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Editorial on the Research Topic 


Adhesion molecules and autoimmune diseases


A large number of associations proceed between immune cells and the endothelium, extracellular matrix, and tissue during the development of autoimmune diseases. These interactions are mediated by adhesion molecules that promote leukocyte adhesion and extravasation from the blood into inflamed tissues. Immune cell activation and trafficking to the site of inflammation depend on their adhesion molecules’ interaction with the ligands expressed on other immune cells or the extracellular matrix. Leukocyte adhesion molecules, such as integrins, immunoglobulin superfamily, cadherins and selectins, play key roles in modulating these vital life processes. Integrins, in particular, play critical roles in regulating all aspects of immune cell function, including leukocyte activation, homing, circulation, transendothelial migration, and proliferation.

The Frontiers Research Topic “Adhesion Molecules and Autoimmune Diseases” highlights 10 recent studies that investigate the function of the adhesion molecules, regulation of immune cell adhesion, trafficking and recruitment, and characterization of adhesion receptors in autoimmune diseases.

Integrin activation in leukocytes is a central event in many leukocyte processes. Leukocyte integrins are key elements for both innate and adaptive immune responses, which have emerged as promising therapeutic targets for patients with inflammation and autoimmune diseases. Among them, β2 integrins have attracted more and more attention as a therapeutic target for autoimmune diseases. An antibody (Efalizumab) that blocks the interaction between β2 integrins and ligands has shown significant efficacy in autoimmune psoriasis. However, Efalizumab was withdrawn later due to JC virus reactivation in some patients; therefore, better understanding the roles of β2 integrins may help guide more effective therapeutics. In a comprehensive overview, Carla Guenther (1) depicted the role of β2 integrins in leukocyte recruitment. This review summarized the involvement of β2 integrins in the migration of each type of leukocyte with a view on signaling, what mode of migration has been described in which context, and their binding partners. In an original research article, Casteel et al. (2) proposed a potential mechanism that regulates macrophage functions in inflamed tissue mediated by integrin αDβ2. Carboxyethylpyrrole (CEP), which is the end-product produced by oxidation of DHA, modifies proteins serving as novel adhesion factors for integrin αDβ2. This also applies to primary ligands for αDβ2 and has potential implications for leukocyte recruitment during inflammation/oxidation.

Recently, much attention has been drawn to the miRNAs in the progression of autoimmune diseases. MicroRNAs (miRNAs) are small non-coding RNAs that modulating gene expression. Various miRNA genes are expressed in immune cells and other inflammatory cells in patients with rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). The research article by Chang et al. (3) highlights the role of Apelin in RA by connecting it to angiogenesis. Apelin increased Ang1 expression and facilitated Ang1-dependent EPC angiogenesis by suppressing miR-525-5p synthesis via PLCγ and PKCα signaling. This provides a new therapeutic target for the treatment of RA. Along the same line, a recent study by Yang et al. (4) evaluated the role of miR-4512 in SLE. The abnormal down-regulation of miR-4512 found in monocytes and macrophages in SLE patients promotes the formation of SLE neutrophil extracellular traps by reducing the targeted inhibition of CXCL2 and TLR4. In addition, this study further validated the therapeutic effect of CXCL2 in animal models of SLE, suggesting that chemokines and cytokines – which regulate the recruitment, survival, expansion, and effector function of lymphocytes in autoimmunity – play pivotal roles in the pathogenesis of autoimmune diseases. This particular topic of the importance of chemokines and cytokines is emphasized in the research article by Feng et al. (5), which focused on the IL-35 single nucleotide polymorphism (SNP) in two types of non-infectious uveitis, including Behçet’s disease (BD) and Vogt-Koyanagi-Harada (VKH) syndrome. Their findings suggest that uveitis may be the result of the interaction between the genetic and immune environments, which may provide a new basis for the diagnosis and treatment. In another original work, Huang et al. (6) focused on the relationship between autoimmune thyroiditis (AIT), a chronic disorder that leads to immunological abnormalities, and infertility. They collected follicular fluids from 122 patients and found that IFN-γ levels were significantly elevated in the follicular fluids of patients who concomitantly had AIT. The increased IFN-γ led to the production of CXCL9/10/11 by primary granulosa cells and subsequent enrichment of CXCR3+ T cells in the follicular fluids.

