arthritis, and it binding inhibition of the two targets reduced the production of IL-6 by fibroblast-like synovial cells (238). Based on demonstrated acceptable safety in healthy subjects, ABT-122 demonstrated clinical efficacy and safety similar to adalimumab in multiple Phase II trials (NCT02433340, NCT02349451) for patients with RA or PsA, but with little variation, resulting in no further clinical development (239).




5.1.4.11 CJM112 (27)

CJM112 is a novel fully human anti-IL-17A IgG1/κ mAb. Compared with SEC, CJM112 has a higher affinity for human IL-17A, but this does not seem to have a substantial increase in the efficacy of PSO. It shows a clinical effect on the disease, and the efficacy seems to be prolonged with the increase of dose, but it may be accompanied by an increased risk of infection, and it have not shown a therapeutic effect on inflammatory lesions of acne (NCT01828086, NCT0299867) (240, 241), so the clinical use of CJM112 for skin inflammation needs follow-up discussion.

In addition to the above, there are a number of IL-17 antibodies that are still being studied but data have not yet been disclosed, including SCH-90017 in phase I clinical trials and ANB004 (a non-fucosylated ADCC-enhanced anti-human IL17A antibody) has been discovered.





5.1.5 IL-12/IL-23



5.1.5.1 Ustekinumab (28)

Ustekinumab (CNTO 1275; Stelara®) is a fully human IgG1/κ mAb obtained through hu-Ig mice technology, which inhibits signaling of the two factors by binding to the IL-12/23 p40 subunit to block its interaction with the cell surface IL-12R β1 receptor. The Kd of single-stranded and heterodimeric human IL-23 is 106 ± 98 pM and 232 ± 23 pM, respectively (242, 243). CNTO 1275 was approved in 2009, and is now used to treat CD, UC, PsA, and PSO, whose safety and efficacy have been evaluated in multiple clinical trials. In a long-term CD clinical trial (NCT01369355), CNTO 1275 kept good safety and tolerability, maintained clinical efficacy for five years, and did not observe an increased risk of adverse effects, which was beneficial for refractory CD with dose escalation. In the treatment of other diseases, CNTO 1275 has also shown long-term efficacy and safety, indicating that it can be used for long-term clinical use (244), but CNTO 1275 is seemly not as effective as Infliximab. CNTO 1275 has also been found to have clinical benefit for SLE.




5.1.5.2 Guselkumab (29)

Guselkumab (CNTO 1959) is a fully human IgG1/λ mAb obtained by MorphoSys HuCAL phage display technology, which binds to the p19 subunit of IL-23 to inhibit the action with the IL-23Rα receptor subunit (Kd 3.3 pM for IL-23 p19) with a higher affinity than CNTO 1275 (242). At present, CNTO 1959 has been used for the treatment of active PsA and moderate to severe PSO. It effectively improves enthesitis, dactylitis, body function, HRQoL in patients with PsA, inhibits imaging progression, and has effective and long-term efficacy, higher than SEC and CNTO 1275, which may be the result of a larger reduction of IL-23/Th17 axis effect factor IL-17 by CNTO 1959 (245). Multiple trials have shown that CNTO 1959 has clinical benefit against CD, having completed Phase II (NCT03466411) (246), and its combination therapy with golimumab (NCT03662542) appears to be more effective in treating UC (247), indicating the potential clinical benefit of CNTO 1959 in the treatment of IBD.




5.1.5.3 Tildrakizumab (30)

Tildrakizumab(MK-3222; SCH 900222) is a humanized IgG1/κ mAb approved in 2018 that specifically targets the p19 subunit of IL-23 and has a binding capacity comparable to CNTO 1275. Tildrakizumab has been used to treat moderate to severe PSO, which has a long-term clinical benefit and is less effective than other IL-12/IL-23 inhibitors, possibly because of its lower affinity with the target but higher than etanercept. In terms of safety, it seems that only MK-3222 has a higher incidence of nasopharyngitis (248). In a real-world study (NCT03718299), Tildrakizumab showed an improvement in HRQoL in PsA patients, and the overall clinical outcome was consistent with other trials (249), so Tildrakizumab could be an alternative option for doctors to treat this disorder.




5.1.5.4 Risankizumab (31)

Risankizumab(BI 655066; ABBV-06) is a high-affinity humanized IgG1/κ mAb with Kd of 21 ± 16 pM and 43 ± 7 pM for single-stranded and heterodimeric human IL-23, respectively. The mechanism and affinity of it appear to be similar to CNTO 1959, and the antibody efficacy in vitro and inhibitory effect on skin inflammatory models was also similar, higher than the other two (242). Risankizumab was approved in 2019 for moderate to severe PSO, and its efficacy on PSO is higher than that of CNTO 1275, with better skin clearance than adalimumab. Meanwhile, Risankizumab is in the process of evaluating PsA. A phase III trial (NCT03675308) has shown that CNTO 1275 has significant improvements in joint symptoms, enthesitis, and dactylitis in active PsA, with good efficacy and safety in both single and combination therapies, indicating its therapeutic potential for PsA (250). Other phase III trials (NCT03105102, NCT03105128, NCT03104413) confirmed the clinical efficacy of BI 655066 on CD, which relieved symptoms in patients, with a decrease in inflammatory markers and IL-23 downstream factor IL-22. The overall safety profile of BI 655066 was consistent with previous studies, indicating its potential as a drug for the treatment of CD (251, 252). Therefore, the indications for Risankizumab will increase in the future.




5.1.5.5 Mirikizumab (32)

Mirikizumab (LY3074828; Omvoh®), a humanized IgG4 mAb, specifically targets the p19 subunit of IL-23 to inhibit its binding to receptors (21 pmol/L Kd with human IL-23) with an IC50 of 82 pmol/L to human IL-23, but it does not affect IL-23 binding to IL-12Rβ1 receptors, which is approved in Japan in 2023 for moderate to severe UC with responding inadequately to conventional therapy (253, 254). In the completed phase III trial of UC, LY3074828 exerted a good clinical response and was significantly more effective than placebo, but randomized discontinuation may lead to disease relapse (254). LY3074828 also completed the evaluation of the phase II trial (NCT02891226) for CD, effectively induced a durable endoscopic response in patients after 12 weeks, and achieved a relatively high endoscopic response rate of (255). LY3074828 has entered the phase III evaluation stage of CD, which is promising as a drug for the treatment of CD. At the same time, there are many phase III trials of UC (NCT03518086, NCT04844606, NCT05509777) in progress (254).






5.2 Small molecule inhibitors



5.2.1 TIM1 (37)

SPD304 (33) is the first batch of small molecule inhibitors of TNF-α, developed by He et al. SPD304 inhibits the signaling pathway by inducing the subunit decomposition of trimeric TNF-α, but its affinity is general, the physicochemical properties are poor, and not much research has been carried out; JNJ525 (34) induces changes in the quaternary structure of TNF to affect the interaction between proteins (256); UCB-9260 (35) is a highly bound inhibitor (Kd=13nM) that binds to TNF by structural modification after screening by surface plasmon resonance (SPR) measurement. It stabilizes the asymmetric form of soluble TNF trimer to impair its signal conduction, which appears to improve arthritis in the CAIA model (257). Xiao et al. developed the 1, 5-naphthydine compound - compound 42 (36), which has shown biological efficacy in the CAIA model (258). It could be seen that the research of TNF-α small molecule inhibitors is being carried out one after another, and may be developed for clinical use in the future, and TIM1 is a potential small molecule.

TIM1,N-(3-(2-(((3-ethynylphenyl)amino)-1,3-thiazol-4-yl)-2,5-dimethyl 1H-pyrrol-1-yl)-3-methyl-4-oxo-3,4-dihydrophthalazine-1-carboxamide, is a small molecule TNF inhibitor screened based on existing compound libraries and ligand models of SPD304 and JNJ525, which may bind to the central hydrophobic cavity of TNF dimers to block the formation of functional homotrimers (Kd 1.55 ± 0.32 μM with human rhTNF) and low cytotoxicity (LD50> 200μM). In the mouse CIA model (a preclinical model of RA), its derivative TIM1c, administered in oral form, showed a similar effect to Etanercept, alleviating RA signs and arthritis, as well as a reduction in inflammatory factors IL-1ß and IL-6, with better anti-inflammatory activity (259). Therefore, the compounds of the TIM1 series have good development prospects.




5.2.2 Madindoline A derivatives (38 39)

IL-6 signaling relies on IL-6 binds to the D2/D3 domains of IL6-Rα and GP130 to form IL-6/IL-6Rα/GP130 heterotrimeric complexes. The natural product Madindoline A (MDL-A) (38) is the first selective IL-6 small molecule inhibitor identified, which inhibits the formation of complexes by binding to GP130-D1, but the activity of MDL-A is poor and difficult to obtain, so based on fragments of this structure, Aqel et al. obtained a derivative of MDL-A: MDL-101 (39), which inhibited the growth of Th17 cells, the proliferation and function of CD17 T cells and the production of IL-4 in vitro, and promoted the development of Treg cells, having the potential to treat multiple sclerosis, but its pharmacokinetic characteristics are poor. Daniel C. et al. used conformational adaptive monosaccharides as an alternative design strategy to obtain a series of carbohydrate-contained compounds, which improved the activity of the compounds and could be used as selective inhibitors of IL-6, requiring further research (260, 261).




5.2.3 LMT-28 (40)

LMT-28, an oxazolidinone derivative, was screened by HepG2 cells transfected with IL-6 stimulation of p-STAT3-Luc, and inhibited the action of IL-6 by targeting gp130 homodimers, with high activity (IC50 = 5.9 μM, Kd = 7.4 μM) and low cytotoxicity, and had good pharmacokinetic characteristics (262, 263). In CIA and acute pancreatitis models, LMT-28 exerted a therapeutic effect on arthritis and pancreatitis, decreased arthritis scores, and reduced expression of pro-inflammatory factors to exert anti-inflammatory activity (263). Multiple studies confirmed that LMT-28 reduced gp130 in the IL-6 pathway, phosphorylation of STAT3 with ERK to block signaling, and inhibited of Th17 differentiation, thereby improving arthritis symptoms in CIA, and had a combined effect with metformin (264–266). Therefore, LMT-28 may have potential therapeutic and preventive effects on inflammatory diseases (such as RA, colitis), and may become the first orally available synthetic IL-6 inhibitor.




5.2.4 PF-06650833 (41)

PF-06650833, a highly selective IL-1 receptor-associated kinase 4 (IRAK4) small molecule inhibitor (IC50 = 0.2 nM), could be orally absorbed, has good ADME characteristics, and inhibits the production of inflammatory factors (such as TNF, IFN, IL-1, IL-6, IL-12) and macrophage activation in RA, CIA and SLE animal models to reduce inflammatory symptoms (267). Based on good preclinical data, PF-06650833 has completed a phase I trial (NCT02485769, NCT02224651), showing good tolerability and safety (268). It recently has completed a phase II trial (NCT02996500) in RA patients who do not respond adequately to MTX, but the results of which have not yet been disclosed. In addition, two IRAK4 inhibitors, BAY 1834845 (IC50 = 3.4 nM) and BAY1830839 (IC50 = 3 nM), have completed multiple clinical trials, the former evaluated in a phase I/II trial (NCT03493269) in psoriasis patients, and the latter completed a multi-dose trial (NCT03540615, NCT03965728).

In addition to the above, there are some small molecule compounds still under development, but the results are not clear. For example, 2, 5-diaminobenzoxazole derivatives show good anti-inflammatory activity in the RA model, in which compound 3e has an inhibition rate of 71.5% on IL-6/STAT3 pathway, and compound 3a has an inhibition rate of IL-1β of 92.1%, and inhibition of these factors improves RA, so such compounds are expected to become drugs for the treatment of RA (269). S011806 is an oral small molecule antagonist of IL-17 developed for the treatment of psoriasis and has entered the phase I clinical stage to explore its safety and pharmacokinetic characteristics, but preclinical data have not yet been disclosed. LEO 153339, as an inhibitor of IL-17, has completed a phase I trial (NCT04883333), but results have not yet been shown.





5.3 Natural products

In addition to antibodies and small molecule inhibitors, the therapeutic effect of natural products on AIDs has gradually begun to be revealed. There have been relevant reviews of natural products that have a curative effect on autoimmune arthritis have been summarized. Most of the natural products seem to exert anti-inflammatory activity, inhibit the expression of inflammatory factors to alleviate the disease, and some have entered the evaluation of clinical trials, among which curcumin, resveratrol, triptolian inner fat, green tea is highlighted. These substances have therapeutic effects in a variety of AIDs, with immunomodulatory activity, effectively improve autoimmune inflammation (270–272), and other natural products have been discovered, the following will introduce some new natural products with the potential to treat AIDs.

Aureane-type sesquiterpene tetraketides, isolating from a wetland mud-derived fungus, Myrothecium gramineum (ZLW0801-19), exhibited IL-17A inhibitory activity to regulate immunopathological injury in animal models of experimental autoimmune encephalomyelitis (EAE) and pulmonary hypertension, reducing disease severity, having therapeutic potential for MS and EAE (273).

Prunella vulgaris L. (PV) is a dried fruit spike of the plant Prunella vulgaris L. in the family Lamiaceae, whose inhibition of the HMGB1/TLR9 pathway reduces the proliferation of Th1, Th2, and Th17 cells and the levels of pro-inflammatory factors, thereby improving thyroiditis, and has now been used in China to treat autoimmune thyroiditis (274).

The low-toxicity compound MYMD-1 is a synthetic derivative of tobacco alkaloids, which have been shown to act as an immunomodulator to improve the disease degree and incidence of thyroiditis in autoimmune models, possibly by inhibiting the number of pathogenic Th1 cells and reducing TNF-α production, which seems to have been validated in EAE models while inhibiting the development of EAE. Therefore, MYMD-1 has great potential for the treatment of AIDs (275, 276).

Avocado and soybean unsaponifiables (ASU) are vegetable extracts prepared from fruits and seeds of avocado and soybean oil in a ratio of 1:2. The active ingredients are complex (such as phytosterols, isoflavones), and have a powerful anti-inflammatory effects, so they are effective against scleroderma and IBDs, reduce collagen content and skin fibrosis in scleroderma, and maintain the intestinal barrier in enteritis (277).

Artemisinoids were first discovered as antimalarial drugs, and more experiments have now found that they have a good therapeutic effect on AIDs in preclinical models. Artemisinin derivatives include artemisinin, artesunate, artemether, dihydroartemisinin, and semi-synthetic derivatives (DC32, SM 903, and SM934), which inhibit inflammation in RA to alleviate symptoms, reverse signaling disorders in SLE, and improve clinical signs of IBD, and have therapeutic potential in multiple AIDs (278).




5.4 Others

In addition to the above hot targets, there are also some cytokines closely associated with inflammation, including GM-CSF, IL-33, TSLP, and related inhibitors have been gradually developed in AIDs.

Granulocyte-macrophage colony-stimulating factor (GM-CSF), a member of the β common cytokine family, appears to have a pleiotropic modulation of inflammation. During the phase of inflammation resolution, GM-CSF stimulates the proliferation of immunosuppressive bone marrow cells to aid wound healing and tissue repair, while GM-CSF plays a pathogenic role in chronic inflammation. GM-CSF promotes the development of inflammation by acting on innate immune cells (monocytes, neutrophils, macrophages), which are found in RA, IBD, and MS (279, 280). Therefore, a number of GM-CSF inhibitors have been developed for the treatment of AIDs. For example, Tylor et al. demonstrated that IgG1 mAb Namilumab (AMG203), targeting GM-CSF, effectively inhibited macrophage activity in RA patients, exerting beneficial therapeutic effects (281).

IL-33, a member of the IL-1 superfamily, is highly expressed in TH2 cells and mast cells to participate in T cell-mediated immune responses. IL-33 is activated by the orphan receptor ST2 by affecting multiple pathways such as MAPK and NF-κB to increase the release of inflammatory factors, thereby accelerating the pathogenesis of chronic AIDs. Studies have shown that IL-33 and ST2 were abnormally expressed in RA, SLE, SSc, and IBD, and the use of anti-ST2 antibodies reduced the production of IFN-γ, IL-17 and arthritis damage in mice, which indicated the potential role of IL-33 in AIDs (282). Although there is not much research on the use of IL-33 inhibitors, clinical trials conducted by Nnane et al. have demonstrated that IL-33R mAb CNTO 7160 had good PK, PD, and safety in healthy, asthmatic, or atopic dermatitis patients, which supports further clinical studies (283), suggesting that IL-33 inhibitors may be a treatment strategy for subsequent diseases.

Thymic stromal lymphopoietin (TSLP) activates intracellular JAK/STAT, PI3K pathways by binding to receptor TSLPR and mediates the production of inflammatory factors IL-23, IL-17, and IL-4, which may be involved in the pathogenesis of inflammatory AIDs. Although TSLP inhibitors are currently more used in the treatment of allergic diseases, the role of TSLP as a pro-inflammatory mediator in RA has been discovered, and it is also involved in the autoimmune response of some diseases, so the role of TSLP on AIDs would gradually be revealed (284).





6 Other inflammatory therapeutic methods



6.1 multi-target inhibitors

At present, the development of anti-inflammatory factor inhibitors has focused on single-targeted mAb, but such inhibitors are sometimes not very effective. The pathogenic process of AIDs is often accompanied by the action of multiple inflammatory factors. Studies have shown that simultaneous selection of multiple cytokines for targeted therapy may be faster and better to inhibit disease progression. Fischer et al. (285) confirmed that the combined inhibition of TNF-α and IL-17 would have a synergistic effect on arthritis, which was more effective in reducing the production of cytokines and chemokines. Meanwhile, combined inhibition was more prominent in inhibition of joint inflammation and cartilage damage, maintaining bone homeostasis, which indicates that bispecific antibodies have better efficacy.

Given the benefits of multi-target inhibitors, more research is increasingly biased towards the development of bispecific antibodies (BsAbs). Kang et al. (286) developed a BsAb targeting TNF-α/CXCL10, obtained by combining a single-stranded variable fragment (scFv) resistant to CXCL10 mAb and an Fc region of adalimumab. Compared with adalimumab, BsAb showed similar TNF inhibitory efficacy and anti-arthritis efficacy, but better inhibited the production of inflammatory factors. Whether BsAb is more effective requires further experimental confirmation.




6.2 Combined immunotherapy

Nowadays, the therapeutic mechanism of AIDs includes interference with the cell cycle, control of cytokines, inhibition of transport and activation of autoreactive cells and other pathways to inhibit the development of diseases. In most cases, general immunosuppressants are selected for the treatment of AIDs, but due to the lack of antigen specificity, therapeutic effects are not very good, so combination immunotherapy is beginning to be included. The use of antigen-specific immunotherapy (ASIT) in combination with immunomodulators appears to be a good therapeutic strategy, achieved through co-administration or co-delivery (287). Kang et al. demonstrated that the combination of immunosuppressant FK506 and DNA vaccine stimulated regulatory DC, induced antigen-specific Treg, and inhibited the Th17 response, thus preventing EAE (288).

In addition to being used as an alternative to other therapies when other treatments respond inadequately, anti-inflammatory factor inhibitors are commonly used in combination therapies. Numerous studies have shown that compared to biological monotherapy, the combination of it and MTX has a more favorable outcome for AIDs. A phase III clinical trial by Feist et al. (NCT02760433) demonstrated that combination therapy with OKZ and MTX was effective in improving signs and symptoms in RA patients who did not respond adequately to TNFRi (289). While autologous polyclonal Tregs cell therapy has been shown to restore tolerability in T1D patients, the latest experiments have shown that combined it with low-dose IL-2 (ld-IL-2) therapy effectively increased the number of endogenous Tregs, resulting in amplification of Tregs with activation and memory phenotypes, which may be meaningful for adoptive Treg transfer therapy for T1D treatment (290).




6.3 Gene therapy

With the gradual deepening of the molecular basis of AIDs, gene therapy has begun to become a potential curative method, achieved by the inactivation or replacement of target genes. At present, there are studies on siRNA treatment of AIDs, indicating that gene therapy has great therapeutic prospects.

siRNA is a novel drug that uses RNA interference to achieve targeted regulation of gene expression, which can effectively silence the gene of interest to treat diseases. Now some siRNAs have been found to be feasible in the treatment of RA. Lee et al. designed a nanocomplex of polymerized siRNA (poly-siRNA), which successfully reduced the production of these factors by targeting the inflammatory genes TNF-α, IL-1, thereby improving arthritis. However, siRNA has many problems such as short half-life, inaccurate positioning, and difficulty in penetrating cell membranes, so it is necessary to achieve the targeting of siRNA with the help of delivery systems. Aldayel et al. developed a TNF-α siRNA nanoparticle formulation that achieved a high encapsulation rate (>90%) to siRNA to increase delivery in inflammatory tissues. In mouse models of arthritis, this formulation demonstrated a potential therapeutic effect of RA with ineffective against MTX (291). Song et al. got a lipid-polymer hybrid nanoparticle FS14-NP/siRNA that packaged siRNA targeting IL-1 to successful delivery to macrophages, showing high gene silencing efficiency. At the same time, its effective accumulation in tissues successfully reduced the expression of inflammatory factors in mice and the bone erosion and cartilage destruction of inflammatory joints (292). These siRNA-nanoparticles show that siRNA interference with inflammatory target genes has an effective therapeutic effect on RA.

In addition, viruses often act as gene delivery vectors. Ebina et al. used adenovirus vectors to transfer APN that exerts anti-inflammatory effects to CIA mice, which subsequently inhibited the development of arthritis. Next, a recombinant AAV vector containing a human TNF-immunoglobulin Fc fusion gene (rAAV2-TNFR: Fc; tgAAC94) has been shown to be effective in inhibiting the development of arthritis in preclinical study, and subsequent clinical trials confirmed good tolerability and safety in patients with RA (293). These all indicate that gene therapy has good potential and may become an important treatment for RA in the future.





7 Discussion

The treatment of autoimmune diseases aims to restore homeostasis of the immune system and maintain immune balance by controlling the degree of deviation of the autoimmune response. The treatment strategy has four aspects: changing the immune activation threshold, modulating antigen-specific responses, rebuilding the immune system with autologous or allogeneic stem cells, and preserving the target organ. Antigen-specific therapy aims to induce tolerance to specific antigens. For different AIDs, the choice of drug treatment will be different. Antimalarial drugs, corticosteroids are the preferred treatment strategy for SLE, the first choice for RA treatment is antirheumatoid drugs (such as MTX), and azathioprine is preferred for treatment of AIH. Most of the initial treatment is to choose immunosuppressants, directly targeting B cells and T cell therapy, but these drugs are prone to intolerance, and the patient’s response to it is gradually reduced. Now the drugs for the treatment of AIDs have poor efficacy, too toxic and other problems, so new immunomodulators need to be developed for the treatment of AIDs.

With the increasing research on inflammation of AIDs, it is beginning to realize that inflammation plays an important role in the pathogenesis of AIDs. For example, TNF and IL families play an important pro-inflammatory activity in AIDs, so many treatment strategies for AIDs involve anti-inflammatory therapy, corticosteroids reduce inflammation. The use of cytokine inhibitors (such as TNF, IL-6) and JAK inhibitors for treatment reduces inflammation and pain, and shows better therapeutic efficacy, which is typically used for the treatment of patients who do not respond to basic drugs (39). According to the analysis for biologics in a large number of literature (294, 295), compared with traditional antirheumatic drugs (MTX), glucocorticoids, corticosteroids, biologic disease-modifying antirheumatic drugs (such as TNF-α inhibitors) seem to improve the symptoms and signs of RA patients more quickly, without producing very serious adverse effects, so these drugs have a relative safety profile for RA in the short term. Meanwhile, treatment with biologics and MTX may lead to more effective treatment outcomes. For AS, TNFi has better efficacy and safety than IL and JAK inhibitors, while IL-6 inhibitors have less efficacy and a higher risk of adverse effects, which are not recommended for AS (296). TNFi is also the most effective treatment for CD, among which infliximab leads to better outcomes than adalimumab and certolizumab (297). In the treatment of UC, the small molecule inhibitor Upadacitinib may bring better clinical efficacy than biologics, but it has a high frequency of adverse events. In terms of safety, the anti-integrinin inhibitor Vedolizumab performed best. In biologic-naïve UC, infliximab has the best clinical response rate than adalimumab and golimumab, and it may be the first-line drug of choice for UC (298). Among these anti-inflammatory agents, TNFi is the most widely used, due to both efficacy and safety advantages, but it has not yet had a significant benefit in the treatment of SLE.

However, according to the above analysis of TNFi, most drugs have high immunogenicity, which leads to poor final efficacy. Drugs with lower immunogenicity may have a higher frequency of infection, and the risk of causing other diseases is greatly increased, which may not be conducive to long-term administration. For patients with insufficient response to TNF-α inhibitors, IL inhibitors are selected for treatment. Studies have shown that IL inhibitors have better efficacy in the treatment of POS than TNF-α inhibitors, while some IL-17 inhibitors are more effective in blocking the IL-17 signaling pathway, IL-23 may only be partially inhibited, which may be the reason for the difference in the therapeutic effect of inhibitors (229).




8 Prospect

Most of the above anti-inflammatory agents are antibodies, but for the currently developed anti-inflammatory inhibitors, most drugs seem to be injected intravenously, and not all patients achieve a good expected effect. This may be that the pathogenic effect brought by a single action on inflammatory factors is still weak. Meanwhile, some antibodies have the potential for immunogenicity and high production costs. Subsequently, nanobodies begin to enter the market, with small molecular weight, strong specificity, good stability and other characteristics, have great advantages in targeted therapy. However, no such small molecule inhibitors have been used, which is the defect of current anti-inflammatory agent development. Therefore, there are still many unanswered questions in the process of exploring targeting inflammatory pathways to treat AIDs.

In AIDs, the development of inhibitors on inflammatory targets is more focused on biologics, so targeted biological therapies have begun to become a hot treatment strategy. This review describes antibodies (mAbs, BsAbs) in biologics, but in addition to them, antibody-drug conjugates (ADCs) are gradually being developed. For example, Buttgereit et al. (299) demonstrated the ADC ABBV-3373, composed of TNFi adalimumab and a glucocorticoid receptor modulator (GRM), is effective in RA patients (NCT03823391). Compared with single-agent adalimumab, ABBV-3373 improved patients’ symptoms. Therefore, new biologics (BsAb, ADC) are the key research directions of the next generation of biologics, and also provide a new direction for the treatment of AIDs. These targeted inhibitors need to be selected according to the specific disease characteristics of the patient, and the key cytokines for disease pathogenesis are identified, so that specific inhibitors are selected to treat patients more effectively.

For AIDs, other treatment strategies have emerged in addition to drug therapy. Car-T therapy is chimeric antigen receptor T cell immunotherapy, which is currently mainly used as a targeted therapy for tumors, and has good advantages. It has been found that Car-T therapy has therapeutic prospects for AIDs. CARs induce the regulatory role of effector and regulatory T cells in autoimmunity, while CAR-modified T cells effectively kill abnormal immune cells, such as autoantibody-related B cells and plasma cells in AIDs. For example, Jyothi et al. used anti-CD19 CAR-T cells to complete the continuous and effective consumption of B cells in SLE mouse models, and the duration was higher than that of antibodies, and improved the disease of SLE, delayed its occurrence, which played a good preventive role, and showed the potential clinical efficacy of CAR-T therapy on SLE (300). It has subsequently confirmed the feasibility of Car-T therapy in SLE patients, weakening the B-cell-mediated autoimmune response. This relieves the patient’s clinical signs and is highly effective and tolerated (301). This new treatment strategy increases the treatment options for patients with AIDs and may complement immunosuppressants and anti-inflammatory agents. The most common complication of AIDs is interstitial lung disease, so treatment should focus on lung examination, diagnosis, and treatment.
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There is an increasing interest in the pathophysiological role of the kynurenine pathway of tryptophan metabolism in the regulation of immune function and inflammation. We sought to address the link between this pathway and the presence rheumatic diseases (RD) by conducting a systematic review and meta-analysis of studies reporting the plasma or serum concentrations of tryptophan, kynurenine, and other relevant metabolites in RD patients and healthy controls. We searched electronic databases for relevant articles published between inception and the 30th of June 2023. Risk of bias and certainty of evidence were assessed using the Joanna Briggs Institute Critical Appraisal Checklist and the Grades of Recommendation, Assessment, Development and Evaluation Working Group system. In 24 studies selected for analysis, compared to controls, RD patients had significantly lower tryptophan (standard mean difference, SMD= -0.71, 95% CI -1.03 to -0.39, p<0.001; I2 = 93.6%, p<0.001; low certainty of evidence), and higher kynurenine (SMD=0.69, 95% CI 0.35 to 1.02, p<0.001; I2 = 93.2%, p<0.001; low certainty), kynurenine to tryptophan ratios (SMD=0.88, 95% CI 0.55 to 1.21, p<0.001; I2 = 92.9%, p<0.001; moderate certainty), 3-hydroxykynurenine (SMD=0.74, 95% CI 0.30 to 1.18, p=0.001; I2 = 87.7%, p<0.001; extremely low certainty), and quinolinic acid concentrations (SMD=0.71, 95% CI 0.31 to 1.11, p<0.001; I2 = 88.1%, p<0.001; extremely low certainty). By contrast, there were non-significant between-group differences in kynurenic acid, 3-hydroxyanthranilic acid, kynurenic acid to kynurenine ratio, or quinolinic acid to kynurenine acid ratio. In meta-regression, the SMD of tryptophan, kynurenine, and kynurenine to tryptophan ratio were not associated with age, publication year, sample size, RD duration, C-reactive protein, or use of anti-rheumatic drugs and corticosteroids. In subgroup analysis, the SMD of tryptophan, kynurenine, and kynurenine to tryptophan ratio was significant across different types of RD, barring rheumatoid arthritis. Therefore, we have observed significant alterations in tryptophan, kynurenine, 3-hydroxykynurenine, and quinolinic acid concentrations in RD patients. Further research is warranted to determine whether these biomarkers can be useful for diagnosis and management in this patient group. (PROSPERO registration number: CRD CRD42023443718).




Systematic review registration

https://www.crd.york.ac.uk/prospero, identifier CRD CRD42023443718.
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Introduction

The kynurenine pathway is responsible for approximately 95% of the metabolism of the essential amino acid tryptophan (Figure 1) (1). While the majority (90%) of physiological tryptophan degradation through this pathway occurs in the liver, the extra-hepatic kynurenine pathway plays a relatively greater role in states of immune activation (2). The main roles of the kynurenine pathway include the regulation of tryptophan availability for the synthesis of serotonin in the central nervous system, and the synthesis of heme, nicotinic acid, oxidized nicotinamide adenine dinucleotide (phosphate), NAD+(P+), and its reduced form NAD(P)H (3). There has been an increasing interest, particularly over the last three decades, in the biological and pathophysiological role of the kynurenine pathway. Several studies have reported that a) local and systemic alterations in kynurenine metabolites, e.g., tryptophan and kynurenine, resulting from changes in enzyme expression and/or activity suggest the presence of conditions such as cancer, immune diseases, and neuropsychiatric disorders, and b) individual kynurenine metabolites, e.g., kynurenic acid, 3-hydroxyanthranilic acid, 3-hydroxykynurenine, and quinolinic acid, can directly influence various processes, including the redox state, immune function, glutamate neurotransmission in the central nervous system, and carbohydrate metabolism (3–8).




Figure 1 | The tryptophan/kynurenine pathway. TDO, tryptophan 2,3-dioxygenase; IDO, indoleamine 2,3-dioxygenase; KYNFA, kynurenine formamidase; KATs, kynurenine aminotransferases; KMO, kynurenine 3-monooxygenase; KYNU, kynureninase.



The interplay between the kynurenine pathway, inflammation, and immunity has also stimulated research on the pathophysiological and clinical role of kynurenine metabolites in patients with rheumatic diseases (RD). RD is an umbrella term that includes various chronic systemic conditions affecting the musculoskeletal system with a predominantly autoimmune (e.g., systemic lupus erythematosus, SLE, rheumatoid arthritis, RA, Sjogren’s syndrome, SSj, systemic sclerosis, SSc, and progressive systemic sclerosis, pSS), mixed-autoimmune-autoinflammatory (e.g., psoriatic arthritis, PsA, ankylosing spondylitis, AS, axial spondylarthritis, axSpA, and Behcet’s disease, BD), or autoinflammatory component (e.g., familial Mediterranean fever, FMF) (9–11). Whilst significant progress has been made in the diagnosis and treatment of clinically overt RD, significant challenges remain with the identification of early forms of disease, which supports the search for novel RD biomarkers (12–14).

We sought to address these issues by conducting a systematic review and meta-analysis of published studies investigating the plasma or serum concentrations of metabolites within the kynurenine pathway (Figure 1) in patients with RD and healthy controls. We further investigated the presence of associations between the effect size of between-group differences in individual metabolites and a range of study and patient characteristics, particularly C-reactive protein, type of RD (autoimmune, mixed autoimmune-autoinflammatory, or autoinflammatory disease), and use of disease-modifying anti-rheumatic drugs (DMARDs) and corticosteroids.





Materials and methods




Search strategy and study selection

We systematically searched the electronic databases PubMed, Web of Science, and Scopus for relevant articles published from inception to the 30th of June 2023 using the following terms and their combination: “rheumatic diseases” OR “rheumatoid arthritis” OR “psoriatic arthritis” OR “ankylosing spondylitis” OR “systemic lupus erythematosus” OR “systemic sclerosis” OR “Sjogren’s syndrome” OR “connective tissue diseases” OR “vasculitis” OR “Behçet’s disease” AND “tryptophan” OR “kynuren*” OR “anthranil*” OR “xanthurenic” OR “cinnabar*” OR “picolinic” OR “quinolinic”. Two investigators independently screened each abstract and, if relevant, the full-text articles according to the following inclusion criteria: (i) assessment of tryptophan catabolites and/or their ratio in plasma or serum, (ii) comparison of participants with RD and healthy controls aged ≥18 years in case-control studies, and (iii) full-text articles available in English language. The references of each article were also searched for additional studies. A third investigator was involved in case of disagreement.

Two investigators independently extracted the following information from the selected manuscripts and transferred them to an electronic spreadsheet for further analysis: first author, year of publication, continent where the study was conducted, number of participants, male to female ratio, tryptophan, kynurenine, kynurenine to tryptophan ratio, kynurenic acid, 3-hydroxyanthranilic acid, 3-hydroxykynurenine, quinolinic acid, kynurenine acid to kynurenine ratio, quinolinic acid to kynurenine acid ratio, C-reactive protein (CRP), disease duration, type of RD (autoimmune: SLE, RA, SSj, SSc, pSS; mixed autoimmune-autoinflammatory: PsA, AS, axSpA, and BD; autoinflammatory: FMF), use of DMARDs and corticosteroids, matrix used for analysis (serum or plasma), and analytic method used for the measurement of individual metabolites.

We assessed the risk of bias with the Joanna Briggs Institute Critical Appraisal Checklist for analytical studies (15). Studies addressing ≥75%, ≥50% and <75%, and <50% of checklist items were considered as having low, moderate, and high risk, respectively. We also assessed the certainty of evidence using the Grades of Recommendation, Assessment, Development and Evaluation (GRADE) Working Group system (16). We complied with the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 2020 statement (17), and registered our study in the International Prospective Register of Systematic Reviews (PROSPERO registration number: CRD CRD42023443718).





Statistical analysis

We generated forest plots of standardized mean differences (SMDs) and 95% confidence intervals (CIs) to assess for differences in serum or plasma concentrations of individual metabolites between RD patients and healthy controls (a p-value of less than 0.05 was considered statistically significant). Where necessary, means and standard deviations were extrapolated from medians and interquartile ranges or ranges, as previously reported (18, 19), or from graphs using the Graph Data Extractor software (San Diego, CA, USA). Heterogeneity of SMD across studies was assessed using the Q statistic (20, 21). The stability of the results of the meta-analysis was assessed in sensitivity analysis (22). The Begg’s and Egger’s tests and the “trim-and-fill” procedure were used to assess and eventually correct publication bias (23–25). Univariate meta-regression and subgroup analyses were conducted to investigate associations between the effect size and the following parameters: year of publication, study continent, number of participants, age, male to female ratio, CRP, disease duration, type of RD, use of DMARDs and corticosteroids, sample matrix (serum or plasma) and assay method used to measure analytes. Statistical analyses were performed using Stata 14 (Stata Corp., College Station, TX, USA).






Results




Screening process

A flow chart of the screening process is described in Figure 2. We initially identified 2,156 studies, of which 2,128 were excluded after the first screening because they were either duplicates or irrelevant. After full-text revision of the remaining 28 articles, two were further excluded because of missing data, one because it was not a case-control study, and one because it was conducted in participants <18 years of age. Thus, 24 studies were selected for analysis (Table 1) (26–49). The risk of bias, presented in Supplementary Table 3, was moderate in 14 studies (26–35, 37, 41, 44, 45, 47), and low in the remaining 10 (34, 36, 38–40, 42, 43, 46, 48, 49). The initial certainty of evidence was low for all studies (rating 2, ⊕⊕⊝⊝) given their cross-sectional design.




Figure 2 | PRISMA 2020 flow chart of study selection.




Table 1 | Characteristics of the selected studies.







Tryptophan

We identified 21 studies (23 comparator groups) reporting tryptophan concentrations in a total of 1,526 RD patients (mean age 48 years, 24% males) and 1,404 healthy controls (mean age 43 years, 38% males; Table 1) (26–38, 40–42, 44, 46–49). Ten were conducted in Europe (26–29, 32–37), and 11 in Asia (30, 31, 38, 40–42, 44, 46–49). Six study groups included patients with RA (28, 31, 34, 36, 38, 41), five with pSS (29, 33, 44, 46, 47), four with SLE (27, 30, 32, 35), three with AS (38, 40), two with SSc (26, 37), and one with BD (42), FMF (48), and axSpA (49), respectively. Liquid chromatography was used in 21 study groups (27–38, 40–42, 44, 46, 48, 49), a spectrofluorimetric assay in one (26), and an enzyme-linked immunosorbent assay (ELISA) in the remaining one (47). Among the liquid chromatography-based assays, seven used fluorimetric detection (27–33), and the remaining 14 mass spectrometry (34–38, 40–42, 44, 46, 48, 49). Measurements were conducted in serum in 17 study groups (26–33, 36, 38, 40, 42, 46–48), and plasma in the remaining six (34, 35, 37, 41, 44, 49). The risk of bias (Supplementary Table 3) was moderate in 13 studies (26–33, 35, 37, 41, 44, 47), and low in the remaining eight (34, 36, 38, 40, 42, 46, 48, 49).

The forest plot showed that tryptophan concentrations were significantly lower in RD patients compared to controls (SMD=-0.71, 95% CI -1.03 to -0.39, p<0.001; I2 = 93.6%, p<0.001; Figure 3). The pooled SMD values were not influenced by individual studies (range between -0.82 and -0.61; Supplementary Figure 1). There was no publication bias (Begg’s test, p=0.32; Egger’s test, p=0.30). The “trim-and-fill” method did not identify any missing study to be added to the funnel plot to ensure symmetry (Supplementary Figure 2).




Figure 3 | Forest plot of the standard mean differences in tryptophan concentrations between patients with rheumatic disease and healthy controls.



In meta-regression, there were non-significant associations between effect size and age (t=-1.60, p=0.13), publication year (t=1.89, p=0.07), sample size (t=0.04, p=0.97), RD duration (t=1.68, p=0.12), CRP (t=1.96, p=0.08), or use of DMARDs (t=0.72, p=0.49) and corticosteroids (t=-0.05, p=0.97). By contrast, the effect size was significantly associated with the (male/female RD patients)/(male/female controls) ratio (t=2.25, p=0.04).

In subgroup analysis, the pooled SMD was statistically significant in studies investigating pSS (SMD=-1.22, 95% CI -1.92 to -0.52, p<0.001; I2 = 95.1%, p<0.001), SLE (SMD=-1.15, 95% CI -2.15 to -0.15, p=0.02; I2 = 96.1%, p<0.001), and SSc patients (SMD=1.55, 95% CI -3.10 to -0.01, p=0.049; I2 = 93.6%, p<0.001), but not RA (SMD=-0.34, 95% CI -0.99 to 0.31, p=0.31; I2 = 90.1%, p<0.001), or AS patients (SMD=0.38, 95% CI -1.02 to 1.77, p=0.60; I2 = 96.1%, p<0.001; Figure 4). In addition, the pooled SMD was statistically significant in studies of patients with autoimmune disease (SMD=-0.93, 95% CI -1.92 to -0.52, p<0.001; I2 = 93.8%, p<0.001), but not mixed autoimmune-autoinflammatory disease (SMD=-0.01, 95% CI -0.69 to 0.66, p=0.97; I2 = 93.6%, p<0.001; Supplementary Figure 3). There were non-significant differences (p=0.46) in pooled SMD between European (SMD=-0.89, 95% CI -1.29 to -0.49, p<0.001; I2 = 90.7%, p<0.001) and Asian studies (SMD=-0.56, 95% CI -1.07 to -0.05, p=0.03; I2 = 95.0%, p<0.001). By contrast, there was a significant difference (p=0.006) between the pooled SMD of studies using liquid chromatography (SMD=-0.53, 95% CI -0.82 to -0.24, p<0.001; I2 = 91.6%, p<0.001) and other assays (SMD=-2.71, 95% CI -3.39 to -2.02, p<0.001; I2 = 62.6%, p=0.10) with a relatively lower heterogeneity in the latter subgroup. In addition, in studies using liquid chromatography the pooled SMD was statistically significant in those using fluorimetric detection (SMD=-1.15, 95% CI -1.77 to -0.53, p<0.001; I2 = 94.8%, p<0.001) but not in those using mass spectrometry detection (SMD=-0.24, 95% CI -0.54 to 0.05, p=0.10; I2 = 86.6%, p<0.001), and the difference between the effect sizes was also statistically significant (p=0.03). Finally, there were non-significant differences (p=0.63) in pooled SMD between studies investigating plasma (SMD=-0.53, 95% CI -0.78 to -0.28, p<0.001; I2 = 48.1%, p=0.09) and those investigating serum (SMD=-0.78, 95% CI -1.20 to -0.36, p<0.001; I2 = 93.6%, p<0.001), with a lower between-study variance in the former subgroup.




Figure 4 | Forest plot of studies investigating tryptophan concentrations in patients and controls according to the type of rheumatic disease.



The certainty of evidence remained low (rating 2, ⊕⊕⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the moderate effect size (SMD=-0.71, no rating change) (50), and the absence of publication bias (no rating change).





Kynurenine

Seventeen studies (18 comparator groups) investigated kynurenine concentrations in a total of 1,384 RD patients (mean age 48 years, 29% males) and 1,223 healthy controls (mean age 44 years, 40% males; Table 1) (27–33, 35, 40–42, 44–49). Eleven studies were conducted in Asia (30, 31, 40–42, 44–49), and six in Europe (27–29, 32, 33, 35). Five study groups included patients with pSS (29, 33, 44, 46, 47), four with SLE (27, 30, 32, 35), three with AS (40, 45), three with RA (28, 31, 41), and one with BD (42), FMF (48), and axSpA (49), respectively. Liquid chromatography was used in 15 study groups (27–33, 40–42, 44, 46, 48, 49), ELISA in two (45, 47), and gas chromatography in one (35). In liquid chromatography studies, seven used mass spectrometry (40–42, 44, 46, 48, 49), six ultraviolet (27–29, 31–33), and one fluorimetric detection (30). Kynurenine was measured in serum in 14 study groups (27–33, 40, 42, 45–48), and plasma in the remaining four (35, 41, 44, 49). The risk of bias (Supplementary Table 3) was moderate in 12 studies (27–33, 35, 41, 44, 45, 47), and low in the remaining five (40, 42, 46, 48, 49).

The forest plot showed that kynurenine concentrations were significantly higher in RD patients compared to healthy controls (SMD=0.69, 95% CI 0.35 to 1.02, p<0.001; I2 = 93.2%, p<0.001; Figure 5). Sensitivity analysis showed stability of the results as the effect size ranged between 0.48 and 0.75 (Supplementary Figure 4). There was no publication bias (Begg’s test, p=0.88; Egger’s test, p=0.46). Although the “trim-and-fill” method failed to identify missing studies to be added to the funnel plot to ensure symmetry (Supplementary Figure 5), it highlighted the distortive effects of the study of Xiang et al. (30). The removal of this study from the analysis attenuated the effect size (SMD=0.48, 95% CI 0.23 to 0.73, p=0.001; I2 = 87.3%, p<0.001).




Figure 5 | Forest plot of the standard mean differences in kynurenine concentrations between patients with rheumatic disease and healthy controls.



In meta-regression, there were non-significant associations between effect size and age (t=-0.53, p=0.61), sex (t=-0.95, p=0.36), publication year (t=-0.44, p=0.67), sample size (t=0.11, p=0.91), CRP (t=-1.68, p=0.14), RD duration (t=0.23, p=0.82), or use of DMARDs (t=-1.17, p=0.27) and corticosteroids (t=0.23, p=0.82).

In subgroup analysis, the pooled SMD was statistically significant in studies of SLE (SMD=1.54, 95% CI 0.13 to 2.95, p=0.03; I2 = 97.9%, p<0.001), and AS (SMD=0.81, 95% CI 0.12 to 1.51, p=0.02; I2 = 85.9%, p<0.001), but not RA (SMD=-0.12, 95% CI -0.41 to 0.16, p=0.39; I2 = 0.0%, p=0.84), or pSS (SMD=0.45, 95% CI -0.02 to 0.92, p=0.06; I2 = 90.1%, p<0.001; Figure 6), with a virtually absent heterogeneity in the RA subgroup. There were non-significant differences (p=0.82) in pooled SMD between studies in patients with autoimmune disease (SMD=0.62, 95% CI 0.16 to 1.09, p=0.009; I2 = 94.5%, p<0.001) and mixed autoimmune-autoinflammatory disease (SMD=0.86, 95% CI 0.41 to 1.32, p<0.001; I2 = 85.8%, p<0.001; Supplementary Figure 6). Furthermore, there were non-significant differences (p=0.34) in pooled SMD between Asian (SMD=0.89, 95% CI 0.38 to 1.40, p=0.001; I2 = 94.7%, p<0.001) and European studies (SMD=0.34, 95% CI 0.04 to 0.64, p=0.03; I2 = 80.0%, p<0.001). By contrast, the pooled SMD was statistically significant in studies using liquid chromatography (SMD=0.80, 95% CI 0.42 to 1.18, p<0.001; I2 = 93.8%, p<0.001) but not in those using other methods (SMD=0.12, 95% CI -0.42 to 0.65, p=0.66; I2 = 78.4%, p=0.010). In studies using liquid chromatography, the pooled SMD was significantly different with mass spectrometry (SMD=0.81, 95% CI 0.47 to 1.14, p<0.001; I2 = 84.6%, p<0.001) but not ultraviolet detection (SMD=0.23, 95% CI -0.11 to 0.56, p=0.19; I2 = 82.6%, p<0.001), and the difference between the effect sizes was statistically significant (p=0.038). Finally, there were non-significant differences (p=0.56) in pooled SMD between studies in plasma (SMD=0.39, 95% CI 0.11 to 0.67, p=0.006; I2 = 48.2%, p=0.12) and serum (SMD=0.78, 95% CI 0.36 to 1.20, p<0.001; I2 = 94.6%, p<0.001), with a lower between-study variance in the plasma subgroup.