In the report on children with an anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV), Yang et al. (7) collected the clinical data from 48 patients and analyzed the potential parameters related to the remission-induction treatment response and progression. The majority of patients had microscopic polyangiitis (MPA) and the presence of myeloperoxidase (MPO)-ANCA. The observations by Ye et al. (8) on digital spatial profiling of individual glomeruli from patients with ANCA-associated glomerulonephritis are very intriguing, which identified mRNA and protein profiles in the individual glomeruli affected differently by the disease processes. The authors use spatial profiling to attempt to determine the mechanism behind Bowman’s capsule rupture and the immune cells that may be present and contribute to the underlying pathology that causes the crescent formation and Bowman’s capsule rupture.

The TIM family proteins recognize phosphatidylserine (PS) and play a critical role in the regulation of immune responses, including autoimmunity, allergy, asthma, tolerance in transplantation, and tumorigenesis. In the last twenty years, increasing evidence has indicated that the function of TIMs correlates with susceptibility and development of multiple autoimmune diseases, while the underlying molecular mechanism remains unclear. Liu Y et al. (9) discuss the potential function of TIMs in typical autoimmune diseases, including multiple sclerosis (MS), RA, SLE, and type 1 diabetes (T1D). As a better understanding of the molecular function of Tim proteins is important for the improvement in diagnosis and therapeutics of autoimmune diseases, this minireview is expected to be of high interest to the audience. In an article focusing on the pathogenesis of RA, Chen et al. (10) illustrated the central role of HAPLN1 function in promoting proliferation and pro-inflammatory phenotype of RA-FLSs, which in turn could contribute to RA pathogenesis, suggesting that HAPLN1 may be utilized as a diagnostic marker and therapeutic target.

In general, the Research Topic investigates the regulatory roles and molecular mechanisms of adhesion molecules in autoimmune diseases. We would like to thank all the authors for entrusting us with their discoveries, and all the referees for their careful and insightful review. We believe that all the articles included in the topic will be of interest to all researchers studying the role of adhesion molecules in autoimmune diseases and will make them aware of how a clearer understanding of these mechanisms can inform treatment and diagnosis.


Author contributions

ZF and HS conceived the idea, designed and edited the manuscript. All authors listed have approved the work for publication.



Funding

This work was supported by the Crohn's & Colitis Foundation Career Development Award 902590 (H.S.), and HL145454 (Z.C.F.).



Acknowledgments

We would like to thank the authors, reviewers, and editors for their essential contribution to this exciting and unexplored Research Topic, as well as of the members of the Frontiers in Immunology Editorial Office. We acknowledge Dr. Geneva Hargis from UConn Health School of Medicine for their help in the scientific writing and editing of this manuscript.



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. Guenther, C. beta2-integrins - regulatory and executive bridges in the signaling network controlling leukocyte trafficking and migration. Front Immunol (2022) 13:809590. doi: 10.3389/fimmu.2022.809590

2. Casteel, JL, Keever, KR, Ardell, CL, Williams, DL, Gao, D, Podrez, EA, et al. Modification of extracellular matrix by the product of DHA oxidation switches macrophage adhesion patterns and promotes retention of macrophages during chronic inflammation. Front Immunol (2022) 13:867082. doi: 10.3389/fimmu.2022.867082

3. Chang, TK, Zhong, YH, Liu, SC, Huang, CC, Tsai, CH, Lee, HP, et al. Apelin promotes endothelial progenitor cell angiogenesis in rheumatoid arthritis disease via the miR-525-5p/Angiopoietin-1 pathway. Front Immunol (2021) 12:737990. doi: 10.3389/fimmu.2021.737990