Figure 6 | Forest plot of studies investigating kynurenine concentrations in patients and controls according to type of rheumatic disease.



The certainty of evidence remained low (rating 2, ⊕⊕⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the moderate effect size (SMD=0.69, no rating change) (50), and the absence of publication bias (no rating change).





Kynurenine to tryptophan ratio

Seventeen studies (18 comparator groups) investigated the kynurenine to tryptophan ratio in a total of 1,371 RD patients (mean age 48 years, 24% males; Table 1) and 1,275 healthy controls (mean age 44 years, 39% males) (27–33, 35, 39–42, 44, 46–49). Ten studies were conducted in Asia (30, 31, 40–42, 44, 46–49), six in Europe (27–29, 32, 33, 35), and one in America (39). Five study groups included participants with pSS (29, 33, 44, 46, 47), five with SLE (27, 30, 32, 35, 39), three with RA (28, 31, 41), two with AS (40), and one with BD (42), FMF (48), and axSpA (49), respectively. Liquid chromatography was used in 16 study groups (27–33, 39–42, 44, 46, 48, 49), whereas ELISA (47) and gas chromatography (35) were used in the remaining two. Among the studies using liquid chromatography, the detection method included mass spectrometry in nine (39–42, 44, 46, 48, 49), ultraviolet in four (27–29, 32), and fluorimetric detection in the remaining three (30, 31, 33). Serum was the biological matrix in 14 study groups (27–33, 39, 40, 42, 46–48), and plasma in the remaining four (35, 41, 44, 49). The risk of bias was moderate in 11 studies (27–33, 35, 41, 44, 47) and low in the remaining six (39, 40, 42, 46, 48, 49) (Supplementary Table 3).

The forest plot showed that the kynurenine to tryptophan ratio was significantly higher in RD patients compared to controls (SMD=0.88, 95% CI 0.55 to 1.21, p<0.001; I2 = 92.9%, p<0.001; Figure 7). The effect size ranged between 0.77 and 0.98 in sensitivity analysis, highlighting the stability of the results (Supplementary Figure 7). There was no publication bias (Begg’s test, p=1.0; Egger’s test, p=0.68). Accordingly, the “trim-and-fill” method did not identify any missing study to be added to the funnel plot to ensure symmetry (Supplementary Figure 8).




Figure 7 | Forest plot of studies reporting the kynurenine/tryptophan ratio in patients with rheumatic disease and healthy controls.



No significant associations were observed in meta-regression between effect size and age (t=0.83, p=0.42), sex (t=-1.62, p=0.13), publication year (t=-0.91, p=0.37), sample size (t=0.28, p=0.78), RD duration (t=-0.10, p=0.93), CRP (t=-1.49, p=0.18), or use of DMARDs (t=0.70, p=0.51) and corticosteroids (t=0.19, p=0.85).

In subgroup analysis, the pooled SMD was statistically significant in studies of SLE (SMD=1.10, 95% CI 0.37 to 1.84, p=0.003; I2 = 94.7%, p<0.001) and pSS (SMD=1.07, 95% CI 0.45 to 1.69, p=0.001; I2 = 93.6%, p<0.001), but not RA (SMD=-0.63, 95% CI -0.09 to 1.35, p=0.08; I2 = 82.3%, p<0.001) or AS (SMD=0.10, 95% CI -0.93 to 2.13, p=0.92; I2 = 97.7%, p<0.001, Figure 8). In addition, the pooled SMD was statistically significant in studies of patients with autoimmune disease (SMD=0.98, 95% CI 0.60 to 1.37, p<0.001; I2 = 92.5%, p<0.001) but not of patients with autoimmune-autoinflammatory diseases (SMD=0.52, 95% CI -0.39 to 1.43, p=0.26; I2 = 96.0%, p<0.001; Supplementary Figure 9). There were non-significant differences (p=0.99) in pooled SMD between European (SMD=0.86, 95% CI 0.50 to 1.22, p<0.001; I2 = 85.3%, p<0.001) and Asian studies (SMD=0.88, 95% CI 0.33 to 1.43, p=0.002; I2 = 95.1%, p<0.001). Similarly, the pooled SMD was non-significantly different (0.40) between studies using liquid chromatography (SMD=0.94, 95% CI 0.58 to 1.30, p<0.001; I2 = 93.4%, p<0.001) and other methods (SMD=0.40, 95% CI 0.11 to 0.69, p=0.007; I2 = 0.0%, p=0.42), with a virtually absent heterogeneity in the latter subgroup. In liquid chromatography studies, the pooled SMD was statistically significant in studies using mass spectrometry (SMD=0.84, 95% CI 0.32 to 1.36, p=0.002; I2 = 94.3%, p<0.001) and ultraviolet detection (SMD=0.90, 95% CI 0.37 to 1.43, p=0.001; I2 = 89.5%, p<0.001), but not in those using fluorimetric detection (SMD=1.29, 95% CI -0.06 to 2.64, p=0.06; I2 = 96.0%, p<0.001). Finally, there were non-significant differences (p=0.45) in pooled SMD between studies analysing plasma (SMD=0.96, 95% CI 0.55 to 1.37, p<0.001; I2 = 94.4%, p<0.001) and those on serum (SMD=0.60, 95% CI 0.40 to 0.80, p<0.001; I2 = 0.0%, p=0.90), with a virtually absent between study-variance in the serum subgroup.




Figure 8 | Forest plot of studies reporting the kynurenine/tryptophan ratio in patients and controls according to the type of rheumatic disease.



The certainty of evidence was upgraded to moderate (rating 3, ⊕⊕⊕⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high but partly explainable heterogeneity (no rating change), the lack of indirectness (no rating change), the relatively low imprecision (confidence intervals not crossing the threshold, no rating change), the large effect size (SMD=0.88, upgrade one level) (50), and the absence of publication bias (no rating change).





Kynurenic acid

Six studies (seven comparator groups) reported kynurenic acid concentrations in a total of 448 RD patients (mean age 43 years, 37% males) and 480 healthy controls (mean age 41 years, 39% males; Table 1) (30, 40, 42, 43, 46, 48). Five studies were conducted in Asia (30, 40, 42, 46, 48), and the remaining one in Europe (43). Two study groups included individuals with AS (40), and one with SLE (30), SSc (43), pSS (46), BD (42), and FMF (48), respectively. Liquid chromatography was used in six study groups (30, 40, 42, 46, 48), and ELISA in the remaining one (43). In liquid chromatography studies, five study groups using mass spectrometry for detection (40, 42, 46, 48), and the remaining one fluorimetry (30). All studies investigated serum. The risk of bias (Supplementary Table 3)was moderate in one study (30), and low in the remaining five (40, 42, 43, 46, 48).

The forest plot showed that kynurenic acid concentrations were not significantly different between RD patients and controls (SMD=0.72, 95% CI -0.14 to 1.59, p=0.10; I2 = 96.7%, p<0.001; Figure 9). Sensitivity analysis showed that the study of Xian et al. had a significant effect on the corresponding pooled SMD direction (30) (Supplementary Figure 10). Its removal reduced the effect size (SMD=0.00, 95% CI -0.50 to 0.50, p=1.00).




Figure 9 | Forest plot of studies reporting kynurenic acid concentrations in patients with rheumatic disease and healthy controls.



The limited number of studies prevented the assessment of publication bias and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).





3-hydroxyanthranilic acid

Four studies (five comparator groups), all conducted in Asia, reported 3-hydroxyanthranilic acid concentrations in a total of 366 patients with RD (mean age 42 years, 51% males) and 380 healthy controls (mean age 42 years, 39% males; Table 1) (40, 42, 46, 48). Two study groups included individuals with AS (40), and one with pSS (46), BD (42), and FMF (48), respectively. In all studies, measurements were conducted in serum using liquid chromatography with mass spectrometry detection. The risk of bias (Supplementary Figure 3) was low in all studies (40, 42, 46, 48).

The forest plot showed the absence of significant between-group differences in 3-hydroxyanthranilic acid concentrations (SMD=0.06, 95% CI -0.30 to 0.42, p=0.73; I2 = 83.0%, p<0.001; Figure 10). The corresponding SMD values were stable in sensitivity analysis (range between -0.03 and 0.22; Supplementary Figure 11).




Figure 10 | Forest plot of studies reporting 3-hydroxyanthranilic acid concentrations in patients with rheumatic disease and healthy controls.



The limited number of studies prevented the assessment of publication bias and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).





3-hydroxykynurenine

Four studies (five comparator groups) reported 3-hydroxykynurenine concentrations in a total of 366 RD patients (mean age 42 years, 51% males) and 380 healthy controls (mean age 42 years, 39% males; Table 1) (40, 42, 46, 48). Two study groups included individuals with AS (40), and one with pSS (46), BD (42), and FMF (48), respectively. In all studies, measurements were conducted in serum using liquid chromatography with mass spectrometry detection. The risk of bias (Supplementary Table 3) was low in all studies (40, 42, 46, 48).

The forest plot showed that RD patients had significantly higher 3-hydroxykynurenine concentrations compared to healthy controls (SMD=0.74, 95% CI 0.30 to 1.18, p=0.001; I2 = 87.7%, p<0.001; Figure 11). The effect size was stable in sensitivity analysis, with a range between 0.57 and 0.86 (Supplementary Figure 12).




Figure 11 | Forest plot of studies reporting 3-hydroxykynurenine concentrations in patients with rheumatic disease and healthy controls.



The limited number of studies prevented the assessment of publication bias and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).





Quinolinic acid

Six studies (seven comparator groups) reported the concentrations of quinolinic acid in a total of 579 RD patients (mean age 45 years, 35% males) and 440 controls (mean age 42 years, 39% males; Table 1) (35, 40, 42, 46–48). Five studies were conducted in Asia (40, 42, 46–48), and the remaining one in Europe (35). Two study groups included individuals with AS (40), two with pSS (46, 47), and one with SLE (35), one BD (42), and FMF (48), respectively. The method used was liquid chromatography with mass spectrometry in five study groups (40, 42, 46, 48), gas chromatography with mass spectrometry in one (35), and ELISA in the remaining one (47). All studies assessed serum, barring one which assessed plasma (35). The risk of bias (Supplementary Table 3) was moderate in two studies (35, 47), and low in the remaining four (40, 42, 46, 48).

The forest plot showed that the concentrations of quinolinic acid were significantly higher in RD patients compared to healthy controls (SMD=0.71, 95% CI 0.31 to 1.11, p<0.001; I2 = 88.1%, p<0.001; Figure 12). Sensitivity analysis showed that the corresponding pooled SMD values were not influenced by sequentially removing individual studies (effect size range between 0.59 and 0.87; Supplementary Figure 13).




Figure 12 | Forest plot of studies reporting the concentrations of quinolinic acid in patients with rheumatic disease and healthy controls.



The limited number of studies prevented the assessment of publication bias and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).





Kynurenic acid to kynurenine ratio

Two Asian studies reported the kynurenine acid to kynurenine ratio in a total of 110 RD patients (mean age 43 years, 7% males) and 160 healthy controls (mean age 47 years, 26% males; Table 1) (30, 46). One study included individuals with SLE (30), and one with pSS (46). Liquid chromatography was used in both studies, one with mass spectrometry detection (46), and the other with fluorimetric detection (30). Serum was analysed in both studies. The risk of bias (Supplementary Table 3) was moderate in one study (30) and low in the other (46).

The forest plot showed that the kynurenine acid to kynurenine ratio was non-significantly different between RD patients and controls (SMD=-0.51, 95% CI -1.23 to 0.21, p=0.17; I2 = 86.5%, p=0.006; Figure 13).




Figure 13 | Forest plot of studies reporting the kynurenine acid to kynurenine ratio in patients with rheumatic disease and healthy controls.



The limited number of studies prevented sensitivity analysis, the assessment of publication bias, and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).





Quinolinic acid to kynurenine acid ratio

Two studies reported the quinolinic acid to kynurenine acid ratio in a total of 154 RD patients (mean age 45 years) and 154 healthy controls (mean age 44 years; Table 1) (39, 46). One study was conducted in Asia (46), and the other in America (39). One study included individuals with SLE (39), and the other with pSS (46). In both studies, serum was assessed using liquid chromatography with mass spectrometry detection and the risk of bias was low (Supplementary Figure 3) (39, 46).

The forest plot showed the absence of significant between-group differences in the quinolinic acid to kynurenine acid ratio (SMD=0.66, 95% CI -0.13 to 1.45, p=0.10, I2 = 91.3%, p=0.001; Figure 14).




Figure 14 | Forest plot of studies reporting the quinolinic acid to kynurenine acid ratio in patients with rheumatic disease and healthy controls.



The limited number of studies prevented sensitivity analysis, the assessment of publication, and the conduct of meta-regression and subgroup analyses.

The certainty of evidence was downgraded to extremely low (rating 0, ⊝⊝⊝⊝) after considering the low-moderate risk of bias in all studies (no rating change), the high and unexplainable heterogeneity (downgrade one level), the lack of indirectness (no rating change), and the lack of assessment of publication bias (downgrade one level).






Discussion

In this systematic review and meta-analysis, we have observed significant alterations in metabolites within the kynurenine pathway of tryptophan metabolism in patients with RD. Specifically, RD was associated with significantly lower tryptophan concentrations and higher kynurenine, kynurenine to tryptophan ratios, 3-hydroxykynurenine, and quinolinic acid concentrations. By contrast, there were non-significant between-group differences in kynurenic acid, 3-hydroxyanthranilic acid, kynurenic acid to kynurenine ratio, or quinolinic acid to kynurenine acid ratio. In meta-regression, the SMD of tryptophan, kynurenine, and kynurenine to tryptophan ratio were not associated with age, publication year, sample size, RD duration, C-reactive protein, or use of anti-rheumatic drugs and corticosteroids. In subgroup analysis, the SMD of tryptophan, kynurenine, and kynurenine to tryptophan ratio were statistically significant in different types of RD, barring rheumatoid arthritis. Whilst our meta-analysis on tryptophan, kynurenine, and kynurenine to tryptophan ratio included a substantial number of studies, between 17 and 21, caution is required with data interpretation in view of the relatively low certainty of evidence in our analysis, particularly when investigating other metabolites, suggesting the need for additional research to confirm or refute our findings.

The biotransformation of tryptophan to kynurenine via the intermediate N′-formylkynurenine, a critical step within the kynurenine pathway, is regulated by the enzymes tryptophan 2,3-dioixygenase (TDO) in the liver and indoleamine 2,3-dioxygenase (IDO) extra-hepatically (Figure 1) (2, 3). A substantial number of studies have demonstrated a distinct regulation of these enzymes. TDO is upregulated by the substrate tryptophan, the cofactor heme, and glucocorticoids, and downregulated by the end-product NAD(P)H (2, 3, 51). By contrast, IDO can be inhibited by excess tryptophan, the endogenous messenger, nitric oxide, and anti-inflammatory cytokines, e.g., interleukin-4, interleukin-10, and transforming growth factor beta, and upregulated either directly or indirectly by pro-inflammatory cytokines such as interferon gamma, interferon alpha, interleukin-1β, tumour necrosis factor alpha, and interleukin-2 (2, 3, 51–53). Therefore, the observation of a relative deficiency of tryptophan and excess of kynurenine, with a consequent increase in the kynurenine to tryptophan ratio, suggests the increased contribution of extra-hepatic IDO in tryptophan metabolism in RD, possibly mediated by IDO upregulation by pro-inflammatory cytokines, a common finding in these patients (54–56). However, the putative activation of extra-hepatic IDO could also be secondary to a relative deficiency in systemic nitric oxide, a key endogenous regulator of several biological processes such as vascular homeostasis, immune function, and neuroplasticity (57, 58). This mechanism could be relevant given the evidence of a dysregulation in nitric oxide pathways in several types of RD, and the consequent increased risk of endothelial dysfunction, atherosclerosis, and cardiovascular disease in these patients (59–66). However, it is important to emphasise that the lack of information regarding the measurement of specific cytokines and nitric oxide metabolites in the studies selected in our literature search prevented the conduct of further analyses to investigate possible associations between these molecules and the observed between-group differences in tryptophan, kynurenine, and kynurenine to tryptophan ratio. Therefore, further research is warranted to investigate this important issue.

Interestingly, in meta-regression the SMD values of tryptophan, kynurenine, and kynurenine to tryptophan ratios were not significantly associated with CRP, a conventional biomarker of systemic inflammation that is routinely used for the diagnosis and management of patients with RD (67–69). Whilst this observation suggests that alterations in tryptophan and kynurenine are not necessarily correlated with CRP elevations, further research is required to determine whether the measurement of these metabolites significantly enhances diagnostic capacity, particularly in early disease, over and above available criteria for RD (70–74). Another interesting observation, in subgroup analysis, was the different association between the reported alterations in tryptophan and kynurenine concentrations in specific types of RD. For example, the SMD of the kynurenine to tryptophan ratio was statistically significant in SLE, pSS, and autoimmune RD type, but not RA, AS, or mixed autoimmune-autoinflammatory RD type. Once again, future studies should investigate whether kynurenine metabolites are useful for the diagnosis and management of specific types of RD. This proposition is supported by the results of an elegant study reporting the utility of kynurenine pathway metabolomics in discriminating clinical subtypes in patients with multiple sclerosis and identifying those at risk of progression (75). Importantly, the absence of significant differences in the effect size between Asian and European studies downplays the potential role of ethnicity as a factor influencing the link between the kynurenine pathway and RD and confirms the results of previous studies investigating this issue (76).

Other significant RD-associated alterations in the kynurenine pathway observed in our study involved the metabolites 3-hydroxykynurenine and quinolinic acid. 3-hydroxykynurenine, derived from kynurenine by kynurenine hydroxylase, has been shown to exert a bi-modal pro-oxidant and antioxidant effect in the central nervous system (77). Further studies have also highlighted the potential for this molecule to bind to α-synuclein and amyloid-beta peptides, with the potential of triggering neuro-inflammatory and neurotoxic processes (78). Quinolinic acid has been extensively investigated as an N-methyl-D-aspartate receptor agonist with pro-oxidant and neurotoxic effects and as a biomarker of neurodegenerative and depressive disorders and inflammatory states (79–83). The results of our systematic review and meta-analysis extend the potential role of 3-hydroxykynurenine and quinolinic acid to the pathophysiology of RD and warrant further research to investigate their local and systemic effects in autoimmune and autoinflammatory conditions, and their role in the reported associations between RD and neuropsychiatric disorders (84–86).

An important additional issue, not investigated in our study, is related to the potential role of dietary factors as well as physical activity in modulating the complex interplay between the kynurenine pathway of tryptophan metabolism and RD. Emerging evidence underscores the role of diet in shaping the kynurenine pathway, thereby affecting the metabolism of tryptophan (87–89). A high-fat diet, for instance, has been shown to modify the flux of metabolites along the kynurenine pathway, suggesting that diet could potentially introduce a confounding element in studies comparing metabolite profiles between RD patients and healthy individuals. Additionally, recent studies have reported that downstream metabolites of kynurenine, particularly kynurenic acid, are increased in muscle biopsies of physically active adults, including after an acute endurance exercise, and associated with cardiorespiratory fitness (90–92). Therefore, future studies should also consider dietary habits and patterns of physical activity as potential factors contributing to the observed variations in the concentrations of tryptophan metabolites. Furthermore, the concept of a comorbidome, referring to the collective presence of multiple comorbid conditions in a patient, introduces another layer of complexity. For example, recent studies have reported that comorbid conditions can interact with the kynurenine pathway and potentially alter the concentrations of tryptophan metabolites (93). Considering the intricate interplay between various medical conditions and metabolic pathways, it is plausible that the presence of a distinct comorbidome might confound the association between RD and tryptophan metabolites in individual patients.

Our systematic review and meta-analysis have several strengths, including the comprehensive assessment of the kynurenine pathway in a wide range of RD types, the study of possible associations between the effect size of between-group differences and clinical and demographic characteristics and analytical methods used, and a rigorous assessment of the risk of bias and the certainty of evidence. A significant limitation is represented by the high between-study heterogeneity observed. However, we were able to identify specific sources of heterogeneity in subgroup analyses for tryptophan (analytical method and matrix used), kynurenine (type of RD and matrix used), kynurenine to tryptophan ratio (analytical method and matrix used). Furthermore, sensitivity analysis ruled out the effect of individual studies on the overall effect size.

In conclusion, this systematic review and meta-analysis has demonstrated the presence of significant alterations in metabolites within the kynurenine pathway of tryptophan metabolism in patients with RD, particularly tryptophan, kynurenine, 3-hydroxykynureine, and quinolinic acid. Further studies, particularly in view of the relatively low certainty of evidence in our analysis, are required to determine the capacity of kynurenine metabolites to identify early and overt types of RD over and above existing clinical criteria and biomarkers with a view to improve the management and quality of life in this complex patient population.
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Supplementary Figure 1 | Sensitivity analysis of the association between tryptophan concentrations and rheumatic disease.

Supplementary Figure 2 | Funnel plot of studies investigating associations between tryptophan and rheumatic disease after “trimming-and-filling”.

Supplementary Figure 3 | Forest plot of studies investigating tryptophan concentrations in patients and controls according to the presence of autoimmune, mixed autoimmune-autoinflammatory, or autoinflammatory disease.

Supplementary Figure 4 | Sensitivity analysis of the association between kynurenine concentrations and rheumatic disease.

Supplementary Figure 5 | Funnel plot of studies investigating the association between kynurenine and rheumatic disease after “trimming-and-filling”.

Supplementary Figure 6 | Forest plot of studies investigating kynurenine concentrations in patients and controls according to the presence of autoimmune, mixed autoimmune-autoinflammatory, or autoinflammatory disease.

Supplementary Figure 7 | Sensitivity analysis of the association between the kynurenine/tryptophan ratio and rheumatic disease.

Supplementary Figure 8 | Funnel plot of studies investigating the association between the kynurenine/tryptophan ratio and rheumatic disease after “trimming-and-filling”.

Supplementary Figure 9 | Forest plot of studies reporting the kynurenine/tryptophan ratio in patients and controls according to the presence of autoimmune, mixed autoimmune-autoinflammatory, or autoinflammatory diseases.

Supplementary Figure 10 | Sensitivity analysis of the association between kynurenic acid concentrations and rheumatic disease.

Supplementary Figure 11 | Sensitivity analysis of the association between 3-hydroxyanthranilic acid concentrations and rheumatic disease.

Supplementary Figure 12 | Sensitivity analysis of the association between 3-hydroxykynurenine concentrations and rheumatic disease.

Supplementary Figure 13 | Sensitivity analysis of the association between quinolinic acid concentrations and rheumatic disease.
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Background

Primary Sjögren’s syndrome (pSS) is a progressive inflammatory autoimmune disease. Immune cell infiltration into glandular lobules and ducts and glandular destruction are the pathophysiological hallmarks of pSS. Macrophages are one of the most important cells involved in the induction and regulation of an inflammatory microenvironment. Although studies have reported that an abnormal tissue microenvironment alters the metabolic reprogramming and polarisation status of macrophages, the mechanisms driving macrophage infiltration and polarisation in pSS remain unclear.





Methods

Immune cell subsets were characterised using the single-cell RNA sequencing (scRNA-seq) data of peripheral blood mononuclear cells (PBMCs) from patients with pSS (n = 5) and healthy individuals (n = 5) in a public dataset. To evaluate macrophage infiltration and polarisation in target tissues, labial salivary gland biopsy tissues were subjected to histological staining and bulk RNA-seq (pSS samples, n = 24; non-pSS samples, n = 12). RNA-seq data were analysed for the construction of macrophage co-expression modules, enrichment of biological processes and deconvolution-based screening of immune cell types.





Results

Detailed mapping of PBMCs using scRNA-seq revealed five major immune cell subsets in pSS, namely, T cells, B cells, natural killer (NK) cells, dendritic cells (DCs) and monocyte-macrophages. The monocyte-macrophage subset was large and had strong inflammatory gene signatures. This subset was found to play an important role in the generation of reactive oxygen species and communicate with other innate and adaptive immune cells. Histological staining revealed that the number of tissue-resident macrophages was high in damaged glandular tissues, with the cells persistently surrounding the tissues. Analysis of RNA-seq data using multiple algorithms demonstrated that the high abundance of pro-inflammatory M1 macrophages was accompanied by the high abundance of other infiltrating immune cells, senescence-associated secretory phenotype and evident metabolic reprogramming.





Conclusion

Macrophages are among the most abundant innate immune cells in PBMCs and glandular tissues in patients with pSS. A bidirectional relationship exists between macrophage polarisation and the inflammatory microenvironment, which may serve as a therapeutic target for pSS.
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Introduction

Primary Sjögren’s syndrome (pSS) is an autoimmune disease characterised by ocular and oral dryness (1). As the second most prevalent autoimmune disease, pSS predominantly affects middle-aged women, with the estimated prevalence being approximately 43.03 per 100,000 habitants (2, 3). At present, minor salivary gland biopsy is considered the gold-standard strategy for diagnosing pSS (4). The main pathological feature of pSS is the lymphocytic infiltration of exocrine glands, especially salivary and lachrymal glands, leading to glandular atrophy and hypofunction. However, some patients may present with extra-glandular symptoms (5). Another important pathological feature of pSS is its close relationship with the presence of autoantibodies, particularly anti-SS-related antigen A (SSA) and anti-SSB antibodies (6). The aberrant distribution of anti-Ro/SSA and anti-Ro/SSB autoantibodies is a common occurrence in the cytoplasm of epithelial cells in patients with pSS (7); however, the pathological mechanism of pSS remains unclear. Therefore, understanding the molecular mechanisms underlying the pathogenesis of pSS is necessary for its early diagnosis and prompt treatment.

Numerous factors, including genetic, environmental and hormonal factors; B-cell hyperreactivity and epithelial activation have been associated with the pathogenesis of pSS (8, 9). In addition, recent studies have reported that pSS is associated with the disruption of salivary gland and immune homeostasis (10). Although the degree of T-lymphocyte infiltration is considerably high in minor salivary gland lesions, it cannot be inferred that pSS is dominated by T cells (7). The composition of lymphocytes infiltrating the periductal areas varies based on the severity of lesions. T cells play a pivotal role in mild lesions, whereas B cells predominate in severe lesions. Upon recruitment, various immune cells, including dendritic cells (DCs), macrophages and lymphocytes, interact with the salivary gland epithelium and enhance the inflammatory response (7, 11). The pathogenesis of pSS involves three major steps. The innate immune system, specifically Toll-like receptors (TLRs), serves as the first line of defence against pathogens. The activators of innate immunity trigger the activation of epithelial cells and DCs and the subsequent release of interferons (IFNs), which further promote B-cell activation (12). Fully activated macrophages, monocytes and DCs produce interleukin-12 (IL-12), which is essential for T-cell activation. The IL-12–IFN-γ axis is considered to be involved in the third step of pSS pathogenesis (3, 9). In recent years, innate immune cells have attracted substantial interest in the development of therapeutic strategies targeting the immune response.

Macrophages are multi-functional innate immune cells that orchestrate tissue repair, immune responses and inflammation (13). First described by Elie Metchnikoff, macrophages are derived from embryonic haematopoietic progenitors or monocytes and differentiate into tissue macrophages after entering the tissue (14–16). Because macrophages play an indispensable role in maintaining systemic homeostasis and participating in immune defence against pathogens and cellular debris, they are widely distributed across various tissues, including the salivary glands (15, 17). Recent studies have shown that macrophages perform several other functions in addition to phagocytosis (15). Macrophages and T cells can collectively regulate inflammation and participate in various functions such as phagocytosis and antigen presentation. This phenomenon has been partly confirmed in a noninflamed murine submandibular salivary gland model, as macrophages facilitate the local accumulation of tissue-resident memory CD8+ T cells (T+RM) at the site of inflammation (18). Tissue-resident immune cells are thought to be complemented by salivary gland progenitor cells (SGPCs) for the maintenance of normal salivary gland homeostasis (10). Upon tissue damage, epithelial cells release inflammatory factors and recruit macrophages to induce inflammatory responses. Through their uncontrolled and rapid cytokine production, macrophages recruit more immune cells to amplify the local inflammatory response, thereby bridging innate and adaptive immunity.

Recent studies have reported that macrophages contribute to the onset or development of pSS (7, 11). In addition to producing CCL22 that enhances IFN-γ production by T cells (19), macrophages can recruit lymphocytes and participate in co-stimulation through TLRs (3). The serum level of macrophage migration inhibitory factor (MIF) is reported to be high in patients with pSS (20). Therefore, macrophages may act as an important diagnostic and therapeutic target for pSS, and their role in the development of pSS warrants further investigation.

In this study, we analysed the single-cell transcriptomic data of PBMCs from healthy individuals and patients with pSS in a GEO dataset to construct a landscape of immune cells and examine the glandular immunological features. The abundance of monocyte-macrophages was higher in patients with pSS than in healthy individuals, with the cells being involved in different biological processes in the two groups. Furthermore, we isolated tissue-resident macrophages from labial salivary gland (LSG) biopsy samples collected from patients with pSS. These samples were subjected to RNA-seq and histological staining, revealing that the interaction between macrophages and the inflammatory microenvironment is a potential mechanism underlying the pathogenesis of pSS.





Materials and methods




Patients and human tissue samples

All human tissues were obtained with the approval by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine and the Chinese Clinical Trial Registry (ChiCTR2000039820). The final study cohort consisted of 24 patients with pSS 35 to 60 years of age and 12 controls with non-pSS who were age and sex matched. The 2016 American College of ACR/EULAR classification were used to provide a valid diagnostic criterion of pSS (21). Those who had xerostomia or xerophthalmia but did not match the classification criteria for pSS were classified as non-pSS individuals. Before collecting LSG samples and clinical data, each participant completed an informed consent form. At the time of the LSG biopsy, there was no history of the patient receiving immunosuppressive or steroid therapy.





Tissue processing and immunohistochemistry staining

Fresh LSG samples were fixed in 10% neutral buffered formalin for an overnight period at room temperature and then processed for paraffin embedding. Paraffin-embedded tissue sections (4μm) were first air-dried and then dried at 75°C for 2 hours. Hematoxylin and eosin (H&E) standard staining was performed using a CoverStainer (Dako, Germany) following the manufacturer’s procedures. Immunohistochemical procedures were performed automatically on Leica Bond RX automated staining platform (Leica Biosystems, Welzlar, Germany using a BOND Polymer Refine Detection kit (DS9800, Leica Biosystems). Primary antibodies used in the current study included the following: CD68 (GA613, Dako, Denmark), BCL2 (IR614, Dako, Denmark), CK7 (IR619, DAKO, Denmark), Cytochrome c (1:3000, ab133504, Abcam, USA), Cytochrome c (1:3000, 10993-1-AP, Proteintech, China), MMP9 (1:200, 10375-2-AP, Proteintech, China), TNF-α (1:1000, 60291, Proteintech, China), P16 (Roche, Switzerland) and P53 (IR616, DAKO, Denmark). Images were photographed with a microscope (Nikon Eclipse Ni-U) equipped with a digital camera (Nikon DS-Ri).





Immunofluorescence staining and confocal imaging

Multiple fluorescence staining was performed on LSG tissue samples as described previously (22). Primary antibodies were as follows (dilutions are indicated in parentheses): CD68 (1:200, 28058-1-AP, Proteintech, China), CD3 (1:200, 17617-1-AP, Proteintech, China), CD20 (1:100, ab64088, Abcam, USA), CD31 (1:200, 11265-1-AP, Proteintech, China), VWF (1:50, 27186-1-AP, Proteintech, China) and CK7 (1:200, 17531-1-AP, Proteintech, China). Cell nuclei were labelled with DAPI. A TCS SP8 MP confocal microscope (Leica, Wetzlar, Germany) Images was used to photograph representative fluorescence samples.





Data collection and single-cell RNA-seq data processing

The single-cell RNA-sequencing data of peripheral blood mononuclear cells (PBMCs) from 5 healthy individuals and 5 patients with pSS were extracted from the Gene Expression Omnibus database (GSE157278 dataset) (https://www.ncbi.nlm.nih.gov/geo/). The Seurat R package (http://satijalab.org/seurat/) was used for quality control and downstream analysis. Cells with nCount_RNA of <1000 or >60,000; nFeature_RNA of <500 or >6,000 and cells with a percentage of mitochondrial genes >20% were filtered out. After quality control, 33,694 genes were detected in 56,345 cells, and t-SNE was used to visualise cell clusters (23). Each dot corresponded to a single cell in the t-SNE plot, and the clusters were manually annotated based on well-known immune cell markers using SingleR (24). The following genes were used for cell type annotation: CD3D, CD3E, CD3G and CD4 for CD4+ T cells; FOXP3 for Treg cells; CD8A and CD8B for CD8+ T cells; IGHD for naïve B cells; MS4A1, CD79A and CD27 for memory B cells; CD14 for monocytes; CD68 for macrophages; CD1C for DCs; MZB1 for platelets; ALDH1A1 and PROM1 for endothelial cells and KLRF1 and CD247 for NK cells. To characterise monocyte-macrophage subpopulations in PBMCs, the curated monocyte-macrophage data were further subjected to dimensionality reduction and clustering. Gene set enrichment analysis (GSEA) was used to screen for enriched genes in the Hallmark and GO gene sets in each cluster.





Bulk RNA sequencing

Bulk RNA Sequencing was performed on fresh LSG samples as described previously (22). Briefly, total RNA was extracted from LSG biopsy samples using the TRIzol reagent (Invitrogen, USA) and then quantified using an Agilent 2100 bioanalyser (Agilent Technologies, CA, USA) and a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc.). All libraries were sequenced on an Illumina Novaseq system (Illumina, CA, USA). Sequencing was done in a 2x 150 paired-end (PE) configuration. Raw sequencing reads were aligned to the human reference genome GRCh38 using software Hisat2 (v2.0.1).





Weighted gene co-expression network analysis

Clinical samples were divided into high- and low-M1-macrophage-infiltration groups, with 18 samples in each group. The WGCNA R package was used to establish a co-expression network to identify modules with highly correlated genes (25). The modules were visualised using an organic layout in Cytoscape (26). The DAVID (https://david.ncifcrf.gov/) and Metascape (http://metascape.org) (27) tools were used to implement functional annotation analysis. Based on RNA-sequencing data, hub genes associated with M1 macrophage infiltration were identified and subjected to KEGG pathway analysis as defined in Proteomaps (www.proteomaps.net) (28).





Gene set enrichment analysis

KEGG, Hallmark and WIKI-pathway gene sets were used for GSEA (https://www.gsea-msigdb.org/gsea/). All differentially expressed pathways with a normalised (NOM) P-value of <0.05 were selected for subsequent analysis. The ggplot2 R package (http://ggplot2.tidyverse.org/) was used to generate heat maps based on the fragments per kilobase of transcript per million sequenced reads (FPKM) data of hub genes expressed in minor salivary gland tissues. A list of hub mitochondria-related pathways was obtained from the Mitocarta 3.0 database (29). Subsequently, the single-sample gene set enrichment analysis (ssGSEA) algorithm (30) was used to calculate the enrichment score of each pathway. The ‘pheatmap’ R package was used to examine the correlation between mitochondria-related pathways and glandular microenvironment genes (Spearman correlation analysis). Interacting macrophage-related genes were predicted by using GeneMANIA (https://genemania.org/).





Analysis of immune cell infiltration and the glandular microenvironment

Marker genes reported in previous studies and the CellMarker database (31) were used to annotate each cell subgroup (47 immune cells and 8 salivary glandular cells) based on RNA-seq data. The overall immune and stromal cell infiltration in LSG samples was evaluated using the ESTIMATE package (32). The CIBERSORT (http://cibersort.stanford.edu) and ssGSEA algorithms were used to evaluate the proportion of immune cells in LSG samples from patients with pSS. The correlation between different immune cells was examined using the corrplot R package (Pearson correlation analysis). Subsequently, the correlation between macrophages and other immune cell types was examined using the ggstatsplot package, and heat maps were generated using the ggplot2 package.





Statistical analysis

All data were expressed as the mean ± standard deviation (SD). Differences between groups were estimated using Student’s t -test. The GraphPad Prism software (GraphPad) was used for statistical analysis. Statistical significance was denoted as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001.






Results




Peripheral blood immune cell landscape of pSS based on unsupervised clustering

The single-cell RNA-sequencing data of PBMCs from patients with pSS and healthy individuals were extracted from the GSE157278 dataset. Immune cell populations in PBMCs were annotated, followed by graph-based clustering and dimensionality reduction using the t-SNE algorithm for visualisation of results. After rigorous quality control, 25 distinct PBMC clusters were obtained from 56,345 cells (collected from 10 patients) (Figure 1A). Canonical and cluster-specific marker genes were used to annotate the clusters to their specific cell types (Figure 1B). A total of 12 major cell types were identified from the 25 clusters as follows: CD4+ T cells, Treg cells, CD8+ T cells, unclassified T cells, natural killer (NK) cells, naïve B cells, memory B cells, monocytes, macrophages, DCs, platelets and endothelial cells (Figure 1C). The marker genes exhibited high expression in corresponding cell types, such as foxp3 in Treg cells and CD247 and KLRF1 in NK cells (Figure 1D). Additionally, our analysis showed that TRDV2 was the most significant gene upregulated in unclassified T cells (Supplementary Table 1), as the gene encoded by TRDV2 was referred to as Vδ2 TCR chains. Considering that unclassified T cells shared the CD4 T cell signature, and expressed γδ T cell genes, it may be a new subtype candidate. Subsequently, we compared the abundance of different cell types in PBMCs. CD4+ T cells had the largest population, with a total of 17,156 cells in all samples, whereas CD8+ T cells had the second largest population, with a total of 3,500 cells in all samples (Figure 1E). Accompanying the clustering, we also listed the top 10 significantly changed genes as features to cluster and analysed the functional enrichment of each cluster. The results showed that CD4+ T cells were associated with eukaryotic translation elongation and macrophages were associated with neutrophil degranulation and myeloid leukocyte activation (Figure 1F).




Figure 1 | Deep profiling of the immune microenvironment based on scRNA-seq data of PBMCs from patients with pSS in a public dataset. (A) t-distributed stochastic neighbour embedding (t-SNE) plots demonstrating the single-cell transcriptomes of 56,345 cells. Unsupervised clustering revealed cellular heterogeneity, with 26 distinct cell clusters (colour-coded in legends). (B) Feature plots demonstrating the expression of key genes used for manual annotation of immune cell clusters on the t-SNE plot. (C) Dimensionality reduction using t-SNE; 12 main cell types were manually annotated in PBMCs. (D) Dot plot representing the percentage and average expression of selected marker genes in each cell cluster. (E) Bar plot depicting the proportion of each cell subset in each sample. (F) Heat map depicting the expression of the top 10 upregulated genes identified in each cell cluster. Each row represents a single cell, and each column represents a single gene. This list was further analysed using Metascape (metascape.org) to identify all statistically enriched GO terms. t-SNE, t-distributed stochastic neighbour embedding; PBMCs, peripheral blood mononuclear cells.







High abundance of monocyte-macrophages in PBMCs from patients with pSS

t-SNE revealed that the distribution of different immune cell subsets in PBMCs varied between the control and pSS groups (Figure 2A). The proportion of NK cells and monocyte-macrophages was significantly higher in the pSS group than in the control group. This finding was consistent with that of our previous study, which revealed an increased abundance of innate immune cells in LSGs (11). The general distribution patterns of different immune cell subsets in PBMCs were comparable between the control and pSS groups (Figure 2B). To determine the functions of different immune cell subsets, we compared enriched pathways between the control and pSS groups. KEGG enrichment analysis indicated that human blood monocytes and macrophages were specifically enriched in pathways associated with Th17 cell differentiation, rheumatoid arthritis, reactive oxygen species and Th1 and Th2 differentiation (Figure 2C). Gene Ontology (GO) analysis revealed that monocytes and macrophages were enriched in biological processes such as regulation of response to external stimulus, neutrophil chemotaxis, cell killing and myeloid leukocyte activation (Figure 2D). A heat map of three identified marker genes (AIF1, SERPINA1 and LST1) and nine proinflammatory factors (IL1B, IL18, NLRP3, TGFB1, TNF and NFKBIA) was generated to distinguish monocyte and macrophage subsets based on differences in their transcriptomic profiles (Figure 2E). The expression patterns of the marker genes and proinflammatory factors were significantly different between the control and pSS groups (Figure 2F). Altogether, these results suggest that monocytes and macrophages play an essential role in peripheral inflammatory responses by modulating the release of inflammatory cytokines and phagocytosis in pSS.




Figure 2 | Analysis of immune cell subpopulations and gene expression and GO/KEGG pathway analysis of PBMCs from healthy individuals and patients with pSS. (A) t-SNE plot demonstrating innate and adaptive immune cells in PBMCs from healthy individuals and patients with pSS. (B) Bar plot depicting the proportion of each cell type in PBMCs from healthy individuals (n = 5) and patients with pSS (n = 5). (C) KEGG analysis revealed the specific metabolic pathways enriched in each immune cell cluster. (D) Gene Ontology (GO) analysis revealed biological processes associated with each immune cell cluster. (E) t-SNE feature plots demonstrating the relative expression of differentially expressed genes (AIF1, SERPINA1 and LST1) in monocyte-macrophages and inflammation-associated genes (IL1B, IL18, NLRP3, NFKBIA, TGFB1 and TNF) in each cluster. (F) Violin plots demonstrating the expression of differentially expressed genes in monocyte-macrophages and inflammation-associated genes in each cluster in patients with pSS versus healthy individuals.







Identification of M1 macrophages based on their proinflammatory functions

The process of macrophage activation is shown in Figure 3A. Unsupervised hierarchical clustering was performed on 5,399 monocytes and 1,404 macrophages to examine their heterogeneity and complexity in PBMCs (Figure 1E). Monocytes and macrophages were clustered into six subsets in each sample (Figure 3A). A stacked bar plot was generated to visualise the proportion of cells in each cluster in each sample, with clusters 0 and 1 comprising the majority of macrophages (Figure 3B). The proportion of cells in clusters 0 and 4 was higher in the pSS group than in the control group (Figure 3C). Cells in cluster 0 exhibited high expression of macrophage-related genes such as FCGR3A, MS4A7 and SERPINA1. Cells in cluster 1 exhibited an inflammatory phenotype with high expression of CCL3L3, CCL3, IL1B and NLRP3, indicating the presence of M1-like macrophages (Figures 3D, E). Cells in cluster 2 exhibited low expression of FCGR3A and high expression of SERPINF1, MZB1, ITM2C, DERL3, JCHAIN, LILRA4 and IGKC. Cells in cluster 3 exhibited an M2-like phenotype characterised by high expression of CD247, IL32, SKAP1, GZMM, CD3E and GZMA. Cells in cluster 4 exhibited high expression of S100A4 and S100A6, with the expression of the two genes being significantly higher in the pSS group than in the control group (Figure 3F, Supplementary Table 2). Cells in cluster 5 exhibited remarkably high expression of SPARC, TUBB1, CLU, GP9, F13A1 and TREML1. KEGG and GO enrichment analyses indicated that FCGR3A+ cells in cluster 0 were specifically enriched in Fc gamma R-mediated phagocytosis (Figure 3G), whereas M1-like cells in cluster 1 were enriched in the IL-17 signalling pathway, TNF signalling pathway, neutrophil chemotaxis and positive regulation of response to external stimulus (Figures 3G, H). M2-like cells in cluster 3 were enriched in Th1 and Th2 cell differentiation (Figure 3G). Altogether, these results suggested that M1-like cells were mainly involved in immune- and inflammation-related pathways.




Figure 3 | Heterogeneous subpopulations and patterns of peripheral monocyte-macrophages in patients with pSS (A) Classification of peripheral monocyte-macrophages into six cell subsets based on the expression of surface markers. t-SNE plots demonstrating single-cell gene expression pooled across CD68+ samples are shown. Clusters are labelled by cell subtypes. (B) Bar plot depicting the proportion of each monocyte-macrophage subset in PBMCs from healthy individuals (n = 5) and patients with pSS (n = 5). (C) Bar plot depicting the proportion of each monocyte-macrophage subset in each sample. The height of each bar indicates the proportion of genes in each cluster. (D) Violin plot demonstrating differentially expressed genes for each subset. Inflammation-related genes showed distinct expression patterns between the M1-like cluster (cluster 1) and other clusters. (E) t-SNE plot demonstrating the expression of representative genes (IL1B, TNF, NLRP3 and CCL3) coloured blue in the M1-like cluster (cluster 1). (F) t-SNE plot of monocytes and macrophages in healthy control (Left) and pSS (Right). (G) KEGG enrichment analysis identified the specific metabolic pathways enriched in each subset. (H) Gene Ontology (GO) enrichment analysis revealed biological processes associated with each subset.







Histological staining and transcriptomic profiling of macrophages isolated from LSGs

Histological staining was performed to assess the tissue distribution of macrophages in LSG samples from patients with pSS and healthy individuals. As shown in Figure 4A, the human salivary gland tissue possesses ducts, acini and stromal components. The naïve ducts are hierarchical: Large excretory ducts branch from the main duct and into smaller striated ducts, which further branch into smaller intercalated ducts. Multiple acini are connected to a single duct (22), and immune cells are present across glandular tissues. Histological staining was performed to assess the morphological features of LSG tissues from patients with pSS and healthy individuals. A high degree of lymphocyte (Figure 4B) and CD68+ macrophage (Figure 4C) infiltration was observed in damaged LSG tissues from patients with pSS. Bcl-2, an anti-apoptotic factor, is upregulated in senescent cells (33) and localises diffusely in the cytoplasm. The expression of Bcl-2 was high at the lymphocyte infiltration site in damaged LSG tissues, indicating the progression of autoimmune inflammation (34). Cytochrome c is an important mitochondrial protein involved in ATP synthesis and is released into the cytosol when stimulated by apoptosis. The release of cytochrome c is tightly regulated by Bcl-2 (35). During cellular damage, cytochrome c serves as a danger-associated molecular pattern (DAMP) after being released into the extracellular space (36). Immunohistochemical (IHC) staining was performed to assess the expression of Bcl-2 and cytochrome c in LSG tissues from patients with pSS and healthy individuals. The results showed that the expression of Bcl-2 was high at lymphocyte infiltration sites in LSG tissues from patients with pSS, whereas it was weak or absent in LSG tissues from healthy individuals (Figure 4D). The expression of mitochondrial cytochrome c was low at lymphocyte infiltration sites in LSG tissues from patients with pSS (Figure 4E, Supplementary Figure S1). To investigate the correlation of macrophages with other immune cells, blood vessels and the ductal epithelium, immunofluorescence (IF) analysis was performed and the enrichment scores of different immune cell subsets were calculated using the ssGSEA algorithm. In the pSS group, the abundance of T and B cells was high around the ducts, with a few macrophages scattered at the infiltration site (Figure 4F). In addition, the abundance of macrophages was high in the perivascular (Figure 4G) and damaged tissues as well as the neighbouring sites (Figure 4H) in the pSS groups. These findings validate that macrophages are associated with immune responses and cell apoptosis. Furthermore, LSG tissues from patients with pSS and healthy individuals were subjected to high-throughput RNA sequencing, followed by bioinformatic analysis. As shown in the heat map in Figure 4I, the gene expression of immune cell markers was high and that of select epithelial cell markers was low in the pSS group (Supplementary Table 3). These results indicated that epithelial damage in pSS led to the recruitment of various immune cells, resulting in the formation of a heterogeneous glandular immune microenvironment.




Figure 4 | Characterisation of macrophages and the salivary gland microenvironment via histological staining and RNA-seq. (A) Schematic diagram depicting lymphocytic infiltration in the salivary glands. (B) Representative pathological images (HE staining, ×400) of tissues from patients with pSS and healthy individuals (scale bar = 100 μm). (C–E) Representative images of IHC staining for CD68 (C), Bcl-2 (D) and cytochrome c (E) in human LSGs from patients with pSS and healthy individuals (scale bar = 100 μm). (F) Immunofluorescence (IF) staining of macrophages (CD68, green), T cells (CD3, magenta), B cells (CD20, red) and nuclei (DAPI, blue). Independent (right) and merged (middle) fluorescent signals are shown (scale bar = 50 μm). (G) Representative images of co-IF analysis of macrophages (CD68, green), blood vessels (CD31, magenta and VWF; red) and nuclei (DAPI, blue) (scale bar = 50 μm). (H) IHC staining for CK7 in minor salivary gland tissues (scale bar = 100 μm) (left); co-IF analysis of macrophages (CD68, red) and ductal epithelium (CK7, green) in minor salivary gland tissues (scale bar = 50 μm) (right). (I) Heat map demonstrating the results of ssGSEA for immune cell clusters and glandular microenvironmental factors. Each column represents an individual sample, each row represents an immune cell or factor coloured to indicate the relative abundance or expression (red, increased abundance or expression; blue, decreased abundance or expression).







Unique gene modules associated with M1 macrophages

Weighted gene co-expression network analysis (WGCNA) was performed to identify gene co-expression networks associated with M1 macrophages. The optimal soft thresholding power was selected to generate block-wise modules (Figure 5A). A total of 10 RNA expression modules were identified and assigned a unique colour-coded identifier (grey indicated genes that did not belong to any known module), with each identifier representing a characteristic expression pattern. Pearson correlation coefficients were computed to examine the relationship among the gene modules (Figure 5B). The green module was positively correlated with the M1 macrophage phenotype, whereas the black module was negatively correlated with the M1 macrophage phenotype (Figure 5C). The modules and their hub genes were further analysed to gain insights into the pathogenesis of pSS. Consistent with the aforementioned results, genes in the green module were primarily enriched in ncRNA metabolic process, protein phosphorylation, DNA damage response, RIG-I-like receptor signalling pathway, collagen biosynthesis, autophagy and positive regulation of lipid metabolic process (Figure 5D). Genes in the black module were primarily enriched in ribonucleoprotein complex biogenesis, synthesis of DNA and metabolism of RNA (Figure 5E). To examine specifically for signatures of metabolic pathways, we analysed enrichment of metabolic networks. M1 macrophages were positively correlated with multiple metabolic pathways, including glycerophospholipid metabolism, glycerolipid metabolism, amino acid metabolism, glycan metabolism and carbohydrate metabolism (Figures 5D, F). In addition, KEGG pathway analysis revealed that M1-low group was more markedly enriched in the citrate cycle (TCA cycle), oxidative phosphorylation, pyruvate metabolism and glycolysis (Figures 5E, G).




Figure 5 | Weighted correlation network analysis (WGCNA) revealed unique gene modules associated with M1 macrophages. (A) Analysis of network topology for various soft thresholding powers and the mean network connectivity under different weighted coefficients (top). The hierarchical cluster tree depicts the co-expression modules identified via WGCNA (bottom). Each module corresponds to a branch, which was labelled with different colours. (B) Heat map demonstrating the Pearson correlation coefficients of eigengenes of co-expressed gene modules. A total of 10 modules were identified with highly correlated gene expression patterns. (C) The correlation between each module and M1 macrophages is indicated by orange or purple colour, respectively. The p-value for each module is shown in parentheses. (D, E) Horizontal bar chart representing the results of GO (upper) and KEGG (middle) analyses of genes in the green (D) and black (E) modules of M1-macrophages. The overlapping genes were further analysed using Metascape. (F, G) Heat map demonstrating the differential functional categories of genes in green (F) and black (G) modules as illustrated by Proteomaps based on RNA-seq data. Each KEGG pathway is represented by a polygon-shaped tile; pathways belonging to the same class share similar colours and are arranged adjacently to form larger regions.







M1-like macrophages are associated with the reprogramming of inflammatory, mitochondrial and metabolic pathways as part of innate immune responses

A flowchart demonstrating the protocol of RNA sequencing and histological staining in the pSS and control groups is shown in Figure 6A. To determine the biological pathways through which M1 macrophages contribute to the development of pSS, GSEA was performed based on RNA-seq data. Samples were divided into high- and low-M1-macrophage-infiltration groups. The results of GSEA indicated that Hallmark genes were enriched in IFN-γ response, reactive oxygen species pathway, oxidative phosphorylation, IL-6–JAK–STAT3 signalling pathway and TNFA signalling via NFKB in the low-M1-macrophage-infiltration group (Figures 6B, C). Consistently, WIKI-pathway genes were primarily enriched in pathways related to inflammation, tissue damage and metabolism, including oxidative damage response, mitochondrial complex I assembly and cytosolic DNA-sensing pathway, in the high-M1-macrophage-infiltration group, whereas the genes were enriched in the lipid metabolism pathway in the low-M1-macrophage-infiltration group (Figure 6D). Because the results of GSEA revealed that M1 macrophages were primarily involved in proinflammatory pathways, we analysed the relationship among macrophages, ageing and metabolism in pSS. As anticipated, the relative expression of senescence-associated secretory phenotype (SASP) and ageing-related genes was upregulated in the high-M1-macrophage-infiltration group (Figures 6E, F). Subsequently, the ssGSEA algorithm was used to evaluate the enrichment scores of mitochondrial metabolic pathways identified using the Mitocarta 3.0 database. As shown in the heat map in Figure 6G, metabolic pathways such as the TCA cycle, gluconeogenesis, amino acid metabolism and mitochondrial dynamics were remarkably downregulated in the high-M1-macrophage-infiltration group. These results suggest that reprogramming of mitochondrial metabolic pathways plays an important role in pSS. Additionally, the co-expression network constructed using GeneMANIA depicted several potential associations between macrophages and inflammatory signalling pathways (Figure 6H). IHC staining showed that the inflammatory factors MMP and TNF were upregulated in the high-M1-macrophage-infiltration group, which was consistent with the results of RNA-seq (Figure 6I, Supplementary Figure S2). DNA damage is a major factor contributing to cell ageing. Upon DNA damage, the p53 and p16 proteins arrest the cell cycle and activate DNA repair proteins. The expression of p53 and p16 was high in the ductal cells of the high-M1-macrophage-infiltration group, whereas it was minimal in the control group (Figure 6I). These results indicate that tissue-resident M1 macrophages enhance cytokine production and play a crucial role in inflammation, ageing and metabolism.




Figure 6 | M1-like macrophages are associated with the reprogramming of inflammatory, mitochondrial and metabolic pathways as part of the innate immune response. (A) Schematic outline of clinical study design. A total of 36 participants, including 12 healthy individuals and 24 patients with pSS, were enrolled. (B) Bubble plot demonstrating the results of gene set enrichment analysis (GSEA) for major hallmark pathways enriched in the high- and low-M1-macrophage-infiltration groups. Normalised enrichment scores (NESs) are shown. Colour coding corresponds to adjusted p-values. (C, D) Heat map demonstrating the results of GSEA for genes involved in the regulation of inflammatory responses (C) and mitochondrial metabolic pathways (D). (E) Heat map demonstrating the expression of inflammation- and ageing-related genes in the high- and low-M1-macrophage-infiltration groups based on RNA-seq data. (F) Correlation of macrophages with inflammation- and ageing-related genes. (G) Heat map demonstrating the correlation of mitochondrial metabolic pathways with the glandular microenvironment (left) and the expression of metabolic pathway-related genes (right) in the high- and low-M1-macrophage-infiltration groups based on RNA-seq data. (H) Co-expression network depicting potential relationships between macrophages and complex inflammatory pathways as generated using GeneMANIA. (I) Representative images of IHC staining for MMP9, TNF, P16 and P53 in human LSGs in the high- and low-M1-macrophage-infiltration groups (scale bar = 200 μm).







Macrophage responses are strongly associated with the glandular immune microenvironment

The immune response and immune microenvironment play an important role in the initiation, progression and treatment response of diseases. The ssGSEA algorithm was used to quantify glandular tissue-infiltrating immune cells, and unsupervised hierarchical clustering was performed on 45 immune cells and 10 glandular components based on the RNA-seq data of LSG tissues from patients with pSS and healthy individuals. The abundance of most immune cells, including T cells, B cells and DCs, was high in the high-M1-macrophage-infiltration group (Figure 7A, Supplementary Table 4). Adaptive immune cells account for the majority of tissue-resident immune cells in salivary glands (Figure 7B). However, the glandular microenvironment developed within lymphoid infiltration foci is thought to have dysregulated interactions between innate and adaptive immune system components, thereby affecting the protective function of resident immune cells. The abundance of activated memory CD4+ T cells, follicular helper T (Tfh) cells and gamma-delta T cells was higher in the high-M1-macrophage-infiltration group than in the low-M1-macrophage-infiltration group (Figure 7C). M1 macrophages were positively correlated with several immune cells, including Th1 cells, cytotoxic cells, aDCs, CD8 T cells, T helper cells, mast cells, B cells, iDCs and CD56dim NK cells (P < 0.05) (Figure 7D). The degree of immune cell infiltration and the relationship among immune cells were more significant in the high-M1-macrophage-infiltration group (Figures 7E, F). These results suggest that tissue-resident M1 macrophages may be derived, at least partly, from ‘M1-like’ monocytes/macrophages under the influence of proinflammatory cytokines (such as DAMPs and pathogen-associated molecular patterns [PAMPs]). Upon activation, M1 macrophages clear necrotic tissues and release immune mediators that actively interact with other immune cells (Figure 7G).




Figure 7 | Macrophage responses are strongly associated with the glandular immune microenvironment. (A) Heat map demonstrating the immune cell infiltration landscape in the high- and low-M1-macrophage-infiltration groups based on the results of the ssGSEA and ESTIMATE algorithms and unsupervised hierarchical clustering (top). Scatter plot depicts the correlation between M1 macrophages and genes in the glandular microenvironment (bottom). (B) Stacked bar plot demonstrating the proportion of tissue-infiltrating innate and adaptive immune cells assessed using the CIBERSORT algorithm. (C) Violin plot depicting the results of the CIBERSORT algorithm in two clusters; p-values of <0.05 (red) were considered statistically significant. (D) Lollipop chart demonstrating the correlation between M1 macrophages and other immune cells. (E, F) Heat map demonstrating the correlation between the infiltration levels of different innate and adaptive immune cells in the high-M1-macrophage infiltration (E) and low-M1-macrophage infiltration (F) groups. Pearson correlation coefficients are shown (blue, positive correlation; orange, negative correlation). (G) Schematic diagram representing the differentiation of monocytes into M1 macrophages, facilitating the adaptive immune response (left). Scatter plot represents the relationship between M1 macrophages and six types of immune cells.








Discussion

Over-activation of innate immune cells is associated with the pathogenesis of pSS (37), and epigenetic and metabolic reprogramming essentially contribute to the hyperresponsiveness of the immune system (38, 39). Here, we selected macrophages as the focus of the immune microenvironment and examined their infiltration patterns, polarisation status and metabolic reprogramming in pSS. The composition of immune cells, especially monocyte-macrophage subpopulations, in PBMCs from healthy individuals and patients with pSS was assessed using single-cell transcriptomic data from a GEO dataset. Monocyte-macrophages, especially M1-like macrophages, were found to be involved in multiple inflammation-related pathways. Histological staining revealed the distribution patterns of macrophages in clinical LSG tissues from healthy individuals and patients with pSS. Given the key role of M1 macrophages in inflammation in pSS, the samples were further divided into high- and low-M1-macrophage-infiltration groups. Metabolic pathways and infiltration patterns were substantially different between the two groups, indicating that macrophages undergo metabolic reprogramming in pSS. Therefore, M1 macrophages may serve as a promising therapeutic target for pSS.

Autoimmune disease results from immune responses evoked by self-antigens that lead to the disruption of immune homeostasis (40), accompanied by the immune tolerance breakdown in body tissue, which means loss of the immune system’s ability to prevent itself from targeting its own molecules, cells, or tissues (41), and disorder of immune balance (42). When lymphocytes fail to recognise non-self-antigens correctly, they may attack various organs and tissues of the body, leading to their degeneration, damage and loss of function (43). Immune cell infiltration into autoimmune target organs occurs in two ways: recruitment of peripheral blood progenitor cells and proliferation of resident precursor cells (44). Many previous studies have demonstrated that PBMCs play an important role in the pathogenesis of autoimmune diseases (45–47). In this study, peripheral immune population differences distinguishing pSS from healthy control were primarily found in innate immune cells. The abundance of NK cells and monocyte-macrophages was higher in the pSS group than in the control group. Furthermore, functional enrichment analysis revealed that monocyte-macrophages were primarily involved in inflammation-related signalling pathways, including myeloid leukocyte activation, Epstein–Barr virus infection, cell killing and NK cell-mediated immunity and cytotoxicity. NK cells, a type of innate immune cell, co-localise with macrophages in the splenic red pulp and peripheral lymph nodes, suggesting their interaction with macrophages (48). NK cells can negatively regulate hyperactivated macrophages. In addition, NK cells and macrophages collectively participate in the production of IFN-γ, promoting protective immunity during the early stage of infection (49). Haematopoietically derived cells such as macrophages play diverse and crucial roles in the pathogenesis of autoimmune and inflammatory diseases. They can not only clear pathogens and alleviate inflammation by removing necrotic cell debris but also enhance inflammation by secreting proinflammatory mediators and transmitting proinflammatory signals in pathological conditions (50). Given that macrophages are major participants in host defence and inflammatory responses, dysregulation of macrophage differentiation and function may lead to multiple human diseases, including cancer and autoimmune disorders (51).

Activated macrophages can be divided into two groups: classically activated macrophages (M1 macrophages), which induce proinflammatory responses, and alternatively activated macrophages (M2 macrophages) which exert anti-inflammatory effects and promote tissue repair (52, 53). In this study, we identified six macrophage subsets in PBMCs from healthy individuals and patients with pSS based on scRNA-seq data. In particular, one of the subsets specifically expressed many important inflammatory factors, including IL1B, TNF, CCL3 and NLRP3 inflammasome. Because the proinflammatory functions of this subset were similar to those of M1 macrophages, we annotated it as M1‐like macrophages. The expression of multiple inflammation-related genes was upregulated in the M1-like subset, whereas genes in the M2-like subset were mainly involved in T-cell differentiation, B-cell activation and immune response-activation signal transduction. As important mediators of inflammatory responses, proinflammatory cytokines trigger an inflammatory cascade in autoimmune diseases (49). They are critically involved in regulating the immune response and recruiting immune cells. NLRP3 is a pattern recognition receptor (PRR) that triggers IL-1β secretion when activated by various exogenous and endogenous stimuli (54, 55). Circulating macrophages alter their phenotype and effector functions in response to external stimuli. In the presence of cytokines, such as IFN-γ, or lipopolysaccharides (LPSs), M1 macrophages can upregulate the pentose phosphate pathway to increase ROS levels (56), consequently killing pathogens and clearing necrotic tissue. In addition, macrophages can produce inflammatory cytokines such as IL-1, IL-6, IL-23 and TNF (53). Unlike M1 macrophages, M2 macrophages produce anti-inflammatory cytokines and increase the expression of arginase-1 (Arg1) when stimulated by Th2-type cytokines (IL-4, IL-10 and IL-13), thereby attenuating inflammatory responses and promoting wound healing (57–59). Although the mechanisms through which activated macrophages differentiate into M1 and M2 phenotypes to regulate immune responses remain unclear, several preclinical studies focusing on normalising the M2-to-M1 ratio in autoimmune diseases are underway (60).

In this study, we assessed the localisation and expression of cytochrome c in healthy and damaged salivary gland tissues. Mitochondrial damage in pSS downregulated the expression of cytochrome c in ductal epithelial cells and promoted its release into the periductal area, resulting in lymphocyte recruitment. Inflammatory infiltration initially resembled small clusters around the ducts but subsequently expanded to form structures resembling ectopic germinal centres (GCs) in LSG tissues from patients with pSS (61). Characterised by chronic inflammation, ageing and hypoxia, the immune microenvironment of salivary glands in pSS was dominated by CD4+ T cells, with the abundance of CD8+ T cells, B cells and plasma cells being relatively low. Complex interactions between infiltrating immune cells and tissue-resident cells facilitate disease progression in a location- and time-dependent manner (61, 62). Human monocytes constitute approximately 10% of peripheral blood leukocytes (63). During inflammation, peripheral blood monocytes migrate to tissues and differentiate into resident macrophages (64). These macrophages are polarised in response to microenvironmental signals to eliminate apoptotic cells and cellular debris. This phenomenon is considered to be involved in the development of autoimmune disorders (65). In this study, macrophages were found to be widely distributed in injured ducts and acini and co-localised with other important immune cells (including T cells and B cells) in the glandular immune microenvironment. Recent studies have shown that the abundance of M1 macrophages and expression of related inflammatory factors are high in the early stage of pSS, whereas M2 macrophages appear in the later stage of the disease and mediate chronic inflammation leading to irreversible salivary gland fibrosis (66, 67). In addition, macrophages participate in CD4+ T-cell activation (66, 68) and play an indispensable role in the development and maturation of B cells. Deletion of macrophages results in poor Tfh cell activation (69). In this study, the abundance of DCs was positively associated with the abundance of M1 macrophages. DCs play an important role in initiating the disruption of immune homeostasis and the formation of an autoimmune environment. They participate in disease development mainly by producing type I interferons and presenting antigens (70) and have been shown to infiltrate the salivary glands in pSS (71). Macrophages and DCs are closely related cell populations generated from a common myeloid progenitor in the bone marrow (58). Several proinflammatory cytokines produced by DCs and macrophages in target tissues in pSS are closely associated with the development of inflammatory lesions. IL-18 expression in macrophages has been associated with the abundance of both infiltrating DC cells and macrophages (72). Macrophages coordinate immune responses through complex bidirectional interplay with glandular cells and other immune cells.

In this study, macrophages were found to be distributed near many micro-vessels in LSG tissues from patients with pSS. This finding indicates that inflammatory macrophages may interact with damaged vessels in pSS. Upregulated serum CXCL4 in patients with pSS inhibits endothelial cell proliferation, which is closely related to microvascular injury (73). Macrophages produce vascular endothelial growth factor-A (VEGF-A), stimulating angiogenesis during chronic inflammation (74). On the contrary, vascular endothelial cells recruit circulating monocytes to the site of vascular injury, further enhancing the immune response (75). Furthermore, phagocytosis of necrotic tissue by macrophages was evidenced by their aggregation at the sites of ductal damage. Altogether, these findings reveal that the immune microenvironment of salivary glands in pSS is characterised by the increased abundance of various immune cells and impairment of glandular function. Moreover, pSS progression is influenced by complex interactions between macrophages and other components in the microenvironment.

Metabolic pathways associated with immune cells were remarkably different between the high- and low-M1-macrophage-infiltation groups, which is consistent with the results of a previous study (76). The pathways enriched in the module exhibiting the strongest positive correlation with M1-high group revealed pathways of cells in pSS salivary gland microenvironment with high expression of M1-like macrophage. Unlike M2 macrophages, M1 macrophages can cause DNA damage by producing excessive ROS (77). Lipid metabolism plays a vital role in regulating the function of macrophages involved in energy metabolism and signal transduction in activation process (78). Metabolic reprogramming of macrophages significantly contributes to the development of pSS (79). Under homeostatic conditions, macrophages produce ATP primarily through the TCA cycle and oxidative phosphorylation (OXPHOS). The hallmark of metabolic reprogramming in activated macrophages is the reduced utilisation of the TCA cycle and OXPHOS, with increased amino acid metabolism. Alterations in macrophage metabolism may be related to their proinflammatory function. For example, the transition from OXPHOS to glycolysis results in increased IL-1β production in macrophages (80). Increased cofactor biosynthesis associated with M1-macrophage activation may be related to the production of NADPH for NO and ROS production or nucleotides for RNA synthesis (81). The expression of senescence-related genes was upregulated in the high-M1-macrophage-infiltration group. In addition, the senescence markers p16 and p53 were expressed in lymphocytes, indicating immunosenescence in the inflammatory microenvironment. Immunosenescence can manifest as impaired immune function and immune cell senescence, with the increased expression of SASP in NK cells, T cells and macrophages (82). The expression of inflammation-related genes was positively associated with the abundance of macrophages and negatively associated with glandular function in pSS. However, the activity of mitochondria-related pathways exhibited the opposite trend, indicating the role of macrophages in the immune microenvironment of salivary glands in pSS. Altogether, targeting M1-like macrophages is a promising strategy for effective treatment of autoimmune diseases such as pSS.

This study has certain limitations that should be acknowledged. Owing to the limited sample size, the results of this study should be validated in future studies with large sample sizes. In addition, the identification of differential pathways in this study was based on the entire salivary gland microenvironment. Therefore, the function of each cell should be further verified via single-cell analysis and future studies should identify effective drugs targeting M1-like macrophages for the treatment of pSS.





Conclusion

This study suggests that macrophages are among the most abundant innate immune cells in the PBMCs of patients with pSS. In particular, M1-like macrophages play a key role in inflammation in pSS. A bidirectional relationship exists between macrophage polarisation and the inflammatory microenvironment, and macrophages undergo metabolic reprogramming in the inflammatory microenvironment. Therefore, M1 macrophage-targeted therapy may represent an effective strategy for treating pSS.
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Neuropilin-1 (Nrp1), a transmembrane protein expressed on CD4+ T cells, is mostly studied in the context of regulatory T cell (Treg) function. More recently, there is increasing evidence that Nrp1 is also highly expressed on activated effector T cells and that increases in these Nrp1-expressing CD4+ T cells correspond with immunopathology across several T cell-dependent disease models. Thus, Nrp1 may be implicated in the identification and function of immunopathologic T cells. Nrp1 downregulation in CD4+ T cells is one of the strongest transcriptional changes in response to immunoregulatory compounds that act though the aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor. To better understand the link between AhR and Nrp1 expression on CD4+ T cells, Nrp1 expression was assessed in vivo and in vitro following AhR ligand treatment. In the current study, we identified that the percentage of Nrp1 expressing CD4+ T cells increases over the course of activation and proliferation in vivo. The actively dividing Nrp1+Foxp3- cells express the classic effector phenotype of CD44hiCD45RBlo, and the increase in Nrp1+Foxp3- cells is prevented by AhR activation. In contrast, Nrp1 expression is not modulated by AhR activation in non-proliferating CD4+ T cells. The downregulation of Nrp1 on CD4+ T cells was recapitulated in vitro in cells isolated from C57BL/6 and NOD (non-obese diabetic) mice. CD4+Foxp3- cells expressing CD25, stimulated with IL-2, or differentiated into Th1 cells, were particularly sensitive to AhR-mediated inhibition of Nrp1 upregulation. IL-2 was necessary for AhR-dependent downregulation of Nrp1 expression both in vitro and in vivo. Collectively, the data demonstrate that Nrp1 is a CD4+ T cell activation marker and that regulation of Nrp1 could be a previously undescribed mechanism by which AhR ligands modulate effector CD4+ T cell responses.
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1 Introduction

The aryl hydrocarbon receptor (AhR) is an attractive therapeutic target for regulating proinflammatory immune responses (1). As a highly conserved ligand-activated transcription factor, AhR alters the expression of genes involved in the activation, differentiation, and survival of immune cells (2, 3). In particular, newly activated CD4+ T cells are primary targets of AhR-mediated immune regulation (4). Because of its immunomodulatory properties, AhR activation has been studied for the treatment of several immune-mediated diseases including type 1 diabetes (5), graft-versus-host (GVH) disease (6), inflammatory bowel disease (7), and experimental autoimmune encephalomyelitis (8). These studies consistently demonstrate that AhR ligands promote Foxp3+ Treg and Tr1 differentiation, although it is less understood how AhR signaling directly modulates proinflammatory CD4+ T cell subsets.

Global gene expression analysis of newly activated CD4+ T cells demonstrated that two high affinity AhR ligands (the metabolically resistant ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD) and rapidly metabolized ligand, 11-chloro-7H-benzimidazo[2,1-a]benzo[de]iso-quinolin-7-one (11-Cl-BBQ); 11-Cl-BBQ), induce an overlapping gene signature; an increase in AhR-responsive genes as well as those involved in T cell activation, immunoregulation, and migration (9). These changes are accompanied by a decrease in genes involved in cell cycling and adhesion. The gene encoding neuropilin-1 (Nrp1) was among the most highly downregulated following AhR activation (9). Nrp1 is a transmembrane glycoprotein with broad ligand specificity which includes secreted class III semaphorins, vascular endothelial growth factor (VEGF), TGF-β, TGF-βR1/II/III, as well as Nrp1 itself (10, 11). Consistent with this diverse functionality, Nrp1 is expressed on several cell types including neurons, keratinocytes, osteoblasts, endothelial cells, and immune cells (10–13). Initially, Nrp1 was recognized for its role in normal embryonic development, axon guidance, and vasculature formation (10, 13). However, since its first discovery, Nrp1 has been further implicated in the function of dendritic cells, macrophages, and T cells, where it is involved in establishing the immunological synapse and the generation of the primary immune response (12, 14). Within the context of CD4+ T cells, Nrp1 has been mostly studied as a marker for thymically derived Tregs as its expression is positively correlated with Foxp3 during Treg development and contributes to their function and stability (15–17).

Although mostly studied on Tregs, several reports have suggested that Nrp1 is also expressed on activated proinflammatory CD4+ T cells (18, 19). We previously found that Nrp1+ Foxp3- cells positively correlate with insulitis in non-obese diabetic mice (NOD) (18) and with cytotoxic T lymphocytes (CTL) in a graft-versus-host model (19). In both models, 11-Cl-BBQ and TCDD prevent disease development in an AhR-dependent manner (18, 20) and lead to reduced Nrp1 expression on CD4+Foxp3- cells. This finding is not entirely surprising given the role of Nrp1 in the generation of the primary T cell response. Additionally, Abberger, et al. (21) recently reported that Nrp1 expression is induced upon activation of CD4+ Foxp3- T cells, and these cells express a highly activated phenotype including elevated proliferative capacity and an increase in CD44, CD25, and proinflammatory cytokines. In the present studies, we characterize Nrp1 expression on CD4+ T cell subsets in vivo and in vitro and propose AhR-IL-2-Nrp1 signaling as an additional mechanism by which drugs that activate AhR lead to the regulation of proinflammatory CD4+ T cell responses.




2 Materials and methods



2.1 Animals

NOD, C57BL/6J (B6; H-2b/b) and B6D2F1 (F1; H-2b/d) mice were originally purchased from The Jackson Laboratory and bred and maintained in a specific pathogen-free animal facility at University of California, Davis or at Oregon State University. NOD.AhR-/- mice were generated, as previously published (18). Timed pregnant Sprague-Dawley rats (RRID: MGI_5651135) were obtained from Charles River Laboratory received at the University of California, Davis at least 16 d post-conception (E16), where they were individually housed at constant temperature (~22°C), with a 12-h light-dark cycle until delivery. All animal procedures were carried out following protocols approved by the Institutional Animal Care and Use Committee at Oregon State University and University of California, Davis.




2.2 Donor cell transfer

Donor cells were pooled from the spleen and peripheral lymph nodes of B6 mice, and 3-4 × 107 donor T cells were transferred through tail vein injection into F1 host mice as we previously described (9, 19). Prior to donor cell injection, cells were labeled with 5 μM carboxyfluorescein succinimidyl ester (CFSE; Life Technologies; Cat # C34554). For Day 2 studies, donor cells were identified based on CFSE staining. For studies at later time points, donor cells were also differentiated from host cells by antibodies targeting H-2Dd.




2.3 AhR ligand treatments

For in vivo studies, TCDD (Cambridge Isotope Laboratories; item # ED-901-C) was dissolved in anisole, further diluted in peanut oil and administered at 15 μg/kg TCDD. 11-Cl-BBQ (ChemBridge) was dissolved in dimethyl sulfoxide (DMSO), further diluted in peanut oil, and mice were administered 10 mg/kg. The vehicles used for both TCDD and 11-Cl-BBQ were a 0.15% anisole solution and a 1% DMSO solution made in peanut oil, respectively. The route of administration was intraperitoneal injection daily. Doses of AhR ligands were selected based on previous studies demonstrating Tr1; markers for AhR-mediated Tr1 cells was confirmed for all in vivo studies (9). For in vitro studies, 11-Cl-BBQ was dissolved in DMSO and further diluted in supplemented culture medium.




2.4 In vitro CD4+ T cell stimulation

For in vitro studies, 6-12 week old adult mice were used, and NOD mice were not hyperglycemic (blood glucose levels <120 mg/dL) at the time of splenocyte isolation. Single cell suspensions of splenocytes were prepared and CD4+ T cells were isolated using the EasySep™ Mouse CD4+ T Cell Isolation Kit (StemCell Technologies; Cat # 19852A). CD4+ T cells were plated in a round bottom 96-well plate at 2 x 105 cells/well and activated using Mouse T Activator CD3/CD28 Dynabeads™ (Gibco; Cat # 11456D). 11-Cl-BBQ was added at a concentration of 100nM. CD4+ T cells were differentiated according to Table 1 as previously described (22). After 4 days of incubation, CD3/CD28 Dynabeads were removed through magnetic separation. Cells were collected for real-time PCR or flow cytometry.


Table 1 | Conditions to differentiate into CD4+ T cell subsets.






2.5 In vitro IL-2 neutralization

Th1 polarizing reagents were added to CD4+ T cells without IL-2. Autocrine production of IL-2 was neutralized by the addition of an anti-IL2 antibody (InVivoMAb anti-mouse IL-2; clone JES6-1a12; BioXcell; Cat # BE0043-1) at 10 ng/ml, 100 ng/ml and 1000 ng/ml. 11-Cl-BBQ was added at a concentration of 100 nM. Following incubation at 37°C for 4 days, CD3/CD28 Dynabeads were removed through magnetic separation and cells were collected for flow cytometry.




2.6 In vivo IL-2 neutralization

At the time of donor cells transfer, 0.5mg of anti-IL2 antibody mixture or isotype control (IgG2a) was injected i.p. into F1 host mice. The anti-IL2 contained a 1:1 mixture of S4B6 (BioXcell; Cat # BE0043-1) and JES6-1a12 (BioXcell; Cat # BE0043) antibodies.




2.7 Flow cytometry

Cells were stained with fixable viability dye (Fixable Viability Dye eFluor 780; eBioscience; Cat # 65-0865-14). Fc receptors were blocked with anti-CD16/CD32 (Anti-mouse CD16/CD32; clone 93; eBioscience; Cat # 14016185) and the cells were stained with antibodies specific for the following proteins: CD4 (PE Rat Anti-Mouse CD4; Clone RM4-5; BD Biosciences; Cat # 553049), H-2Dd (Anti-mouse H-2Dd antibody; clone 34-2-12; Biolegend; Cat #110606), CD25 (BV510 Rat Anti-Mouse CD25; clone PC61; BD Biosciences; Cat # 563037), CD29 (APC-Efluor 780 Anti-mouse CD29 antibody; clone eBioHMb1-1; eBiosciences; Cat # 47029182), CD69 (APC-Efluor780 Anti-mouse CD69 antibody; clone H1.2F3; eBiosciences; Cat # 47069182) and Nrp1 (PE/Cyanine7 anti-mouse CD304 (Neuropilin-1); clone 3E12; BioLegend; Cat #145211). For intracellular staining, cells were fixed and permeabilized using the Foxp3 Fixation/Permeabilization buffer kit (eBioscience; Cat # 00552300) and stained with antibodies specific for the following proteins: Foxp3 (PE-Cyanine5 FOXP3 Monoclonal; clone FJK-16s; eBiosciences; Cat # 15577382). For in vitro studies, cells were stained with fixable viability dye (eFluor780 or eFluor450; eBioscience; Cat # 65-0865 or 65-0863). Data were acquired on a CytoFLEX S flow cytometer (Beckman Coulter) and CytExpert(Beckman Coulter software. Prior to data collection, quality controls metrics were checked using quality control beads (CytoFLEX Daily QC Fluorospheres; Beckman Coulter; B53230). Data were compensated using single positive stained cells. Fluorescence minus one (FMO) control stained cells were used for setting gates for analysis. Data were analyzed using FlowJo™ Software (BD Life Sciences). The FlowJo Proliferation Platform was used to calculate proliferation and division index. Proliferation index was calculated as the total number of divisions divided by the number of cells that went into each division. Division index was calculated as the average number of cell divisions that a cell from the original donor population underwent.




2.8 Primary rat cortical neuron-glia co-cultures

Primary cortical neuron-glia co-cultures were prepared from neonatal Sprague-Dawley rats postnatal day 0-1. Pup sex was determined by measuring the anogenital distance, and number of male and female pups determined to equalize male/female ratio. The pups were euthanized by decapitation and their brains excised, and the neocortex dissected in ice-cold Hanks’ Balanced Salt Solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA; Cat #14185-052) supplemented with 1 M HEPES buffer (pH 7.55; Sigma-Aldrich, St. Louis, MO, USA; Cat #BP310-500) and pooled together in Hibernate A (Gibco, Thermo Fisher Scientific; Cat #A1247501). Tissue was then cut into smaller chunks using sterile razorblades and then incubated at 37°C for 23 min in Hibernate A (Gibco, Thermo Fisher Scientific; Cat #A1247501) containing 2.3 mg/mL papain (Worthington, Lakewood, NJ, USA; Cat #LS003119) and 95 μg/mL DNase (Sigma-Aldrich; Cat #D5025). At the end of the incubation, papain/DNase solution was removed, and the tissue rinsed with Neurobasal Plus medium (Thermo Fisher Scientific; Cat #A3582901) supplemented with 2% B27 (Thermo Fisher Scientific; Cat #A3582801), 1% GlutaMAX (Thermo Fisher Scientific; Cat #35050-061), 10% horse serum (Gibco, Thermo Fisher Scientific; Cat #26050-088) and 1 M HEPES buffer. Papain-digested tissue was then physically triturated using bent tips pipettes (Bellco, Vineland, NJ, USA; Cat #:1273-40004). Cells were counted using a Cellometer Auto T4 Automated Cell Counter (Nexcelom Bioscience LLC, MA, USA) and plated on 6 well-plates (Nunclon Delta Surface, Thermo Fisher Scientific; Cat #140675) precoated with 500 μg/mL poly-L-lysine (Sigma-Aldrich; Cat #P1399). Cells were seeded at 100.000 cells/cm2 on each well and allowed to settle and attach at 37°C under 5% CO2. Three to four hours post-plating, culture medium was replaced with growth medium (Neurobasal Plus basal medium supplemented with 2% B27 and 1% GlutaMAX). On day in vitro (DIV) 4, half of the conditioned medium was replaced by fresh growth medium supplemented with 10 µM cytosine-arabinoside (AraC) at a final concentration of 5 µM AraC to inhibit glial proliferation.




2.9 Cortical neuron-glia co-cultures stimulation

At DIV 9, growth medium was removed, and cells were treated with 100 nM of 11-Cl-BBQ in fresh growth medium or with the equivalent volume of growth medium containing just the vehicle (0.1% DMSO). Each treatment was conducted in triplicate. At DIV 12, after incubating at 37°C for 3 days, cells were detached from the plate using a cell scraper, transferred to a 1.5ml microtube and centrifuged at 300 x g for 3 min. The pellet was washed with 1X DPBS (Dulbecco’s phosphate buffered saline, GIBCO, Cat #14190-144), and recentrifuged. The supernatant was discarded and pelleted cells were flash-frozen with liquid nitrogen for RNA extraction.




2.10 Keratinocyte culture

A minimally deviated line of spontaneously immortalized human keratinocytes (23) were grown with 3T3 feeder layer support in a 2:1 mixture of Dulbecco’s Modified Eagle Medium (DMEM; Thermofisher; Cat # 12100061) and Ham’s F-12 nutrient mix media (Thermo Fisher; Cat # 21700075) supplemented with 5% fetal bovine serum (R&D systems; cat# S11150), 0.4 μg/ml hydrocortisone (Sigma; Cat # 3867), and 10 ng/ml epidermal growth factor (GenScript; cat # Z00333). As keratinocytes attached more tightly to the dishes, they outcompete 3T3 fibroblast cells when reaching confluence. At confluence, keratinocytes were treated with 100 nM 11-Cl-BBQ in medium without epidermal growth factor for 24 hours before harvested for analysis.




2.11 Real-time PCR

RNA isolation was performed using the RNeasy mini kit (Qiagen; Cat # 74104). cDNA was synthesized using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Cat # 4368814). qPCR reactions were performed using SYBR™ Green PCR Master Mix (Applied Biosystems; Cat # 4309155). Nrp1, Ahr, and Cyp1a1 levels were normalized to Actb using primers from Integrated DNA Technologies.

Actb Forward: AATCGTGCGTGACATCAA Reverse: GCCATCTCCTGCTCGAAG

Nrp1 Forward: ATAGCGGATGGAAAACCCTGC Reverse: GGCTGCCGTTGCTGTGCGCCA

Ahr Forward: GGAAAGCCCGGCCTC Reverse: CTGGTATCCTGTTCCTGAATGAATTT

Cyp1a1 Forward: GGTGGCTGTTCTGTGAT Reverse: AAGTAGGAGGCAGGCACA




2.12 Statistics

All statistical analyses were performed using Prism (Graphpad; v9.5.1; https://www.graphpad.com/). An unpaired Students t-test was performed to compare the mean between two treatment groups. One-way ANOVA with Tukey’s test for multiple comparisons was used to determine differences between treatment groups. A two-way ANOVA with Bonferroni’s test for multiple comparisons was used to compare two variables. p ≤ .05 was considered statistically significant.





3 Results



3.1 AhR activation prevented the increased Nrp1 expression on proliferating CD4+Foxp3- cells in vivo

Based on previous studies demonstrating that Nrp1 expression on Foxp3- cells correlated with inflammatory disease severity (18, 19), we hypothesized that Nrp1+Foxp3- T cells would increase over the course of CD4+ T cell activation. Using a parent-into-F1 alloresponse model of T cell activation, donor CD4+ cells were analyzed at different time points following adoptive transfer. Consistent with the CD4+ T cell dependent stage of the alloresponse (19), there was a significant increase from ~15% to 65% of CD4+ T cells that were Nrp1+Foxp3- over the first four days (Figure 1A). The percentage of Nrp1+Foxp3- cells continued to increase until day 15, albeit at a decreased rate in comparison to the initial four days of the response. We previously showed that AhR activation prevented the development of the alloresponse by inducing Tr1 cell differentiation and inhibiting the development of cytotoxic T lymphocytes, host cell death, and associated weight loss (19). Prevention of the alloresponse by the high affinity AhR ligands, TCDD and 11-Cl-BBQ, was dependent on AhR signaling in CD4+ T cells within the first 3 days post-adoptive transfer; AhR ligands were unable to prevent the clinical manifestations of this graft-versus-host response when T cells were transferred from AhR-/- mice (20, 24). Consistent with those findings, TCDD and 11-Cl-BBQ, significantly reduced Nrp1+Foxp3- CD4+ T cells throughout the alloresponse (Figure 1A).




Figure 1 | Nrp1 expression increases on CD4+Foxp3- cells following activation in vivo, and this increase is prevented when AhR is activated. (A) CFSE-labeled C57BL/6 (B6) donor cells were transferred into the B6D2F1 host. The percentage of Nrp1+ FoxP3- CD4+ cells were measured over 15 days in vehicle, TCDD, and 10-Cl-BBQ-treated mice. (B) Schematic of gating strategy for day 2 analysis. (C) Flow cytometry plots of representative mice. Nrp1 and Foxp3 were stained in alloresponsive donor CD4+ cells (CFSEdilute), non-responding CD4+ T cells (CFSEhi), and bystander host CD4+ T cells (CFSE-). n=4 mice/group representing one of two independent experiments. Each data point represents an individual mouse. A one-way ANOVA was performed. * indicates p-value <0.05. ** indicates p-value <0.01. *** indicates p-value <0.001. Numbers in the quadrant represent the mean and standard deviation of the percentage of cells in the gate.



Newly activated CD4+ T cells are particularly sensitive to AhR ligands, with AhR-mediated transcriptional and phenotypic changes, including the downregulation of Nrp1, occurring on day 2 (9). To determine how AhR activation impacted proliferating, non-proliferating, and bystander host CD4+ T cells, donor cells were labeled with CFSE prior to adoptive transfer (Figure 1B). On day 2, proliferating (CFSE dilute) donor CD4+ T cells had a higher proportion of Nrp1+Foxp3- cells compared to non-responding (CFSEhi), or bystander (host, CFSE-) CD4+ T cells. That AhR activation only modulated Nrp1 expression in proliferating CD4+ T cells suggests that AhR ligands prevent the upregulation of Nrp1 expression rather than inhibiting basal expression (Figure 1C). While Foxp3+ cells only made up a small percentage of donor CD4+ T cells which limits our analysis of donor cells, the majority of host Foxp3+ cells coexpressed Nrp1, consistent with the abundance of data demonstrating that Nrp1 can be a Treg marker (15). On these Tregs, AhR activation did inhibit Nrp1 expression. Instead, Nrp1 was slightly, but significantly, increased on Foxp3+ cells following AhR activation.

To confirm that AhR ligands inhibit Nrp1 expression on newly activated, but not bystander-expanded host CD4+ T cells, we analyzed Nrp1 expression on proliferating host CD4+ T cells from our previously published data (9). BrdU was injected on Day 3, and splenocytes were isolated and analyzed on Day 4. In TCDD and Vehicle-treated mice, 2.14 +/- 0.2% and 2.24 +/- 1.1% of host CD4+Foxp3- were BrdU+, respectively (p=0.87). In both groups, all of the BrdU+ host cells co-expressed Nrp1, consistent with Nrp1 as an activation marker. Thus, AhR signaling only downregulated Nrp1 expression on newly activated donor cells but not proliferating host cells.




3.2 Nrp1+ cells are proliferative and express an effector phenotype

For CD4+ T cells to provide help for CTL differentiation, they must first undergo extensive proliferation. Since Nrp1+Foxp3- T cells increased four-fold during the first four days of activation, we analyzed CFSE dilution to determine if proliferation of Nrp1+ cells was the primary driver of the expanding donor CD4+ T cells. On both days 2 and 4, Nrp1+Foxp3- splenocytes had undergone more divisions compared to the Nrp1-Foxp3- cells, corresponding with a larger proliferation and division index (Figures 2A, B). An increased proliferative capacity is consistent with previous findings that in vitro activated CD4+Foxp3-Nrp1+ cells have a higher level of the cell proliferation marker Ki67 (21). In the same study, Nrp1+Foxp3- cells were found to have an activated phenotype expressing high levels of CD44. To determine if AhR signaling altered the activation status of Nrp1+Foxp3- cells, coexpression of CD44 and CD45RB was assessed in donor CD4+ T cells isolated from mice treated with vehicle or TCDD (Figures 3A, B). The majority (~90%) of Nrp1+Foxp3- cells expressed CD44hiCD45RBlo, a phenotype consistent with activated cells; this percentage of activated cells was higher than in Nrp1+Foxp3+, as well as Nrp1- cells (Figure 3C). Interestingly, AhR signaling did not reduce the percentage of Nrp1+Foxp3- cells that expressed an activated phenotype, consistent with their ability to proliferate (Figure 2). Instead, AhR activation significantly reduced the total number of Nrp1+Foxp3-CD44hiCD45RBlo cells (Figure 3D). Conversely, TCDD treatment increased the percentage and number of Nrp1-Foxp3- cells that express an activated phenotype. This population of cells likely include activated Tr1 cells that we have previously shown are Foxp3-. These Tr1 cells are migratory, although, in the current study, we have limited our analysis to the spleen, where we have established that Nrp1+Foxp3- cells correlate with the clinical manifestations of the alloresponse (9, 19). Collectively, the data demonstrate that AhR ligands can reduce the overall number, but not the percentage of Nrp1+Foxp3- cells that express an activated phenotype.




Figure 2 | Nrp1+ cells have an increased proliferation index and increased division index compared to Nrp1- cells. B6 donor cells were transferred into the B6D2F1 host and treated with vehicle or 15μg/kg TCDD. CFSE-labeled splenocytes were examined on days 2 (A) and 4 (B) of the alloresponse. The proliferation index and division index were examined in CD4+ Foxp3- Nrp1+ cells and CD4+Foxp3-Nrp1+ donor (HD2d-) cells. A one-way ANOVA was performed. * indicates p-value <0.05 n=3-5 mice/group from two separate experiments. Each data point represents an individual mouse.






Figure 3 | CD4+Nrp1+Foxp3- cells express an effector phenotype. B6 donor cells were transferred into the B6D2F1 host and treated with vehicle or 15μg/kg TCDD. Following 15 days, splenocytes were stained for H2Dd, CD4, Foxp3, Nrp1, CD44, and CD45RB. (A) Flow cytometry plots of Nrp1 and Foxp3 expression on donor (HD2d-) CD4+ T cells in vehicle-treated and TCDD-treated mice. (B) Flow cytometry plots of CD44 and CD45RB stained cells gated on Nrp1 and Foxp3 expression, shown in (A). (C) The percentage of CD44hiCD45RBlo cells in gates based on coexpression of Foxp3 and Nrp1 isolated from vehicle and TCDD-treated mice. A two-way ANOVA was performed. * indicates p-value <0.05. (D) The number of CD44hiCD45RBlo cells in gates based on coexpression of Foxp3 and Nrp1 isolated from vehicle and TCDD-treated mice. A two-way ANOVA was performed. * indicates p-value <0.05 when compared between treatments. # indicates p-value <0.05 when compared between populations. n=5 mice/group from one experiment. Each data point represents an individual mouse.






3.3 AhR activation does not globally inhibit CD4+ T cell activation, and Nrp1 is a delayed activation marker

Following productive T cell receptor (TCR) engagement, CD4+ T cells upregulate a set of activation markers. First among these is CD69 which is regarded as an early activation marker, followed by the IL-2 receptor, CD25 (25). CD29 makes up part of the very late antigen (VLA) complex that is involved in T cell emigration, and, like Nrp1, is among the most downregulated genes in CD4+ T cells following AhR activation (9). As the Nrp1+Foxp3- cells express elevated proliferation and an increase in cells expressing an activated phenotype (21), Nrp1 was assessed as an activation marker. Following T cell activation with CD3/CD28 beads, the expression of CD29, CD69, and CD25 was upregulated one day following stimulation (21), whereas Nrp1 lagged by one day (Figure 4A). In comparison, these activation markers, including Nrp1, only modestly increased over time in the absence of bead stimulation, which may be a result of low levels of converted Foxp3- Tregs or bystander activation by dying cells in the absence of mitogen.