4. Yang, B, Huang, X, Xu, S, Li, L, Wu, W, Dai, Y, et al. Decreased miR-4512 levels in monocytes and macrophages of individuals with systemic lupus erythematosus contribute to innate immune activation and neutrsophil NETosis by targeting TLR4 and CXCL2. Front Immunol (2021) 12:756825. doi: 10.3389/fimmu.2021.756825

5. Feng, M, Zhou, S, Liu, T, Yu, Y, Su, Q, Li, X, et al. Association between interleukin 35 gene single nucleotide polymorphisms and the uveitis immune status in a Chinese han population. Front Immunol (2021) 12:758554. doi: 10.3389/fimmu.2021.758554

6. Huang, N, Liu, D, Lian, Y, Chi, H, and Qiao, J. Immunological microenvironment alterations in follicles of patients with autoimmune thyroiditis. Front Immunol (2021) 12:770852. doi: 10.3389/fimmu.2021.770852

7. Yang, J, Yang, Y, Xu, Y, Zhou, L, Yin, X, Pu, J, et al. Clinical and renal histology findings and different responses to induction treatment affecting the long-term renal outcomes of children with ANCA-associated vasculitis: A single-center cohort analysis. Front Immunol (2022) 13:857813. doi: 10.3389/fimmu.2022.857813

8. Ye, L, Liu, Y, Zhu, X, Duan, T, Wang, C, Fu, X, et al. Digital spatial profiling of individual glomeruli from patients with anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis. Front Immunol (2022) 13:831253. doi: 10.3389/fimmu.2022.831253

9. Liu, Y, Chen, H, Chen, Z, Qiu, J, Pang, H, and Zhou, Z. Novel roles of the Tim family in immune regulation and autoimmune diseases. Front Immunol (2021) 12:748787. doi: 10.3389/fimmu.2021.748787

10. Chen, Y, Wang, B, Wu, Q, Lai, WF, Wei, L, Nandakumar, KS, et al. HAPLN1 affects cell viability and promotes the pro-inflammatory phenotype of fibroblast-like synoviocytes. Front Immunol (2022) 13:888612. doi: 10.3389/fimmu.2022.888612



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

Copyright © 2022 Fan and Sun. 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.




REVIEW

published: 17 September 2021

doi: 10.3389/fimmu.2021.748787

[image: image2]


Novel Roles of the Tim Family in Immune Regulation and Autoimmune Diseases


Yikai Liu, Hongzhi Chen, Zhiying Chen, Junlin Qiu, Haipeng Pang and Zhiguang Zhou*


National Clinical Research Center for Metabolic Diseases, Key Laboratory of Diabetes Immunology, Ministry of Education, and Department of Metabolism and Endocrinology, The Second Xiangya Hospital of Central South University, Changsha, China




Edited by: 

Zhichao Fan, UCONN Health, United States

Reviewed by: 

Yi Zhang, Fudan University, China

Bo Liu, Institut Pasteur of Shanghai (CAS), China

*Correspondence: 

Zhiguang Zhou
 zhouzhiguang@csu.edu.cn

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


Received: 28 July 2021

Accepted: 02 September 2021

Published: 17 September 2021

Citation:
Liu Y, Chen H, Chen Z, Qiu J, Pang H and Zhou Z (2021) Novel Roles of the Tim Family in Immune Regulation and Autoimmune Diseases. Front. Immunol. 12:748787. doi: 10.3389/fimmu.2021.748787



T cell Ig and mucin domain (Tim) protein family members were identified to be important regulators of the immune response. As their name indicates, Tim proteins were originally considered a T cell-specific markers, and they mainly regulate the responses of T helper cells. However, accumulating evidence indicates that Tims are also expressed on antigen-presenting cells (APCs), such as monocytes, macrophages, dendritic cells (DCs) and B cells, and even plays various roles in natural killer cells (NKs) and mast cells. In recent years, the expression and function of Tims on different cells and the identification of new ligands for the Tim family have suggested that the Tim family plays a crucial role in immune regulation. In addition, the relationship between Tim family gene polymorphisms and susceptibility to several autoimmune diseases has expanded our knowledge of the role of Tim proteins in immune regulation. In this review, we discuss how the Tim family affects immunomodulatory function and the potential role of the Tim family in typical autoimmune diseases, including multiple sclerosis (MS), rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and type 1 diabetes (T1D). A deeper understanding of the immunoregulatory mechanism of the Tim family might provide new insights into the clinical diagnosis and treatment of autoimmune diseases.
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Introduction