Figure 4 | AhR activation does not globally inhibit CD4+ T cell activation markers and Nrp1 is a delayed activation marker. (A) CD4+ cells were cultured unstimulated (—) or with anti-CD3/CD28 Dynabeads (—) over the course of 3 days. The percentage of Nrp1+, CD29+, CD69+, and CD25+ cells were gated on CD4+ Foxp3- cells. An unpaired t-test was performed. * indicates p-value <0.05. (B, C) CD4+ cells isolated from C57BL/6 mice (B) and NOD mice (C) were cultured with 1nM Cl-BBQ, 10 nM Cl-BBQ, or 100 nM Cl-BBQ for 2 days. All cells were also co-cultured with anti-CD3/CD28 Dynabeads. Following four days of incubation, cells were stained for Nrp1, CD29, CD69, and CD25. A one-way ANOVA was performed. * indicates p value <0.05. n=4-8 mice/cell culture condition. Each data point represents cells from an individual mouse and includes at least two independent experiments. **: p≤0.01, ***=p≤0.001



Based on the profound suppression of the alloresponse, it is possible that AhR ligands could simply act by preventing the activation of CD4+ T cells. However, AhR ligands have been linked to an upregulation of activation markers (e.g. CD25, CD69, GITR, ICOS) as well as the downregulation of CD62L (9, 19, 24). To determine how AhR signaling influences Nrp1 and other T cell activation markers, CD4+ T cells were isolated from C57BL/6 and NOD mice, two strains in which we have observed AhR activation reduces Nrp1+Foxp3- cells (18, 19). The expression of CD69, CD25, and CD29 was not altered by increasing concentrations of 11-Cl-BBQ (Figures 4B, C). However, AhR activation reduced the expression of Nrp1, consistent with the in vivo studies in Figure 1. Of note, AhR is expressed in CD4+ T cells by 24 hours in culture (26). Collectively, these data demonstrate that AhR activation does not globally inhibit the expression of CD4+ T cell activation markers, but rather preferentially modulates the expression of some CD4+ T cell surface proteins.




3.3 AhR activation does not universally inhibit Nrp1 upregulation in CD4+ T cell subsets

AhR ligands prevented the upregulation of Nrp1 expression on CD4+T cells stimulated with anti-CD3/CD28 (Figures 4B, C). We next set out to evaluate whether this pattern holds true following differentiation into T helper subsets. We previously found that AhR activation did not alter the ability of CD4+ T cells to differentiate into helper subsets in vitro, although CD4+ T cells from AhR-/- mice had increased Il17a expression regardless of polarizing condition (26). In the current study, CD4+ T cells were isolated from prediabetic NOD mice and polarized to Th0, Th1, Th2, Th17, and Treg subsets, and Nrp1 expression was assessed following AhR activation. CD4+ T cells from NOD mice were used for these studies since the reduction in Nrp1 expression was more pronounced in the in vitro studies using CD4+ T cells from this strain compared to C57BL/6 mice (Figure 4C). Nrp1 expression was analyzed on CD4+Foxp3- cells, although Foxp3+ cells were not initially removed prior to polarization. 11-Cl-BBQ reduced the percentage of Nrp1+ cells under Th1-polarized conditions, whereas Nrp1 expression was not reduced on CD4+ T cells polarized under the other conditions (Figure 5A). Confirming that AhR activation does not simply inhibit all T cell activation markers, the proportion of CD25+ CD4+ cells was unaltered (Figure 5B). However, when Nrp1 expression was examined on CD25+ gated cells, there was a significant reduction in the percentage of Nrp1+ cells in both Th1 and Treg cells, and a trend toward a reduction in Th0 and Th17 cells. In contrast, Nrp1 expression was unaltered in Th2-polarized cells (Figure 5C). This pattern was dependent on AhR expression, as 11-Cl-BBQ did not alter Nrp1 expression on CD4+ T cells from AhR-/- NOD mice (Figures 5D–F). When Tregs were depleted prior to culture, 11-Cl-BBQ consistently downregulated Nrp1 expression in Th1-polarized cells (Supplemental Figure 1). In contrast, in the absence of Tregs, AhR activation also reduced Nrp1 expression on Th17 cells, which was consistent with our previous study demonstrating 11-Cl-BBQ reduced Nrp1+RORγt+ Th17 cells and protected NOD mice from hyperglycemia (18). Even in the absence of Tregs in the culture conditions, Th2-polarized cells were resistant to Nrp1 downregulation by AhR activation. Given that 11-Cl-BBQ did not downregulate Nrp1 expression in the Th2 CD4+ T cell subset, the gene expression of Ahr was assessed to determine if this subset was unresponsive because the target was not expressed. Indeed, Th2 cells had comparatively low expression levels of Ahr (Figure 5G). Consistently, the upregulation of Cyp1a1 was not as pronounced in Th2 cells as it was with the other T helper subsets in the presence of 11-Cl-BBQ (Figure 5H).




Figure 5 | AhR activation downregulates Nrp1 expression in Th1 and Treg subsets. CD4+ T cells isolated from the spleen of NOD mice were cultured under conditions polarized toward Th0, Th1, Th2, Th17, or Treg. All cells were also co-cultured with CD3/CD28 Dynabeads. AhR was activated with 100 nM Cl-BBQ. Cells were incubated at 37°C for 4 days. Cells from WT mice were stained for Nrp1, CD25, and CD4. The percentage of Nrp1+ (A), CD25+ (B), and Nrp1+CD25+ (C) were examined. Cells from AhR KO mice were stained for Nrp1, CD25, and CD4. The percentage of Nrp1+ (D), CD25+ (E), and Nrp1+CD25+ (F) were examined. qPCR analysis was performed on cells from WT mice. The relative expression of Ahr (G), and Cyp1a1 (H) is shown. Data were normalized to stimulated control. For (A–F), a two-way AVOVA was performed. * indicates p-value <0.05. ** indicates p-value <0.01. n=5-6 mice/cell culture condition. Each data point represents cells from an individual mouse and includes at least two independent experiments.






3.4 AhR-mediated inhibition of Nrp1+ expression is dependent on IL-2

AhR and Nrp1 are both expressed in several cell types including neurons, keratinocytes, and several cancer cell lines (11, 27–31). To determine if AhR activation will decrease Nrp1 expression in other cell types or if the downregulation of Nrp1 occurs solely in CD4+ T cells, Nrp1 expression was measured in primary rat cortical neuron-glia co-cultures, and keratinocytes following co-culture with 11-Cl-BBQ. In contrast to CD4+ T cells, AhR activation upregulated Nrp1 expression in neuron-glia cultures (Figure 6A) and did not alter Nrp1 expression in keratinocytes (Figure 6B). Conversely, there is an upregulation in Nrp1 expression following AhR activation in neuron-glia co-cultures. These data suggest that AhR signaling alone does not directly inhibit Nrp1 expression.




Figure 6 | AhR ligands do not downregulate Nrp1 expression in primary rat-cortical neuron-glial co-cultures or keratinocytes. Cortical neurons (A) and keratinocytes (B) were treated with 100nM 11-Cl-BBQ, and qPCR analysis was performed. The relative expression of Nrp1 is shown. An unpaired t-test was performed.  * indicates p-value <0.05. n=3 cell culture wells/condition.



Given that activated CD4+CD25+T cells, but not non-proliferating T cells, keratinocytes, or neurons, were most sensitive to AhR-mediated downregulation of Nrp1 and that CD25 is the receptor for T cell growth factor IL-2, the inhibition of Nrp1 upregulation was hypothesized to be dependent on IL-2. To determine whether AhR-IL-2 crosstalk is required to prevent Nrp1 upregulation, IL-2 was neutralized in vitro and in vivo. Since IL-2 is necessary for CD4+ T cell proliferation in vitro, and early production of IL-2 is a required initiating event in the parent-into-F1 alloresponse (32), antibody concentrations were selected to neutralize excess IL-2 production (9) without impairing baseline T cell proliferation and Nrp1 upregulation. In vitro, increasing concentrations of anti-IL-2 reversed the reduction Nrp1 expression following AhR activation (Figure 7A). Similarly, when IL-2 was neutralized in vivo, TCDD was unable to reduce Nrp1 expression on alloresponding CD4+CD25+ T cells after treatment with TCDD (Figure 7B). This reversal is consistent with our previous findings using the alloresponse model that an increase in IL-2 occurs early after AhR activation, and is necessary for the immunoregulation of newly activated CD4+ T cells (9). These data suggest that the mechanism by which AhR acts to inhibit the upregulation of Nrp1 is dependent on the presence of IL-2.




Figure 7 | The reduction of CD25+ Nrp1+ expression resulting from AhR activation is dependent on IL-2. (A) CD4+ T cells isolated from NOD mice splenocytes were co-cultured with 1000 ng/ml, 100 ng/ml, 10 ng/ml or 0 ng/ml of anti-IL-2. All cells were also co-cultured with IL-12, anti-IL4, and CD3/CD28 Dynabeads. AhR was activated with 100 nM Cl-BBQ. Following incubation at 37°C for 4 days, cells were stained, and Nrp1 expression was analyzed on CD4+CD25+Foxp3- cells. A two-way ANOVA was performed. * indicates p-value <0.05. ** indicates p-value <0.01. n=4 mice/condition. (B) CFSE-labeled cells from B6 mice were injected into F1 hosts and treated i.p. with anti-IL-2 or isotype control and 15μg/kg TCDD or vehicle. Nrp1 expression on proliferating donor (CFSE dilute) CD4+CD25+ cells were analyzed on day 2.A one-way ANOVA was performed. **** indicates p-value ≤0.0001 n=5 mice/group. Each data point represents an individual mouse.







4 Discussion

AhR activation by high affinity ligands promotes Treg differentiation, which is accompanied by suppression of proinflammatory CD4+ T cell subsets. The molecular sequelae leading to Treg differentiation have been well studied; however, it is less clear if AhR signaling concurrently inhibits the expression of genes involved in effector T cell function. In the current study, we found that AhR activation directly alters CD4+ T cell activity by inhibiting the upregulation of Nrp1 on CD4+Foxp3- cells. Inhibition of Nrp1 expression was most pronounced in Th1 cells and was dependent on IL-2 signaling. These results suggest that Nrp1 regulation could be a mechanism by which AhR ligands lead to immune suppression of CD4+ T cell responses.

Although primarily used as a Treg marker (15), several studies have suggested that Nrp1 is also involved in CD4+ effector T cell activation. FACS data shows Nrp1 is expressed on CD4+ Foxp3- cells in addition to Foxp3+ cells (18, 19, 21, 33–35), and these cells can increase during immune-mediated diseases. In NOD mice, Nrp1 expression in CD4+Foxp3- cells exhibited a strong correlation to islet infiltration (18). Similarly, we previously showed that CD4+Nrp1+Foxp3- cells have a positive correlation with cytotoxic T lymphocytes in an alloresponse model (19). In the current study, we found that alloresponsive Nrp1+Foxp3- cells expressed an activated phenotype. This CD44hiCD45RBlo phenotype is consistent with Nrp1+ conventional T cells found under inflammatory conditions in TGF-β RII-deficient mice (17) (Weiss, 2012), and, more recently, in a TCR transgenic model of diabetes (21). Similarly, the authors found that Nrp1 expression was induced following in vitro stimulation of CD4+Foxp3-, with cells expressing Nrp1 having increased expression of IFNγ and TNFα compared to Nrp1-Foxp3- cells. These cells had increased proliferative potential, consistent with the findings of our current study (21).

The current study focused on Nrp1 expression on host alloresponding CD4+ T cells; however, there is concurrently an expansion of host CD4+ T cells over the first 4 days in the acute parent-into-F1 alloresponse model preceding the elimination phase that begins on day 10 (36). This expansion is likely a result of antigen-independent “bystander” CD4+ T cell activation, which is more commonly observed in memory CD4+ T cells in response to cytokines (e.g. STAT inducers like IL-2) or microbial/TLR stimulation (37). That AhR signaling does not interfere with Nrp1 expression on these bystander-activated CD4+ T cells in the same manner as alloantigen-activated naïve CD4+ T cells is consistent with previous findings that newly activated CD4+ T cells are more sensitive to AhR ligands. The sensitivity of CD4+ T cells to differentiation following AhR signaling diminishes 3 days after activation (38), and fully differentiated effector/memory T cells are not significantly affected by AhR ligands (38, 39). Furthermore, single cell RNAseq data demonstrated that memory cells stimulated with Th1 cytokines or type 1 interferon do not express Ahr (40). Furthermore, bystander activation of CD4+ T cells by IL-2 tends to promote Th2 differentiation, which we found least susceptible to Nrp1 downregulation (41).

We used two complementary models to interrogate the impact of AhR signaling on Nrp1 expression on CD4+ T cells. However, both the parent-into-F1 alloresponse and the NOD mouse have a Th1 bias. We found that in vitro polarized Th1 cells from NOD mice were most sensitive to AhR-dependent downregulation of Nrp1 expression, with Th2 cells the least sensitive to both AhR signaling and Nrp1 modulation. In these studies, CD4+ T cells were isolated from splenocytes of prediabetic adult NOD mice; although they were not yet hyperglycemic, an underlying Th1-skewed autoimmune response would have already been ongoing in these mice. Further studies would be needed to see if downregulation of Nrp1 on effector cells similarly occurs in Th2-biased mouse models (e.g. BALB/c); Abberger, et al. previously showed that Nrp1 expression is upregulated on activated CD4+Foxp3- cells from BALB/c mice (21).While the inhibition of Nrp1 expression on newly activated CD4+ T cells following AhR activation is evident, the mechanism by which Nrp1 expression is regulated is less clear. As a transcription factor, AhR has been implicated in both the up- and downregulation of gene expression; however, our data show that AhR does not inhibit the expression of Nrp1 across all cell types. Specifically, Nrp1 expression is not altered by AhR ligands in keratinocytes or in Th2 cells and is surprisingly increased in neurons. These data suggest that AhR alone does not directly downregulate Nrp1. Instead, AhR may require additional binding partners expressed under specific conditions or act indirectly through the induction or repression of Nrp1 transcriptional regulators. In studies interrogating Nrp1 expression in different cell types, both transcriptional activators and repressors of Nrp1 have been reported that have crosstalk with the AhR pathway. In pancreatic neuroendocrine neoplasms, the IL6/Stat3 pathway upregulates Nrp1 (42), and AhR signaling has been shown to inhibit IL-6 (43–45). In the mammary glands of MMTV-Wnt1 mice, Nrp1 is upregulated by Wnt/b-catenin signaling (13) and AhR negatively regulates this pathway during early stem cell differentiation (46). In the current study, we found that the AhR-mediated downregulation of Nrp1 is dependent on IL-2 in vivo and in vitro. One possible crossover pathway between AhR, Nrp1, and IL-2 is through E2F7 and E2F1. E2F7-HIFα complex is thought to be a repressor of Nrp1 through inhibiting E2F1, an activating protein that binds directly to the Nrp1 promoter (47, 48). Although we previously reported global gene expression analysis of alloresponding donor CD4+ T cells isolated from AhR ligand-treated mice, it has become clear that this donor population encompasses a heterogenous mix of proinflammatory effector T cells and Tr1 cells. In the future, single cell RNAseq on activated CD4+ T cells may help uncover coregulatory pathways between AhR and Nrp1.

Because AhR activation leads to the downregulation of Nrp1 on effector T cells while still promoting Tregs, it can be considered an attractive therapeutic target for a range of immune-mediated diseases. Furthermore, Nrp1 might have utility to serve as a useful biomarker for tracking the development of inflammatory diseases or the efficacy of treatment. Collectively, our data highlight AhR-IL2-Nrp1 signaling as a novel mechanism by which AhR modulates effector CD4+ T cell responses.
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Supplementary Figure 1 | CD4+CD25- T cells were isolated using EasySep™ Mouse CD4+ T Cell Isolation Kit (StemCell Technologies; Cat # 19852A) supplemented with biotinolyated anti-CD25 (clone PC61.5; StemCell Technologies; Cat #60009BT.2) from the spleen of NOD mice. Foxp3 depletion was confirmed; 75-80% Foxp3+ CD4+ T cells were removed. Cells were polarized toward Th0, Th1, Th2, Th17, or Treg. All cells were also co-cultured with CD3/CD28 Dynabeads. AhR was activated with 100 nM Cl-BBQ. Cells were incubated at 37°C for 4 days. Cells from WT mice were stained for Nrp1, CD25, and CD4. The percentage of Nrp1+ (A), CD25+ (B), and Nrp1+CD25+ (C) were examined. n=4 mice/cell culture condition. Each data point represents cells from an individual mouse.
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Pruritus is the most common symptom of dermatological disorders, and prurigo nodularis (PN) is notorious for intractable and severe itching. Conventional treatments often yield disappointing outcomes, significantly affecting patients’ quality of life and psychological well-being. The pathogenesis of PN is associated with a self-sustained “itch-scratch” vicious cycle. Recent investigations of PN-related itch have partially revealed the intricate interactions within the cutaneous neuroimmune network; however, the underlying mechanism remains undetermined. Itch mediators play a key role in pruritus amplification in PN and understanding their action mechanism will undoubtedly lead to the development of novel targeted antipruritic agents. In this review, we describe a series of pruritogens and receptors involved in mediating itching in PN, including cytokines, neuropeptides, extracellular matrix proteins, vasculogenic substances, ion channels, and intracellular signaling pathways. Moreover, we provide a prospective outlook on potential therapies based on existing findings.
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1 Introduction

Prurigo nodularis (PN) is a relatively uncommon dermatosis characterized by recalcitrant chronic pruritus and keratotic nodules (1). It predominantly affects middle-aged and older individuals and Africans (2). Multiple discrete nodules are often symmetrically distributed in scratchable areas, such as the extensor surfaces of the limbs and trunk, with fewer lesions on the harder-to-reach mid-upper back, creating the classical butterfly sign (3). The pruritus associated with PN is notably intense. A previous study has shown that PN exerts a more significant impact on quality of life and carries a higher risk of psychological disorders (e.g., anxiety and depression) than other pruritic dermatoses (4). Notably, approximately half of the patients with PN exhibit coexistent atopic dermatitis (AD) or atopic predisposition (2, 5). This finding implies a potential overlap between the pathogeneses of PN and AD. Although AD and PN are both type 2 inflammatory diseases, recent transcriptomic studies have clearly revealed that PN is separated from AD. PN does not harbor the strong type 2 response pattern that is typically found in AD but is rather characterized by stromal remodeling and neurovascular dysregulation (6–11). Indeed, traditional treatments for AD, including topical steroids and antihistamines, exhibit limited efficacy against PN (1, 12). This underscores the likelihood of PN harboring distinct and yet to be elucidated pathophysiological underpinnings.

However, its exact pathogenesis remains unknown. Current understanding suggests that a persistent “itch-scratch” vicious cycle, leading to recurrent skin excoriation, crusting, and thickening, is the primary driver of nodule formation (3). Skin neuroimmune interactions and neuronal sensitization play important roles in mediating chronic itch in PN (1). Histopathologically, lesional PN skin exhibits epidermal hyperkeratosis accompanied by reduced epidermal nerve fibers (13). Fibrosis, vascular remodeling, and proliferation of afferent nerves are accompanied by mixed inflammatory cell infiltration in the dermis, including T lymphocytes, dendritic cells, mast cells, eosinophils, basophils, and macrophages (14). Notably, mast cells and eosinophils often aggregate around the peripheral sensory nerve endings, establishing close contact with them (15–17).

At the molecular level, the interactions between immune cells and sensory neurons require pruritogens and their receptors to act as intermediaries (18, 19). Pruritogens not only transmit itch by directly stimulating skin sensory neurons but also activate immune cells to release other itch mediators and indirectly stimulate sensory neurons to induce itch (20). Simultaneously, activated sensory neurons secrete pruritogens such as neuropeptides. On one hand, these neuropeptides act on the neurons themselves to increase their own sensitivity and spontaneous activity; on the other hand, they reciprocally activate immune cells and sustain and amplify inflammatory responses, thus promoting chronic itch (21). Ultimately, cutaneous C fibers project itch impulses centrally through pseudo-unipolar dorsal root ganglia (DRG) neurons to the dorsal horn of the spinal cord, which then send projection fibers to the brain (22).

Several upregulated pruritogens have been detected within PN lesions (1), including cytokines, neuropeptides, extracellular matrix proteins, and vasculogenic mediators (Table 1). Targeting these pruritogens and their receptors is of interest for the development of emerging therapeutics for PN (Figure 1). This review aimed to provide a comprehensive summary of the roles and clinical significance of known pruritogens and receptors in the pathogenesis of pruritus in PN.


Table 1 | Non-histaminergic itch mediators and their cognate receptors and channels in prurigo nodularis.






Figure 1 | Molecular mechanisms of itch and current and promising therapeutic targets in prurigo nodularis. Skin immune cells, keratinocytes and fibroblasts secrete various histamine-independent itching mediators that directly or indirectly activate corresponding receptors and channels in skin nerve endings, and then promote the secretion of neuropeptides to form positive feedback loops. Finally, the skin-neuroimmune crosstalk mediating the “itch-scratch” vicious cycle of PN. Blocking this process is a key point of novel therapeutic interventions. CGRP, calcitonin gene-related peptide; CST, Cortistatin; ET-1, Endothelin-1; ETAR, the endothelin A receptors; IL, interleukin; JAK, janus kinases-signal transducer; MRGPRX2, Mas-related G protein-coupled receptor member X2; NGF, nerve growth factor; NK1R, neurokinin 1 receptor; OSM, oncostatin M; p75NTR, p75 neurotrophin receptor; SP, Substance P; TrkA, tropomyosin receptor kinase A; TYK2, tyrosine kinase 2; TRP, transient receptor potential; TRPA1, TRP ankyrin 1; TRPV1, TRP vanilloid. The figure was created with MedPeer (medpeer.cn).






2 Pruritogens



2.1 Cytokines



2.1.1 Interleukin-4 and IL-13

Although less pronounced than that in AD, T helper (Th)2 immune bias remains a significant characteristic of PN (23). IL-4 and IL-13 are the key cytokines that initiate and sustaining Th2 responses (24). Elevated levels of circulating plasma IL-13 were observed in PN (25). The expression of IL-4, IL-13, and IL-4 receptor (IL-4R) is upregulated in prurigo nodules, with IL-4 correlating with the intensity of itch (8, 11, 26, 27). IL-4 is primarily expressed in T lymphocytes and basophils, whereas IL-13 is primarily expressed in eosinophils (26). Studies have shown that IL-4 and IL-13 activate itch-sensitive neurons in both humans and mice through IL-4Rα (28). They also amplify neuronal responses to various pruritogenic stimuli, including histamine-dependent and histamine-independent pathways, thereby contributing to neuronal sensitization (29). In addition, IL-4 and IL-13 exert pruritogenic effects by recruiting eosinophils and mast cells, driving IgE synthesis, and interacting with IL-31 (30). They promote fibroblast proliferation, differentiation, and synthesis of extracellular matrix proteins such as periostin in the dermis, mediating PN-associated skin fibrosis and itch (20). Although the elicitation of itching by these cytokines has not been reported in humans, they induce pruritus in mice as acute pruritogens (31). Moreover, the combined intradermal injection of IL-4 and IL-13 in mice triggers earlier and more intense scratching behaviors than separate cytokine administration (31). These findings highlight the crucial role of IL-4 and IL-13 in promoting dysregulation of the skin neuroimmune network.




2.1.2 IL-31

IL-31 belongs to the IL-6 cytokine family, which can directly trigger pruritus in humans and is called “itch cytokine” (32). IL-31 is mainly secreted by Th2 cells, and dermal CD11c+ myeloid dendritic cells are an important source of IL-31 in PN (33, 34). In contrast to acute pruritogens, itch induced by IL-31 exhibits pronounced delayed characteristics, suggesting its potential for indirect pruritogenic actions, such as regulating the synthesis and release of central itch mediators like BNP in the DRG and skin, and induction of leukotriene B4 production in keratinocytes (35–37). IL-31 is upregulated to varying degrees in various pruritic dermatoses (38). Among them, the upregulation was most remarkable in lesional PN skin, reaching levels 50 times higher than those in healthy skin. Conversely, non-pruritic dermatoses, such as non-pruritic psoriasis, showed no elevation in IL-31 (39). Serum IL-31 levels are also increased in patients with PN (40). The receptor of IL-31 is a heterodimer composed of IL-31 receptor A (IL-31Rα) and oncostatin M receptor β chain (OSMRβ). It is expressed in various cell types including keratinocytes, immune cells, and sensory neurons (32). In PN lesions, this receptor is also notably increased, and the intensity of pruritus in PN is closely related to the number of IL-31+ cells and IL-31Rα+ cells in the dermis (33). IL-31 promotes sprouting of skin sensory nerve axons and enhances their sensitivity to pruritogens (41, 42). Transcriptomic changes in lesional skin and changes in plasma proteomics confirmed the pivotal upstream pathological role of IL-31 signaling in PN (23, 43, 44). Blocking IL-31Rα not only effectively inhibits pruritus signaling but also alleviates downstream Th2 and Th17 inflammatory responses, suppresses nerve growth factor (NGF)-mediated neuronal dysregulation, and reverses the activation of keratinocyte proliferation and pro-fibrotic reactions (23, 43, 44). These findings indicate that the IL-31/IL-31Rα axis plays an important role in the pathogenesis of PN-associated pruritus and involves intricate regulation within the epidermal-immune-neural network.




2.1.3 Oncostatin M

Oncostatin M (OSM) is a member of the IL-6 cytokine family that plays a significant role in various pathological processes in the skin, including inflammation, hyperkeratosis, and fibrosis (45, 46). OSM is upregulated in skin lesions of various pruritic dermatoses including PN (7, 47). Furthermore, the intensity of pruritus in PN is closely correlated with the number of dermal OSM+ cells but not of OSMRβ+ cells (33). Single-cell sequencing has revealed that OSM is primarily produced by dermal T cells and monocytes (42). Similar to IL-31, OSM induces delayed itching in mice and enhances histamine-induced pruritus by enhancing the excitability and sensitivity of the sensory neurons to pruritogens instead of directly activating them. OSM also indirectly induces itch by stimulating stromal cells in the skin (42). OSM has two types of receptors, the unique human type I receptors consisting of leukemia inhibitory factor receptor (LIFR) and gp130, and the type II receptors found both in humans and mice composed of gp130 and OSMRβ (45). It has been reported that OSMR is expressed by itch-selective neurotensin B (Nppb) neurons in mice. Knocking out OSMR in sensory neurons or systemic administration of gp130 inhibitors suppresses inflammatory itch in mice (42). This suggests that targeting the OSM/OSMRβ/gp130 signaling pathway holds promising potential for antipruritic therapy. Since OSMRβ is a shared receptor subunit for both OSM and IL-31, antagonizing it might be an effective approach for treating PN.




2.1.4 IL-17

The Th17 cell cytokine IL-17 mediates excessive proliferation and differentiation interference of epidermal keratinocytes and plays a key pathogenic role in conditions such as psoriasis (48). Interestingly, the molecular biological features of PN are more akin to those of psoriasis than those of AD (10). Previous studies have shown an increased expression of IL-17 in lesional PN skin, coupled with an increase in the number of Th17 cells within the lesions (9, 27, 49). The origin of CD4+ Th17 cells is significantly more from PN lesions compared to from healthy skin and lesional AD skin (9). However, the relationship between IL-17 and pruritus in patients with PN remains unclear. IL-17A stimulates keratinocytes to secrete pruritogenic endothelin-1 (49). The latter is upregulated in prurigo nodules (49, 50), implying that IL-17 indirectly contributes to development of itching symptom in patients with PN.




2.1.5 IL-22

Several studies have shown that the expression of the Th22 cell cytokine IL-22 is elevated in pruritic PN lesions, which is potentially associated with impaired epidermal proliferation and differentiation and skin inflammation (27, 51). Skin RNA sequencing of patients with severe pruritus in PN revealed robust upregulation of Th22-related genes and signaling pathways, including IL-22, IL-22 receptors (IL22RA1 and IL22RA2), and IL-22-associated cytokines. Moreover, circulating IL-22 derived from both CD4+ and CD8+ T cells is significantly increased in PN, suggesting a systemic and cutaneous Th22/IL-22 polarization pattern (51). However, there is limited evidence regarding the correlation between IL-22 levels and pruritus in PN. Considering that IL-22 receptors are exclusively expressed in epithelial cells (52), IL-22 may indirectly mediate pruritus by promoting pruritogen secretion. For example, IL-22 induces keratinocytes to express substantial amounts of pruritogenic gastrin-releasing peptides (GRP) and GRP receptors (53).




2.1.6 Other cytokines

Thymic stromal lymphopoietin (TSLP) is primarily produced by epithelial cells and signals through IL-7 receptor α-chain (IL-7Rα) and TSLP receptor (TSLPR) heterodimers (54). TSLP released from keratinocytes activates TSLPR-expressing sensory neurons to trigger itch sensation in mice (55). Although levels of TSLP were not elevated in PN lesions, TSLPRs were upregulated (56). IL-6 is expressed in the dermal nerve fibers of lesional PN skin (57). Transcription level of IL-6 is increased in prurigo lesions (8). Serum IL-6 levels are significantly elevated in patients with PN and are correlated with the severity of pruritus (58). However, direct evidence linking IL-6 and TSLP to pruritus in PN is lacking.





2.2 Extracellular matrix protein



2.2.1 Periostin

Periostin is an extracellular matrix protein that plays a significant role in skeletal development, cardiovascular remodeling, and Th2 inflammation (59). Owing to its ability to induce rapid and intense scratching behavior in mice, dogs, and monkeys, it has been identified as a novel pruritogen (60). Enhanced dermal periostin expression has been observed in various pruritic skin disorders (61–63). Similarly, periostin is abundantly deposited in the dermis of PN and is significantly correlated with the severity of pruritus in PN (64). Plasma periostin was also significantly upregulated in patients with PN with severe itch (25). Single-cell sequencing has revealed that the activation of fibrotic responses is a distinguishing feature between PN and AD. The main contributor to dermal fibrosis, the COL11A1+ fibroblast subset, is likely to be the primary cellular source of periostin in PN (23). Periostin-mediated itching involves direct and indirect pathways. In the direct pathway, periostin interacts directly with itch-sensitive nerve fibers via its receptor integrin aVβ3 (60). In the indirect pathway, periostin stimulates immune cells (macrophages, eosinophils, and basophils) to release IL-31 and other pruritogenic mediators (59, 62). Periostin also stimulates keratinocytes to secrete the pruritogen TSLP, which in turn acts on fibroblasts to generate periostin, forming a “TSLP- periostin” cross-activation loop that sustains chronic itching and maintains Th2 inflammation (60). Since dermal periostin in PN shows no significant correlation with other pruritogenic mediators in the dermis (including IL-31, IL-31Rα, and OSMRβ), it might be an independent contributor to pruritus in PN (64). Further studies are required to elucidate this association. Targeting periostin or its receptor integrin aVβ3 to simultaneously treat itch and Th2 inflammation could be a novel therapeutic option for PN.





2.3 Neuropeptides



2.3.1 Substance P

Substance P (SP), secreted by sensory neurons, plays an important role in itch signaling within the peripheral and central nervous systems (65, 66). The subcutaneous injection of SP immediately induces itching in both humans and mice (67, 68). The density of SP-expressing nerve fibers was increased in the dermis of prurigo nodules but not in that of neurodermatitis, another pruritic neurogenic skin disorder (69–71). Serum SP levels and the expression of two SP receptors, neurokinin 1 receptor (NK1R) and Mas-related G protein-coupled receptor member X2 (MRGPRX2), are elevated in patients with chronic prurigo (72, 73). Additionally, the expression of MRGPRX2 closely correlates with the severity of itch (73). This evidence suggests a unique role of SP signaling in PN. At the molecular level, SP mediates mast cell activation, leading to the release of pruritogens such as histamine, leukotriene B4, and vascular endothelial growth factor (VEGF) (74–76). However, the pruritogenic effect of mast cells may not be crucial because mast cell-deficient mice still exhibit intense scratching behavior after SP stimulation (67). Keratinocytes and eosinophils activated by SP producing NGF promotes neuronal proliferation and activates afferent nerves, leading to further release of SP and sustaining the itch cycle (77). Moreover, SP directly activates sensory neurons to trigger itch (78). NK1R antagonists have shown preliminary results for the treatment of chronic pruritus in patients with PN. An 8-week phase 2 clinical trial of the NK1R antagonist serlopitant demonstrated a greater reduction in itch with oral serlopitant than with placebo (79). However, phase 3 randomized clinical trial (RCT) of the drug did not meet the primary endpoint of reducing itch (NCT03546816 and NCT03677401). Another NK1R antagonist, aprepitant, in both topical and oral formulations, did not show satisfactory antipruritic effects in placebo-controlled trials involving patients with PN (72, 80). MRGPRX2 antagonization is another potential therapeutic option for PN-associated itching. Therefore, it is necessary to investigate whether NK1R antagonists interact with MRGPRX2. Although aprepitant was incapable of antagonizing human MRGPRX2 in vitro, it was found to have an off-target effect on MrgprB2 (a homologous receptor of MRGPRX2) in animal experiments (78, 81).




2.3.2 Calcitonin gene-related peptide

Calcitonin gene-related peptide (CGRP) is the most abundant neuropeptide in human skin and is often colocalized with SP (82). Its function is similar to that of SP (83). However, intradermal injection of CGRP induces persistent erythema, but does not cause itch (84). Evidence suggests that sensory neurons expressing CGRP are necessary for both histamine-dependent and histamine-independent itch (85). CGRP antagonist blocks trypsin-induced itch in mice (86). In lesional PN skin, the density of CGRP-expressing afferent nerves in the dermis was increased, surrounded by mast cells and eosinophils (16). CGRP activates mast cells to release histamine, and eosinophils to produce NGF, another pruritogen. Histamine and NGF, in turn, promote release of CGRP by neurons, creating a bidirectional positive feedback loop between nerve fibers and immune cells; thus, amplifying and sustaining itch signaling (77). In mice, CGRP induces Th2 immune responses, promoting the production of IL-4, CCL17, and CCL22 by Langerhans cells, while suppressing Th1 responses (87). CGRP also acts as an immunoregulatory mediator that enhances IL-13 production (88). Additionally, CGRP influences endorphin levels and leads to the dysregulation of mu- and kappa-opioid receptor expression (3, 89, 90). These factors may contribute to PN-related itching; however, direct evidence of the relevance of CGRP is still lacking.




2.3.3 Cortistatin

Cortistatin (CST) is a neuropeptide that is structurally and functionally similar to somatostatin (91). It possesses various biological effects, such as regulating homeostasis in the nervous, endocrine, and cardiovascular systems, exerting anti-inflammatory effects, and promoting Th2 polarization within the immune system (92). Recently, it was identified as an endogenous pruritogen that is predominantly secreted by skin mast cells. Pricking CST on the skin of healthy individuals rapidly induces a noticeable itch sensation (73). CST and its receptor, MRGPRX2, play a pivotal role in the development of chronic itch (93). CST- and MRGPRX2-expressing cells, mostly mast cells, increased in the skin lesions of patients with chronic prurigo. Severe itch in patients with chronic prurigo is associated with the most significant upregulation of CST in the skin. Moreover, the number of cells expressing MRGPRX2 in skin lesions and serum levels of MRGPRX2 correlate with prurigo severity, itch intensity, and/or impaired quality of life (73). The pruritogenic mechanism of CST may involve binding to MRGPRX2, inducing mast cell degranulation and the release of histamine and CST, thus forming a CST autocrine feedback loop (73). MRGPRX2 is expressed in DRG sensory neurons (93, 94); however, whether CST directly activates neurons through its receptor to induce itching remains to be further elucidated.





2.4 Neurotrophin



2.4.1 Nerve growth factor

While keratinocytes are the primary source of skin-derived NGF, dermal inflammatory cells such as mast cells, eosinophils, and lymphocytes abundantly secrete NGF in lesional PN skin (95, 96). The two NGF receptors, high-affinity tropomyosin receptor kinase A (TrkA) and low-affinity p75 neurotrophin receptor (p75NTR), have a synergistic effect and are increased in the dermal nerve fibers of PN (95). Scratching can also lead to increased expression of skin-derived NGF and its receptors (97). NGF is a neurotrophic factor that primarily activates, sensitizes, and sprouts skin nerve fibers, promoting the release of neuropeptides, such as SP and CGRP (96, 98). NGF also influences the survival and function of non-neuronal cells. For example, it stimulates the proliferation and differentiation of keratinocytes; activates or enhances mast cells, eosinophils, and basophils; releases various pro-inflammatory and pruritogenic mediators; and supports the survival and differentiation of these immune cells (96). Intradermal injection of NGF in healthy individuals enhances non-histaminergic itch induced by cowhage (99). Therefore, antagonizing NGF and its receptors may be beneficial for PN treatment; however, this has not been studied in PN.





2.5 Vasculogenic substances



2.5.1 Vascular endothelial growth factor

VEGF is produced by various resident skin cells, including keratinocytes (100). Mechanical manipulation may stimulate keratinocytes to produce VEGF. It promotes endothelial cell proliferation and angiogenesis, which may be associated with the formation of prurigo nodules (101). VEGF levels in both skin lesions and serum are increased in patients with prurigo and are correlated with the severity of the condition (10, 100, 101). However, psoriasis or AD lesions do not show increased VEGF activity, suggesting a unique role of VEGF in the pathogenesis of PN (10). A case of simplex prurigo treated with bevacizumab, a monoclonal anti-VEGF antibody, showed significant improvement in itch (101). Further studies are required to determine the role of VEGF in PN-related itching.




2.5.2 Endothelin

Endothelin-1 (ET-1), initially described as a vasoconstrictor, is also a partial non-histaminergic pruritogen that independently induces a persistent itching sensation in human skin (50). In patients with PN, both skin lesions (especially in the epidermis and neurons) and serum levels of ET-1 are increased, which is possibly associated with elevated levels of IL-17 (49, 50). IL-17A induces ET-1 expression in keratinocytes via the p38 MAPK pathway (49). ET-1 signals through two receptors: the endothelin A receptors (ETAR) and endothelin B receptors (ETBR) (21). ET-1 mediates itch through ETAR in the skin nerve fibers; however, this process is negatively regulated by neutral endopeptidase 1 (ECE-1) (50). In contrast, ETBR has an antipruritic effect through peripheral κ-opioid receptors against ET-1-induced itch (102). ETBR expression is downregulated in lesional PN skin (56), further enhancing the pruritic effects of ET-1 signaling.





2.6 Histamine

Histamine is one of the most classical pruritogens. Its primary sources are activated mast cells and basophils (103). Immunohistochemistry showed that the number of histamine-containing mast cells in PN lesions was significantly increased, and the morphology of mast cells also changed, with enlarged cell bodies and more dendrites, but fewer intracellular granules (17, 104). Similarly, the number of activated basophils in the blood and dermis of patients with PN was also significantly higher than that in healthy controls (105). Histamine activates cutaneous sensory nerve fibers through H1 and H4 histamine receptors to elicit itch (106). However, due to the resistance of PN to antihistamine treatment, histamine is not considered a primary pruritogenic factor in PN (12).





3 Itch signaling pathways



3.1 The JAK-STAT pathway

Four members of the Janus kinase (JAK) family (JAK1, JAK2, JAK3, and TYK2) selectively bind in various combinations to different type I/II cytokine receptors and transmit their activated intracellular transcriptional signals, along with seven members of the signal transducer and activator of transcription protein (STAT) family (107). Several key cytokines, such as IL-4, IL-13, IL-31, and OSM, play roles in propagating pruritus and inflammation in PN through the JAK-STAT signaling pathway, particularly involving JAK1, STAT3, and STAT6 (28, 45, 108). Th2 cytokines are predominantly regulated by STAT6, whereas STAT3 is associated with multiple pruritogens, including IL-6, IL-22, IL-31, OSM, TSLP, and VEGF (109–111). STAT3 and STAT6 are significantly upregulated in lesional PN skin (112–114); thus, JAK inhibitors may effectively slow disease progression. Numerous case reports have shown the successful treatment of refractory PN with tofacitinib (JAK1/3 inhibitor), baricitinib (JAK1/2 inhibitor), and upadacitinib (JAK1 inhibitor) (115–124). Phase 2 clinical trials of two JAK1 inhibitors, abrocitinib (NCT05038982) and povorcitinib (NCT05061693), for the treatment of PN, as well as a phase 3 clinical trial of ruxolitinib cream (a JAK1/JAK2 inhibitor) are currently underway (NCT05755438 and NCT05764161).




3.2 Transient receptor potential channels

Transient receptor potential (TRP) channels can be activated by various physical and biochemical stimuli. Notably, most itch receptors such as G-protein-coupled receptors and cytokine receptors couple with TRP channels that act as downstream sensors (21). After activation, the channels develop to cause calcium influx and generate action potentials that propagate itch signals in the peripheral sensory neurons (19, 125). TRP channels are a class of nonselective cation channels including family members like TRP vanilloid 1 (TRPV1) and TRP ankyrin 1 (TRPA1) (126). TRPV1, also known as the capsaicin receptor, is significantly upregulated in nerve fibers and keratinocytes within lesional PN skin (127). Propagation of various histamine-independent itch signals related to the PN involves TRPV1 and/or TRPA1. For example, itching induced by IL-31 and periostin is transmitted by TRPV1+TRPA1+ neurons (60, 128). Itch, mediated by IL-13, TSLP, endothelin, and MRGPRs, is activated by TRPA1 (55, 129–131). NGF activates TRPV1 via TrkA, causing the upregulation and activation of TRPV1 in afferent nerves, subsequently releasing SP and CGRP (132). Topical capsaicin treatment alleviates itching symptoms in patients with PN, normalizes TRPV1 expression in skin lesions, and reduces SP and CGRP levels (127). The anti-itch effect of capsaicin is presumably mediated by the activation of TRPV1 on cutaneous C-fibers, leading to the depletion of neuropeptides such as SP (133). However, because of the short-acting efficacy of capsaicin and its side effects of intense burning sensations, its widespread use is limited. Further evidence is required to confirm the roles of TRPV1 and TRPA1 in PN-associated itch.





4 Promising advances in the treatment of PN

Based on two phase 3 clinical trials, dupilumab (an IL-4Rα monoclonal antibody simultaneously antagonizing IL-4 and IL-13) has become the first the U.S. Food and Drug Administration (FDA)/European Medicines Agency (EMA)/China National Medical Products Administration (NMPA)-approved treatment for adult patients with PN. Compared to placebo, significant improvements in weekly average worst itch numeric rating scale (WI-NRS) with dupilumab were observed as early as week 3 in PRIME and week 4 in PRIME2 (134). Moreover, a few cases report off-label use of dupilumab have shown good efficacy and safety in children and adolescents with PN (135–137). It took longer for dupilumab to reduce pruritus in atopic PN compared with patients with nonatopic PN (138). Two real-world studies reviewed the long-term efficacy of dupilumab. Among 19 patients with PN, 78.9% and 68.4% reported improved pruritus at weeks 16 and 52, respectively (139). The pruritus NRS score dropped to 0 at 16 weeks of treatment in 19 of 21 PN patients and was maintained for at least 104 weeks (140). A systematic review showed that 48.88% of patients with PN achieved complete relief of itching, the average time to clear itching was 19 weeks, and patients who did not achieve complete itch resolution had a longer time to first relief (138). Large real-world data collections evaluating the efficacy and safety of dupilumab in PN are still lacking.

In addition to dupilumab, a series of novel drugs targeting Th2 polarization in PN have also shown promising results. In an open-label case series, 17 patients with a PN-like phenotype of AD showed a significant reduction in mean itch-NRS values as early as week 4 after treatment with the anti-IL-13 monoclonal antibody tralokinumab (141). Recently, phase 2 and phase 3 clinical trials on nemolizumab, an anti-IL-31Rα monoclonal antibody, demonstrated the effectiveness and safety of blocking the IL-31 signaling in treating PN. Both studies reported a rapid reduction in pruritus severity and significant improvement in nodules after treatment (142, 143). The OSMRβ monoclonal antibody, vixarelimab (KPL-716), has shown promising results in a phase 2a clinical trial for PN (45). They demonstrated an average reduction of 50% in pruritus by week 8 of vixarelimab treatment, and one-third of the patients achieved lesion clearance or near clearance (45). A phase 2b trial is currently in progress (NCT03816891).

IL-5 plays a central role in the differentiation, proliferation, activation, adhesion, and survival of eosinophils, while promoting the recruitment of skin mast cells and basophils (19, 144). A phase 2 clinical trial of anti-IL5Rα antibody (benralizumab) for PN treatment is currently in preparation (NCT05528913). Blocking mast cell activation suppresses the neuro-immune axis (145, 146). Targeting mast cell tyrosine kinase KIT receptors (barzolvolimab) results in sustained and profound MC inhibition in healthy volunteers (147). A phase 1 clinical trial targeting PN with this drug has been completed and the results are awaited (NCT04944862).

Several recent omics studies have suggested that extracellular matrix remodeling, fibrosis activation, neural dysfunction, vascular system development, and keratinization may be unique pathological features of PN (6–8, 23, 43, 148). Further investigation of the relationship between these features and itching is required. Therefore, extracellular matrix proteins, such as periostin; neuroinflammatory molecules, such as neuropeptides, NGF, and MRGPRX2; and vascular substances, such as VEGF and ET, are intriguing targets for drug development. Likewise, blocking downstream cellular signaling pathways, such as with JAK inhibitors and TRP channel antagonists, could be an additional treatment option. Several JAK inhibitors have been approved for moderate-to-severe AD in many countries, and they have significantly improved patients’ pruritus and condition (149). Topical TRPV1 antagonists have demonstrated efficacy and safety in phase 2b (PAC-14028) and phase 3 (Asivatrep) clinical trials for treating atopic itch (150, 151). However, their role in the treatment of PN requires confirmation through RCT.

Cannabinoid receptors 1 and 2 (CB1 and CB2) are expressed in the central nervous system and skin nerve fibers, and are activated by various bioactive lipid mediators (152). Cannabinoid agonists alleviate pruritus in various animal models of chronic pruritus and in clinical trials of pruritic skin diseases (153–158). An open-label clinical study showed significant relief from itch in eight of 12 patients with PN using a moisturizing cream containing the CB2 agonist N-palmitoyl ethanolamide (159). However, the role of the endogenous cannabinoid system in PN requires confirmation through double-blind controlled trials. At the level of the spinal cord, an imbalance between itch-promoting μ-opioid receptor (MOR) activity and itch-inhibiting κ-opioid receptor (KOR) activity mediates non-histaminergic itch (160). A phase 2 placebo-controlled study indicated that the dual-acting KOR agonist/MOR antagonist nalbuphine extended-release (ER) tablets effectively treat PN. Furthermore, 33% of participants treated with 162 mg oral doses twice daily showed a reduction of ≥50% in itch by week 10, with a suitable safety profile (161). The phase 2b/3 PRISM clinical trial of nalbuphine ER reached its primary endpoint, with a greater proportion of participants achieving a ≥4-point reduction in WI-NRS at week 14 compared to placebo (24.7% vs 13.9%) (156). The new and emerging treatments for PN-related pruritus are summarized in Table 2.


Table 2 | Emerging therapies for the treatment of prurigo nodularis.






5 Conclusion

Recent studies have provided strong evidence for unraveling the specific mechanisms underlying itching in PN. Further exploration of independent pruritogens and receptors, as well as investigation of the interactive network between skin cells and the nervous system, is crucial for a comprehensive understanding of PN. Targeting pruritus signal transmission or disrupting neuroimmune crosstalk are emerging therapeutic strategies to alleviate itching, prevent chronicity, and improve disease prognosis in PN.
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Toll-like receptor 4 (TLR4) are part of the innate immune system. They are capable of recognizing pathogen-associated molecular patterns (PAMPS) of microbes, and damage-associated molecular patterns (DAMPs) of damaged tissues. Activation of TLR4 initiates downstream signaling pathways that trigger the secretion of cytokines, type I interferons, and other pro-inflammatory mediators that are necessary for an immediate immune response. However, the systemic release of pro-inflammatory proteins is a powerful driver of acute and chronic inflammatory responses. Over the past decades, immense progress has been made in clarifying the molecular and regulatory mechanisms of TLR4 signaling in inflammation. However, the most common strategies used to study TLR4 signaling rely on genetic manipulation of the TLR4 or the treatment with agonists such as lipopolysaccharide (LPS) derived from the outer membrane of Gram-negative bacteria, which are often associated with the generation of irreversible phenotypes in the target cells or unintended cytotoxicity and signaling crosstalk due to off-target or pleiotropic effects. Here, optogenetics offers an alternative strategy to control and monitor cellular signaling in an unprecedented spatiotemporally precise, dose-dependent, and non-invasive manner. This review provides an overview of the structure, function and signaling pathways of the TLR4 and its fundamental role in endothelial cells under physiological and inflammatory conditions, as well as the advances in TLR4 modulation strategies.
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1 Structure and function of the toll-like receptor 4 and its receptor family

Toll-like receptors (TLRs) are a family of conserved pattern-recognition receptors (PRRs) that detect and bind to evolutionarily conserved molecular motifs in pathogen-associated molecular patterns (PAMPs) of microbes or damage-associated molecular patterns (DAMPs) of injured tissues to induce innate and adaptive immune response (1–3). Other classes of PRRs include Nod-like receptors (NLRs), RIG-I-like receptors (RLRs), AIM2-like receptors (ALRs), C-type lectin receptors (CLRs), and intracellular DNA and RNA sensors such as cyclic GMP-AMP synthase (cGAS) (4, 5). Obviously, TLRs are expressed in innate immune cells such as macrophages, neutrophils, dendritic cells, natural killer cells, mast cells, eosinophils, basophils as well as adaptive immune cells, including B cells and specific T cells. They are also found in and on non-immune cells such as fibroblasts, epithelial and endothelial cells (6–8). TLRs are type I transmembrane proteins consisting of an extracellular domain (ECD) with leucine-rich repeats (LRRs) responsible for the detection of PAMPs and DAMPs, a transmembrane region, and an intracytoplasmic toll/interleukin 1 (IL-1) receptor (TIR) domain necessary for the initiation of the downstream signaling pathways (9) (Figure 1). LRRs exist in different protein combinations depending on the type of receptor and the corresponding ligand recognition and signal transduction (10). This high variety of LRRs is attributable to its consensus sequence motif of L(X2)LXL(X2)NXL(X2)L(X7)L(X2), where X can be any amino acid. Upon interaction of distinct PAMPs or DAMPs with the corresponding LRR, the extracellular domains of the respective TLRs form homo- or heterodimers with co-receptors or accessory molecules, which is essential for the activation of various signaling pathways and thus for an appropriate immune response (11). The LRR carboxy-terminal domain, characterized by the consensus motif CXC(X23)C(X17)C, separates the LRR region from the transmembrane region in TLRs (12). The TIR domain exhibits high homology to that of the IL-1 receptor family (13). Three highly conserved regions in TIR domains have been identified that mediate the protein-protein interactions between TLRs and adaptor proteins necessary for signal transduction. The various TLRs use different sets of adaptor proteins to determine signal transduction, with TLR4 being the only known TLR that uses all TIR domain-containing adaptor proteins, including the myeloid differentiation factor 88 (MyD88), TIR domain-containing adaptor protein (TIRAP), also known as MyD88-adaptor like (Mal), TIR domain-containing adaptor inducing interferon beta (TRIF), and TRIF-related adaptor protein (TRAM) (14, 15).




Figure 1 | Conserved structure of TLRs. TLRs are characterized by an extracellular domain with leucine-rich repeats responsible for the recognition of PAMPs and DAMPs, a transmembrane domain, and an intracytoplasmic Toll/IL-1 receptor (TIR) domain necessary for signal transduction. TLR, toll-like receptor; LRR, leucine-rich repeats; PAMP, pathogen-associated molecular pattern; DAMP, damage-associated molecular pattern; TIR domain, Toll/interleukin-1 (IL-1) receptor domain. Created with BioRender.com.



In 1985, Anderson et al. originally identified Toll as a gene product essential for the embryonic dorsoventral axis formation in the fruit fly Drosophila melanogaster (16), and 11 years later, its critical antifungal function in this species was described (17). Just one year later, in 1997, the discovery of the mammalian homologue of the toll receptor (now designated TLR4), which plays a major role in the innate immune response by inducing the expression of pro-inflammatory genes, revolutionized our knowledge of the immune system and triggered an irresistible research on PRRs (18). To date, a total of 10 and 12 functional TLRs have been identified in humans and mice, respectively, with TLR1 - TLR9 being conserved in both species. A retroviral insertion into the TLR10 gene in mice impaired its functionality, and the human genome lost TLR11, TLR12, and TLR13 (19). Based on their cellular localization and respective PAMP ligands, human TLRs are classified into cell surface TLRs and intracellular TLRs (Figure 2). TLR2/TLR1 and TLR2/TLR6 heterodimers, TLR4 and TLR5 homodimers, and the orphan TLR10 (incomplete understanding of dimerization) are expressed on the cell surface and primarily recognize microbial membrane components such as lipoteichoic acid (LTA) (TLR2), lipopeptides (LP) (TLR1, 2, 6) and lipopolysaccharide (LPS) (TLR4, 10) as well as flagellin (TLR5, 10) (20, 21). In addition, TLR2 detects zymosan glycan in fungi and like TLR4 glycophosphatidylinositol (GPI) anchors in protists. In contrast, human TLR3, TLR7, TLR8, and TLR9 homodimers are exclusively found in intracellular components such as lysosomes, endosomes, endolysosomes, and the endoplasmic reticulum, where they mainly target microbial nucleic acids (9, 22) (Figure 3).




Figure 2 | Schematic representation of the TLR signaling pathways. Depending on the type of PAMP and its respective binding affinity to different extracellular domains of the TLRs, TLR signaling is initiated by the dimerization of the extracellular domains of the receptors after recruitment of the adaptor proteins MyD88 and TIRAP (MyD88-dependent pathway) or TRIF and TRAM (TRIF-dependent pathway) through the interactions with the TIR domains of the TLRs. TLR, toll-like receptor; LPS, lipopolysaccharide; dsRNA, double-stranded ribonucleic acid; ssRNA, single-stranded ribonucleic acid; CpG DNA, 5’-cytosine-phosphate-guanine-3’ deoxyribonucleic acid; MyD88, myeloid differentiation factor 88; TRIAP, TIR domain-containing adaptor protein; TRIF, TIR domain-containing adaptor inducing interferon beta; TRAM, TRIF-related adaptor protein; IRAK, interleukin 1 receptor-associated kinase; TRAF, tumor necrosis factor receptor-associated factor; TAK-1, transforming growth factor beta-activated kinase 1; TAB, TAK-1 binding protein; MKK, mitogen-activated protein kinase kinase; JNK, Jun N-terminal kinase; ERK1/2, extracellular signal−regulated protein kinase 1/2; CREB, cyclic adenosine monophosphate-responsive element-binding protein; AP-1, activator protein 1; NF-κB, nuclear factor kappa B; NEMO, NF-κB essential modulator; IKK, IκB kinase; IKKi, inhibitor of NF-κB kinase; RIP1, receptor-interacting protein 1; TBK, TANK-binding kinase; IFN, interferon; IRF, interferon regulatory factor. Created with BioRender.com.






Figure 3 | Pathogens and their ligand targets for different human TLRs. Cell surface TLRs primarily recognize components of microbial membranes such as lipoteichoic acid (TLR2), lipopeptides (TLR1, 2, 6) and lipopolysaccharide (TLR4, 10) as well as flagellin (TLR5, 10). Additionally, TLR2 detects zymosan glycan of fungi and, like TLR4, protist GPI anchors. In contrast, cytosolic TLR3, TLR7, TLR8, and TLR9 mainly recognize microbial nucleic acids. TLR, toll-like receptor; DNA, deoxyribonucleic acid; RNA, ribonucleic acid; LTA, lipoteichoic acid. LP, lipopeptides. LPS, lipopolysaccharide. GPI, glycosylphosphatidylinositol. Adapted from “Pathogen Ligand Targets for Different TLRs”, by BioRender.com (2023).






2 TLR4 signaling

One of the best characterized PAMPs to date is the endotoxin LPS, which is derived from the outer membrane of Gram-negative bacteria. The general structure of LPS is divided into lipid A, a core oligosaccharide, and an O side chain, with lipid A being the major PAMP of LPS (23, 24). LPS stimulation of human cells triggers a series of interactions involving the soluble LPS binding protein (LBP), the soluble glycosylphosphatidylinositol-anchored protein cluster of differentiation 14 (CD14), the soluble myeloid differentiation factor 2 (MD-2), and TLR4 (25, 26). LBP extracts LPS from the outer membrane of Gram-negative bacteria and transports it to CD14, which then transfers LPS to the TLR4/MD-2 receptor complex (14, 27). Interestingly, LPS can bind to MD-2 even in the absence of TLR4, which does not seem to be possible the other way around, as there is only evidence that TLR4 can enhance the binding of LPS to MD-2 (28, 29). Upon LPS recognition, the extracellular domains of TLR4 dimerize and adaptor proteins recruit through interactions with the TIR domains of TLR4. Initial recruitment of the adaptor proteins MyD88 and TRIAP induces the MyD88-dependent signaling pathway, which triggers an early activation of the nuclear factor kappa B (NF-κB) and the mitogen-activated protein kinases (MAPK) (30, 31). Sequential binding of the adaptor proteins TRIF and TRAM and subsequent dynamin-driven endosomal translocation of TLR4 initiates the MyD88-independent pathway, also known as the TRIF-dependent pathway, which culminates in the late-phase activation of NF-κB and the IFN-inducing transcription factor IFN regulatory factor 3 (IRF3). The MyD88-dependent pathway leads to the production of pro-inflammatory cytokines. In contrast, the TRIF-dependent pathway additionally results in the secretion of type I interferons (IFN) (32). The signal transduction of the MyD88-dependent and TRIF-dependent pathway is described in detail in the following sections and is graphically displayed in Figure 2.

The MyD88-dependent pathway is characterized by the formation of the Myddosome consisting of MyD88, TRIAP, IRAK4, IRAK1, and IRAK2. MyD88 recruits IL-1 receptor-associated kinase-4 (IRAK4) through homotypic interaction of their death domains (14). IRAK4 is a member of the IRAK family, which shares a death domain and a kinase domain (33). IRAK4 knock-in mutation studies in mice revealed that the kinase activity of IRAK4 is crucial for TLR signaling (34, 35). Of note, IRAK4 also activates NF-κB and MAPK (36). IRAK4 sequentially engages and activates IRAK1 and IRAK2, which are then autophosphorylated at multiple sites (37), leading to the binding of tumor necrosis factor receptor (TNFR)-associated factor-6 (TRAF6) (38). IRAK1 activates the E3 ubiquitin ligase TRAF6, which together with the E2 ubiquitin-conjugating enzymes Ubc13 and Uev1A, induces the synthesis of Lys63 (K63)-linked polyubiquitin to degrade both TRAF6 and IRAK1 and to recruit the transforming growth factor beta (TGF-β)-activated kinase 1 (TAK1) and the adaptor molecules TAK-1 binding protein 2 and 3 (TAB2, TAB3) (11). Subsequent phosphorylation of TAK1 simultaneously induces the IκB kinase (IKK)-NF-κB and MAPK signaling cascades. The IKK complex consists of two catalytic subunits, IKKα and IKKβ, and the regulatory subunit NF-κB essential modulator (NEMO), also called IKKγ. Upon its association with TAK1 through ubiquitin chains, the IKK complex is phosphorylated, leading to the activation of IKKβ (9, 19). Following phosphorylation and proteasomal degradation of the NF-κB inhibitory protein, IκBα releases NF-κB. Released NF-κB then translocates into the nucleus to initiate transcription of pro-inflammatory genes (39). Activated TAK1 simultaneously phosphorylates the MAPK kinases (MMK) 3/6, 4/7, and 1/2, thereby initiating the activation of p38, Jun N-terminal kinases (JNKs), and extracellular signal−regulated protein kinase 1/2 (ERK1/2). Once activated, they phosphorylate the cyclic adenosine monophosphate (cAMP)-responsive element-binding protein (CREB) and activator protein 1 (AP-1) transcription factors, which consist of a heterodimer of c-Fos and c-Jun subunits. The final interaction of CREB and AP-1 with NF-κB facilitates the transcription of pro-inflammatory genes (9, 40).

The TRIF-dependent pathway is characterized by the recruitment of TRAM and TRIF to form the so-called Triffosome (41). TRIF associates with TRAF6 and TRAF3. Activated TRAF6 recruits the kinase receptor-interacting protein 1 (RIP1), which subsequently engages the TAK1 and IKK complex, leading to the activation of NF-κB and MAPKs. Activated TRAF3 recruits the IKK-related kinase TANK-binding kinase 1 (TBK1) and the inhibitor of NF-κB kinase (IKKi), which in turn phosphorylates and activates IRF3, ultimately leading to the induction of IFN (42, 43).

Importantly, once activated, TLR4 is the only member of the TLR family that induces both the MyD88-dependent and TRIF-dependent signaling pathways. TLR2/TLR1, TLR2/TLR6, TLR5, TLR7, TLR8, and TLR9 initiate the MyD88-dependent pathway, whereas TLR3 induces the TRIF-dependent pathway (9, 11). Of note, upon Myddosome formation in response to TLR7, TLR8, or TLR9 activation, IRF7 binds and is directly activated by IRAK1 and IKKα. Like IRF3, IRF7 leads to the induction of IFN (44, 45). We already have a quite clear understanding of the ligand recognition, dimerization, signaling, and biological functions of human TLR1-9, but not of the orphan TLR10. While we know that TLR10 is localized on the cell surface, its ligands, homo- or heterodimerization, TIR domains and adaptor molecules, signal transduction and biological function are still unclear (21).




3 TLR4 signaling in endothelial cells under physiological and inflammatory conditions

Endothelial cells (ECs) form the innermost layer of blood vessels, which include arteries, veins, and capillaries, and separate the circulating blood from the surrounding tissues (46) (Figure 4). Since the blood pressure is much higher in the arteries than in veins, arteries require more layers of smooth muscle cells than veins, making them the thickest blood vessels. Capillaries consist of just one single layer of ECs and no layers of smooth muscle cells because they do not have to withstand any pressure (47).




Figure 4 | Schematic representation of the general architecture of blood vessels. ECs line the innermost wall of blood vessels, separating the circulating blood from the surrounding tissue. Adjacent smooth muscle cells are trapped between the internal and the external elastic membranes. Created with BioRender.com.



Due to their unique position, they are the first cells exposed to circulating substances in the blood, under healthy and pathological conditions, and thus act as gatekeepers of vascular health and function (48). Under physiological conditions, the endothelium perform several functions to maintain organ homeostasis, including vasoregulation, selective vascular permeability, and provision of an anti-coagulant environment (49). Upon recognition of PAMPs and DAMPs by PRRs, including TLR1-10, NOD1, and RIG-1, ECs secrete various cytokines, chemokines, growth factors, and adhesion molecules to facilitate vasodilation, promote neutrophil trafficking to the endothelium, activate coagulation pathways, and increase vascular permeability (48, 50–52) (Table 1). Of note, studies have highlighted that TLR2, TLR4, and TLR9 are the main drivers of the endothelial immune response (50, 59, 77, 78). In addition to that, by analyzing the baseline mRNA transcription levels of TLR1-10 in different endothelial cell lines, including human umbilical vein endothelial cells (HUVECs), human coronary artery endothelial cells (HCAECs), human microvascular endothelial cells (HMVECs) derived from the brain, liver, and lung, Khakpour et al. clearly demonstrated that TLR4 is the most highly expressed of all TLRs, suggesting that TLR4 is the central PRR in the acute and chronic endothelial immune response (50).


Table 1 | PRR, especially TLR4-induced responses in ECs.





3.1 Vasoregulation

To control vascular tone, ECs secrete various paracrine substances. Vasodilators, including nitric oxide (NO), prostacyclin (PGI2), and the endothelium-derived hyperpolarizing factor (EDHF), increase the intravascular diameter by relaxing the adjacent smooth muscle cells, whereas vasoconstrictors such as angiotensin, thromboxane (TXA2), and endothelin-1 (ET-1), counteract the function of vasodilators to keep a balance in vascular resistance. It is noteworthy that activation of endothelial PRRs, especially TLR4, enhances the expression of vasodilators, leading to decreased blood pressure and increased blood flow, which facilitates endothelial permeability (47, 49, 79).




3.2 Leukocyte extravasation/diapedesis/transendothelial migration

PRR, especially TLR4-induced secreted chemokines, such as CXCL8 and CCL2, initiate the expression of E- and P-selectins at the site of EC activation, which interact with sialyl Lewis X glycan epitopes expressed on leukocytes to tether and roll them (51, 63, 80). Sialyl Lewis X is a tetrasaccharide composed of N-acetylneuramic acid (Neu5Ac) α2-3 galactose (Gal) β1-4 [fucose (Fuc) α1-3] N-acetylglucosamine and is attached to glycoproteins or glycolipids of cell surface proteins (81–83). Notably, lymphocytes express L-selectin and interact with sialyl Lewis X glycan epitopes expressed on ECs (84). Subsequent deceleration and firm adhesion of rolling leukocytes to the ECs is mediated by β2- and α4-containing integrins expressed on the surface of leukocytes and the intracellular and vascular adhesion molecules (ICAM-1, VCAM-1) upregulated on the surface of ECs in response to the PRR, especially TLR4-induced endothelial cytokine production, such as IL-1 and IL-6 (85–87). Leukocytes then migrate from the luminal to the abluminal side of the vascular barrier either via the vesicle-based transcellular route through the EC body or via the junctional disruptive paracellular route between adjacent ECs (85, 88) (Figure 5). Upon arrival at the site of the injured or infected tissue, leukocytes eliminate the necrotic cell debris or pathogens by phagocytosis (50). Of note, neutrophils are the first leukocytes to appear at the site of inflammation and form neutrophil extracellular traps (NETs) to bind, eradicate, and inhibit the distribution of invading pathogens (89).




Figure 5 | Simplified schematic representation of leukocyte extravasation. PRR, particularly TLR4-induced chemokine secretion initiates the expression of E- and P-selectins on endothelial surfaces, which have a high affinity for sialyl Lewis X glycan epitopes expressed on leukocytes. These selectin-glycan interactions facilitate leukocyte tethering, rolling, and final endothelial transmigration to the site of inflammation. Leukocytes can migrate from the luminal to the abluminal side of the vascular barrier either by the vesicle-based transcellular route through the EC body or by the junctional paracellular route between adjacent ECs. Lymphocytes express L-selectins on their surface and interact with sialyl Lewis X glycan epitopes expressed on ECs to facilitate diapedesis into the subendothelial compartment. Adapted from “Leukocyte Extravasation - The Role of Glycans in Inflammation”, by BioRender.com (2023).






3.3 Coagulation and fibrinolysis

Generally, the coagulation system can be divided into the fast extrinsic and the slower intrinsic pathway, both of which converge on a common pathway initiated by the activation of factor X to Xa (Figure 6A). Tissue factor (TF) and the plasma factor VII are the major initiators of the extrinsic coagulation pathway (90). TF is a membrane-bound glycoprotein that is latent under physiological conditions and released into the blood upon injury. Notably, TF can also be expressed by monocytes and ECs in response to pathogen invasion (91). Factor VII associates with TF to convert to its active form, VIIa. The TF/VIIa complex, in turn, converts circulating factor X to its active serine protease, factor Xa. In contrast, the intrinsic coagulation pathway is initiated by the auto-activation of factor XII to the serine protease factor XIIa upon interaction with negatively charged surfaces such as polyphosphates and phospholipids on activated platelets. This results in the sequential activation of factors XI and IX (92, 93). Thus, both coagulation pathways culminate in the generation of the active factor Xa, which is the starting point of the common pathway. Xa interacts with the cofactor Va to convert prothrombin (factor II) to thrombin (factor IIa). Finally, thrombin cleaves fibrinogen (factor I) to fibrin (factor Ia). The subsequent polymerization of fibrin and aggregation of platelets leads to the formation of a blood clot (94). During the healing process, tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA) convert the fibrin-bound plasminogen to the active enzyme plasmin, which in turn lyses the fibrin network into a degradable form. Freely circulating t-PA and u-PA are inactivated by the plasminogen activator inhibitor (PAI) 1 and 2, and plasmin is blocked by α2 antiplasmin (Figure 6B) (95, 96).




Figure 6 | Schematic representation of the coagulation pathways and fibrinolytic pathways. (A) Tissue factor (initiation of the extrinsic pathway) and contact activation (initiation of the intrinsic pathway) lead to a common pathway that generates thrombin. Created with BioRender.com. (B) During fibrinolysis, t-PA and u-PA convert plasminogen to plasmin, which degrades the fibrin network. Adapted from “Process of Blood Clot Formation”, by BioRender.com (2023).



Since platelets, leukocytes, and erythrocytes circulate continuously in the blood vessels until they are needed, the endothelium must provide an anti-coagulant and anti-thrombogenic environment to prevent platelet adhesion under physiological conditions (97) (Figure 7). Therefore, ECs express nitric oxide (NO), prostacyclin (PGI2), and adenosine diphosphatase (ADPase) to prevent platelet adhesion and aggregation (93). The glycocalyx is a layer of proteoglycans (PGs) (syndecans and glypicans) and glycosaminoglycan chains (GAGs) (heparan sulfate (HS), chondroitin sulfate (CS) that covers the vascular lumen. Due to its negatively charged composition, the glycocalyx repels platelets and leukocytes from contacting with the ECs (98–101). In particular, heparan sulfate proteoglycans cooperate with antithrombin (AT) to interfere with several coagulation factors, including thrombin, IXa, Xa, XIa, and XIIa (102). Tissue factor pathway inhibitors (TFPIs), as the name suggests, inhibit the coagulation-activating TF, VII, and X. Thrombomodulin (TM) binds to thrombin, which associates with the endothelial cell protein C receptor (EPCR). The subsequently released activated protein C (APC) interacts with protein S (PS) to block coagulation factors Va and VIIIa (103). Notably, Nur77 and Nor1, as well as the inflammatory stimuli C-reactive protein (CRP) and oxidized low-density lipoprotein (oxLDL), have been identified as potential regulators of TM expression and were found to be downregulated in activated ECs, thus exerting a pro-thrombotic effect (104).




Figure 7 | Schematic representation of anti-coagulant mediators expressed on ECs. Under physiological conditions, the endothelium provides an anti-coagulant/anti-thrombotic environment to prevent thrombus formation by free circulating platelets and red blood cells within the blood vessel. NO, PGI2, and ADPase prevent platelet adhesion and aggregation. HS cooperates with AT to interfere with thrombin, factors IXa, Xa, XIa, and XIIa. TFPI binds to thrombin, which associates with EPCR, and subsequently released APC interacts with PS to block factors Va and VIIIa. EC, endothelial cell; NO, nitric oxide; PGI2, prostacyclin; ADPase, adenosine diphosphatase; AT, antithrombin; HS, heparan sulfate proteoglycan; TM, thrombomodulin; EPCR, endothelial cell protein C receptor; PC, protein C; APC, activated protein C; PS, protein S. Created with BioRender.com.



Upon vascular injury or pathogen invasion, the endothelium shifts from the physiological anti-coagulant/anti-thrombotic environment to a pro-coagulant/pro-thrombotic state that promotes fibrin clot formation and reduces clot lysis to prevent blood loss and trap pathogens, respectively (103). This alteration in endothelial function is initiated by sustained activation of ECs by inflammatory stimuli, including circulating PAMPs as described in 1, DAMPs (high-mobility group box 1 (HGMB1), heat shock proteins, heme), cytokines (IL-1β, IL-6, IL-17, IL-19, IFN-γ, TGF-β, TNF-α), chemokines (CXCL1, CXCL8, CCL2), complement system-derived receptors (C1q, C3a or C5a) and proteins (C1, C3, C5, factor B), and reactive oxygen species (ROS) (superoxide anion (O2−)) (105–111). Weibel-Palade bodies (WPBs) synthesize and store von Willebrand factor (vWF), P-selectin, and different pro-coagulant and pro-inflammatory proteins. PRR, especially TLR4-induced, exocytosis of WPBs and liberation of their storage components from inflamed ECs leads to the expression of vWF and P-selectin, recruiting platelets and leukocytes such as neutrophils and monocytes, respectively (110, 112, 113). Leukocytes expressing P-selectin glycoprotein ligand-1 (PSGL-1) are recruited upon interaction with endothelial P-selectin, and platelets adhere upon the interaction of endothelial vWF and platelet-derived glycoprotein Ib-alpha (GPIbα) (114). Activated platelets recognize pathogens and further secrete pro-inflammatory and pro-coagulant proteins, including platelet factor 4 (PF4), CXCL4, CXCL5, CXCL8, CCL3, CCL5, and CCL7, which facilitate neutrophil recruitment, tethering, and NET formation. Neutrophils release NETs to capture pathogens, facilitate thrombus formation, and activate platelets. Active TF from the surface of monocytes and microvesicles further enhances the propagation of thrombosis by inducing fibrin formation and trapping red blood cells (Figure 8) (68, 115, 116).




Figure 8 | The propagation of immunothrombosis by leukocytes and platelets. During inflammation, PRRs, particularly TLR4, initiate the exocytosis of WPB from ECs and subsequently the expression of P-selectins and vWFs. Leukocytes expressing PSGL-1 are recruited upon interaction with endothelial P-selectin and platelets adhere upon the interaction of endothelial vWF and platelet-derived GPIbα. Neutrophils release NETs that trap pathogens, facilitate thrombus formation, and activate platelets. The activated platelets, recruit leukocytes and recognize pathogens. Active TFs on the surface of monocytes and microvesicles further enhance thrombus propagation by inducing fibrin formation and trapping RBCs. The resulting thrombus promotes pathogen capture. PRR, pathogen recognition receptor; WPB, Weibel-Palade bodies; vWF, von Willebrand factor; PSGL-1, P-selectin glycoprotein ligand-1; NET, neutrophil extracellular trap; TF, tissue factor; RBC, red blood cell. Adapted from “Propagation of Immunothrombosis by Leukocytes and Platelets”, by BioRender.com (2023).






3.4 Permeability of the endothelial barrier

Endothelial integrity and permeability are determined by intracellular junctions between adjacent ECs to regulate the extravasation of water, plasma proteins (e.g., albumin, globulins, fibrinogen, hormone-transporting plasma proteins, cytokines, chemokines), nutrients (e.g., glucose, amino acids, fatty acids, vitamins, minerals), metabolic waste products (e.g., urea, creatinine, carbon dioxide), electrolytes (e.g., sodium, potassium, calcium, magnesium, chloride, bicarbonate, phosphate, sulfate, organic acids), and immune cells (e.g., lymphocytes, monocytes, natural killer cells, erythrocytes, platelets, eosinophils, basophils, neutrophils) (117–119). Inter-EC junctions include tight junctions (claudin, occludin, junction adhesion molecule (JAM) A, B, and C), adherens junctions (VE-cadherin, nectin), gap junctions (connexin 32, 37, 40, and 43), and the platelet-EC adhesion molecule-1 (PECAM-1) (120, 121) (Figure 9). Gap junctions are channels that directly link the cytoplasm of adjacent ECs and allow the transmission of electrical impulses, ions, and small molecules to pass between cells (122). Endothelial tight junctions mediate the diffusion of polar solutes and ions and prevent the penetration of macromolecules across the ECs (123). Interestingly, occludins and claudins are indirectly linked to adherens junctions through zonula occludens (ZO) -1, -2, and -3 and further via the actin cytoskeleton (124). Adherens junctions are particularly important in the endothelium, where they stabilize endothelial cell-cell contact and regulate the expression and organization of tight junctions (125, 126). Adherens junctions found in ECs have VE-cadherin as the key transmembrane component and link adjacent cells through its extracellular domain. The cytoplasmic tail associates with p120-catenin through its juxtamembrane domain (JMD) and with β-catenin and plakoglobin through its C-terminal domain (CTD). Plakoglobin or β-catenin are connected to α-catenin, thereby indirectly linking VE-cadherin to the actin cytoskeleton (119, 127). Nectin, a specific member of the endothelial adherens junction family, is a transmembrane protein of the IgG superfamily and enhances homophilic cell-cell adhesion. Nectin sequentially binds afadin, ponsin, α-catenin and vinculin, and finally actin (128). PECAM-1 is a type I transmembrane glycoprotein of the immunoglobulin (Ig) superfamily of cell adhesion molecules and has been found to be highly expressed at inter-EC junctions to maintain barrier integrity by interacting with tight and adherens junctions and acting as a scaffold by engaging β- and γ-catenins (129, 130). PRRs, especially TLR4-induced inflammatory proteins (vascular endothelial growth factor (VEGF), histamine, thrombin, and IL-6) enhance endothelial permeability by activating vasodilators, kinases, and phosphatases to induce augmented actin-myosin contractility, destabilization of the inter-EC junctions and the formation of focal gaps between adjacent ECs (72, 131). Primarily, VEGF, histamine, and thrombin trigger the activation of Src-family tyrosine kinases, which are responsible for the phosphorylation of VE-cadherin, mainly at the tyrosine residue Y685, and its subsequent internalization, thereby strongly promoting endothelial permeability (132). Interestingly, Alsaffar et al. recently demonstrated that the IL-6/Janus kinase (JAK) signaling induces an initial and short-term (2 h) loss of barrier function dependent on Src and MEK/ERK activation, and a sustained permeability requiring signal transducer and activator of transcription 3 (STAT3) phosphorylation at Y705 (131). Transiently increased endothelial permeability in the acute inflammatory response is crucial for tissue repair or pathogen clearance. However, prolonged hyperpermeability leads to pathological conditions such as edema, hypotension, and impaired vascular perfusion and oxygenation of adjacent tissues (127).




Figure 9 | Endothelial permeability. Endothelial integrity and permeability are determined by intracellular junctions, including gap junctions (connexin 32, 37, 40, and 43), adherens junctions (VE-cadherin, nectin), tight junctions (claudin, occludin, JAM A, B, and C), and PECAM-1 to regulate the extravasation of water, plasma proteins, electrolytes, nutrients, metabolic waste products, and immune cells. Created with BioRender.com.







4 Optogenetics: the art of studying the TLR4 signaling pathway

TLR4 signaling is a complex, highly dynamic, and tightly regulated network of two distinct pathways that initiate the innate immune response. Persistent TLR4 signaling is responsible for chronic and acute inflammatory disorders, including sepsis (133), atherosclerosis (134, 135), rheumatoid arthritis (136), acute and chronic lung injury (137), sickle cell disease (63, 110, 138), neurodegenerative diseases (139, 140), and cancer (141, 142). For instance, sickle cell disease is a chronic inflammatory condition with hemolysis, vaso-occlusion, and ischemia-reperfusion due to the heme-induced MD-2/TLR4 activation leading to the production of pro-inflammatory mediators and a persistent activation of leukocytes, platelets, and endothelial cells (63, 110, 111, 138). Therefore, modulation of the TLR4 signaling pathway is a promising strategy to specifically target these pathologies. Common approaches used to study TLR4 signaling are primarily based on genetic manipulation through gain or loss-of-function mutations of the TLR4 or treatment with the bacterial endotoxin LPS. However, these strategies are often associated with the generation of irreversible phenotypes in the target cells or unintended cytotoxicity and signaling crosstalk due to off-target or pleiotropic effects. Furthermore, ligands are often unable to penetrate complex tissues, spheroids, or organoids, resulting in surface activation only. On top of that, the use of reagents is associated with complex operational design, high costs, and sources or errors (isolation impurities, batch variations, pipetting errors, instability upon solvation, etc.) (143–145). Here, optogenetics offers an alternative strategy to control and monitor cellular signaling in an unprecedented spatiotemporally precise, dose-dependent, and non-invasive manner (Figure 10). It is based on utilizing light-sensitive protein domains of microbial or plant photoreceptors, integrated into effector proteins, to direct them with light stimuli. Hence, light induction allows activation, inactivation, stabilization, destabilization, or localization of signaling pathways depending on the protein type and setup (146–148). Initial optogenetic applications used naturally derived photosensitive opsins to investigate and control neuronal activity and later to study brain circuits. This allowed to replace conventional strategies, most of which were highly invasive, slow in kinetics, and imprecise in targeting specific neurons (149–152). Since then, optogenetics has revolutionized the study of cell biological processes, including signaling pathways, protein movement, or metabolic processes, and was even voted for the Method of the Year 2010 (153, 154). The present available repertoire of light-sensitive domains allows for the formation of protein complexes in response to blue (155–157), red (158, 159), or green (160) light. An important system involves the light oxygen voltage (LOV) domain isolated from the yellow-green algae Vaucheria frigida. This xanthophyte contains two distinct aureochromes, aureochrome 1 (AUREO1) and aureochrome 2 (AUREO2), each consisting of a LOV domain and a basic leucine zipper (bZIP) domain. AUREO1 controls blue light-induced cell branching, whereas AUREO2 mediates the development of a sex organ (161, 162). LOV domains are a subfamily of the Per-ARNT-Sim (PAS) family and shear a common PAS domain fold comprising of a five-stranded antiparallel β-sheet and four α-helices (163). The LOV domain derived from the AUREO1 of Vaucheria frigida (VfAU1-LOV), noncovalently binds a flavin chromophore that, upon blue light (λmax ≈ 470 nm) absorption, induces a photochemical reaction that leads to the formation of a covalent adduct between the conserved cysteine and the flavin ring. By fusing this blue light-sensing protein domain to the TLR4 and stably incorporating it into endothelial and pancreatic adenocarcinoma cells, Stierschneider et al. developed two physiologically relevant in vitro cell culture models in which the TLR4 can be turned on with blue light (470 nm) and turned off in the dark. These newly established optogenetic endothelial and pancreatic adenocarcinoma cell lines allow TLR4-specific studies of the underlying molecular and regulatory mechanisms in inflammation and cancer as well as high content screening for compounds that block TLR4 signaling with spatiotemporal precision (148, 164).




Figure 10 | TLR4 modulation strategies. Common approaches used to study TLR4 signaling rely on genetic manipulation through gain- or loss-of-function mutations of the TLR4 or downstream signaling molecules, treatment with its naturally occurring ligand LPS, or optogenetic manipulation. Created with BioRender.com.






5 Conclusion and perspectives

In ECs, activation of TLR4 by LPS ultimately leads to the release of cytokines, chemokines, adhesion molecules, coagulation and permeability factors, that are necessary for an immediate immune response to invading pathogens and tissue injury (12, 165). However, their systemic secretion is a major driver of autoimmune, acute and chronic inflammatory diseases (19). Therefore, negative regulation of TLR4 signaling pathways is a promising strategy to specifically target these pathologies (166). The search for such modulation options requires cell culture models with fast and unambiguous TLR4 signaling. Compared to available standard cell culture models that rely on genetic manipulation of TLR4 or the treatment with agonists such as LPS, optogenetic cell lines with light-inducible TLR4 provide these requirements. Hence, they are predestined for receptor-specific fundamental studies as well as for high content screening of biological active agents that negatively interfere with the TLR4 signaling pathway in inflammation.
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Purpose

Non-infectious uveitis is a complex disease characterized by intraocular inflammation of the uveal area and the leading cause of vision impairment and blindness in young people globally. However, what triggers inflammation and contributes to its recurrence remains unclear. The complement system has been linked to various immunological and inflammatory conditions. In the present study, we have systematically evaluated the role of the alternative complement pathway in the pathogenesis of non-infectious uveitis.





Methodology

Quantitative PCR was done in the peripheral leukocytes to study the expression of genes and regulatory miRNA in both anterior and posterior uveitis (n=28 in each category). Multiplex ELISA was performed to measure alternative pathway complement components, such as C3b, factor B, and CFH, and aqueous humor of infectious and non-infectious uveitis patients and non-inflammatory controls (n=10 each). Western blotting was done to validate the ELISA findings in a subset of patients and controls.





Results

Downregulation of C3 and CFH mRNA in the peripheral blood was shown by quantitative PCR in the group of anterior uveiits (AU), while the opposite result was found in the group of posterior uveitis (PU). ELISA levels of C3b and CFH proteins were significantly higher in aqueous humor of infectious and non-infectious uveitis (*p = 0.03 and **p = 0.0007 respectively) as compared to the control group. Western blotting further validated (VitH) the activation of the complement cascade in the aqueous (AH) and vitreous humor of patients with non-infectious uveitis, with an increased level of C3b (n=6) and CFH (n=4) in aqueous humor. C3b level was significantly increased while CFH was reduced relative to controls in the vitreous humor (VitH) of posterior uveitis patients compared to controls (n=27 in each category). A C3b to CFH ratio was computed to assess the regulation of complement activation and this index was several folds higher in both anterior and posterior uveitis (n=10 each). The expression of miRNA-hsa-miR-146a and miRNA-hsa-miR-155-5p that regulates CFH was downregulated and nicely correlated with the increased complement proteins in both anterior and posterior uveitis (n=10 each).





Conclusion

Our results demonstrate a clear role of CFH and the activation of the alternative complement pathway in the pathogenesis of non-infectious uveitis; however, its therapeutic potential warrants further investigations.
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Introduction

Uveitis is a major sight-threatening disorder. The term uveitis defines the process of inflammation in the uvea area of the eye, which includes the iris, ciliary body, and choroid. However, if uveitis remains untreated it can affect any area of the eye. Anatomically, uveitis can be divided into four categories primarily based on the location of inflammation in the eye, i.e., anterior, intermediate, posterior, and pan-uveitis (1). Symptoms and consequences can range from pain, photophobia, watering, and redness to complete vision loss. It can be further divided into two subtypes: infectious (IU) and non-infectious uveitis (NIU). Bacteria, viruses, or any other infectious agent may induce infectious uveitis (2). While non-infectious uveitis can be largely autoimmune or idiopathic in nature, it is also reported to be associated with other systemic conditions (e.g., sarcoidosis and Behcet’s disease) that are known to result from immune dysregulation (3, 4).

Non-infectious uveitis is usually T cell–mediated and includes a heterogeneous group of sight-threatening immune-mediated ocular and systemic disorders. (e.g., sarcoidosis and Behcet’s disease). While the pathophysiology of non-infectious uveitis is not completely clear, it is assumed that it could be a multifactorial autoimmune disease, or caused by an imbalance of anti-inflammatory and inflammatory cells that leads to the release of several cytokines. These released cytokines further recruit leucocytes and neutrophils from the circulation and enhance inflammation, causing tissue damage (5–7). While the exact trigger and cause of the disease remain unknown, many studies based on different animal models showed that autoimmune responses to various ocular antigens triggered inflammation, as seen in non-infectious uveitis (8–11). Some recent studies that were focused on the underlying mechanisms of uveitis, indicated that complement proteins could be involved in the pathogenesis of uveitis. Besides, the IgG-containing circulating immune complexes in patients with uveitis were found to have significantly increased levels of C3d (12). A study showed that depletion of the host’s complement system resulted in the complete inhibition of experimental autoimmune anterior uveitis (EAAU) (13). Introducing the soluble complement inhibitor (sCrry) was also shown to suppress EAU (14). Elevated levels of C3a, C3c, and CFB proteins have also been reported in the aqueous humor of uveitis patients (15, 16). While these studies have indicated the role of complement proteins in uveitis associated with other related pathologies, their exact role in non-infectious uveitis remains unclear. Complement factor H (CFH) is a potent inhibitor of the C3 alternative complement pathway, and its role has also not been explored in detail. Furthermore, it would be worthwhile to study the epigenetic regulation of complement pathway genes by miRNA  that act by binding to the complementary regions of the target gene, causing either its suppression or degradation. MiR-155 and miR-146 are known to regulate inflammation and autoimmunity. Increased miR-146a could enhance the expression of IL-1β and suppress the expression of CFH in the hippocampi of chronic temporal lobe epilepsy rat models, whereas reduced miR-146a could suppress the expression of IL-1β and enhance the expression of CFH (17). In the context of autoimmune diseases, such as Bechet diseases, the downregulation of both these microRNAs was seen in the blood samples of patients as compared to controls. While miR-146a was significantly downregulated, miR-155-5p showed a downregulation that was not statistically significant (18). Another study, conducted by Zhou et al., also reported a reduced expression of miR-146a and miR-155-5p that further contributed to an abnormal Treg phenotype in patients with active rheumatoid arthritis (RA). It was also observed that the pro-inflammatory effect of reduced miR-146a expression prevails over the counteracting impact of reduced miR-155-5p expression, leading to pro-inflammatory alterations of the phenotype of Tregs in RA (19).

Based on all this evidence, we proposed if the alternative complement pathway has a major role in the pathogenesis of human non-infectious uveitis. We also evaluated the estimation of major alternative complement pathway components, namely, C3 and CFH, in the aqueous and vitreous humor of anterior and posterior uveitis patients, as well as their expression and regulation by miRNAs. The results from this study are expected to expand and better our understanding of the disease pathophysiology and provide possible therapeutic manipulation of complement activity for checking inflammation and disease progression/recurrence.





Materials and methods




Enrollment of study participants and sample preparation

The study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of L V Prasad Eye Institute, Hyderabad, India (Ethical reference no. LEC-09-18-134). The study cohort comprised a total of 188 samples. The inclusion criteria for the patients with uveitis were diagnosis based on a standardized set of criteria as per the SUN classification system for grading the four aspects of intraocular inflammation (“Standardization of Uveitis Nomenclature for Reporting Clinical Data. Results of the First International Workshop,” 2005). Active uveitis is defined as having > 1+ AC cells and/or a vitreous haze score (SUN scale) and other signs of activity such as choroiditis, macular edema, and vasculitis. Anterior uveitis is defined based on the anterior chamber as the site(s) of inflammation, while posterior uveitis is defined based on the retina or choroid as the primary site of inflammation. Infectious and non-infectious uveitis were distinguished based on specific ocular signs, review of systems (by internists), and specific laboratory investigations (wherever applicable). These were broadly based on the Standardization of Uveitis Nomenclature for Disease Classification Criteria (SUN Part 2) for different uveitis entities. The aqueous humor samples were taken from patients who had cataract surgery, namely, from the control group. The control vitreous humor samples were obtained from individuals who were having macular hole surgery or surgery for rhegmatogenous retinal detachment.

Medical therapy for non-infectious and infectious uveitis: All patients with anterior uveitis received topical prednisolone acetate 1% eyedrops, instilled every 2 to 4 hours in the first week after diagnosis and then tapered over the next 6 to 8 weeks. Atropine (1%) or homatropine (2%) eye drops were added as cycloplegic agents. All patients were evaluated by a physician and were cleared medically to receive oral immunosuppression. The topical medication was discontinued if cells were absent at the end of 6-8 weeks. In the case of intermediate and posterior uveitis and recalcitrant anterior uveitis, oral corticosteroid medication (prednisolone) was administered in the dose of 1mg/kg body weight at the time of diagnosis and then tapered every week or based on clinical response.

Immunomodulator therapy was started with oral methotrexate at the dose of 10 mg once a week and was stepped up to a maximum dose of 20 mg once a week as necessitated for control of inflammation on a case-to-case basis. The indications for oral immunomodulators were: 1) as a steroid-sparing agent; 2) where the disease mandated more than 2 to 3 months of immunosuppressive therapy; 3) when the disease at onset was severe and the treating physician anticipated a prolonged course; 4) as immunosuppressants in patients intolerant to oral steroids; and 5) as additional inflammatory control in cases where the inflammation did not subside at the end of 3 months. The duration of the immunomodulator therapy ranged from 6 months to 2 years.

All cases of infectious uveitis (presumed ocular tuberculosis) were started on four drug-antitubercular therapy (isoniazid and rifampin for two months and ethambutol and pyrazinamide for 9 months, dosage as per body weight) as per the protocol for extra-pulmonary tuberculosis.

The side effects of all the medications were evaluated by periodically monitoring serological parameters such as complete blood counts, liver function tests, and renal function tests. 





Biological sample collection

A prior informed written consent was taken from the patients undergoing cataract surgery. To remove any kind of cellular debris, aqueous humor samples were centrifuged at 12,000 rpm for 10 min at 4°C. The supernatant was collected, aliquoted, and stored at -80°C for further experiments. Similarly, vitreous humor samples (100 μl) were collected from patients with uveitis undergoing vitrectomy. There were 57 patients and 47 healthy controls. The demographical details of the subjects used for protein and gene expression are given in Supplementary Tables 1-4. All the samples were processed in the same manner as mentioned above to remove any cellular debris and the supernatant collected was aliquoted and stored at -80°C for further experiments. Protein lysis was performed by adding an equal volume of RIPA buffer followed by precipitation using ice-cold acetone overnight at -80°C. On the following day, the protein lysate was centrifuged at 13,000 rpm for an hour and protein pellets were dissolved in RIPA buffer. The total protein concentration was estimated by bicinchoninic acid (BCA) assay. For quantification of mRNA and miRNA expression, the blood samples were collected in K3EDTA-coated vacutainers from patients with anterior uveitis (n=28), patients with posterior uveitis (n=28), and controls (n=28). The blood samples were further processed for RNA using a kit method as described in the next section below.





RNA isolation and quantitative real-time PCR for mRNA and miRNA

Total RNA was isolated by using a Pure link mini-RNA isolation kit (Catalog no. 12183018A; Thermo Fisher Scientific). The quantity of RNA was measured using nanodrop. In all, 600ng of total RNA was converted into cDNA using the verso cDNA conversion kit (Catalog no. AB1453B; Thermo Fisher Scientific) as per the manufacturer’s protocol. Quantitative real-time PCR was performed on a 7900 HT platform using SYBR green (F-416 Thermo Fisher Scientific) chemistry for C3, CFH, IL6, IL4, IL1β, and CD11b. β-actin was used as the internal control. For miRNA, 600ng of total RNA was converted into cDNA using the miScript II RT Kit (Catalog no. 218161; Qiagen) as per the manufacturer’s instructions. quantitative PCR was performed on the same platform again using the SYBR green chemistry by miScript SYBR Green PCR Kit (Catalog no. 218173; Qiagen) for hsa-miR146a-5p and hsa-miR155-5p. U6 was used as the internal control. Primer sequences for mRNA and miRNA are provided in Supplementary Tables 5 and 6. The cycle threshold (Ct) values calculated for each test gene and miRNA were obtained for each sample using SDS2.3 software, and fold change was calculated using 2−ΔΔCt. A p-value of less than 0.05 was considered significant.





MiRNA-mRNA target interaction network

The interaction network for MiRNA, alternative complement components, and inflammatory gene targets was made with the help of miRNet 2.0 software (https://www.mirnet.ca/).