Autoimmune diseases are characterized by abnormal tolerance to self-antigens that cause damage to body tissues (1). The etiology of autoimmune diseases is multifactorial and includes infection, environment and genetics (2–6). Most of these factors have been reported to be associated with immune disorders. Therefore, a better understanding of autoimmune disease pathogenesis is needed to identify better treatments.

T cell Ig and mucin domain (Tim), a transmembrane glycoprotein, has been identified as one of the three human Tim family members (Tim-1, Tim-3, and Tim-4) that play a key role in regulating immunity in conditions such as allergies, asthma, virus infection and transplant tolerance (7–11). In the immune system, Tim-1 has been reported to be preferentially expressed on T helper type 2 (Th2) cells, where it serves as an effective costimulatory molecule for T cell activation (12). Tim-3 was first identified as being expressed on interferon-γ (IFN-γ)-producing Th1 cells. As an inhibitor of inflammatory Th1 cells, Tim-3 interacts with its ligand to cause the death of Th1 cells, thereby reducing IFN-γ production (13). Tim-4 is a natural ligand of Tim-1. Tim-4 is mainly expressed on antigen-presenting cells (APCs), but not on T cells (14), and it participates in autoimmune diseases by regulating the proliferation of T cells (15). However, in recent studies, Tims were shown to be expressed on other immune cell types, such as macrophages, dendritic cells (DCs), natural killer cells (NKs) and B cells (16–19), and may play a critical role in maintaining immune homeostasis. These findings allow us to improve our knowledge of the role of Tims in the immune system. In this review, we focus on the expression and function of Tims on different immune cells, discuss recent studies examining the role of Tims in autoimmune diseases in both animal models and humans, and provide useful insights into the identification of new therapeutic targets.



The Expression And Function Of Tims On Different Cell Types

Since the discovery of Tims in 2001, major progress has been achieved in terms of elucidating their characteristics and immunological functions (Table 1). In mice, the Tim family is composed of eight members (Tim-1 to Tim-8), and the genes that encode them are located on chromosome 11B1.1. In humans, three members (Tim-1, Tim-3, and Tim-4) have been identified, and the genes are located on chromosome 5q33.2 (Figure 1) (20). These three human Tim genes are most homologous to mouse Tim-1, Tim-3 and Tim-4, which are associated with allergic diseases. All Tim molecules are type I glycosylated proteins. Tim proteins contain an IgV domain, a mucin domain, a transmembrane domain, and an intracellular domain (Figure 2). Tim-1 and Tim-3 contain a tyrosine phosphorylation motif in the intracellular domain. Tim-3 has the shortest mucin domain and fewest predicted glycosylation sites. Tim-4 differs from the other family members, and it contains a short intracellular tail without a tyrosine phosphorylation motif. In addition, Tim-4 possesses an arginine-glycine-aspartic acid (RGD) motif, which is present in many ligands that bind to integrins (20). Therefore, Tim-4 may also act as a decoy receptor. Variations in the structures and motifs of Tim family members indicate that individual Tim proteins may have different roles in signal transduction.


Table 1 | Known features of the Tim family.






Figure 1 | Tim locus. The arrangement of the three Tim genes on human chromosome 5 and the 8 Tim genes on mouse chromosome 11 is shown. Mouse Tim-5–8 are predicted genes. The arrow indicates the direction of mRNA transcription.






Figure 2 | Structures of human Tim family members. Tim proteins contain an IgV domain, a mucin domain, a transmembrane domain and an intracellular domain. Tim-3 has the shortest mucin domain and fewest predicted glycosylated site of the Tims. Tim-4 contains an arginine-glycine-aspartic acid (RGD) motif (yellow diamond), which is present in many ligands that bind to integrins. However, Tim-4 has no tyrosine phosphorylation site (red circle).