Enzyme-linked immunosorbent assay

A multiplex ELISA assay (Catalog no. HCMP2MAG-19K-03; MERCK Millipore) was used to assess the differential expression of C3b, CFH, and CFB (complement factor B) in aqueous humor samples of patients with non-infectious anterior uveitis (n=10), patients with infectious anterior uveitis (n=10), and controls (n=10) following the manufacturer’s protocol. To begin with, each sample (20 µl) was diluted with 40 µl of assay buffer in a ratio of 1:3. The standards were prepared by adding 250 µL of deionized water. The 96-well plate containing the suspension captured the antibody coated onto the bead. Samples were incubated with beads specific for cytokines of interest in a single well of a 96-well plate followed by washing steps to remove unbounded antibodies. Biotinylated detection antibodies were added to each well containing samples and then Streptavidin-Phycoerythrin (Strep-PE) antibody was added, binding to the biotinylated detection antibodies. The remaining wells were assigned for the standard controls containing a known amount of each cytokine. The plate was scanned on MAGPIX® with xPONENT v4.3 software.





Western blotting

The protein expression of C3 and CFH in the aqueous and vitreous humor samples of non-infectious uveitis and healthy patients was further validated by western blotting (Ms-C3, Catalog no. sc-28294, Santacruz; Ms-CFH, Catalog no. sc-166613, Santacruz). Under non-reducing conditions, the activated proteolytic fragments of C3 were observed in the aqueous and vitreous humor of the non-infectious uveitis and control subjects (Ms-C3, Catalog No. sc-28294, Santacruz). The details of the concentration of proteins and antibody dilutions are given in Supplementary Table 7.

SDS-PAGE was used to separate the protein samples. For the analysis, 15 µg of protein was loaded for C3 detection, and 30 µg of protein was loaded for CFH detection in separate wells/gel. Then, the separated proteins on the gel were transferred to a PVDF membrane (Catalog no. IPFL00010; Millipore) at a constant voltage of 25 V by wet transfer for a period of 1–2 hrs. Ponceau staining was done to determine equal loading of proteins. Furthermore, the primary antibody was added and incubated overnight at 4°C. After incubation was done, the blot was washed with PBST and 1x-PBS thrice and incubated with secondary antibodies (anti-Ms. 680RD, Catalog no. 926–68070, LI-COR, anti-Rb 800CW, Catalog no.926–32211, LI-COR) for 1 hr at room temperature. The blot was scanned, and bands were visualized using a LI-COR image scanner. The band intensities were quantified using Image J software (v1.4.3.x).





Statistical analysis

The average band intensity for each protein in each group was calculated and a bar graph was plotted. A t-test was performed to estimate the significance between cases and controls. A p-value ≤ 0.05 was considered significant.






Results




Quantitative assessment of the alternative complement pathway in non-infectious anterior uveitis

Quantitative real-time PCR was performed for the candidate genes, i.e., C3 and CFH, in the peripheral leukocytes of patients with non-infectious anterior uveitis and control subjects (Figure 1). The expression of C3 and CFH genes was significantly downregulated in the patients with non-infectious uveitis as compared to controls (C3, AAU vs. controls, FC -5.0 ± 0.7; *p = 0.03; CFH AAU vs. controls, FC -6.67 ± 1.0; *p = 0.04). An enzyme-linked immunosorbent assay (ELISA), performed for the assessment of complement activation in the aqueous humor of patients with anterior uveitis, showed significantly higher expression of activated fragment of complement component C3b in non-infectious (28906.0 ± 6556; **p = 0.0007) and infectious uveitis (24823.2 ± 9382; *p = 0.03) as compared to controls (1868± 1439). In addition, a significant increase in the level of CFH was also observed in the non-infectious (455± 70; **p = 0.0001) and infectious uveitis (391 ± 147; *p =0.004) as compared to controls (104.3 ± 18.2). However, a non-significant difference was seen for the CFB levels among both non-infectious (126.8 ± 6.2; p = 0.3) and infectious uveitis (141.5 ± 53; p = 0.5) vs. controls (135 ± 6.2). The validation of the multiplex ELISA results by western blotting confirmed multiple bands of activated C3b (185 kDa) and a few others in the patients with non-infectious uveitis and in controls. However, the intensity of these bands was significantly higher in anterior NIU patients compared to controls (NIU, 4952.5 ± 452.5; *p = 0.01; Controls, 889 ± 348.1). A higher expression of CFH was also observed in the anterior NIU patients as compared to controls (NIU, 3119 ± 49.6; *p = 0.002); (Controls, 441.6 ± 1.5). Since complement activation is known to activate microglia leading to an increased expression of pro-inflammatory cytokines, expressions of cytokines genes and CD11b, a marker of activated microglia, were analyzed subsequently among patients with non-infectious anterior uveitis vs. controls. Quantitative real-time PCR was performed for several interleukin genes including IL6, IL4, IL1β, and CD11b in the peripheral leukocytes and showed an upregulation of pro-inflammatory cytokine IL1β (AAU vs. control, FC 1.22 ± 0.4; p = 0.6) and significant downregulation of IL6 (AAU vs. control, FC-6.3 ± 0.7; **p = 0.006), CD11b (AAU vs. control, FC-18.8 ± 1.2; **p = 0.004), and anti-inflammatory IL4 (AAU vs. control, FC-52 ± 1.4; ** p = 0.005) among NIU patients.




Figure 1 | (A) Differential expression based on quantitative PCR for complement C3 and CFH in non-infectious anterior uveitis category (n=18) vs. non-inflammatory controls (n=18), (AU corresponds to non-infectious anterior uveitis). Histogram showing the quantitative estimation of complement components (B) C3b, (C) CFH, (D) CFB in the aqueous humor samples based on multiplex ELISA from non-infectious uveitis (n=10), infectious uveitis (n=10) vs. non-inflammatory controls (n=10). (E) Representative western blot of total CFH in aqueous humor of non-infectious uveitis and non-inflammatory controls. (F) Graph representing the quantification of total CFH in aqueous humor of non-infectious uveitis and non-inflammatory controls by densitometry (NIU, n=4 and controls, n=4). (G) Representative western blot of total C3b in aqueous humor of non-infectious uveitis and non-inflammatory controls. (H) Graph representing the quantification of total C3b in aqueous humor of non-infectious uveitis and non-inflammatory controls by densitometry (NIU, n=6 and controls, n=6). (I) Differential gene expression based on quantitative PCR for non-infectious anterior uveitis category (n=15) vs. non-inflammatory controls (n=15). In the western blotting experiments, C represents control aqueous humor; P, NIU aqueous humor; L, protein ladder. For all the experiments data are represented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ns, p > 0.05.







Are there any specific regulators that mediate the aberrant alternative complement pathway activation in uveitis?

To identify the possible regulators, we performed an in-silico analysis for the predicted interactions between miRNA and genes in the alternate complement component and inflammatory pathways for their possible roles in uveitis pathogenesis. The MiRNA-Gene-Network was built using the gene list and predicted interactions among them using the TargetScan database. Figure 2 shows the miRNA–mRNA network showing their possible interactions. The center of the network represents the degree (i.e., the interaction of one miRNA with the genes around and the interaction of a gene with the miRNAs around). The key miRNAs and genes in the network had the highest degrees. Four out of five key miRNAs, namely, hsa-miR-146a-5p, hsa-miR-155-5p, hsa-miR-30a-5p, and has-miR-20a-5p, as shown in Figure 2, were seen to directly interact with CFH, C3, TLR4, and MMP9 genes. hsa-miR-146a-5p and hsa-miR-155-5p were already reported to be differentially expressed in a study on uveitis and are known to regulate the activity of CFH for AMD and other diseases, therefore, we selected these to investigate their role in alternative complement pathway regulation in uveitis patients. quantitative PCR experiment was compared across non-infectious anterior uveitis patients and controls. Both miRNAs hsa-miR-146a-5p and hsa-miR-155-5p were downregulated in the anterior uveitis category (hsa-miR-146a-5p, AU vs control; FC-2.8 ± 0.4; *p = 0.03; hsa-miR-155-5p AU vs control; FC -2.1 ± 0.7 p = 0.2).




Figure 2 | (A) miRNA-mRNA interaction network. This network was constructed using the differentially expressed complement component and inflammatory genes and their regulatory miRNAs. Red color indicates genes, blue color indicates miRNAs, and black lines indicate interactions between genes and miRNAs. (B) Differential expression based on quantitative PCR for hsa-miR-146a-5p and hsa-miR-155-5p in the non-infectious anterior uveitis category (n=10) vs. non-inflammatory controls (n=10). Data represented as mean ± SEM. *p ≤ 0.05 ns, p > 0.05.







Involvement of the alternative complement pathway in non-infectious posterior uveitis

Quantitative real-time PCR for the candidate genes, i.e., C3 and CFH, in the peripheral leukocytes showed an upregulation of both C3 and CFH genes (FC-4.5 ± 0.8; * p = 0.04 and FC-7.09 ± 1.1; *p = 0.04 respectively) in the patients with non-infectious posterior uveitis as compared to controls (Figure 3). Likewise, a significant upregulation of IL1β, IL6, and CD11b (IL1β- PU vs. control, FC-4.4 ± 0.6; *p = 0.01; IL6- PU vs. control, FC-6.8 ± 1.2; *p = 0.04; CD11b- PU vs. control, FC-14.8 ± 1.3; *p = 0.02) was observed in the posterior uveitis category, while IL4 was downregulated (PU vs. control, FC -2.8 ± 0.9; p = 0.3). To further assess the complement activation at the protein level in the vitreous humor of patients with posterior uveitis, a western blot was performed for CFH and C3 in patients with non-infectious posterior uveitis and non-inflammatory controls, and a lower expression of CFH protein was observed in PU patients as compared to the controls (CFH- PU, 3199 ± 548; controls 13605 ± 1244 *p = 0.04); whereas a higher expression of C3 was observed in patients as compared to controls (C3- PU, 17027 ± 1011; controls 7510± 454 p= 0.04). Next, the regulation of C3 activation was assessed by performing the differential expression of hsa-miR-146a-5p and hsa-miR-155-5p. Both miRNAs, namely, hsa-miR-146a-5p and hsa-miR-155-5p, were downregulated in the posterior uveitis category (hsa-miR-146a-5p PU vs control; FC-3.3 ± 0.8 *p- value = 0.05, and hsa-miR-155-5p PU vs. control FC -4.2 ± 1.4 p = 0.4), as shown in Figure 3.




Figure 3 | (A) Differential expression based on quantitative PCR for complement C3 and CFH in the non-infectious posterior uveitis category (n=18) vs. non-inflammatory controls (n=18). (B) Differential gene expression for cytokines and CD11b based on quantitative PCR for the non-infectious posterior uveitis category (n=15) vs. non-inflammatory controls (n=15). (C) Representative Western blot of CFH in the vitreous humor of non-infectious posterior uveitis and non-inflammatory controls. (D) Graph showing the quantification of total CFH in non-infectious posterior uveitis and non-inflammatory controls by densitometry (NIU, n=12 and Controls, n=12). (E) Western blot of C3 in the vitreous humor of non-infectious posterior uveitis and non-inflammatory controls. (F) Graph showing the quantification of total C3b in vitreous humor of non-infectious uveitis and controls by densitometry (NIU, n=15 and Controls, n=15) (G) Differential expression based on quantitative PCR for hsa-miR-146a-5p and hsa-miR-155-5p in the posterior uveitis category (n=10) vs. non-inflammatory controls (n=10). For western blotting, C represents control; P, non-infectious posterior uveitis; L, protein ladder. For all the experiments, data was represented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ns p > 0.05.







Assessment of the inhibitory role of CFH on complement activation in anterior and posterior uveitis

Since complement factor H is known to inhibit the excess complement activation by a feedback loop, we next computed the ratio of an activated fragment of complement C3, i.e., C3b with CFH in both non-infectious aqueous humor sample for anterior uveitis and non-infectious vitreous humor sample for posterior uveitis. As shown in Figure 4, the C3b:CFH ratio in patients of anterior uveitis in terms of median values (first–third quartiles) was 61.69 (31.33–71.05) as compared to the control group, 4.41 (3.93–6.22). This ratio was significantly higher for anterior NIU patients (***P =0.000004). Likewise, the C3b:CFH ratio in patients was significantly (3.05 [1.82–4.12]; **P =0.0001) higher in patients as compared to the control group, (0.55 [0.17–1.11]).




Figure 4 | The representative box plot showing the ratio of C3b:CFH in non-infectious (A) anterior uveitis (n=10) and non-inflammatory controls (n=10), (B) posterior uveitis (n=10) and non-inflammatory controls (n=10). Data represented as mean ± SEM. **p ≤ 0.01, ***p ≤ 0.0001.








Discussion

The human eye employs many ways to protect itself from any endogenous and exogenous insults, which not only decreases the risk of infection but also helps in preventing inappropriate immune responses, thereby plummeting the risk of inflammation–mediated retinal damage. However, ocular inflammation leading to a dysregulated immune system is still a major sight-threatening condition and concern. Uveitis represents an inflammatory condition of the uveal tract known to be associated with various etiology, such as systemic diseases, be they idiopathic or infectious. Among all forms of uveitis, anterior uveitis accounts for more than 75% of cases (20). Inflammation of the anterior uveal tract, categorized by the presence of leukocytes in the anterior chamber of the eye, is also known as iritis. When the adjacent ciliary body is also inflamed, the process is known as iridocyclitis. The immunological response during an episode of anterior uveitis might draw neutrophils to the region of inflammation, which further contributes to the formation of pus cells in the front area of the eye, and is known as hypopyon. Although neutrophils have been implicated in the pathophysiology of anterior uveitis, it is important to understand that the disease is complex and multifactorial and that the particular processes driving its development might differ across individuals (21). The presence of leukocytes in the vitreous humor and evidence of active chorioretinal inflammation are diagnostic of intermediate uveitis and posterior uveitis, respectively (1, 22). Posterior uveitis, on the other hand, can be divided into ischemic and non-ischemic posterior uveitis. Ischemic posterior uveitis represents a lack of oxygen in the afflicted region due to compromised blood flow, via vascular blockage, vasculitis (inflammation of the blood vessels), and other vascular illnesses. Ischemic posterior uveitis triggers an inflammatory response characterized by an abundance of inflammatory cells such as lymphocytes, macrophages, and neutrophils in the cellular infiltrate. Posterior uveitis that does not have an underlying ischemic cause is called non-ischemic posterior uveitis and is usually triggered by infections, autoimmune diseases, and idiopathic (unknown) factors. Lymphocytes, and in particular T cells, tend to dominate the cellular infiltration seen in these situations (23).

In the human eye, the complement pathway is seen to be constantly activated at low/basal levels and is tightly regulated by complement regulatory proteins. Previously, the complement pathway and its regulatory proteins were reported to maintain homeostasis during intraocular inflammation (13, 24). Polymorphisms in CFH, CFB, and CFI were shown to be associated with an increased susceptibility to uveitis and its many subtypes, while the C3 gene showed no association (25). However, their exact involvement in uveitis pathogenesis is yet unclear. A proteomic analysis of AH also showed differential expression of AH proteins involved in many biological functions including complement activation, humoral immune response, and proteolysis (26). Activation of the complement cascade produces mediators that directly damage cells by a consequential development of the membrane attack complex or targets the complement by activating the innate immune pathway. Furthermore, increased levels of C3, factor B, C4, and C5, as well as autoantibodies against ocular proteins, were found in AH of idiopathic uveitis. Based on this evidence, the present study hypothesized that a dysregulation of the complement system plays a role in the pathogenesis of autoimmune anterior uveitis. Since most of the samples used in the study were obtained from patients on steroid treatment. We checked if the activated complement pathway is the result of the underlying disease pathology and not due to varied treatment strategies, however, no differences with respect to the use of steroids and length of usage were noticed among our cohort. Thus, our study results might be reflective of underlying disease pathology and not a response to varied treatment strategies (12, 15, 26).

CFH is a negative regulator/inhibitor of the alternative complement pathway as it competes with FB for C3b binding and acts as a co-factor for factor I to degrade C3b to C3bi (27, 28). In contrast to our expectation, we noticed a downregulation of C3 and CFH expression in peripheral leukocytes of patients with anterior uveitis as compared to controls. However, a higher expression of C3 and CFH proteins was observed in the aqueous humor, indicating that the inflammation seen in uveitis is a localized change in the anterior chamber of the eye and cannot be seen in the blood unless there is a blood-retinal barrier breakdown. Low levels of complements have also been reported to be early signs of autoimmune diseases such as systemic lupus erythematosus and rheumatoid arthritis (29–31). Thus, it is likely that the low level of complements in the serum indicates the initiation of anterior uveitis. Since complement activation leads to activation of macrophages/microglia, which further secrete anti and pro-inflammatory cytokines under stress, gene expression of the pro-inflammatory cytokines IL1β, IL6, and anti-inflammatory IL4 was assessed along with CD11b, which is the marker for microglia activation. A slight upregulation of the IL1β and downregulation of IL6, IL4, and CD11b further confirmed a basal complement activation in the blood of patients with anterior uveitis.

The multiplex ELISA experiments in the aqueous humor of patients with anterior uveitis showed a definitive activation of the alternative complement pathway with significantly increased C3b in both infectious and non-infectious uveitis. A significant increase in the level of CFH in non-infectious uveitis as compared to that in infectious cases further confirmed the role of alternate complement pathway activation in NIU. A previous study by Mondino et al. also reported increased levels of activated complement fragments in the aqueous humor of eyes in patients with anterior uveitis (15). Next, we performed western blotting of aqueous humor (anterior uveitis) and vitreous humor (posterior uveitis). Upregulation of C3 and CFH in the aqueous humor was seen both by western blotting and multiplex ELISA. Since C3b complex formation is regulated by CFH, an increase in CFH could represent the underlying regulatory feedback mechanism of CFH to check further C3 activation and conversion to C3b complex.

It is also widely known that microRNAs regulate both at the level of gene transcription and protein translation, an in-silico analysis was performed to further understand the regulation of C3 and CFH genes by miRNA. Four miRNAs, namely, hsa-miR-146a-5p, hsa-miR-155-5p, hsa-miR-30a-5p, and has-miR-20a-5p, were found directly interacting with Complement factor H and C3 genes. Among these, hsa-miR-146a-5p and hsa-miR-155-5p are the known regulators of inflammatory response (32). In some studies on uveitis-associated syndromes, a reduced expression of both hsa-miR-146a and hsa-miR-155-5p was noted, however, these studies have not correlated their expression with CFH levels (18, 19). In the context of the miRNAs regulating the CFH gene expression, miR-146a-5p and miR-155-5p and their mimics were shown to reduce CFH expression in neuronal and glial cells via 3 -UTR pairing. Both miR-146a and miR-155-5p are known negative feedback-based regulators of neuroinflammation and epileptogenesis via targeting CFH (33). This explains the significant downregulation of hsa-miR-146a in anterior uveitis. Hsa-miR-155-5p was also downregulated but not significantly. Furthermore, the downregulation of their targeted genes suggests that these microRNAs do not act at the transcriptional level but at the translational level. Overall, the results from present study support that complement activation in anterior uveitis is a more localized phenomenon restricted to the anterior chamber of the eye.

In the case of posterior uveitis, upregulation of both C3 and CFH genes could be an indicator of a blood-retinal breakdown (BRB). BRB is controlled by the tight junctions at the level of the retinal pigment epithelium (RPE) and becomes leaky (breaks) during inflammation. BRB causes the release of retinal autoantigens that further activate the small number of self-antigen reactive T cells that seem to have escaped thymic deletion and circulate in the periphery. This leads to an increase in number of autoreactive T cells and autoantibodies to retinal antigens (34). Based on this understanding, we speculate that it is likely that the ocular changes in the posterior uveitis will be reflected in the blood too. An upregulation of IL1β, IL6, and CD11b in the case of posterior uveitis could be due to an increased alternative complement pathway activation that further activates microglia, leading to increased secretion of pro-inflammatory cytokines such as IL1β and IL6 and decreased expression of the anti-inflammatory cytokine IL4.

Thus, anterior and posterior uveitis seems to represent two different etiologies. A higher expression of C3b and lower expression of CFH in the vitreous humor samples of patients with posterior uveitis could be explained by the fact that a larger part of the uvea tends toward the posterior end of the eye where the inflammation is in the ciliary body, choroid, and retina. Besides in PU, both microglia and retinal pigmented epithelium are known to secrete complements and inflammatory cytokines (35), thus the reduced production of CFH by RPE cells could be due to some underlying pathological changes with defective autophagic changes. In AU, the levels of complements are majorly/entirely known to be contributed by the inflammatory cells and inflamed iris (36). A reduced expression of CFH could offer less inhibition to complement activation, leading eventually to a higher synthesis of the C3bBb complex. Previously, in the case of AMD Y402H, a single nucleotide variation in the CFH gene was shown to be associated with increased complement activation. The decreased CFH levels and activity also result in increased secretion of inflammatory cytokines, chemokines, and growth factors (37).

In the alternative complement pathway, C3b is a crucial component that helps amplify the complement response by binding to target surfaces and recruiting additional complement proteins to the site of activation (38, 39). However, uncontrolled activation of C3b can lead to tissue damage and inflammation and its lower amount can cause an immune-compromised condition. CFH binds to C3b through various domains and controls its activation. Factor H acts as a regulatory protein that helps in the degradation of C3b by promoting the cleavage of C3b into inactive fragments and preventing its accumulation in host cells. Factor H accomplishes this by binding to C3b on the surface of host cells (40, 41). Thus, an estimation of the C3b:CFH ratio in both anterior and posterior uveitis can act as a surrogate measure of immune activation. Our result showed a higher C3b:CFH ratio for both anterior and posterior uveitis patients as compared to controls. This higher range of the C3b:CFH ratio indicates the insufficient level of CFH needed to combat the aberrant activation of C3b. This further strengthens our findings on the potential role of alternative complement pathway activation in the pathogenesis of non-infectious uveitis (Figure 5). A further validation of complement proteins in ocular specimens from non-infectious uveitis across populations globally could help in establishing it as a predictive biomarker for disease prognosis and as a novel therapeutic target for effectively checking the inflammation and recurrence of the disease.




Figure 5 | This figure demonstrates the possible mechanisms involved in the pathogenesis of anterior uveitis and posterior uveitis. In anterior uveitis, activated uveitogenic Tcells (escaped from Thymus) migrate to the eye. These uveitogenic Tcells undergo clonal expansion into Th1 and Th17 cells, which further secretes inflammatory cytokines, leading to the activation of microglia. The activated microglia further secretes C3 and other pro-inflammatory cytokines. An increase in C3 upregulates CFH as a feedback loop mechanism, which is also regulated by hsa-miR146 and hsa-miR155. In the case of posterior uveitis, the activated Th1 and Th17 cells activate microglia, which further activates the alternative complement pathway. C3b activation is regulated by CFH, which has the target site for hsa-miR146 and hsa-miR155. Apart from this, C3 is also secreted by retinal pigment epithelium (RPE). Formation of C3b and then membrane attack complex leads to an increase in the level of inflammatory cytokines and contributes to inflammation.
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The inflammatory response to viral infection is an important component of the antiviral response, a process that involves the activation and proliferation of CD8+ T, CD4+ T, and dendritic cells; thus, viral infection disrupts the immune homeostasis of the organism, leading to an increased release of inflammatory factors. Kikuchi-Fujimoto disease (KFD) is an inflammatory self-limited disorder of unknown etiology, and it is generally believed that the pathogenesis of this disease includes two aspects: viral infection and autoimmune response. Various immune cells, such as CD8+ T lymphocytes, CD4+ T lymphocytes, and CD123+ plasmacytoid dendritic cells, as well as the cytokines they induce and secrete, such as interferons, interleukins, and tumor necrosis factors, play a crucial role in the pathogenesis of KFD. In this article, we present a case study of a young female patient from China who exhibited typical symptoms of lymph node inflammation and fever. The diagnosis of KFD was confirmed through a lymph node biopsy. She presented with elevated ESR, IL-6, and IFN-γ. Viral markers showed elevated IgG and IgM of cytomegalovirus (CMV) and elevated IgG of Epstein–Barr virus (EBV), while changes occurred in the CD4+ T and CD8+ T cell counts. Eventually, the patient achieved disease relief through steroid treatment. Based on these findings, we conducted a comprehensive review of the involvement of viral infection–induced inflammatory response processes and autoimmunity in the pathogenesis of Kikuchi-Fujimoto disease.
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Introduction

The inflammatory response triggered by viral infections plays a crucial role in the antiviral response, which is a process that involves the activation and proliferation of CD8+ T cells, CD4+ T cells, and dendritic cells (1). Consequently, viral infection disrupts the immune homeostasis of the organism, resulting in an increased release of inflammatory factors (2). Kikuchi–Fujimoto disease (KFD), also known as histiocytic necrotizing lymphadenitis, is a self-limiting inflammatory condition with an etiology that remains elusive (3). It is generally believed that the pathogenesis of this disease included two aspects: viral infection and autoimmune response (4). Electron microscopy investigations have shown the presence of tubular reticular structures within the cytoplasm of stimulated lymphocytes and histiocytes in individuals diagnosed with KFD (5).Thus, it is hypothesized that KFD may reflect a self-limited autoimmune condition induced by virus-infected transformed lymphocytes (6, 7). KFD typically presents as an acute to subacute course, characterized by cervical lymph node inflammation and fever, and may involve the skin. Less common manifestations include weight loss, fatigue, night sweats, myalgia, arthralgia, elevated hepatic enzymes, and nervous system involvement, and approximately 15% of patients experience hepatomegaly or splenomegaly (8–10). Sometimes, it occurs in patients with systemic lupus erythematosus (SLE) and can be complicated by macrophage activation syndrome (MAS) (11). Lymph node biopsy is the most recommended method for confirming the diagnosis of Kikuchi-Fujimoto disease.

We report a case of a young female patient from China who presented with typical lymph node enlargement and fever; the diagnosis of KFD was confirmed by lymph node biopsy. Viral markers showed elevated IgG and IgM of cytomegalovirus (CMV) and elevated IgG of Epstein–Barr virus (EBV), while ESR, IL-6, and IFN-γ were elevated. Changes were found in peripheral blood lymphocyte subsets, including CD4+ T and CD8+ T cell counts. Lymph node biopsy pathology showed typical lymph node necrosis, as well as characteristic crescent-shaped nuclei and large immunoblastic cells at the edges of necrotic foci. Immunohistochemistry showed CD68(+), CD163(+), MPO(+), CD123(+) histiocytes surrounding the necrotic areas. Eventually, the patient went into remission with steroid therapy. In light of these findings, we reviewed the role of viral infection–induced inflammatory response processes and autoimmunity in the pathogenesis of KFD. Simultaneously, we explored the common pathogenic features of KFD and SLE, while also performing a differential diagnosis to distinguish between the two conditions.





Case description

An 18-year-old Chinese girl was admitted to our hospital with a 1-month duration fever (38–40°C) and bilateral cervical lymphadenopathy. Her first fever occurred after catching a cold, with a maximum body temperature of 38.5 °C accompanied by a sore throat, and she was initially treated at a clinic with azithromycin and antipyretics for 1 day, with resolution of the fever for a week. However, 1 week later, she still had recurrent fever, with a maximum body temperature of 39.6 °C; she was treated at home with oral acetaminophen to reduce the temperature. Initially, antipyretic drugs were effective, and her body temperature dropped to 37°C. On the 20th day of fever, she re-commenced having multiple daily fevers of up to 40°C, and oral antipyretic medication was ineffective. Meanwhile, she developed swelling and pain in the neck lymph nodes, and routine blood examination laboratory tests at the local hospital showed a white blood cell count of 2.92 ×109/L (3.5–9.5×109/L) and a C-reactive protein level of 4.29 mg/L (0–8.0 mg/L). An ultrasound showed bilateral parotid glands, bilateral neck, and bilateral submandibular lymph nodes with mild enlargement. Antiviral treatments in the local hospital were not effective. She continued to experience recurrent fever with progressive enlargement of the lymphadenopathies and was then referred to our department for further treatment.

On the first examination after admission to our department, the patient was febrile and had painful lymphadenopathy in the right side of the neck; she also had rashes on the face and arthralgia of the metacarpophalangeal joint of the right hand. Notably, the rashes observed on both sides of the face were asymmetric, discrete, and non-scaly, without photosensitivity. She denied weight loss or exhaustion. There was no significant high-risk sexual, travel, or past medical or family illness history. Physical examination showed multiple enlarged palpable lymph nodes in the neck, with the largest one located in the right cervical, which was round and tough, tender, and exhibited clear boundaries, no adhesion to the surrounding tissue, and no hepatomegaly or splenomegaly.

Table 1 presents the laboratory test results of the patient, with the normal range indicated. A lymph node ultrasound showed multiple enlarged lymph nodes in the bilateral neck and right axilla, with the largest node located in the right cervical upper jugular II, measuring 34×10 mm.


Table 1 | Laboratory data.



Combining the patient’s medical history and examination results, Kikuchi-Fujimoto disease was suspected, and on day 35 of fever, she underwent a right-sided cervical lymph node excisional biopsy. The postoperative pathology showed numerous lympho-histiocytic cells, multiple necrotic areas with marked karyorrhexis and proliferation of distinctive crescentic histiocytes, and a few remaining lymphoid follicles in the surrounding area without neutrophils or eosinophils (Figure 1). Immunohistochemistry was positive for lysozyme, CD68, MPO, CD163 and CD123 (Figure 2). The diagnosis of KFD was confirmed based on these pathologic manifestations. After being diagnosed with KFD, we administered 20 mg/d of prednisolone to the patient, after which the patient’s general condition improved. On the first day of prednisolone treatment, the patient’s temperature dropped to normal and the lymph node pain disappeared. Her arthralgia disappeared as the fever subsided. By the third day of medication, a physical examination revealed a noticeable reduction in the size of the patient’s enlarged lymph nodes. The treatment plan involved starting with 20 mg of prednisolone daily and then reducing the dosage by 5 mg per week until discontinuation. Eventually, she received a total of 1 month of corticosteroid hormone therapy.




Figure 1 | Lymph node biopsy pathology (A) HE×40, (B) HE×400. The stains of the patient’s cervical lymph nodes show the characteristic features of histiocytic necrotizing lymphadenitis. Lymphoid follicular hyperplasia is observed, and the structure of the lymph node in the light-stained area is disrupted. Under a high-power view, histiocytic infiltrate with karyorrhectic debris is seen, along with partly histiocytic crescent-shaped nuclei and large immunoblastic cells at the edges of necrotic foci. The box shows a tissue necrosis lesion. Arrows indicate characteristic crescent-shaped nuclei.






Figure 2 | Immunohistochemical findings of cervical lymph nodes. (A) CD68(+), (B) MPO(+), (C) CD163(+), and (D) CD123(+).



After discontinuing the hormone therapy for 1 month, the patient went to the hospital for a follow-up examination, and the results showed that on examination, no enlarged lymph nodes were palpable in the neck and her facial rash had disappeared. Furthermore, there was no fever, lymph node swelling, or arthralgia. Liver function: ALT 26 U/L (6–29 U/L), AST 16 U/L (10–31 U/L). White blood cell count: 4.84×109/L (3.5–9.5×109/L), neutrophil count: 2.02×109/L (1.8–8.3×109/L), and eosinophil count: 0.19×109/L (0.02–0.52×109/L), all within normal ranges. ANA, dsDNA, SSA, and SSB were negative. At present, the patient has been followed up for 6 months and has no symptoms of recurrence. ANA, dsDNA, SSA, and SSB are still negative; however, the patient should still be followed up for a long time to be alert to the occurrence of SLE.





Discussion

Kikuchi-Fujimoto disease is a self-limiting disease that is prevalent in young women. KFD is primarily prevalent in populations from Asia; however, it has been reported worldwide. Kucukardal et al. (12) analyzed 330 cases of KFD, with approximately 55% from Asia, 27% from Europe, 7% from North America, and 1.8% from South America. The lymph node tissue in KFD shows focal necrosis of paracortical histiocytes that is characteristically devoid of granulocytes, and the necrotic area is surrounded by T-cell immunoblasts, characteristic crescentic histiocytes with cellular debris, and plasmacytoid dendritic cells (PDCs) (13, 14). The clinical manifestations and pathologic findings may suggest a viral etiology. Related viruses include the Epstein–Barr virus and cytomegalovirus, human papillomavirus, parvovirus B19, hepatitis B virus, human T-lymphotropic virus 1, Torque teno virus/Torque teno-like mini virus, HIV, and parainfluenza virus (6, 15, 16). In this case, the patient was positive for IgM and IgG of CMV and positive for IgG of EBV, suggesting current CMV infection and previous EBV infection. Therefore, we consider that the CMV infection in this patient may be a triggering factor for KFD. The previous EBV infection should not be ignored. This phenomenon of previous EBV infections leading to autoimmune diseases has been found in studies on EBV-induced SLE, which is currently explained through gene environment interactions at the molecular level (17). KFD and SLE exhibit notable similarities in their pathophysiologies, and some research reports suggest that the incidence of KFD merging or developing into SLE is 1.3–7% (18). Meanwhile, it is worth noting that EBV is involved in SLE pathogenesis (17) and that CMV aggravates the autoimmune phenomenon in SLE (19). Therefore, it is very important to identify KFD and SLE.

Viral infections cause changes in the number and function of CD4+ T cells and CD8+ T cells in the immune system. By reviewing the literature, we found that it was reported that there was a large number of T cells in the lesions of patients with KFD, and there were more CD8+ cells than CD4+ cells in immunohistochemistry (1, 20–23), which was characterized by blastic transformation of CD8+ cells and apoptosis of CD4+ cells (1, 24). However, the clinical course of the disease and the ratio of CD4+/CD8+ cells in the lymph nodes did not correlate with peripheral blood (1). Moreover, the number of CD8+ cells and PDCs within the lesions tended to increase with time, and the number of CD4+ cells within the lymph node lesions decreased sharply at weeks 2~4 and then tended to increase whereas, in the non-lesioned tissues, the number of CD4+ cells gradually decreased with time (11). Furthermore, CD4+ T cells can differentiate into different subpopulations, of which the five main subpopulations are Th1, Th2, Th17, Treg (T-regulatory), and Tfh (follicular T-helper) cells, which fight different types of infections and regulate immune homeostasis (25). Among them, Th17 (26), Treg (27), Tfh (21), and Th9 (28) cells have been shown to be involved in the development of autoimmune diseases. In SLE, there is a decrease in the quantitative and/or qualitative defects of Treg cells (29), while the number of Th17 cells and Th17-related cytokines (such as IL-17 and IL-6) increases (30, 31). Tfh cells also secrete an important cytokine, IL-21, which is essential for maintaining CD8+ T-cell function during chronic virus-induced inflammation (32, 33). In other words, changes in CD4+ T cells affect not only the secretion of cytokines such as IL-17, IL-6, and IL-21, but also the function of CD8+ T cells, and, in combination with changes in the number of CD4+ T cells in the lesions of KFD, may be one of the reasons for the possibility of developing into autoimmune diseases like SLE. However, their specific pathogeneses remain unclear.

In addition, elevated interferon levels have been found in patients with KFD (34–36). Li et al. (36) suggested that Kikuchi-Fujimoto disease is mediated by an aberrant type I interferon (IFN) response, with significant upregulation of IFN-related genes and an increase in CD123+ plasmacytoid dendritic cells, which are myeloid cells that secrete IFN in response to viral infection. Type I IFN can be divided into two types: IFN-α and IFN-β (37). Type I IFN enhances innate immunity by stimulating the differentiation and maturation of dendritic cells and the function of natural killer cells and enhances adaptive immunity by promoting the activation and differentiation of T and B cells and the development of immune memory (35). In KFD, Sato et al. (11) proposed the hypothesis that interferon IFN-α production in response to viral infection induces the transformation of CD8+ cells, CD4+ cells, and monocytes into immunoblasts, apoptotic cells, and macrophages, respectively, and that apoptotic cells are subsequently phagocytized by macrophages. There is experimental evidence that the use of specific receptor bindings of PDCs to reduce the expression of type I INF improves the skin manifestations of SLE and reduces the expression of IFN-responsive genes in the bloodstream (38). Additionally, Munroe et al. (39) found that the enhancement of the type II IFN (IFN-γ) pathway permitted the accumulation of autoantibodies and the subsequent elevation of IFN-α activity. The pathologic tissue of our patient showed elevated PDCs as well as elevated IFN-γ in the peripheral blood, which suggests that the interferon system may be involved in the development of disease. This observation reaffirms the shared pathogenic features between KFD and SLE.

In summary, KFD is a self-limiting autoimmune disease caused by viral infection (Figure 3), with fever and lymph node enlargement as the main clinical manifestations. The similarity of its pathogenesis and its pathologic manifestations to SLE complicates its diagnosis, and the fact that patients with this disease may combine or develop SLE due to this common pathogenesis makes it important to follow up this disease. Our patient’s initial symptoms were fever as well as lymph node enlargement and necrosis, and she had no manifestations of lupus nephritis or neuropsychiatric involvement, except for atypical facial rash and arthralgia; thus, she did not align with the typical features of SLE. Furthermore, tests for ANA, ds-DNA, SSA, and SSB antibodies all yielded negative results and there was no indication of low C3 or C4, further reducing the likelihood of SLE. However, it is essential to recognize that juvenile-onset SLE often exhibits atypical clinical symptoms and significant variations in its presentation (40). Even when patients lack classical symptoms, the possibility of SLE should be considered and a high level of vigilance is warranted. At present, the patient remains under ongoing follow-up to monitor her condition.




Figure 3 | The role of viral infection–induced inflammation in the pathogenesis of KFD. Invasion of the virus causes the activation of PDCs to release IFN-α, which activates CD4+ T cells and CD8+ T cells, causing differentiation and maturation of CD4+ T cells and the release of cytokines and activation of CD8+ T cells, which leads to a massive proliferation of immunoblasts and their differentiation into CD8+ cytotoxic T lymphocytes to directly kill the target cells, with the simultaneous release of cytokines to inhibit viral replication.
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Background

Chronic rhinosinusitis (CRS) is a chronic inflammatory disease with an autoimmune background. Altered expression levels of T cell immunoglobulin and mucin-domain containing-3 (TIM-3), C-X-C chemokine receptor type 5 (CXCR5), and programmed cell death protein 1 (PD-1) are implicated in the progression of inflammatory and autoimmune diseases. Moreover, CXCR5+TIM-3-PD-1+ stem-like cytotoxic T cells function as memory stem cells during chronic disease processes and retain cytotoxicity-related gene networks.





Objectives

To explore the expressions of CXCR5, TIM-3, and PD-1 on T cells and their correlation with clinical parameters in CRS.





Methods

Flow cytometry was used to assess the expressions and co-expressions of CXCR5, TIM-3, and PD-1 on T cells in the tissues of the paranasal sinus and peripheral blood of patients with CRS as well as healthy controls. Immunofluorescence was used to assess the co-localization of TIM-3, CXCR5, and PD-1 with T cells. The disease severity of our patients with CRS was evaluated using the Lund-Mackay score. A complete blood count was also performed for the patients with CRS.





Results

Expression levels of CXCR5 and PD-1 on T cells were significantly increased in the nasal tissues of patients with CRS. Compared with those in healthy controls, patients with CRS had high percentages of CXCR5+TIM-3-PD-1+ CD8+ and CD4+ T cells in nasal tissues, while no significant difference was observed in peripheral blood levels. Patients with CRS had a higher density of nasal CXCR5+TIM-3-PD-1+ T cells than that in healthy controls. CXCR5+TIM-3-PD-1+ CD8+ T cell levels in the nasal polyps of patients with CRS were negatively correlated with the patients’ Lund-Mackay scores. The levels of CXCR5+TIM-3-PD-1+ T cells in nasal tissues were also negatively associated with disease duration and positively associated with the chronic inflammatory state of CRS.





Conclusions

The level of CXCR5+TIM-3-PD-1+ stem cell-like T cells, especially CXCR5+TIM-3-PD-1+ CD8+ T cells, is increased in CRS. Therefore, inducing CXCR5+TIM-3-PD-1+ T cell exhaustion may be an effective immunotherapy for CRS.





Keywords: chronic rhinosinusitis, PD-1+, CXCR5+, TIM-3-, stem-like CD8+ T cells





Introduction

Chronic rhinosinusitis (CRS) is a multifactorial, chronic inflammatory disease of the upper respiratory tract. The disease is characterized by nasal blockage, obstruction, congestion, or nasal discharge, and currently affects 5–12% of the world’s population (1). Patients with nasal polyps tend to have a high disease burden and high recurrence rates (1). The pathogenesis of CRS involves multiple factors, including infection and immunity, and the process combines the characteristics of both chronic inflammatory and autoimmune diseases (1–3).

As is known, the inflammatory response is present in a wide range of chronic diseases. Simultaneously, autoimmunity drives the onset and progression of the inflammatory response (4, 5). Inflammatory responses are mediated by a variety of cells and cytokines that exert destructive effects on tissues (1, 2). The immune dysregulation underlying CRS is closely associated with T-cell dysfunction; thus, discovering a T-cell subset that plays a central role in this immune dysregulation is critical to identifying potential therapeutic targets in patients with CRS (1, 6).

In recent years, a highly functional subpopulation of stem-like T cells has been identified in tumors and viral infections, retaining both stem cell-like self-renewal and multipotency as well as a gene network for cytotoxicity (7–10). These cells have been characterized as CXCR5+TIM-3-PD-1+CD8+ T cells and demonstrate a proliferative burst upon blockade of the programmed cell death protein1 (PD-1) receptor, which has been significant in the development of PD-1-targeted therapy for chronic viral infections and tumors (7, 11, 12). This CD8+ T cell subset exhibits self-renewal and differentiation in chronic viral infections and tumors (7, 11). This generates terminally exhausted CD8+ T cells in lymphoid and non-lymphoid tissues, including CXCR5+/- and TIM3+/- phenotypes (7, 11). Among them, CXCR5-CD8+ T cells express high levels of effector molecules (11). Compared with CXCR5-TIM-3+/- cells, CXCR5+TIM-3- cells evince synergistic production of multiple effector molecules (7). Additionally, CXCR5+TIM-3- cells can maintain rapid effector function and multifunctionality in vitro (7). The remarkable pluripotency and cytotoxicity of these stem-like T cells have attracted the attention of several researchers. However, no studies have demonstrated changes in this cell subpopulation in non-viral chronic inflammatory and autoimmune diseases.

In previous studies, C-X-C chemokine receptor type 5 (CXCR5) has been demonstrated to play a vital role in the recruitment and activation of immune cells and the regulation of adaptive immune responses. CXCL13/CXCR5 signaling regulates cancer and immune cells and is involved in inflammation, autoimmunity, and tumor development (13, 14). In addition, T cell immunoglobulin and mucin-domain containing-3 (TIM-3) and PD-1 checkpoint molecular receptors may be involved in the mechanism of immune dysregulation of T cells underlying autoimmune diseases (15–18). PD-1 exhibits an anti-inflammatory role and counteracts T cell-mediated inflammatory responses in various inflammatory diseases. Hence, the knockdown or blockade of PD-1 induces or exacerbates inflammatory responses (19–21). In the lung inflammation and fibrosis model, anti-TIM-3-treated mice displayed more severe inflammation and peribronchial fibrosis than that exhibited by control mice (22). In conclusion, CXCR5, TIM-3, and PD-1 receptors play vital roles in immune-related diseases, but no study has yet elucidated whether CXCR5+TIM-3-PD-1+ T cells are involved in the development of CRS.

In light of the fundamental role of T cell dysfunction in CRS, the importance of CXCR5, TIM-3, and PD-1 molecules in inflammatory and autoimmune diseases, and the unique function of stem-like cytotoxic CD8+ T cells, the present study investigated the expression of CXCR5+TIM-3-PD-1+ T cells in patients with CRS for the first time. In this study, we investigated the expression of CXCR5, TIM-3, and PD-1 molecules and their co-expression levels on T cells in patients with CRS to explore the involvement of CXCR5+TIM-3-PD-1+ T cells in the disease process of CRS. We also described the clinical significance of CXCR5+TIM-3-PD-1+ T cells in CRS and addressed the potential mechanisms involved in the pathogenesis of CRS.





Materials and methods




Study participants

A total of 20 patients with CRS in the Department of Otolaryngology-Head and Neck Surgery of the First Affiliated Hospital of Soochow University were enrolled according to the guidelines of the European Position Paper on Rhinosinusitis and Nasal Polyps 2020 (1) (Table 1). Patients with other infectious, inflammatory, and immunologic diseases were excluded. The control group consisted of nine healthy individuals with no immune-related or chronic diseases (Table 1). This study was approved by the Ethics Committee of the First Affiliated Hospital of Soochow University (No. (2023) 056). All participants provided written informed consent following the Helsinki Declaration of the World Medical Association.


Table 1 | Demographic and clinical profile of the subjects involving in the study.







Clinical assessment

For patients with CRS, all individuals were evaluated by a rhinologist, and demographic and clinical data (gender, age, disease duration, symptoms) were obtained. The paranasal sinus Lund-Mackay (LM) score was assessed by computed tomography (CT) scan. The LM score is commonly used to evaluate the severity of CRS (23). High scores represent severe manifestations of inflammation. A complete blood count was performed on peripheral blood samples to obtain additional clinical parameters. Demographic data of healthy controls were also collected. We obtained peripheral blood and paranasal sinus tissue samples from both patients and healthy controls. These paranasal sinus tissues were further divided into two categories: paranasal sinus mucosa and nasal polyps. The paranasal sinus mucosa was obtained from the middle turbinate and uncinate processes of the participants. Moreover, nasal polyps are diseased polypoid tissue in the patient’s paranasal sinuses; healthy donors do not have nasal polyps.





Preparation of tissue single-cell suspensions

As previously described (24), paranasal sinus tissues were mechanically separated into small pieces by scissors and digested with 0.33 mg/mL DNase (Sigma-Aldrich) and 0.27 mg/mL Liberase TL (Roche) in serum-free Roswell Park Memorial Institute 1640 for 25 minutes at 37°C, and then filtered through a 70 m cell strainer to make a single-cell suspension.





Flow cytometry analysis

The expression of TIM-3, CXCR5, and PD-1 on CD4+ or CD8+ cells was evaluated using flow cytometry. Tissue single-cell suspensions, as well as peripheral blood (after lysing erythrocytes), were used for analysis. Cells were briefly re-suspended in Hank’s balanced salt solution with 1% fetal bovine serum. Additionally, 100 μL of the cell suspension was incubated with fluorochrome-conjugated monoclonal antibodies for 20 minutes at 4°C in the dark. All antibodies were obtained from Biolegend (San Diego, CA, USA) with the following details: Brilliant Violet 510™ anti-human CD3 (Cat. No. 317331), PerCP/Cyanine5.5 anti-human CD4 (Cat. No. 317427), FITC anti-human CD8 (Cat. No. 344703), Brilliant Violet 421™ anti-human CD366 (Tim-3) (Cat. No. 345007), PE/Cy7 anti-human CD185 (CXCR5) (Cat. No. 356923), APC anti-human CD279 (PD-1) (Cat. No. 329907). Samples were then analyzed using Kaluza Analysis Software (Beckman, United States). The analysis involved initially gating CD3+ cells in the lymphocyte population, followed by the detection of CD4+ and CD8+ cells within the CD3+ lymphocytes. Subsequently, the TIM-3- and CXCR5+PD-1+ subpopulations were detected separately. The corresponding gating strategies are displayed in Figure 1. Single color compensation controls were performed to determine the amount of spillover of each fluorochrome to the other channels for compensation analysis. The results confirmed the percentage and the number of CD4+ or CD8+ CXCR5+TIM-3-PD-1+ T cells in the sample.




Figure 1 | The gating strategy for flow cytometry.







Immunofluorescence staining

Paranasal sinus tissues of the participants were embedded in paraffin and prepared into 4 μm thick sections. After paraffin removal, the deparaffinized sections were heat-treated in citrate repair buffer (pH 6.0), followed by the addition of drops of 3% hydrogen peroxide to remove endogenous peroxidase. The sections were treated with goat serum blocking solution for 20 minutes and then reacted with the following primary antibodies for 1 hour for immunofluorescence staining: CD3 (1:1500, ab16669, Abcam), CXCR5 (1:5000, ab254415, Abcam), TIM-3 (1:1000, ab241332, Abcam), PD-1 (1:500, ab237728, Abcam). After washing, the sections were incubated with a secondary antibody (PV-6001, ZSGB-BIO) for 20 minutes. Subsequently, a rapid reaction buffer (1:100, FFBN45, DMK) was added and the sections were incubated at room temperature for 5 minutes for color development. The antibody complexes were removed by microwave treatment and the markers were counterstained. The sections were counterstained with 4′,6-diamidino-2-phenylindole at room temperature for 5 minutes. The sections were finally closed with the antifade mounting medium. After completion of staining, the sections were imaged using the TissueFAXS whole-slide scanning system (TissueGnostics, USA) and analyzed using the TissueQuest image analysis software (TissueGnostics, USA) to obtain accurate cell counts and densities.





Single-cell sequencing analysis

In this manuscript, we analyzed the raw data from the single-cell database. The accession number of the raw sequencing data of human samples is Genome Sequence Archive HRA000772.

Cell Ranger (version 5.0) was applied to filter low-quality reads, align reads to the human reference genome (GRCh38), assign cell barcodes, and generate the unique molecular identifier (UMI) matrices. R software (version 3.6.1) was used to analyze the output gene expression matrices with the Seurat package (version 3.2.0). All samples were merged into one Seurat object using the merge function. We subsequently filtered out cells with less than 200 genes detected, cells with less than 500 UMI counts detected, and cells with more than 10% mitochondrial UMI counts. Dimension reduction and unsupervised clustering were performed according to the standard workflow in Seurat. SCTransform function was applied to normalize and find highly variable genes (hvgs) within the single-cell gene expression data. Mitochondrial, dissociation-induced, and Human leukocyte antigens genes were removed from hvgs for downstream analysis. Then, the effect of the percentage of mitochondrial gene count was regressed using the SCTransform function with parameter “vars.to.regress=‘percent.mt’”. A principal component analysis (PCA) matrix was calculated using RunPCA with default parameters to reduce noise. Harmony (version 1.0) was applied immediately after PCA to remove batch effects from different samples. Next, Uniform Manifold Approximation Projection and clustering were performed on the “harmony space” to identify clusters. The main immune cell types were annotated based on the expression patterns of differentially expressed genes and well-known cellular markers from the literature. In the first round of unsupervised clustering of all cells, we identified that PTPRC and HBB were co-expressed in some clusters, hence we removed these clusters from the dataset for downstream analysis. Finally, we clustered this subpopulation in CD4+ and CD8+ T cells with the corresponding genes for CXCR5+TIM-3-PD-1+ cells (Figure 2 displays the detailed genes).




Figure 2 | Defining the CD4+/CD8+CXCR5+TIM-3-PD-1+ T cell subpopulation by single-cell sequencing (not found).







Statistical analysis

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad, San Diego, CA). The Shapiro–Wilk normality test was used to determine variable distributions. Student’s t-test and Mann–Whitney U-test were used to compare groups for variables that did or did not fit the normal distribution, respectively. In addition, Spearman’s correlation test was used to determine the linear correlation coefficient. Outliers were excluded from the analysis. P-values less than 0.05 were considered significant.






Results




High expression of CXCR5 and PD-1 molecules on T cells in paranasal sinus mucosa of patients with CRS

The percentage of CXCR5+ cells among CD8+ T cells was significantly increased in the paranasal sinus mucosa (p=0.018) and nasal polyps (p=0.0079) of patients with CRS than that in healthy controls (Figure 3A). However, no significant difference was observed in the proportion of CXCR5+ cells among CD4+ T cells in the nasal tissues of patients and controls (Figure 3B).




Figure 3 | Percentage of CXCR5 and PD-1 molecules among CD4+/CD8+ T cells in different tissues. Percentage of CXCR5+ cells among (A) CD8+ and (B) CD4+ cells. Percentage of PD-1+ cells in (C) CD8+ and (D) CD4+ cells. *: p<0.05; **: p<0.01.



Similarly, the percentage of PD-1+ cells among CD8+ and CD4+ T cells was significantly higher in the paranasal sinus mucosa (CD8+: p=0.003, Figure 3C; CD4+: p=0.002, Figure 3D) of patients with CRS compared to the percentage in healthy controls. A tendency was also observed for the percentage of PD-1+ cells among CD4+ and CD8+ T cells to be higher in the nasal polyps of patients with CRS patients than in the healthy controls. However, the p-value was not significant (CD8+: p=0.17; CD4+: p=0.21) (Figures 3C, D). Additionally, the percentage of PD-1+ cells among both CD8+ and CD4+ T cells in the paranasal sinus mucosa was significantly higher than that in nasal polyps (Figures 3C, D).





Elevated levels of CXCR5+TIM-3-PD-1+ T cells in the paranasal sinus tissue but not in the peripheral blood of patients with CRS

The proportion of CXCR5+TIM-3-PD-1+ cells among both CD8+ and CD4+ T cells was significantly elevated in the paranasal sinus mucosa (CD8+: p=0.0027; CD4+: p=0.024); and in the nasal polyps (CD8+: p=0.042; CD4+: p=0.039); of patients with CRS than the proportion in healthy controls (Figure 4A). Between the two types of nasal tissues in our patients with CRS, CXCR5+TIM-3-PD-1+ cell levels were significantly higher in the paranasal sinus mucosa than in nasal polyps, especially among the CD8+ subpopulation (p=0.046) (Figure 4A).




Figure 4 | Number of CD4+/CD8+CXCR5+TIM-3-PD-1+ T cells in tissues and peripheral blood and their percentage of total cells in the sample. (A) Percentage of CD4+/CD8+CXCR5+TIM-3-PD-1+ T cells in paranasal sinus tissue out of the total cells in the sample. (B) Number of CD4+/CD8+CXCR5+ TIM-3-PD-1+ T cells in paranasal sinus tissues. (C) Percentage of CD4+/CD8+ CXCR5+TIM-3-PD-1+ T cells in peripheral blood out of the total cells in the sample. (D) Number of CD4+/CD8+CXCR5+TIM-3-PD-1+ T cells in peripheral blood. CONTROL: healthy control subjects; CRS-mucosa: Paranasal sinus mucosa in chronic rhinosinusitis patients; CRS-NP: Nasal polyps in chronic rhinosinusitis patients; CRS: chronic rhinosinusitis patients. *: p<0.05; **: p<0.01.



As displayed in Figure 4B, in terms of cell numbers, CXCR5+TIM-3-PD-1+ CD8+ and CD4+ T cells were more abundant in the paranasal sinus tissues of patients with CRS than in those of healthy controls. However, when comparing the two types of tissues, no significant difference was identified in cell count between the nasal polyps and mucosa, although a trend toward high numbers in the nasal polyps could be observed.

Immunofluorescence staining (Figure 5A) revealed that CXCR5+TIM-3-PD-1+ T cell density was significantly higher in the paranasal sinus mucosa of patients with CRS than in that of healthy controls (p=0.029, Figure 5B). Similar to the flow cytometry results, the proportion of this cell type in immunofluorescence staining was also significantly higher in patients with CRS patients compared to that in healthy controls (p=0.029, Figure 5C). The difference in the cell count was not significant (p=0.057, Figure 5D), but a trend toward high numbers in patients with CRS could be observed. However, no significant differences were present between patients with CRS and healthy controls when comparing cell counts and proportions in peripheral blood (Figures 4C, D).




Figure 5 | Immunofluorescence analysis of CRS patients and healthy controls. (A) Representative immunofluorescence analysis showing co-localization of CD3 (green), CXCR5 (red), TIM-3 (purple), and PD-1 (orange) in the paranasal sinus mucosa of the subjects. Scale bar, 20µm. The arrow labeled CD3+CXCR5+TIM-3-PD-1+ cells. (B–D) Immunofluorescence showing the expression of CD3+CXCR5+TIM-3-PD-1+ cells. Box plots show mean and range. *: p<0.05.



In addition, a significant positive correlation was noted between CXCR5+TIM-3-PD-1+ CD8+ T cell counts and proportions in paranasal sinus mucosa and nasal polyps from the same patient (percentage: r=0.748, p=0.033; number: r=0.970, p=0.0001; Figures 6A–D). This trend was not detected in CXCR5+TIM-3-PD-1+ CD4+ T cells (data not displayed).




Figure 6 | Correlation analysis of CD8+ CXCR5+TIM-3-PD-1+ cells. (A–D) Expression and correlation of CD8+ CXCR5+TIM-3-PD-1+ cells in different tissues of the same patient. (E, F) Correlation of CD8+ CXCR5+TIM-3-PD-1+ cells with Lund-Mackay score.







CXCR5+TIM-3-PD-1+ CD8+ T cell levels negatively correlated with CRS disease severity

Our correlation analysis results demonstrated that the percentage (r=-0.564, p=0.045) and number (r=-0.643, p=0.020) of CXCR5+TIM-3-PD-1+ CD8+ T cells in the nasal polyps of patients with CRS were negatively correlated with the LM score, which indicates the severity of disease (Figures 6E, F). In contrast, neither the mucosa nor the peripheral blood of patients with CRS patients demonstrated any correlation between CXCR5+TIM-3-PD-1+ T cells and the LM score (Table 2).





CXCR5+TIM-3-PD-1+ T cells associated with disease duration and chronic inflammatory state

As displayed in Table 2, the number of CXCR5+TIM-3-PD-1+ T cells in paranasal sinus tissues, including mucosa and nasal polyps, was negatively correlated with the duration of CRS, i.e., in paranasal sinus mucosa, CD4+: r=-0.558, p=0.063; CD8+: r=-0.599, p=0.043; in nasal polyps, CD4+: r=-0.648, p= 0.035; CD8+: r=-0.411, p=0.21, respectively.

Leukocyte, neutrophil, lymphocyte, and monocyte levels are suggestive of a chronic inflammatory and infectious state. Accordingly, positive correlations were observed between the levels of CXCR5+TIM-3-PD-1+ T cells in nasal tissues and the levels of leukocytes, neutrophils, lymphocytes, and monocytes (Table 2).


Table 2 | Correlation analysis of CD4+/CD8+CXCR5+TIM-3-PD-1+ T cells.







Clustering of CXCR5+TIM-3-PD-1+ T cells by single-cell sequencing analysis

To understand the specific function and mechanism of this cell type, we analyzed single-cell sequencing data from the paranasal sinus mucosa of patients with CRS. As illustrated in Figure 2, we unfortunately failed to detect CXCR5+TIM-3-PD-1+ T cells in the single-cell sequencing results.






Discussion

In the present study, we observed that (1) patients with CRS had significantly increased CXCR5 and PD-1 expression levels in nasal tissue, CD8+. and CD4+ T cells, respectively, especially in the paranasal sinus mucosa. (2) CXCR5+TIM-3-PD-1+ T cell levels were higher in the paranasal sinus tissues of patients with CRS compared with those of healthy controls. (3) The number and percentage of CXCR5+TIM-3-PD-1+ CD8+ T cells in the nasal polyps of patients with CRS were negatively correlated with disease severity. (4) The number of CXCR5+TIM-3-PD-1+ T cells in the paranasal sinus tissues of patients with CRS was negatively correlated with disease duration. (5) The levels of CXCR5+TIM-3-PD-1+ T cells in nasal tissues were positively correlated with blood leukocyte, neutrophil, lymphocyte, and monocyte levels. Our data implies that CXCR5+TIM-3-PD-1+ T cells are involved in the immune process of CRS, thus offering a potential new target for immunotherapy.

Considering the importance of TIM-3, CXCR5, and PD-1 in inflammatory diseases, we first evaluated the expression levels of the three costimulatory molecules on CD4+ and CD8+ T cells of patients with CRS. We observed that the expression levels of both CXCR5 and PD-1 were significantly increased in the nasal tissues, especially in the paranasal sinus mucosa, of patients with CRS. However, we did not observe elevated TIM-3 expression on T cells in the current study, probably because the number of healthy control mucosa was insufficient to reflect differences between the groups. Our findings indicate that upregulated expression of CXCR5 and PD-1 in localized inflammatory tissues may contribute to the immune dysfunction underlying CRS.

Previous studies have demonstrated that CXCR5+CD8+ T cell levels appear elevated in viral infections and tumors. CXCR5+CD8+ T cells heavily express genes associated with hematopoietic stem cell self-renewal and maintenance (25). In addition, this subpopulation has the transcriptional signature of a pool of long-lasting memory cells; its increase implies continued differentiation of terminal cells expressing strong effector functions (7, 10, 26). In mice models, CXCR5+CD8+ T cells can function as memory stem cells in chronic viral infections and maintain virus-specific CD8+ T cell production (11). Our data also demonstrated that the levels of CXCR5+TIM-3-PD-1+ T cells were significantly higher in the paranasal sinus tissues of patients with CRS compared with those in healthy controls. We also observed that CXCR5+TIM-3-PD-1+ T cells were positively correlated with chronic inflammatory and infectious state indicators, i.e., blood leukocyte, neutrophil, lymphocyte, and monocyte levels. Thus, our findings suggest that CXCR5+TIM-3-PD-1+ T cells contribute to the chronic inflammatory and infectious state of patients with CRS.

During immunization, T cells gradually exhibit dysfunction, also known as T cell exhaustion. Exhausted T cells tend to have decreased effector functions, diminished killing capacity, and low proliferative capacity (27, 28). At the same time, the expression of inhibitory receptors – such as PD-1, cytotoxic T-lymphocyte antigen-4, and lymphocyte-activation gene 3 on the surface of the cells is increased (28). The transcriptional signature of CD8+ T-cell exhaustion predicts an improved prognosis in a variety of autoimmune diseases (29). Accordingly, inducing exhaustion may be a therapeutic strategy for autoimmune and inflammatory diseases (29). Moreover, we discovered that in CRS, CXCR5+TIM-3-PD-1+ T cell levels decreased with the disease duration. In addition, the CD8+ subset of CXCR5+TIM-3-PD-1+ T cells was negatively correlated with disease severity in patients with CRS. This trend was consistent with the association between exhausted T cells and disease prognosis in inflammatory and autoimmune diseases.

In several autoimmune diseases, infections, and tumors, researchers have restored T cell effector function by inhibiting the inhibitory receptor of exhausted T cells, thereby serving as a form of immunotherapy (30, 31). PD-1 targeted immunotherapy is one of the most commonly used immunotherapies for cancer, and PD-1 and T-cell immunoglobulin and ITIM domain may be preferred targets for immune checkpoint inhibitor immunotherapy (32). Interestingly, CXCR5+CD8+ T cells exhibit a proliferative burst after PD-1 blockade, with a significant increase in further differentiation of this subpopulation (11). CXCR5+TIM-3- T cells are robustly multipotent and may serve as precursors for generating effector T cells after PD-1 blockade in advanced disease stages (10, 11). In tumors and viral infections, blocking PD-1 molecules might be able to reverse the exhausted state of such cells and induce their differentiation (7, 11). On the contrary, in chronic inflammatory and autoimmune diseases, the immunotherapeutic approach is likely to be the opposite, aiming to promote the exhaustion of these T cells (29). In conclusion, assuming that CXCR5+TIM-3-PD-1+ T cells are as cytotoxic and stem cell-like in CRS as they are in other diseases, it is possible to intervene by targeting PD-1 to alter the exhaustion state of these cells, thereby modulating the cells’ capacity for sustained killing as well as their ability to self-proliferate and differentiate, and ultimately helping to terminate the continued progression of the disease. This process is expected to be demonstrated in mouse models of CRS. Overall, our findings indicate that CXCR5+TIM-3-PD-1+ T cells could become ideal targets for deregulation in CRS.

Regrettably, this cluster of cells was not identified in the present study when analyzed by single-cell sequencing data.

Notably, the inability of single-cell sequencing to identify this cell subpopulation does not imply that the particular subpopulation was not present in the sequenced samples. Rather, this issue was likely due to the low number and proportion of the cell type, such that mixing the cell type with other numerically abundant cell subpopulations made it challenging to distinguish. As the number and proportion of target cell subpopulations are crucial for single-cell sequencing cluster analysis, if other researchers plan to sequence this cell population, we recommend sorting for immune cells or T cells before sequencing.

Given that the number of cells in this group is small, it poses a great challenge for subsequent mechanism studies. Nevertheless, in the future, further clarifying the role played by CXCR5+TIM-3-PD-1+ T cells in the development of chronic inflammatory and autoimmune diseases by in vitro and in vivo experiments using genetic modification and other biological means, as well as to investigate the effectiveness of immunotherapies targeting these cells would be of great interest.

The present study had several shortcomings. As the removal of paranasal sinus tissues is not typically necessary for healthy individuals, obtaining a larger sample of healthy control tissues posed challenges. Additionally, some patients in this study had missing data; however, this does not impact the overall trend of the results.

In conclusion, we discovered that the expression of CXCR5 and PD-1 was increased on CD8+ and CD4+ T cells, respectively, in the nasal tissues of patients with CRS. Moreover, CXCR5+TIM-3-PD-1+ CD8+ and CD4+ T cell levels were elevated in the nasal tissues of patients with CRS. Furthermore, the CD8+ subpopulation was negatively correlated with disease severity in patients with CRS patients. Additionally, CXCR5+TIM-3-PD-1+ T cell levels in nasal tissues were negatively associated with disease duration and positively associated with the chronic inflammatory state of CRS. Our present data suggest that CXCR5+TIM-3-PD-1+ T cells are involved in the chronic inflammatory process underlying CRS and may exert an immune regulatory effect after PD-1 blockade. Consequently, inducing CXCR5+TIM-3-PD-1+ T cell exhaustion may be an effective immunotherapy for CRS. Considering that CRS is a chronic inflammatory disease with autoimmune features, our study has reference value in the understanding of autoimmune diseases and chronic inflammation.
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disease activity:

C3, complement 3; HA, hyaluronan; TM, thrombomodulin; ND, not determined. Data obtained from (52, 53).
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Study Patients CITRL %
Name Year SMD (95% Cl) N, mean (SD) N, mean (SD) Weight
Widner B et al. 2000 —— 0.70 (0.31, 1.10) 55, 2.53 (1.22) 49, 1.84 (.61) 5.62
Schroecksnadel K et al. 2003 E -0.14 (-0.68, 0.40) 38, 1.9 (.57) 20, 1.98 (.54) 5.26
Pertovaara M et al. 2005 - 0.72 (0.49, 0.95) 103, 2.53 (1.05) 309, 2.05(.48) 5.93
Xiang ZY et al. 2010 i 5.15 (4.35, 5.96) 30, 3.72 (.56) 80, 1.54 (.36) 4.52
Ozkan Y et al. 2012 ; -0.25 (-0.81, 0.31) 32, 2.56 (.56) 20, 2.71 (.65) 5.21
Lood C et al. 2015 : 0.00 (-0.27, 0.27) 148, 1.85 (.66) 79, 1.85 (.61) 5.86
Maria NI et al. 2016 E 0.14 (-0.15, 0.43) 124,613 (219) 71,584 (188) 5.83
Akesson K et al. 2018 —er 0.52 (0.12, 0.92) 132, .966 (.53) 30, .712 (.23) 5.61
Eryavuz Onmaz D et al. (a) 2021 E —— 1.50 (1.02, 1.99) 35, 1217 (918) 50, 317 (146) 5.40
Eryavuz Onmaz D et al. (b) 2021 —— 0.74 (0.33, 1.14) 50, 431 (163) 50, 317 (146) 5.60
Kor A et al. 2022 —— E -0.05 (-0.46, 0.37) 50, 669 (761) 41,707 (932) 5.58
Eryavuz Onmaz D et al. 2022 . —— 1.33 (1.05, 1.61) 120, 781 (520) 120, 280 (123) 5.85
Apaydin H et al. 2023 —r— 0.56 (0.10, 1.02) 34, 488 (165) 42,413 (104) 5.47
Jeon C et al. 2023 : 0.21 (-0.26, 0.68) 87,474 (147) 22,445 (91) 5.45
Eryavuz Onmaz D et al. 2023 | —o— 1.15 (0.82, 1.48) 80, 3.49 (2.97) 80, 1.06 (.33) 5.75
Park Y et al. 2023 E -0.38 (-0.80, 0.05) 81,17.4 (6.8) 30, 19.8 (5) 5.56
Tezkan D et al. 2023 —— 0.68 (0.36, 0.99) 81, 406 (288) 80, 249 (156) 5.78
Yurt EF et al. 2023 —0-5— 0.53 (0.19, 0.87) 104, 414 (86) 50, 366 (100) 5.73
Overall (l-squared =93.2%, p = 0.000) <> 0.69 (0.35, 1.02) 1384 1223 100.00

|

|

.

NOTE: Weights are from random effects analysis
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Eryavuz Onmaz D et al. 2022
Tezkan D et al. 2023
Yurt EF et al. 2023

Subtotal (I-squared = 86.9%, p = 0.000)
Overall (I-squared = 93.2%, p = 0.000)

NOTE: Weights are from random effects analysis
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34, 488 (165)
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422
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148, 1.85 (.66)
132, .966 (.53)
365

35, 1217 (918)
50, 431 (163)
87, 474 (147)
172

120, 781 (520)
81, 406 (288)
104, 414 (86)
305

1384

CTRL
N, mean (SD)

20, 1.98 (.54)
20, 2.71 (.65)
32)

309, 2.05 (.48)
71, 584 (188)
42. 413 (104)
80, 1.06 (.33)

50, 317 (146)
50, 317 (146)
22 445 (91)
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120, 280 (123)
80, 249 (156)
50, 366 (100)
250
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5.40
16.45
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5.73
17.36
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Widner B et al.
Schroecksnadel K et al.
Pertovaara M et al.

Xiang ZY et al.

Ozkan Y et al.

Lood C et al.

Maria NI et al.

Akesson K et al.

Anderson EW et al.
Eryavuz Onmaz D et al. (a)
Eryavuz Onmaz D et al. (b)
Kor A et al.

Eryavuz Onmaz D et al.
Apaydin H et al.

Eryavuz Onmaz D et al.
Park Y et al.

Tezkan D et al.

Yurt EF et al.

Overall (lI-squared = 92.9%, p = 0.000)

NOTE: Weights are from random effects analysis

Year

2000
2003
2005
2010
2012
2015
2016
2018
2021
2021
2021
2022
2022
2023
2023
2023
2023
2023

TIRRETAEN

SMD (95% Cl)

1.25 (0.83, 1.67)
1.40 (0.80, 2.00)
0.92 (0.69, 1.15)
2.81 (2.25, 3.37)
0.00 (-0.56, 0.56)
0.18 (-0.10, 0.45)
1.07 (0.76, 1.38)
0.51(0.11, 0.91)
0.90 (0.56, 1.24)
1.14 (0.67, 1.61)
-0.93 (-1.35, -0.52)
0.53 (0.11, 0.95)
1.17 (0.90, 1.45)
0.63(0.17, 1.10)
2.46 (2.05, 2.87)
0.27 (-0.15, 0.69)
0.93 (0.61, 1.26)
0.70 (0.35, 1.04)
0.88 (0.55, 1.21)

N, mean
(SD); Treatment

55, .046 (.021)
38, .043 (.009)
103, .034 (.014)
30, .124 (.058)
32, .062 (.027)
148, .06 (.0181)
124, .107 (.035)
132, .019 (.015)
74, .045 (.02)
35, .281 (.23)
50, .0775 (.05)
50, .0628 (.0726)
120, .078 (.0425)
34, .0433 (.0222)
80, .0806 (.0329)
81, .892 (.919)
81, .0728 (.0695)

104, .0432 (.0153)

1371

N, mean
(SD); Control

49, .026 (.007)
20, .032 (.005)
309, .026 (.006)
80, .037 (.008)
20, .062 (.011)
79, .057 (.0143)
71, .074 (.0215)
30, .012 (.0048)
74, .031 (.009)
50, .112 (.0175)
50, .112 (.0175)
41, .0333 (.0195)
120, .039 (.02)
42, .0333 (.0074)
80, .0204 (.0107)
30, .676 (.202)
80, .026 (.014)
50, .0337 (.0093)
1275

-

o

Weight

5.53
5.05
5.91
5.16
5.17
5.84
5.77
5.58
5.71
5.42
5.55
5.93
5.84
5.42
5.95
5.93
5.74
5.70
100.00
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Study
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Csipo | et al.

Widner B et al.
Schroecksnadel K et al.
Pertovaara M et al.
Xiang ZY et al.

Ozkan Y et al.

Lood C et al.

Maria NI et al.
Smolenska Z et al.
Akesson K et al.
Urbaniak B et al.
Smolenska Z et al.
Zhou Y et al. (a)

Zhou Y et al. (b)
Eryavuz Onmaz D et al. (a)
Eryavuz Onmaz D et al. (b)
Kor A et al.

Eryavuz Onmaz D et al.
Apaydin H et al.
Eryavuz Onmaz D et al.
Park Y et al.

Tezkan D et al.

Yurt EF et al.

Overall (I-squared = 93.6%, p = 0.000)

NOTE: Weights are from random effects analysis

Year

1995
2000
2003
2005
2010
2012
2015
2016
2016
2018
2019
2020
2020
2020
2021
2021
2022
2022
2023
2023
2023
2023
2023

SMD (95% Cl)

-2.35 (-2.95, -1.75)
-1.30 (-1.72, -0.87)
-2.09 (-2.75, -1.42)
-0.40 (-0.62, -0.17)
-2.86 (-3.43, -2.30)
0.08 (-0.48, 0.64)

-0.30 (-0.57, -0.03)
-1.34 (-1.66, -1.02)
-0.03 (-0.56, 0.51)
-0.24 (-0.64, 0.16)
-0.44 (-0.84, -0.05)
-0.77 (-1.27, -0.27)
2.00 (1.37, 2.62)

0.85 (0.33, 1.37)

-0.09 (-0.53, 0.34)
-0.72 (-1.12, -0.31)
-0.49 (-0.91, -0.07)
-0.34 (-0.60, -0.09)
-0.89 (-1.36, -0.41)
-0.59 (-0.91, -0.28)
-3.05 (-3.63, -2.47)
-0.50 (-0.81, -0.18)
-0.71 (-1.08, -0.37)
-0.71 (-1.03, -0.39)

Patients
N, mean (SD)

29, 38.2 (9.7)
55, 54.6 (13.6)
38, 45.1 (7.1)
103, 74 (13.2)
30, 30.6 (4.1)
32, 43.9 (15.6)
148, 49.9 (15.2)
124, 6147 (1008)
46, 47.7 (13.3)
132, 56.6 (23)
50, 45.5 (10.9)
42,32.5 (9.6)
30, 103 (30.8)
32, 79.5 (38.2)
35, 11694 (7076)
50, 9165 (4250)
50, 10244 (9699)
120, 9444 (4334)
34, 10700 (2313)
80, 38 (26)
81, 18 (4.2)

81, 7673 (4400)
104, 9530 (1869)
1526

CTRL
N, mean (SD)

46,63.1 (11.1)
49,715 (12.4)
20, 64.8 (12.8)
309, 79.4 (13.7)
80, 43.4 (4.8)

20, 42.9 (6.6)

79, 54.1 (11.4)
71, 8201 (2163)
19, 48.2 (26.8)
30, 61.8 (14)

51, 50.3 (10.8)
27,40.8 (12.3)
30, 54.6 (14.2)
30, 54.6 (14.2)
50, 12215 (4255)
50, 12215 (4255)
41, 17175 (18310)
120, 10908 (4274)
42, 12804 (2421)
80, 54 (28)

30, 30.5 (3.8)

80, 10032 (5107)
50, 10958 (2253)
1404

%
Weight

4.08
4.39
3.96
4.65
415
4.16
4.59
4.54
4.21
443
4.44
427
4.04
4.23
4.38
4.42
4.40
4.62
4.31
4.55
412
4.55
4.51
100.00
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-

SMD (95% Cl)

-2.09 (-2.75, -1.42)
0.08 (-0.48,'0.64)

-0.03 (-0.56, 0.51)
-0.44 (-0.84. -0.05)
0.85 (0.33, 1.37)

-0.49 (-0.91, -0.07)
-0.34 (-0.99, 0.31)

-0.40 (-0.62, -0.17)
-1.34 (-1.66, -1.02)
-0.89 (-1.36, -0.41)
-0.59 (-0.91, -0.28)
-3.05 (-3.63, -2.47)
-1.22 (-1.92, -0.52)
-1.30 (-1.72, -0.87)
-2.86 (-3.43, -2.30)
-0.30 (-0.57, -0.03)
-0.24 (-0.64, 0.16)
-1.15 (-2.15, -0.15)

2.00 (1.37, 2.62)
-0.09 (-0.53, 0.34)
-0.72 (-1.12, -0.31)
0.38 (-1.02, 1.77)

-0.71 (-1.03, -0.39)

Patients
N, mean (SD)

248

103, 74 (13.2)
124, 6147 (1008)
34, 10700 (2313)
80, 38 (26)
81, 18 (4.2)

422

55, 54.6 (13.6)

30, 30.6 (4.1)

148, 49.9 (15.2)

132, 56.6 (23)
65

30, 103 (30.8)
35, 11694 (7076)
50, 9165 (4250)
115

120, 9444 (4334)
81, 7673 (4400)
104, 9530 (1869)
305

1526

CTRL
N, mean (SD)

181

309, 79.4 (13.7)
71, 8201 (2163)
42, 12804 (2421)
80, 54 (28)

30, 30.5 (3.8)
532

30, 54.6 (14.2)
50, 12215 (4255)
50, 12215 (4255)
130

120, 10908 (4274)
80, 10032 (5107)
50, 10958 (2253)
250

1404

25.40

4.65
4.54
4.31
4.55
412
22.16

4.39
4.15
4.59
17.57
4.04
4.38

4.42
12.85

4.62

13.67
100.00
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Dataset Platform
GSE92415 GPLI3158
GSE100927 GPL17077
GSE87473 GPLI3158
GSE28829 GPL570

Samples

87 patients and 21 controls
69 patients and 35 controls
106 patients and 21 controls

13 early AS and 16 advanced AS

Disease
uc
AS
uc

AS

Group
Discovery cohort
Discovery cohort
Validation cohort

Validation cohort

Reference (PMI
23735746
29500419
29401083

22388324

AS, atherosclerosis; UC, ulcerative colitis.
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Glycocalyx constituents Properties and Functions

PROTEOGLYCAN: Syndecan-1 « Transmembrane proteoglycan containing heparan sulphate and chondroitin sulphate GAG chains
« Binds chemokines and prevents them from interacting with their receptors
« Serves as a cofactor for antithrombin
« Release of heparan sulphate chains promotes inflammation

Glypican-1 « Glycosylphosphatidylinositol anchored proteoglycan containing solely heparan sulphate GAG chains
« Regulates endothelial cell inflammation, proliferation and endothelial cell-to-mesenchymal transition
« Regulates arterial stiffness
« Loss of glypican-1 is associated with decreased NO synthesis

GAG Hyaluronan + Preserves vascular integrity and homeostasis
« Serves as a scaffold and microdomain for the binding and clustering of different receptors
« Increased HA expression is associated with proteinuria
« HA shedding and cleavage promotes inflammation

GLYCOPROTEINS: Selectins « E-selectin and P-selectin bind leukocytes through their glycosylated ligand and mediates their capture, resulting in their
tethering and rolling on endothelial cells
« Increased expression in inflammatory conditions
« Increased in the glomerulus and interstitial microvasculature in lupus-prone mice

VCAM-1 « Regulates tethering and firm adhesion of leukocytes and lymphocytes by binding to 0:4B1 integrin (VLA-4) and B2
integrin on immune cells
« Weakly expressed in glomerular endothelial cells and proximal tubular epithelial cells in the normal kidney, increased
expression in proliferative LN.
« Expression is increased by cytokines, ROS, oxidized LDL
« Release of VCAM-1 is associated with endothelial cell activation
« VCAM-1 preserves its function in soluble form

ICAM-1 + Regulates rolling, adhesion and crawling of leukocytes through its interaction with B2 integrin on leukocytes
+ Contributes to LN progression

PECAM-1 « Regulates leukocyte extravasation

Integrins « Regulates endothelial cell and extracellular matrix interaction
« Contribute to adhesion of leukocytes and platelets to the endothelium

Thrombomodulin | « Possesses anticoagulant and anti-inflammatory properties
« Inhibits blood coagulation
« Binds thrombin and activates Protein C

PLASMA PROTEINS:  Albumin + Binds to proteoglycans and contributes to the structural integrity and thickness of the glycocalyx
« Transports sphingosine-1-phosphate, which when bound to its receptor, inhibits MMP activation and secretion, and
prevents degradation of proteoglycans

Antithrombin « Binds to heparan sulphate and acts as a thrombin inhibitor

GAG, glycosaminoglycan; ICAM-1, intracellular cell adhesion molecule-1; MMP, matrix metalloproteinase; PECAM-1, platelet endothelial cell adhesion molecule-1; VCAM-1, vascular cell
adhesion molecule-1.
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Functions of the glycocalyx

Sequesters cytokines, chemokines and growth factors, preventing
their interaction with their respective cell surface receptors.

Binds albumin which stabilizes the glycocalyx structure.

Limits the interaction of leukocytes with selectins and cell
adhesion molecules.

TM binds thrombin (black circle), which prevents its interaction
with platelets and coagulation factors.

Lupus nephritis

oeo®®® e s “‘,«' - e

Activated
VCAM-1

Activated
icam-1 © @

Shedding of the glycocalyx

* Release of cytokines, chemokines and growth factors triggering
downstream inflammatory and fibrotic processes.

Unmasks ICAM-1 and VCAM-1 permitting them to bind
leukocytes.

« Binding of thrombin to platelets to initiate coagulation processes.

* Increased proteinuria, kidney function deterioration and
glomerular injury.
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FUNCTION

PERMSELECTIVITY BARRIER « Prevents circulating blood cells from permeating blood vessels
« Filters small molecules
« Restricts transvascular protein leakage
« Prevents oedema by restricting passage of water and colloids through transendothelial and paracellular pathways
« Regulates fluid shift and maintains fluid volume by acting as a negatively charged sieve

VASCULAR TONE + Retains protective enzymes e.g. superoxide dismutase, which maintains NO bioavailability
+ Regulates eNOS
« Regulates redox state

MECHANORECEPTOR « Senses shear stress induced by viscous blood flow
« 1 fluid shear increases NO production — dilates blood vessels
« High shear stress increases albumin uptake resulting in a thicker glycocalyx

ANTI-COAGULATION « Maintains the antithrombotic property of endothelial cells

CELL-TO-CELL COMMUNICATION + Preserves gap junctions through its attachment to the cytoskeleton of endothelial cells
« Prevents platelet aggregation and thrombosis
« Reduces endothelial cell contact with cellular and macromolecular components in the bloodstream
« Provides a framework to bind plasma proteins
« Prevents leukocyte-endothelial cell interaction

1, increase; —, resulting in.
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a

Comparator Protein

Log fold change

Average expression

AA_DX VISTA -2.342 13.49 -12.18 1.32E-28 6.84E-27
CD66b -5.126 13.18 -11.23 3.25E-25 8.46E-24
STING -2.635 14.3 -7.831 3.54E-14 6.14E-13
ARG1 -1.491 11.84 —6.699 4.71E-11 5.41E-10
CD45 -1.387 15.23 —6.682 5.20E-11 5.41E-10
PR 1.368 9.935 6.2 8.66E-10 7.02E-09
S100B 1.796 12.81 6.184 9.45E-10 7.02E-09
MART1 1.203 9.925 5.337 8.95E-08 5.81E-07
Her2 1.071 10.23 4.983 5.12E-07 2.96E-06
Ki-67 -1.576 12.8 —4.869 8.80E-07 4.53E-06
CD163 1.64 11.32 4.851 9.58E-07 4.53E-06
FAP-alpha 0.9578 10.54 4.618 2.81E-06 1.22E-05
Beta-2-microglobulin —0.6059 12.22 —-3.552 2.20E-04 8.80E-04
GZMB —-0.6705 13.06 -3.375 4.14E-04 0.002
B7-H3 0.7707 11.65 3344 4.61E-04 0.002
1COs 0.7085 9.991 3.149 8.97E-04 0.002
Fibronectin I 1.268 14.82 3.146 9.05E-04 0.002
Bdl-2 0.6046 11.9 2.525 0.006 0.017
CD14 0.7191 13.66 2.495 0.007 0.018
CD40 0.5862 9.84 2.362 0.009 0.024
EpCAM 0.7074 8.988 2.359 0.009 0.024
CD68 -0.5879 16.42 -2.139 0.017 0.039

AA_PROG CD66b -3.341 13.18 ~7.189 2.30E-12 119E-10
CD45 -1.276 15.23 =5.967 3.19E-09 8.30E-08
VISTA -1.145 13.49 ~4.882 8.29E-07 1.20E-05
CD163 1.636 11.32 4.859 9.22E-07 1.20E-05
B7-H3 0.7994 11.65 3.57 2.06E-04 0.002
ARGl -0.8308 11.84 -3.188 7.87E-04 0.007

| FAP-alpha 0.6383 10.54 2.585 0.005 0.038
MART1 0.6988 9.925 2.525 0.006 0.039

PGF CD66b -3.643 13.11 -8.282 4.32E-16 224E-14
CD45 -1.318 15 -6.282 3.32E-10 8.63E-09
CD163 1.966 11.54 6.103 9.61E-10 1.58E-08
VISTA -1.364 13.41 -6.063 1.22E-09 1.58E-08
B7-H3 1.157 11.8 6.02 1.56E-09 1.62E-08
ARG1 -1.054 11.72 —4.326 8.96E-06 1.06E-04
IDO1 1.259 9.463 4219 1.43E-05 1.40E-04
CD14 0.885 13.78 3.54 2.17E-04 0.001
$100B 1.035 12.86 3.05 0.001 0.007
PTEN -0.6757 10.46 -2974 0.002 0.008
NY-ESO-1 -0.6233 11.05 -2.921 0.002 0.009
Tim-3 0.6371 11.74 231 0.011 0.041
CD45RO —-0.5795 11.85 -2.299 0.011 0.041
HLA-DR 0.7142 14.63 2.299 0.011 0.041

GGF CD45 -1.028 15 -4.526 3.66E-06 1.06E-04
CD44 -1.72 13.18 -4.503 4.07E-06 1.06E-04
VISTA -0.9085 13.41 -3.497 2.53E-04 4.39E-04
ARG1 —0.8961 11.72 -3.369 4.03E-04 0.005
CD1lc 0.8062 13.4 2643 0.004 0.041
B7-H3 0.6522 11.8 2,603 0.005 0.041

2As this analysis used predesigned panels, it included markers that are not known to be expressed in the BM, such as MART1, Her2, and NY-ESO-1. These markers were included in the statistical
analysis but were not considered further for the dissection of tissue pathology.
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Comparis g fold change Average expression p-value adj p-value
AA_DX vs. AA_PROG | STING -2.088 143 -5.452 4.98E-08 2.59E-06
‘ VISTA -1.197 13.49 ~5.003 4.64E-07 1.21E-05
CDé6b -1.785 13.18 -3.329 4.92E-04 0.009
CD34 -0.8491 12.46 -3.198 7.62E-04 0.010
‘ S100B 1.054 12.81 3.028 0.001 | 0.014
PR 0.7754 9.935 2726 0.003 0.029
PGEF vs. GGF CDé66b -2.355 13.11 -5.139 1.90E-07 9.89E-06
‘ CD163 1172 11.54 3395 3.68E-04 0.007
CD44 1328 13.18 3372 3.99E-04 0.007
AA_DX vs. PGF STING ~2.033 145 -5.413 4.58E-08 238E-06
CcD3 1132 12.88 3814 7.58E-05 1 0.001
VISTA -0.9908 13.41 -3.8 8.02E-05 0.001
Her2 0.8201 10.19 3214 6.91E-04 0.009
Ki-67 ~1.107 12,96 -3.021 0.001 0012
PR 0835 9.977 3.002 0.001 0012
MARTI1 ‘ 07998 9.886 273 0.003 0.024
cp27 06077 10.77 2642 0.004 0026
Beta-2-microglobulin -0.5392 12.24 -2.616 0.005 0.026
CD66b -1.43 13.11 =2.592 0.005 0.026

“As this analysis used predesigned panels, it included markers that are not known to be expressed in the BM, such as MART1, Her2, and NY-ESO-1. These markers were included in the statistical
analysis but were not considered further for the dissection of tissue pathology.
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Healthy controls Patients with rheumatic diseases

Trp T | SR
Kyn/Trp
fon o KynA/
Age KynA KynA % A
(Mean o 3HK - (Mean or 3HK Ou?,nA/
median) 3HAA median) 3HAA K
ynA
(Mean + (Mean +
sD) * sp) (Meanz
SD)
Csipo I et al., 1995, Hungary 16 NR NR  631%1L1 NR 29 50 NR | 38297 NR
(26) NR NR NR NR
NR NR NR NR
NR NR NR NR
NR NR
Widner B et al,, 2000, Austria 49 38 28/ | 715124 NR 55 41 10/ 546%136 NR
@7 21 1.84 + 0.61 0.026 + 45 | 253£122 0.046 +
NR 0.007 NR 0.021
NR NR NR NR
NR NR NR NR
Schroecksnadel K et al., 2003, 20 50 NR 648128 NR 38 57 236 | 45.1%7.1 NR
Austria (28) 198 +0.54 0032 + 19 +0.57 0043 +
NR 0005 NR 0.009
NR NR NR NR
NR NR NR NR
Pertovaara M et al., 2005, 309 45 170/ | 794 £13.7 NR 103 60 7196 | 74+132 NR
Finland (29) 139 205+048 0.026 + 253 + 105 0.034 +
NR 0.006 NR 0.014
NR NR NR NR
NR NR NR NR
Xiang ZY et al., 2010, China 80 34 37/ 134+ 46 NR 30 35 525 | 30.6+4.1 NR
(30) 12 154 +0.36 0037 + 3724056 0.1236 +
252465 0.008 60.3 +59 0.058
NR 166+ 3.2 NR 162+27
NR NR NR NR
Ozkan Y et al,, 2012, Turkey 20 62 416 429:66 NR 32 59 527 | 439 +156 NR
(31) 271 £ 0.65 0.062 + 2556 + 0.56 0.062 +
NR 0011 NR 0.027
NR NR NR NR
NR NR NR NR
Lood C et al,, 2015, Sweden 79 48 10/ | 541114 NR 148 47 22/ | 499152 NR
(32) 69 1.85 + 0.61 0057 + 126 1.85+0.66 006 +
NR 00143 NR 0.0181
NR NR NR NR
NR NR NR NR
Maria NI et al., 2016, The 71 52 5/66 8,201 + NR 124 58 8/ 6,147 + NR
Netherlands (33) 2,163 0.074 + 116 1,008 0.107 +
584 + 188 0.0215 613 £219 0.035
NR NR NR NR
NR NR NR NR
NR NR
Smolenska Z et al., 2016, 19 41 2/17 | 482268 NR 46 12 4/42 | 477 +133 NR
Poland (34) NR NR NR NR
NR NR NR NR
NR NR NR NR
NR NR
Akesson K et al,, 2018, Sweden 30 47 NR 61.8 + 14 0.38 +0.15 132 48 NR 56.6 + 23 0.546 +
(35) 0712 % 0012 + 0966 + 048
0.230 0.0048 0530 0.045 =
NR NR NR 0.02
NR NR NR NR
NR NR NR
Urbaniak B et al,, 2019, Poland | 51 32 10/ 503 +10.8 NR 50 51 5/45 | 455109 NR
(36) 41 NR NR NR NR
NR NR NR NR
NR NR NR NR
NR NR
Smolenska Z et al., 2020, 27 NR 735 408 +12.3 NR 12 60 NR | 32596 NR
Poland (37) NR NR NR NR
NR NR NR NR
NR NR NR NR
NR NR
Zhou Y et al. (a) 2020, China 30 47 16/ | 546142 NR 30 34 20/ 1025 + NR
(38) 14 NR NR 10 308 NR
NR NR NR NR
NR NR NR NR
NR NR
NR
Zhou Y et al. (b) 2020, China 30 47 16/ | 546142 NR 32 44 14/ | 795%382 NR
(38) 14 NR NR 18 NR NR
NR NR NR NR
NR NR NR NR
NR NR
Anderson EW et al,, 2021, 74 36 NR NR NR 74 38 NR NR NR
USA (39) NR 0.031 + NR 0.045 +
NR 0.009 NR 0.02
NR NR NR NR
NR 9.13 + 444 NR 18.0 + 109
Eryavuz Onmaz D et al. (a) 50 42 27/ 12215 + 193+67 | 35 10 24/ 11,694 = 232+ 87
2021, Turkey (40) 23 4255 0.1125 + 11 7,076 0281 +
317 + 146 00175 1217 + 918 0230
6.07 £ 2.65 NR 439 +2.04 NR
2.1 £081 NR 262+ 165 NR
634+3.08 524 +295
Eryavuz Onmaz D et al. (b) 50 42 27/ 12,215 + 193+ 67 50 40 31/ 9,165 + 17.7 + 49
2021, Turkey (40) 23 4,255 0.1125 + 19 4,250 0.0775 +
317 £ 146 0.0175 431 £ 163 0.05
6.07 £ 2.65 NR 5.18 + 3.00 NR
21081 NR 273+ 173 NR
634 +3.08 524 +295
Kor A etal,, 2022, Turkey (41) | 41 54 10/ 17,175 + NR 50 59 13/ 10,244 = NR
31 18,310 00333 + 37 9,699 0.0628 +
707 + 932 00195 669 + 761 0.0726
NR NR NR NR
NR NR NR NR
NR NR
Eryavuz Onmaz D etal, 2022, | 120 41 51/ 10,908 + 17.7+74 | 120 41 55/ 9444 + 271163
Turkey (42) 67 4274 0.039 + 63 4334 0.078 +
280 + 123 0.02 781 + 520 0.0425
467 £3.11 NR 6.00 +327 NR
225+ 121 NR 452271 NR
553 +3.15 6.67 +3.81
Pellicano C et al., 2022, Italy 20 59 2118 NR NR 52 57 5/47 NR NR
(43) NR NR NR NR
542 +14.2 NR 68.6 +24.8 NR
NR NR NR NR
NR NR
Apaydin H et al,, 2022, Turkey | 42 54 3/39 12,804 = NR 34 53 2/32 10,700 £ NR
(44) 2421 00333 + 2313 0.0433 +
413 £ 104 0.0074 488 + 165 0.0222
NR NR NR NR
NR NR NR NR
NR NR
Jeon C et al,, 2023, Republic of | 22 33 22/0 NR NR 87 39 87/0 NR NR
Korea (45) 445 £ 91 NR 474 £ 147 NR
NR NR NR NR
NR NR NR NR
NR NR
Eryavuz Onmaz D etal, 2023, | 80 51 4/76 54 %28 90 + 44 80 52 3177 38+ 26 165 £ 61
Turkey (46) 1.06 +0.33 0.0204 + 349 +2.97 0.0806 +
193 + 114 0.0107 303 +217 0.0329
166 + 15.8 18312 213+193 | 10159
352343 | 542+384 472£274 | 659501
Park Y et al, 2023, Republic of | 30 NR NR 305 +3.8 329+25 81 53 2/79 18+42 108+ 67
Korea (47) 198+5 0.676 + 174 + 68 0.892 +
NR 0202 NR 0.919
NR NR NR NR
NR NR NR NR
Tezkan D et al,, 2023, Turkey 80 35 38/ 10,032 = 1096 = 81 34 40/ 7,673 £ 2137 £
(48) 12 5,107 3.82 41 4,400 15.78
249 + 156 0.026 + 406 + 288 0.0728 +
446 +3.34 0.14 260 + 1.96 0.0695
403 +1.84 NR 739 +2.84 NR
5.85+3.77 NR 7.17 +2.89 NR
Yurt EF et al, 2023, Turkey 50 12 22/ 10,958 + NR 104 45 50/ 9,530 + NR
(49) 28 2,253 00337 + 54 1,869 0.0432 +
366 + 100 0.093 414 £ 86 00153
NR NR NR NR
NR NR NR NR
NR NR