Tim-1

The expression of Tim-1, also known as kidney injury molecule-1 (Kim-1), is highly upregulated on the surface of injured kidney epithelial cells (23). Its expression is increased in urine samples from patients with chronic kidney disease (24). Tim-1 has been used as a biomarker to assess the degree of injury in individuals with acute tubular necrosis. In addition to its role in kidney injury, Tim-1 was also detected in African green monkey kidney cells (6) and later identified in humans as a cellular receptor for hepatitis A virus, called HAVCR-1 (25).

Interestingly, Tim-1 is present on activated but not naive CD4+ T cells. Moreover, it is preferentially expressed on activated Th2 cells, but not Th1 cells (12). Tim-1 is a highly effective costimulatory molecule that promotes the formation of T cell receptors (TCRs) through agonistic anti-Tim-1 antibodies, which increase the proliferation of CD4+ T cells (12). According to recent studies, Tim-1 has a dual function as a T cell costimulator; it positively or negatively costimulates the T cell response according to the way it engages with T cells during T cell activation (26). Researchers tested a series of monoclonal antibodies (mAbs) against Tim-1 and identified two antibodies targeting Tim-1 that display distinct effects. One agonistic mAb (3B3) increases the production of the proinflammatory cytokines IFN-γ and IL-17, increasing the severity of experimental autoimmune encephalomyelitis (EAE). In contrast, the antagonistic mAb RMT1-10 inhibits IFN-γ and IL-17 production, alleviates the development of autoimmunity (26).

In addition to exerting regulatory effects on Th cells, Tim-1 is also vital for the function and development of regulatory T cells (Tregs). The anti-Tim-1 mAb 3B3 reduces forkhead box protein P3 (Foxp3) expression, prevents effector T cells (Teffs) from differentiating into Tregs and regulates the suppressive ability of Tregs, thereby preventing transplantation tolerance in mice (11). Tim-1 signaling in B cells plays an important role in maintaining the stability of the immune system and inhibiting autoimmune diseases. Recently, researchers generated Tim-1-mutant [Tim-1 (Δmucin)] mice. Notably, the ability of regulatory B cells (Bregs) to produce IL-10 was compromised in these mutant mice (27). B cells with defective Tim-1 or Tim-1 mutations show reduced IL-10 production and increased production of proinflammatory cytokines (28). Based on these studies, Tim-1 expressed in B cells participates in suppressing immune rejection. Other studies have also found that the expression of Tim-3 and Tim-1 on the surface of mouse mast cells promotes the secretion of the inflammatory factors IL-13, IL-6 and IL-4 (29). Thus, Tim-1 plays wide-ranging roles in various cells to regulate the immune system.



Tim-3

Tim-3 was first reported to be expressed on IFN-γ-producing Th1 cells (21). Binding of Tim-3 to its ligand terminates Th1 immune responses, and Tim-3 expression is regulated by the transcription factor T-bet (30). Human Tim-3 shares 63% amino acid homology with mouse Tim-3. Mouse Tim-3 consists of 281 amino acid residues, while its human homolog consists of 302 amino acid residues (31). The membrane-bound form of Tim-3 includes an N-terminal IgV domain, a mucin domain, a transmembrane domain and a short cytoplasmic tail.

To date, Tim-3 expression has been detected on both innate and adaptive immune cells, such as DCs (32), mast cells (29), macrophages (33), NK cells (34), and CD4+ T and CD8+ T cells (35). In addition, Tim-3 may be expressed on Th17 cells, although at lower levels than in Th1 cells (36). Subsequently, Tim-3 was also shown to be expressed on Tregs and participate in immune regulation (37). The differential expression of Tim-3 on both innate and adaptive immune cells suggests that Tim-3 exerts different effects on the functions of these cells. In a published study, an anti-Tim-3 Ab was used to block Tim-3 signaling in a mouse model of autoimmune heart disease. The decreased expression of Tim-3 and CD80 on mast cells and macrophages reduces the level of cytotoxic T lymphocyte-associated protein 4 (CTLA-4) on the surface of CD4+ T cells, resulting in a decrease in the number of Treg cells and aggravated myocarditis (38). These studies indicate that the Tim-3 signaling pathway affects the adaptive immune system by influencing the innate immune system.