F, female; M, male; NR, not reported; Trp, tryptophan; Kyn, kynurenine; KynA, kynurenine acid; QuinA, quinolinic acid, 3HK, 3-hydroxykynurenine; 3HAA, 3-hydroxyanthranilic acid; Kyn/
Trp, kynurenine to tryptophan ratio; KynA/Kyn, kynurenine acid to kynurenine ratio; QuinA/KynA, quinolinic acid to kynurenine acid ratio.
Concentrations are expressed in a) umol/L or ng/mL for Trp and Kyn, and b) nmol/L or ng/mL for KynA, 3HAA, 3HK, and Quin A.
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Study
Name Year
Anderson EW et al. 2021

Eryavuz Onmaz D etal. 2023

Overall (I-squared =91.3%, p =0.001)

NOTE: Weights are from random effects analysis

SMD (95% Cl)

——————— 1.07(0.72, 1.41)

0.26 (-0.05, 0.57)

-0 0.66 (-0.13, 1.45)

Patients
N, mean (SD)

74,18 (10.9)

80, 6.59 (5.01)

154

CITRL
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Xiang ZY et al. 2010

Eryavuz Onmaz D etal. 2023

Overall (I-squared =86.5%, p = 0.006) 0»

NOTE: Weights are from random effects analysis

SMD (95% Cl)

-0.13 (-0.55, 0.29)

-0.87 (-1.19, -0.54)

-0.51 (-1.23, 0.21)

Patients
N, mean (SD)
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80, 10.1 (5.9)

110

CTRL
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Weight
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Study Patients CIRL %

Name Year SMD (95% Cl) N, mean (SD) N, mean (SD) Weight
Akesson K et al. 2018 E 0.38 (-0.02,0.78) 132, .546 (.48) 30, .38 (.15) 14.07
Eryavuz Onmaz D et al. (a) 2021 —Oi— 0.51(0.08,0.95) 35, 23.2(8.7) 50,19.3 (6.7) 13.65
Eryavuz Onmaz D et al. (b) 2021 i -0.27 (-0.67,0.12) 50, 17.7 (4.9) 50,19.3 (6.7) 14.11
Eryavuz Onmaz D et al. 2022 —io— 0.74 (0.48,1.00) 120,27.1 (16.3) 120,17.7 (7.4) 15.30
Eryavuz Onmaz D et al. 2023 i —— 1.41(1.06,1.76) 80, 165 (61) 80, 90 (44) 14.57
Park Y et al. 2023 i ——— 1.28(0.82,1.73) 81,10.8 (6.7) 30,3.29 (2.5) 13.52
Tezkan D et al. 2023 : 0.90 (0.58,1.23) 81,21.4(15.8) 80, 11 (3.82) 14.77

Overall (lI-squared = 88.1%, p = 0.000) 0.71 (0.31,1.11) 579 440 100.00

O‘

NOTE: Weights are from random effects analysis
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Eryavuz Onmaz D et al. (b) 2021

Eryavuz Onmaz D et al. 2022
Eryavuz Onmaz D et al. 2023
Tezkan D et al. 2023

Overall (I-squared =87.7%, p = 0.000)

NOTE: Weights are from random effects analysis

i

SMD (95% Cl)

0.42 (-0.01, 0.86)

0.47 (0.07, 0.86)

1.08 (0.81, 1.395)

0.27 (-0.04, 0.58)

1.40 (1.06, 1.75)

0.74 (0.30, 1.18)

Patients
N, mean (SD)

35, 2.62 (1.65)

50, 2.73 (1.73)

120, 4.52 (2.71)

80, 21.3 (19.3)

81, 7.39 (2.84)

366

CIRL
N, mean (SD)

50, 2.1 (.81)

50, 2.1 (.81)

120, 2.25 (1.21)

80, 16.6 (15.8)

80, 4.03 (1.84)

380

Yo

Weight

18.74

19.36

21.15

20.62

20.14

100.00
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Overall (I-squared = 83.0%, p = 0.000)

NOTE: Weights are from random effects analysis

SMD (95% Cl)

-0.36 (-0.80, 0.07)

-0.55 (-0.95, -0.15)

0.33 (0.07, 0.58)

0.39 (0.07, 0.70)

0.39 (0.08, 0.71)

0.06 (-0.30, 0.42)

Patients
N, mean (SD)

35, 5.24 (2.95)

50, 4.83 (2.34)

120, 6.67 (3.81)

80, 47.2 (27.4)

81, 7.17 (2.89)

366

CIRL
N, mean (SD)

50, 6.34 (3.08)

50, 6.34 (3.08)

120, 5.53 (3.15)

80, 35.2 (34.3)

80, 5.85 (3.77)

380

(o]

Weight

18.04

18.82

21.80

20.66

20.68

100.00
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Study
Name Year
Xiang ZY et al. 2010

Eryavuz Onmaz D et al. (a) 2021

Eryavuz Onmaz D et al. (b) 2021

Eryavuz Onmaz D et al. 2022
Pellicano C et al. 2022
Eryavuz Onmaz D et al. 2023
Tezkan D et al. 2023

Overall (lI-squared = 97.2%, p = 0.000)

NOTE: Weights are from random effects analysis

SMD (95% Cl)

5.53 (4.68, 6.38)
-0.69 (-1.14, -0.25)
-0.31 (-0.71, 0.08)
0.42 (0.16, 0.67)
0.64 (0.12, 1.17)
0.63 (0.32, 0.95)
-0.68 (-1.00, -0.36)

0.72 (-0.14, 1.59)

Patients
N, mean (SD)

30, 60.3 (5.9)

35, 4.39 (2.04)

50, 5.18 (3)

120, 6 (3.27)

52, 68.6 (24.8)

80, 30.3 (21.7)

81, 2.6 (1.96)

448

CTRL
N, mean (SD)

80, 25.2 (6.5)

50, 6.07 (2.65)

50, 6.07 (2.65)

120, 4.67 (3.11)

20, 54.2 (14.2)

80, 19.3 (11.4)

80, 4.46 (3.34)

480

%
Weight
13.05
14.36
14 .47
14.73
14.14
14.63
14.63

100.00
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Ozkan Y et al.

Kor A et al.
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2003
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2022

Subtotal (lI-squared =82.3%, p = 0.004)
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Pertovaara M et al.
Maria NI et al.
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Eryavuz Onmaz D et al.
Park Y et al.

2005
2016
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Anderson EW et al.
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Subtotal (lI-squared =94.7%, p = 0.000)
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Eryavuz Onmaz D et al. (a)
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Subtotal (lI-squared = 56.5%, p = 0.100)
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NOTE: Weights are from random effects analysis
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120, .078 (.0425)
81, .0728 (.0695)
104, .0432 (.0153)
305
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Drug Target NEITH
Systemic treatment

Dupilumab anti-IL-4Rot Approved
for adult
patients
with PN

Nemolizumab  anti-IL-310 Phase 3

Phase 2

Vixarelimab anti-OSMRB Phase 2a

Tralokinumab | anti-IL-13 Open
application
observation

Benralizumab | anti-IL5R0 Phase 2

Barzolvolimab | Tyrosine Phase 1

kinase

KIT receptor

Abrocitinib JAK1 Open
inhibitor application
observation
Tofacitinib JAKI and Case series
JAK3
inhibitor
Upadacitinib JAK1 Case series
inhibitor
Baricitinib JAK1 and Case reports
JAK2
inhibitor
Povorcitinib JAK1 Phase 2
inhibitor
Serlopitant NKIR Phase 3
antagonist
Phase 2

Nalbuphine KOR agonist | Phase 2b/3

and
MOR
antagonist
Phase 2
Topical treatment
PEA Cannabinoid  Open
receptor application
2 agonist observation
Aprepitant NKIR Phase 2
antagonist
Ruxolitinib JAK1 and Phase 3
JAK2
inhibitor

Key clinical data

A 24-point worst-itch NRS reduction at week 24 in the dupilumab and placebo arms
was achieved by 60.0% and 18.4% of patients, in PRIME (P < 0.001) and at week 12
by 37.2% and 22.0% of patients, respectively, in PRIME2 (P = 0.022).

At week 16, 56% of nemolizumab-treated patients achieved an >4-point reduction in
itch, as measured by the PP-NRS score, compared to 21% of placebo group (P

At week 4, the PP-NRS was reduced from baseline by 4.5 points versus 1.7 points in
the nemolizumab and placebo group (P < 0.001).

At week 8, LS-PCFB in worst-itch NRS score was -50.6% versus -29.4% in the
vixarelimab and placebo group (P = 0.03)

17 patients with PN-like phenotype AD show a significant reduction in mean itch-
NRS values as early as week 4
No data available yet

No data available yet

Significantly reduced 78.26% of PP-NRS from baseline to week 12 (P < 0.001)

Nine patients experienced significant relief of pruritus 1 week

Three patients reported rapid itch improvement within 3-7 days

Three patients reported significant itch relief within 1-12 weeks

No data available yet

Non-significant difference in worst-itch NRS at week 10 in both serlopitant and
placebo group in two trials

Significantly greater decrease from baseline in average itch NRS scores in the
serlopitant group at week 2 versus placebo group (P = 0.009)

Significantly more participants responding to nalbuphine with a >4-point reduction in
the worst-itch NRS compared with placebo at week 14 (24.7% vs 13.9%; P = 0.0157).

Itch reduction was significant among 66.7% subjects completing week 10 treated with
nalbuphine vs. placebo (40.0%; P = 0.03).

Significant relief in itching for 8/12 patients using a moisturizing cream
containing PEA.

No significant differences were found between aprepitant treatment and placebo for
any of the parameters investigated.

No data available yet

eferences

Yosipovitch G, et al,,
2023 (134)

NCT05052983
NCT04501666
NCT04204616
NCT04501679 Galderma,
2022 (45)

Stinder S, et al.2020 (142)

Sofen H, et al.2023 (162)

Pezzolo E, et al.2023 (141)

NCT05528913

NCT04944862

NCT05038982

Liu T, et al.2023 (117)

Gil-Lianes ],
et al.2023 (119)

Yin M, et al.2022 (120)
Pereira MP, et al. 2022
(121)

He Y, et al.2021 (122)

NCT05061693
NCT03677401
NCT03546816
NCT03540160

NCT03497975
Stinder S, et al, 2022 (163)

NCT02174419

Stinder S, et al. 2006 (159)

Tsianakas A, et al.
2019 (80)

NCT05755438
NCT05764161

PP-NRS, peak-pruritus numerical rating scale; LS-PCEB, least squares-mean percent change from baseline; OSMRB, oncostatin M receptor B chains NKIR, neurokinin 1 receptor; KOR, k-opioid

receptor; MOR, t-opioid receptor; PEA, N-palmitoyl ethanolamide.
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Pruritogen

Receptor

JAK-

TRP
channel

Evidence in PN-related pruritus

IL-4, IL-13

IL-31

OsM

IL-17

1L-22

TSLP

1L-6

Periostin

SP

CGRP

Cortistatin

NGF

VEGF

ET-1

IL-4Rav/y-chain, IL-4Ro/
IL-13Ral, IL-13Ro2

IL-31Ra/OSMRp
OSMRP/gp130,
LIFR/gp130
IL-17R

IL22R1/IL10R2,
IL22RA2

TSLPR/IL-7Ro.

IL-6R/gp130

Integrin receptor

avB3

NKIR, MRGPRX2

CGRP receptor
MRGPRX2

TrkA, p75NTR

VEGFR

ETAR, ETBR

STAT pathway

JAK2

!

STAT3,6

STAT1,3,5

STAT1,3,5

/

STAT1,3,5

STAT1,3,5

STATL,3

STAT3

/

IL-
13/TRPA1

TRPV1,
TRPA1

TRPV1,
TRPAL

TRPV4

TRPAI,
TRPV4

TRPV1,
TRPA1

TRPV1,
TRPAL

NKIR/
TRPV1

/

/

TrkA/
TRPV1

TRPV1

TRPAL

Plasma: IL-131, skin lesions: IL-4, IL-13 and IL-4R1, and IL-4 expression is
correlated with itching severity.

Serum: IL-311, skin lesions: IL-31, IL-31Ro. and OSMRPT, the intensity of
itching is related to the number of IL-31+ cells and IL-31Ro+ cells.

Skin lesions: OSMT, the intensity of itching is related to the number of OSM
+ cells.

Skin lesions: IL-17 and Th17 cellst.

Th22/IL-22 polarization in blood and lesional skin.

Skin lesions: TSLPRT.

Serum: IL-61 and is associated with itching severity. skin lesions: gene expression
of IL-61.

Plasma: periostint, skin lesions: periostin? and is associated with the severity
of itching.

Serum: SP1. skin lesions: the density of SP+ nerve fibers, NKIR and
MRGPRX21, and MRGPRX2 is correlated with itching severity.

Dermis: the density of CGRP+ nerve fibers?.
Skin lesions: cortistatin?. Ditto for MRGPRX2.

Skin lesions: NGF{. TrkA and p75NTR? in dermal nerve fibers.

VEGF1 in both skin lesions and serum and correlates with the disease severity.

ET-11 in both skin lesions and serum. ETBR/ in skin lesions

OSM, oncostatin M; TSLP, thymic stromal lymphopoietin; SP, Substance P; CGRP, calcitonin gene-related peptide; NGF, nerve growth factor; VEGF, vascular endothelial growth factor; ET-1,
Endothelin-1; LIFR, leukemia inhibitory factor receptor; NKIR, neurokinin 1 receptor; MRGPRX2, Mas-related G protein-coupled receptor member X2; TrkA, tropomyosin receptor kinase A;
p75NTR, p75 neurotrophin receptor; JAK-STAT, janus kinases-signal transducer and activator of transcription proteins;TYK2, tyrosine kinase 2; TRP, transient receptor potential; TRPAI, TRP
ankyrin 1;TRPV1, TRP vanilloid 1.
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agen Manufacturer Concentration ThO Thl Thi7 Treg
Human IL-2 BioLegend; #589104 30 U/mL + + + +
‘ Mouse IL-12 BioLegend; #577002 15 ng/mL . +
anti-mouse IL-4 (11B11) BioLegend; #504102 5000 ng/mL + + #
Mouse IL-4 v BioLegend; #574302 10 ng/mL +
anti-mouse IFNY (XMG1.2) | BioLegend; #505802 5000 ng/mL + + +

Human TGF-B R&D Systems; #240-B 3 ng/mL + +

Mouse IL-6 BioLegend; #575702 20 ng/mL +
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CcD4* cpg* CcD4* cbgt cbg*

PCT(%) Count PCT(%) PCT(%) PCT(%) Count PCT(%)

Duration (year) =-0.5583 07381 r=-0.6484 =-04110 001229
p=0.0627 p=08184 Pp=0.0352 p=02090 Pp=09037 Pp=09981
Lund-Mackay r=0.01645 =03905 £=0.1309 r=0.7317 r=0.7171 =0.09433 r=-007952 1=0.01620
Pp=09595 p=02351 p=0.7012 p=09412 p=0.0250 p=0.0297 p=0.7381 p=07782 p=09562 Pp=0.4337
WBC# £=0.2884 r=0.4863 =0.6970 r=-04854 r=004184 =02298 1=0.1540 r=001322 r=0.4466 r=0.1545
p=0.4196 Pp=0.1565 p=0.0306 p=0.1875 p=09223 Pp=05493 p=05968 p=09659 p=0.1105 p=05979
NEUZ =0.5951 =05410 £=0.6000 =0.01667 =0.1167 r=0.1187 =03934 r=02794 r=02264 1=0.08159
p=0.1099 p=0.0734 19816 p=0.7756 Pp=07733 p=0.1652 3304 P=0.4356 p=07812
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Ly# =03610 r=05125
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1Y% =-0.8763 =0.6350 =0.1946 r=0.4220 1=04609
p=0.0009 P=0.0485 Pp=0.6158 p=02579 =0.0972
Mo# 1429 r=04730 =001312 04924
.6937 p=0.1673 p=09733 p=08673
MO% r=-0.6422 02692 =008927 1=-0.3780 1344 r=02642
p=0.0453 p=0.4520 8193 p=03159 Pp=06451 p=03614

WABC, Leucocyte; NEU, Neutrophils LY, Lymphocyte; MO, Monocyte; #: Peripheral blood cell count; %: Peripheral blood cell percentage.
Correlations at p < 0.05 are shown in red.
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Cases Controls

Criteria for the

fublicationiiRerion Sexratio(M/ ~Mean Sexratio(M/ ~ Mean classification of | easurement
veal Gl (po/ ) (py/ AS bpe
mL) mL)
Daoussis D, et al (41) 2010 Greece Cross- 15 35010 oo | 062 50 25025 237500 | 87540 0.040 ACR ELISA
sectional
Wang SY, et al (42) 2011 China | Case-control | 30 NA 40290 | 228360 | 40 7133 319890 | 228360 0.134 NA ELISA
Shan ZX, et al (43) 2011 China | Case-control | 47 39/8 196596 12004 | 20 NA 136300 | 10165 <005 NA ELISA
Sui Ly et al (44) 2011 China | Case-control | 14 1 356000 83000 | 20 1010 €7000 | 165000 <001 ACR ELISA
Elshishtawy H, et al 2012 America | Cross- 30 2713 agro | B0 | 2 182 163530 | 26740 <0001 ACR ELISA
(15) sectional
Kim T), et al (16) 2012 Korea | Case-control | 49 ass 380 | 38570 | 53 4716 23060 | 23588 >005 ACR ELISA
Kwon SR, et al (47) 2012 Korea | Casecontrol | 56 4719 1232100 | 613600 | 40 319 2081100 | 56700 <0.001 ACR ELISA
Liu H, et al (48) 2012 China | Case-control | 60 NA 2003000 359000 | 30 NA 1521000 | 260000 <0.05 NA ELISA
Korkosz M, et al (49) 2013 Poland Si:’;;al ke 218 a7 | s2ar | 2 NA Bas0 | wsez | O AR ELEA
Korkosz M, et al (49) 2013 Poland si'l‘::ﬂ 2 NA 20 | earas | 2 NA ez | wee | 0% ACR Fuisa
Tuylu T, etal (50) 2014 Turkey | Case-control | 45 3213 191100 134400 | 68 18/20 67200 | 59200 <0001 ACR ELISA
Tuylu T, et al (50) 2014 Turkey | Case-control | 49 33/16 172700 108300 | 68 18/20 67200 | 59200 <001 ACR ELISA
Ustun N, etal (51) 2014 Turkey :L:’::sl 4 34110 31496 | 19673 | 41 NA 61334 | 86186 0062 ACR ELISA
Zhang YT, et al (52) 2014 China | Case-control | 30 2505 81965 20456 | 20 1713 159150 | 3392 <005 NA ELISA
Kong WP, et al (53) 2014 China | Case-control | 45 35/15 162579 134217 | 40 319 28097 | 121625 <005 ACR ELISA
‘ Zhou Y5, et al (51) 2014 China S:Z"::ml 81 60124 3627.00 | 380519 79 1435 368000 | 460519 0276 ACR ELISA
Zhou Y, et al (54) 2014 China Coous 81 60124 724 7.34 79 44/35 915 594 <0.001 ACR ELISA
sectional
| Xie M, etal (5) 2015 China | Case-control | 75 6718 6560 2340 | 70 6119 9470 3250 <001 ACR ELISA
‘ Xie M, et al (56) 2015 China | Casecontrol | 55 817 7260 | 250 | 45 369 9800 3180 <001 ACR ELISA
| Cui YE et 57) 2015 China | Casecontrol | 51 a0 23380 4290 | 15 NA 171870 | 26040 0,001 ACR ELISA
Huang JX, etal (58) 2016 China | Case-control | 43 3478 91450 40780 | 42 32710 172010 | 35290 0028 ACR ELISA
SuXJ, etal (59) 2016 China | Case-control | 45 36/9 195686 5502 50 39711 20702 9588 <005 ACR ELISA
Rossini M, et al (60) 2016 Tualy ﬁi::;l 71 son2 66824 | 37571 71 NA 85066 | 45601 0009 ACR ELISA
(5;:‘:“'"“" Shiged 2007 e si’l‘::liﬂ 57 5304 162950 92863 | 34 np 138880 | 78076 011 ACR ELISA
Niu CC, etal (62) 2007 China | Case-control | 6 s 3798 | 4810 9 27 79250 | 30860 <001 NA ELISA
Bai ), etal (63) 2007 China | Case-control | 46 3016 72000 | 15000 | 38 28710 12000 3000 <005 ACR ELISA
Park JH, et al (64) 2017 Korea | Casecontrol | 20 NA 69597 | 26000 | 11 NA ses75 | 28741 0087 ACR ELISA
Jadon DR, et al (65) 2007 Britain :c’““j;l 157 1839 352000 | 128889 | 50 2624 351000 | 122963 0.080 ACR ELISA
Sohn DH, et al (18) 2018 Korea si"‘l’;"“l 55 NA 05210 | 115393 | 26 NA 135870 | 71541 0039 ACR ELISA
Solmaz Det al (19) 2018 Turkey | Case-control | 97 7621 36800 | 12370 | 48 3612 367.00 | 54741 0970 ACR ELISA
Liao HT, etal (17) 2018 China | Case-control | 72 58/14 38 1384 | 30 NA 64384 | 16202 0003 ACR ELISA
Zhang Z, et al (16) 2018 China | Case-control | 46 30/16 71000 | 16000 | 38 28710 13000 | 4000 <001 ACR ELISA
Sun J, et al (15) 2018 China | Case-control | 37 2115 213560 | 44520 | 74 38/36 171150 | 26040 <005 NA ELISA
Sun W, et al (23) 2019 China | Case-control | 88 66122 185500 8458 | 26 NA 140600 | 9976 <005 ACR ELISA
Wang TL, et al (20) 2019 China | Case-control | 40 36/4 116200 39000 | 20 NA 23700 | 37000 <001 NA ELISA
Liu DD, et al (21) 2019 China | Case-control | 40 212 166390 18200 | 40 25015 131040 | 12170 <0001 ACR ELISA
| Jiao Al etal (22) 2019 China | Case-control | 145 127118 7207 729 | & s 98.19 873 <0001 cMa ELISA
| Lin XL etal (29 2020 China | Case-control | 40 317 60620 | 52870 | 40 2011 9980 | 81410 0014 ACR ELISA
‘ Pei F, etal (25) 2020 China | Casecontrol | 110 60/50 120337 14820 100 s6/44 99273 | 11526 <005 SV ELISA
| Wang C, etal (26) 2020 China | Case-control | 60 a9 367000 | 94000 | 60 /11 638000 | 176000 <0.001 cMA ELISA
| Hu gL etal (27) 2021 China | Case-control | 40 34/6 70.88 834 40 328 8103 981 <001 ACR ELISA
| Hut, vl (8) 2021 China | Case-control | 50 35015 7028 792 50 nn7 8087 983 <0001 ACR ELISA
Jo s, etal (29) 201 Korea | Casecontrol | 103 NA 91740 | 51459 | 30 NA 82620 | 19074 0043 ACR ELISA

ACR, American College of Rheumatology; CMA, Chinese Medical Association; NA, not available.
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Experimental Control

Study Total Mean SD Total Mean SD SMD 95%Cl Weight(%)
Daoussis, 2010 45 2730.00 906.28 50 2375.00 875.40 0.40 (-0.01, 0.80) 2.3
Wang, 2011 30 4042.90 2283.60 40 3198.90 2283.60 0.37 (-0.11, 0.84) 2.3
Shan, 2011 47 1965.96 120.04 20 1363.00 101.65 —a—> 518 (4.14, 6.23) 2.2
Sui, 2011 14 3560.00 830.00 20 6270.00 1650.00 —a— -1.92 (-2.76, —1.08) 23
Elshishtawy, 2012 30 2539.70 234.90 20 1635.30 267.40 —a— 3.59 (2.66, 4.51) 2.3
Kim, 2012 49 341.80 385.70 53 239.60 235.88 0.32 (-0.07,0.71) 2.4
Kwon, 2012 56 12321.00 6136.00 40 20811.00 5671.00 . -1.42 (-1.87, -0.96) 23
Liu, 2012 60 20030.00 3590.00 30 15210.00 2600.00 - 1.45 (0.96, 1.94) 2.3
Korkosz, 2013 a 50 818.70 812.47 23 1349.30 396.62 —a— -0.74 (-1.25, -0.23) 23
Korkosz, 2013 b 28 1692.70 647.15 23 1349.30 396.62 —— 0.62 (0.05, 1.18) 2.3
Tuylu, 2014 a 45 1911.00 1344.00 68 672.00 592.00 = 1.28 (0.86, 1.69) 23
Tuylu, 2014 b 49 1727.00 1083.00 68 672.00 592.00 - 1.26 (0.86, 1.66) 2.3
Ustun, 2014 44 314.96 196.73 41 613.34 861.86 - -0.48 (-0.91, -0.05) 23
Zhang, 2014 30 819.65 204.56 20 1591.50 335.92 —a— -2.87 (-3.69, —2.06) 2.3
Kong, 2014 45 1625.79 134217 40 2280.97 1216.25 - -0.51 (-0.94, -0.07) 23
Zhou, 2014 84 3627.00 3805.19 79 3684.00 4605.19 -0.01 (-0.32, 0.29) 2.4
Zhou, 2014 84 7.24 7.34 79 9.15 5.94 -0.28 (-0.59, 0.02) 2.4
Xie, 2015 75 65.60 23.40 70 94.70 32.50 HEH -1.03 (-1.38, —-0.68) 24
Xie, 2015 55 72.60 24.50 45 98.00 31.80 - -0.9 (-1.31, -0.49) 2.3
Cui, 2015 51 2133.90 432.90 15 1718.70 260.40 —a— 1.02 (0.42, 1.62) 23
Huang, 2016 43 1914.50 407.80 42 1729.10 352.90 —— 0.48 (0.05, 0.91) 2.3
Su, 2016 45 1956.86 55.02 50 2207.12 95.88 —a— -3.13 (-3.74, —2.53) 23
Rossini, 2016 71 668.24 375.71 71 854.66 456.01 HEH -0.44 (-0.78, -0.11) 24
Sakellariou, 2017 57 1629.50 928.63 34 1388.80 780.76 0.27 (-0.15, 0.70) 2.3
Niu, 2017 6 379.80 48.10 9 792.50 308.60 —a— -1.59 (-2.82, -0.37) 22
Bai, 2017 46 720.00 150.00 38 120.00 30.00 —a8—> 526 (4.34, 6.18) 2.3
Park, 2017 20 695.97 260.00 11 565.75 287.41 0.47 (-0.28, 1.22) 2.3
Jadon, 2017 157 3520.00 1288.89 50 3510.00 1229.63 0.01 (-0.31, 0.33) 2.4
Sohn, 2018 55 2052.10 1153.93 26 1358.70 715.41 i 0.66 (0.19, 1.14) 23
Solmaz, 2018 97 368.00 123.70 48 367.00 547 .41 0.00 (-0.34, 0.35) 2.4
Liao, 2018 72 332.18 138.44 30 643.84 162.02 —a— -2.12 (-2.64, -1.60) 2.3
Zhang, 2018 46 710.00 160.00 38 130.00 40.00 —a— 473 (3.88, 5.58) 23
Sun, 2018 37 2135.60 445.20 74 1711.50 260.40 e 1.26 (0.84, 1.69) 2.3
Sun, 2019 88 1855.00 84.58 26 1406.00 99.76 —a— 5.06 (4.26, 5.85) 23
Wang, 2019 40 1162.00 390.00 20 2237.00 370.00 —a— -2.77 (-3.51, —2.03) 2.3
Liu, 2019 40 1663.90 182.00 40 1310.40 121.70 —a— 2.26 (1.69, 2.83) 23
Jiao, 2019 145 72.07 7.29 62 98.19 8.73 - -3.36 (-3.80, —2.92) 23
Liu, 2020 40 606.20 528.70 40 991.80 814.10 - -0.56 (-1.00, -0.11) 2.3
Pei, 2020 110 1203.37 148.20 100 992.73 115.26 HH 1.57 (1.26, 1.88) 24
Wang, 2020 60 3670.00 940.00 60 6380.00 1760.00 - -1.91 (-2.34, -1.47) 2.3
Hu, 2021 40 70.88 8.34 40 81.03 9.81 - -1.10 (-1.58, -0.63) 23
Hu, 2021 50 70.28 7.92 50 80.87 9.83 —a -1.18 (-1.60, —0.75) 2.3
Jo, 2021 103 917.4 514.59 30 826.20 190.74 0.20 (-0.21, 0.60) 2.3

Random effects model 2439 1833 0.21 (-0.42, 0.83) 100

Heterogeneity: /2= 97%, P < 0.01
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Experimental Control

Study Total Mean sD Total Mean sD SMD  95%Cl Weight(%)
CRP > 10 mg/L
Daoussis, 2010 45 2730.00 906.28 50 2375.00 875.40 0.40 (-0.01, 0.80) 3.5
Wang, 2011 30 4042.90 2283.60 40 3198.90 2283.60 0.37 (-0.11, 0.84) 3.5
Sui, 2011 14 3560.00 830.00 20 6270.00 1650.00 —a— -1.92 (-2.76, -1.08) 3.3
Elshishtawy, 2012 30 2539.70 234.90 20 1635.30 267.40 —a— 3.59 (2.66, 4.51) 3.3
Kwon, 2012 56 12321.00 6136.00 40 20811.00 5671.00 - -1.42 (-1.87, -0.96) 3.5
Korkosz, 2013 a 50 818.70 81247 23 1349.30 396.62 —a— -0.74 (-1.25, -0.23) 3.5
Korkosz, 2013 b 28 1692.70 647.15 23 1349.30 396.62 0.62 (0.05, 1.18) 34
Ustun, 2014 44 314.96 196.73 41 613.34 861.86 —a— -0.48 (-0.91, -0.05) 3.5
Kong, 2014 45 1625.79 1342.17 40 2280.97 1216.25 - -0.51 (-0.94, -0.07) 3.5
Zhou, 2014 a 84 3627 3805.19 79 3684.00 4605.19 -0.01 (-0.32, 0.29) 3.5
Zhou, 2014 b 84 7.24 7.34 79 9.15 5.94 -0.28 (-0.59, 0.02) 3.5
Xie, 2015 75 65.60 23.40 70 94.70 32.50 HaH -1.03 (-1.38, -0.68) 3.5
Xie, 2015 55 72.60 24.50 45 98.00 31.80 —a -0.90 (-1.31, -0.49) 3.5
Huang, 2016 43 1914.50 407.80 42 1729.10 352.90 0.48 (0.05, 0.91) 3.5
Su, 2016 45 1956.86 55.02 50 2207.12 95.88 —a— -3.13 (-3.74, -2.53) 34
Sakellariou, 2017 57 1629.50 928.63 34 1388.8 780.76 0.27 (-0.15, 0.70) 3.5
Jadon, 2017 157 3520.00 1288.89 50 3510 1229.63 0.01 (-0.31, 0.33) 3.5
Solmaz, 2018 97 368.00 123.70 48 367.00 547 .41 0.00 (-0.34, 0.35) 3.5
Liao, 2018 72 332.18 138.44 30 643.84 162.02 —a— -2.12 (-2.64, -1.60) 3.5
Liu, 2019 40 1663.90 182.00 40 1310.40 121.70 —a— 2.26 (1.69, 2.83) 34
Jiao, 2019 145 72.07 7.29 62 98.19 8.73 . -3.36 (-3.80, -2.92) 3.5
Liu, 2020 40 606.20 528.70 40 991.80 814.10 . -0.56 (-1.00, -0.11) 3.5
Hu, 2021 40 70.88 8.34 40 81.03 9.81 —a -1.10 (-1.58, -0.63) 3.5
Hu, 2021 50 70.28 7.92 50 80.87 9.83 i -1.18 (-1.60, -0.75) 3.5
Random effects model 1426 1056 -0.46  (-1.04,0.13) 83.0

Heterogeneity: /12 = 96%, P < 0.01
CRP =10 mg/L

Kim, 2012 49 341.80 385.70 53 239.60 235.88 0.32 (-0.07, 0.71) 3.5
Bai, 2017 46 720.00 150.00 38 120.00 30.00 —a—> 5.26 (4.34, 6.18) 3.3
Liao, 2018 72 332.18 138.44 30 643.84 162.02 | -2.12 (-2.64, -1.60) 34
Sohn, 2018 55 2052.10 1153.93 26 1358.70 715.41 —a— 0.66 (0.19, 1.14) 3.5
Zhang, 2018 46 710.00 160.00 38 130.00 40.00 —a— 4.73 (3.88, 5.58) 3.3
Random effects model 216 166 ——e——— 2.27 (0.10, 4.43) 17.0
Heterogeneity: /12 = 98%, P < 0.01
Random effects model 1642 1222 0.01 (~0.69, 0.70) 100

Heterogeneity: /12 =97%, P < 0.01
Test for subgroup differences: xﬁ =5.66,df =1 (P =0.02)
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Sample (n, male%) CRS (n=20) HC (n=9)

ucosa NP PB Mucosa PB
12, 75%) (14, 79%) (20, 60%) (4, 75%) (9, 66%)
Age (years, mean+SD) 44.17+11.16 44+11.16 46.82+12.29 34.75£10.72 39.2£11.5
Duration (months, mean+SD) 20.71£33.54 25.82+39.73 21.75£33.76 / /
Lund-Mackay score (mean+SD) 8.08+2.61 10.54+2.63 8.44+3.35 / /

CRSWNP, n (%) 9 (75%) 14 (100%) 17 (85%) / /
Comorbidity, n (%)

Asthma 0(0) 1(7%) 1(5%) / /

Aspirin intolerance 0 (0) 1.(7%) 1(5%) / /

HC, healthy control; NP, nasal polyp; PB, peripheral Bloods SD, standard deviation; CRSwNP, chronic rhinosinusitis with nasal polyp.
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Variable

White blood cell count (x10%/L)
Neutrophil (x10%/L)

Lymphocyte (x10°/L)

Eosinophil (x10°/L)

C-reactive protein (mg/L)

Red blood cell sedimentation rate (mm/h)
Serum ferritin (ng/ml)

Serum amyloid A (mg/L)
Procalcitonin (ng/ml)

Lactate dehydrogenase (U/L)
Interleukin-6, IL-6 (pg/mL)
Interferon-y, INF-y (pg/mL)

Alanine aminotransferase, ALT (U/L)
Aspartate aminotransferase, AST (U/L)
Peripheral blood lymphocyte subsets
Lymphocyte (/uL)

Total T-lymph (/uL)

CD4+ T cell (/uL)

CD8+ T cell (/uL),

B-lymphocyte (/uL)

NK-cell (/uL)

Reference range
3.5-9.5

1.8-83

11-32

0.02-0.52

0-8.0

0-15.0

12-135

<10

0-0.5

120-250

1,760-3,000
1,169-2,071
554-1,109
423-900
176.56-415.00

232-789

Antinuclear antibody profile and immunoglobulin, complement

Anti-nuclear antibody titer
Anti-double-stranded DNA, anti-dsDNA (IU/ml)
Anti-Smith, anti-Sm
Anti-Ro, SSA
Anti-La, SSB
Immunoglobulin G (g/L)
Complement factor 3 (g/L)
Complement factor 4 (g/L)
Virus Antibody Measurement
EBV viral capsid antigen IgG (U/ml)
EBNA-1 IgG (U/ml)
EBV viral capsid antigen IgM (U/ml)
CMYV IgM (S/CO)
CMV IgG (U/ml)
HIV antigen-antibody combination test (S/CO)
‘ HBsAg(IU/ml)
1 HSV-1 IgG (S/CO)
| HSV-2 IgG ($/CO)
Tuberculosis
Tuberculin intradermal reaction
Tuberculosis antibody

T-SPOT

(1: <100)
<100
negative (-)
negative (-)
negative (-)
7.00-16.00
0.90-1.80

0.100-0.400

<20
<5-20
<20-40
<0.7-1.0

<0.5-1.0

<0.05
<0.6-1.0

<0.5-1.0

negative (-)
negative (-)

negative (-)

EBV, Epstein—Barr virus; CMV, cytomegalovirus; HSV, human herpes simplex virus,

Pre-admission

On admission Post-discharge
172 4.84
087 202
07 228

0.0 0.19

341

29.88

11.19

43 26

66 16

495
374
194
151
91

31

1:100- 1:100-
<10 <10
negative (-) negative (-)
negative (-) negative (-)
negative (-) negative (-)
17.6

121

0.452

116

579

0.801
68.730
0.09
0.0
0.019

0.062

negative (-)
negative (-)

negative (-)
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Targeted targets

Research
stage

No. Natural small Component source
molecule
1 Geniposidic acid (145) Fructus Gardeniae
2 Resveratrol (146) Polygonum Cuspidatum

Alisol B 23-acetate (147-

Fxrt, Bsepf, Mrp21, Sirt1t, MRP21, NTCP1, ASBT1, and IBABP1
Fxrt, Cyp7all, Cyp8bll, Ostp|, Mrp3], Cyp27all, and Shpt

Fxrt, PXRY, Cyp7all, Cypsbll, Sult2alf, Bsept, Mrp21, NtcplShpt,

Preclinical study

Preclinical study

3 149) Alisma orientale Fgfl51, and Mdr21 Preclinical study
4 Yangonin (150, 151) Kava Fxrf, Bsept, Mrp2t, Ntcpl, Cyp7all, Cyp8bll, and Sult2alt Preclinical study
5 Calycosin (152) Radix Astragali Fxrt, FoxM1B1, Shpt, and Bsept Preclinical study
6 Curcumin (153) Curcuma aromatica Salisb Fxrt, Bsept, Mrp4l, OstBl, Cyp7al |, Cyp8bll, and Mrp4t Preclinical study

5 | hcrodide it {5 Picrorhiza scrophulariiflora

Pennell
8 Emodin (155) Rhubarb
9 Auraptene (156) Grapefruit
10 Corilagin (157) Phyllanthus urinaria

Fxrt, Bsept, Sult2alt, Cyp7all, and Cyp8bl |

Fxrt and Bsept
Fxrt, Bsept, Mrp2, Ntcpl, Cyp7all, Cyp8bll, and Sult2alf

FXRt, SHP11, SHP21, UGT2B41, BSEPt, MRP21 and SULT2A11,
CYP7B1l, and NTCP}

| represents downregulation of gene expression, 1 represents up-regulation of gene expression.

Preclinical study

Preclinical study

Preclinical study

Preclinical study
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time
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Lung Qi Deficiency vs health

230 PE-O 18:1p_22:4-2 778.5746 10.79 4 5.40E-01 3.29E-03 237
194 PC-O 16:le_22:6 790.5707 8.86 1 1.23E+00 5.03E-03 1.86
124 LPC-O 18:1p-5 506.3608 2.41 T 1.62E+00 3.60E-03 173
308 TG 16:0_18:0_18:0 881.5204 5.85 1 1.32E+00 3.29E-03 | 1.65
204 PE 16:0_18:3/PE 16:1_18:2 714.5060 8.19 ) 4.76E-01 6.97E-03 | 1.65
200 PC-O 18:2e_22:6/PC-O 20:3_20:5¢ 816.5877 9.11 1 1.57E+00 3.60E-03 | 1.56
365 PG 18:0_18:2/PG 18:1_18:1-2 804.5898 10.62 1 2.38E+00 3.60E-03 = 1.55
151 PC 16:0_18:3-1/PC 16:1_18:2 756.5539 7.98 | 6.11E-01 0.00E+00 147
156 PC 16:0_22:4 810.6023 9.40 1 5.07E+00 0.00E+00 1.46
121 LPC-O 18:0p-2 508.3761 2.69 1 227E+00 2.32E-03 | 144
250 SM d18:1_18:2/SM d18:2_18:1 881.5204 5.85 7.09E-01 3.29E-03 | 143
76 DG 18:2_22:5-1 684.5556 9.93 2.88E+00 4.63E-03 143

14 Cer d16:1_20:0/Cer d17:0_19:1/Cer d18:1_18:0 566.5495 10.75 1.28E+00 3.29E-03 142
115 LPC 24:0-2 608.4653 5.88 3.00E+00 2.99E-03 142
198 PC-O 18:0p_22:6 818.6031 9.99 1 1.36E+00 5.03E-03 135
179 PC 18:2_20:4 806.5714 8.06 1 1.78E+00  0.00E+00 | 1.34
110 LPC 22:5-1 570.3552 1.55 2.69E+00 5.03E-03 | 133
174 | PC 18:1_22:5/PC 20:2_20:4 834.5992 9.08 3.32E+00 2.72E-14 133
386 PI18:2_20:4-1 804.5898 10.62 5.14E-01 4.63E-03 132
181 PC 19:0_20:4 824.6154 10.29 4 8.30E-01 5.03E-03 1.30
66 DG 18:1_20:5-1 658.5397 9.88 1 1.20E+00 8.74E-08 1.30
183 PC 20:4_22:6 854.5687 7.49 1 6.68E-01 3.60E-03 = 129
130 LPC-O 20:1p-2 534.3911 233 ) 8.13E-01 3.60E-03 = 128
63 DG 18:1_19:0 654.6028 1223 1 1.42E+00 5.03E-03 1.26
51 DG 16:0_22:5/DG 18:1_20:4 660.5549 10.65 1 1.32E+00 1.18E-03 121
176 PC 18:2_18:2 782.5712 8.16 1 1.73E+00 0.00E+00 121

Lung-Kidney Qi Deficiency vs health

151 PC 16:0_18:3-1/PC 16:1_18:2 756.5539 7.98 | 7.25E-01 0.00E+00 192
156 PC 16:0_22:4 494.3241 1.56 1 5.36E+00 0.00E+00 1.69
179 PC 18:2_20:4 494.3241 1.56 1 2.02E+00 | 0.00E+00 | 1.34

Lung-Spleen Qi Deficiency vs health

252 SM d18:1_24:1 881.5204 5.85 1 1.39E+00 0.00E+00 192

151 PC 16:0_18:3-1/PC 16:1_18:2 756.5539 7.98 | 8.20E-01 0.00E+00 1.59
247 SM d17:1_24:1/SM d18:1_23:1/SM d18:2_23:0 881.5204 5.85 1 8.32E-01 = 0.00E+00 | 147
89 LPC 16:1 494.3241 1.56 1 1.38E+00 443E-03 | 131

477 TG 140_16:0_20:5/TG 140_18:1_18:4/TG 14:0_18:2_183/TG 141_16:0_20:4/TG SaiEan s 4 g | coomsin | s
14:1_18:1_18:3/TG 14:1_18:2_18:2/TG 16:0_16:1_18:4 : : i . h

51 DG 16:0_22:5/DG 18:1_20:4 660.5549 10.65 T 1.22E+00 4.20E-04 125
229 PE-O 18:1p_18:2 726.5427 9.73 1 7.99E-01 2.90E-02 124
156 PC 16:0_22:4 810.6023 9.40 1 2.87E+00 0.00E+00 124
327 TG 16:1_16:1_20:4 881.5204 5.85 + 123E+00  0.00E+00 | 123
242 SM d16:1_24:2/SM d18:1_22:2/SM d18:2_22:1 881.5204 5.85 1 1.25E+00 3.12E-04 | 123

Details of the lipid identification and this lipid library seeing previous work (9).
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Healthy

, Lung Qi Deficienc Lung-kidn i Deficien Lung-spleen Qi Deficien
S ung Q DeACe y ung-kidney Q~De ciency ung-spleel Q_De ciency P-value
(n=41) COPD (n=65) COPD (n=52) COPD (n=54)

Age, years 55 (50-65) 61 (42-75) 64 (45-74) 64 (44-74) <0.001
Sex, % male 25 (60.98%) 50 (76.92%) 40 (76.92%) 43 (79.63%) 0.192
Body mass index 24'7361 2:)'69' 24.61 (17.83-3125) 2358 (16.16-30.92) 23.46 (17.72-29.99) 0698
Current smoker,
b 15 (36.59%) 38 (58.46%) 26 (50%) 32 (59.26%) 0.104
Course of COPD, 0 48 (1-516) 84 (6-360) 60 (1-245) <0.001
months

361 (215 <0.001/
FVC(L) 543 2,61 (0.91-3.42) 2.2 (0.71-5.28) 2.4 (1.11-4.32) o001

261 (1.96- <0.001/
FEVI(L) 284) 158 (0.5-2.19) 1.4 (0.79-3.07) 1.33 (0.47-2.87) P
FEVI/FVC (%) 78'9921 (1760)'71' 6061 (21.07-216.08) 50.00 (27.01-197.18) 25.24 (17-75.46) ;Oﬁil

Baseline characteristics were expressed as median (interquartile range) or n (%).

P<0.05 was considered statistically significant.

‘P-values were calculated by the ANOVA test for continuous variables or the chi-squared test for categorial variables.
* P-values of ANOVA test between the groups of three COPD TCM patterns.
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Retention time Trend Fold change p-value

(min)

‘ Lung Qi Deficiency VS health ‘
Cortisol 363.2165 9.36 1 7.69E-01 3.60E-04 142
Palmitoleic acid 253.2169 20.09 1 1.52E+00 1.16E-02 124

‘ Lung-Kidney Qi Deficiency VS health ‘

Creatine 132.0768 0.72 1 7.63E-01 5.32E-03 1.05
Bilirubin 585.2706 24.80 { 7.30E-01 6.90E-07 204
Myristic acid 227.2014 19.72 1 1.61E+00 4.42E-04 1.55
Palmitoleic acid 253.2169 20.09 L g 1.95E+00 5.99E-05 1.63

12,13-DiHOME 313.2385 16.96 1 2.40E+00 4.89E-02 1.08

Lung-Spleen Qi Deficiency VS health

Hypoxanthine 137.0458 0.83 1 1L91E+00 9.43E-03 121

Bilirubin 585.2706 24.80 1 6.60E-01 3.50E-05 144

Cortisol 363.2165 9.36 1 7.20E-01 4.13E-04 1.69
3-Carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF) 239.0924 10.30 1 2.13E+00 1.23E-02 1.01
Palmitoleic acid 2532171 20.09 1 1.52E+00 1.18E-02 1.13

Glycochenodeoxycholic acid 448.3067 17.57 1 2.42E+00 1.41E-02 1.08
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