Tim-4

Tim-4 contains an extracellular IgV domain, a glycosylated mucin domain and an intracellular tail, and it is mainly expressed on APCs, including DCs, NKT cells, B1 cells and macrophages (22).

According to the current knowledge of Tim-4, the interaction between Tim-4 and its ligand plays an important role in the initiation of Th2 polarization. In DCs exposed to cholera toxin (CT) or/and peanut extract (PE), Tim-4 expression is increased and participates in triggering specific Th2 polarization and intestinal allergies (39, 40). Tim-4 is a natural ligand for Tim-1, and emerging evidence suggests that the binding of Tim-1 to Tim-4 is involved in regulating T cell proliferation (41). Interestingly, the dose of Tim-4 is very important for the fate of T cells. High doses of Tim-4 promote T cell proliferation, while low doses exert the opposite effect. The explanation for these effects may be that Tim-4 binds unknown ligands with higher affinity than Tim-1 on T cells, transmitting negative signals. Alternatively, the interaction of Tim-1-Tim-4 may transmit a negative signal at a lower ligand density, similar to the agonist-antagonist phenomenon observed when peptide ligands are changed, and this inhibition is reversed by higher Tim-4 concentrations (41, 42). Another study showed that Tim-4 inhibits the activation of naive rather than activated T cells. Since Tim-1 is not expressed on naive T cells, the inhibitory effect of Tim-4 may depend on unknown ligands other than Tim-1. Thus, Tim-4 has at least two types of ligands: one that promotes T cell activation and another that inhibits T cell activation. These results suggested that Tim-4 might regulate T cell depending on the activation status of T cells, probably by binding different ligands (14). A recent study reported that Tim-4 inhibits the production of nitric oxide (NO) and cytokines in LPS-treated macrophages by inhibiting the nuclear factor kappa B (NF-κB) pathway or janus activating kinase 2 (Jak2)/signal transducer and activator of transcription 1 (STAT1) signaling (43). In summary, Tim-4 is expressed on different cell types and plays various roles in regulating immunity.




The Ligands Of Tims

Published studies have shown that the soluble Tim-4-Ig fusion protein specifically binds to Tim-1-transfected cells, while the soluble Tim-1-Ig fusion protein also specifically binds to Tim-4-transfected cells. These studies confirm the interaction between Tim-4 and Tim-1. In addition, Tim-4-Ig binds to activated T cells that express Tim-1 at high levels, and this binding is blocked by anti-Tim antibodies. Thus, Tim-4 is indeed the natural ligand of Tim-1 (41). Another study showed that Tim-4 binds to (phosphatidylserine) PS exposed on the surface of apoptotic cells. Hence, PS was identified as another ligand of Tim-4 (44). However, a recent study failed to detect a direct interaction between Tim-1 and Tim-4 (45). Miyanishi et al. showed that Ba/F3 B cells expressing Tim-1 or Tim-4 bind to exosomes through PS. PS is present on the surface of exosomes and is involved in signal transduction between cells (44). This finding indicates that the Tim-1-Tim-4 interaction occurs through the PS bridge. Therefore, the interaction between Tim-1 and Tim-4 is indirect.

Adequate research has confirmed that Galectin-9 (Gal-9) is recognized as a ligand of Tim-3. It binds to the carbohydrate structure of the IgV domain of Tim-3, which contains two N-glycosylation sites. The interaction between Gal-9 and Tim-3 triggers the death of Th1 cells, thereby inhibiting tissue inflammation and inhibiting the progression of EAE (13). Carcinoembryonic antigen cell adhesion molecule 1 (Ceacam1), with a molecular weight of 60 kDa, was recently characterized as another candidate Tim-3 ligand that binds to the Tim-3 IgV domain (46). Ceacam1 is expressed on activated T cells and involved in T cell suppression (47). Tim-3 and Ceacam1 are coexpressed and form a heterodimer. This coexpression is necessary for the inhibitory function of Tim-3. Ceacam1 forms heterodimer interactions in cis or in trans through its N-terminal domains, and both cis and trans interactions between Ceacam1 and Tim-3 affect the immune tolerance of T cells (46). In addition, high-mobility group box 1 (HMGB1) and PS have also been identified as Tim-3 ligands. HMGB1 is mainly related to inhibition of the innate immune response, while PS is related to the clearance of apoptotic cells (48, 49). An understanding of how these ligands coordinate their interactions with Tim-3 and regulate immunity is important.

As discussed above, PS has been identified as a ligand of Tim-4. The crystal structure of Tim-4 showed that the CC’ and FG loops in the IgV domain of Tim-4 create a narrow cavity. A metal ion-dependent ligand binding site (MILIBS) is specifically responsible for the recognition of PS (50). The hydrophilic head of PS penetrates into the MILIBS, its acidic phosphate group is coordinated with metal ions, and the fatty acid tail of PS interacts with the aromatic residues of the FG loop. The hydrophobic residues in the FG loop are essential for PS recognition (51). The single deletion of aromatic residues in the FG loop reduces the binding of the Tim protein to PS in liposomes by approximately 70%, while the double mutation completely eliminates PS binding (50).

In addition, PS is a phospholipid present on dying cells and is a typical “eat me” signal. Tim-4 specifically bind to PS exposed on the surface of apoptotic bodies (AB) via the IgV domain, and then mediate engulfment by macrophages (44). Effective clearance of apoptotic bodies maintains normal tissue homeostasis in organisms. The blockade of Tim-4 binding to PS leads to deficient clearance of apoptotic cells and results in systemic autoimmunity.



Tim Family In Autoimmune Disease

The Tim family plays an important role in regulating immunity. The Tim family has also been reported to exert immunomodulatory effects on many autoimmune diseases. Here, we use multiple sclerosis (MS), rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and type 1 diabetes (T1D) as examples to summarize the roles of the Tim family in autoimmune diseases (summarized in Table 2).


Table 2 | Studies examining the roles of Tim family members in autoimmune diseases.




The Signaling Pathway of Tims

Tim-1 antibodies were used to identify the signaling pathway by which Tim-1 activates T cells. Overexpression of Tim-1 leads to nuclear factor of activated T-cells (NFAT)/activatorprotein-1(AP-1) transcriptional activation, which depends on Y276 in the cytoplasmic tail of Tim-1 (63). In addition, Tim-1 is recruited to the TCR signaling complex in human T cells through its interaction with CD3. The increase in signaling events related to TCRs include the phosphorylation of Zap70 and IL-2 inducible T cell kinase (ITK). In addition, ITK and phosphoinositide 3-kinase (PI3K) complexes are recruited to the TCR signaling complex (64). After a tyrosine in Tim-1 is phosphorylated in a Lck-dependent manner, the p85 linker subunit of PI3K is directly recruited, leading to PI3K activation (65). Based on these studies, Tim-1-mediated T cell activation may require PI3K activation.

Tim-3 was identified as specifically expressed on the surface of CD4+ and CD8+ T cells. Studies have found that the tyrosine residues in the cytoplasmic region of Tim-3 are related to T cell signaling (31). When Tim-3 does not bind to its ligand, Tyr256/Tyr263 in the cytoplasmic region of Tim-3 interacts with HLA-B associated transcript 3 (Bat3), and Bat3 recruits the tyrosine kinases Lck to maintains T cell activation (66). However, when Tim-3 binds to the Gal-9, the phosphorylation of Tyr256 and Tyr263 is triggered by ITK (67), then releases Bat3 from Tim-3 and inhibits the T cell signaling by tyrosine kinase Fyn recruitment (68).

Tim-4 has been shown to increase the levels of p-extracellular regulated kinase (ERK) 1/2 and p-Akt in CD3+ T cells by cross-linking with Tim-1. Treatment of naive T cells with inhibitory Tim-4-Ig reduces the phosphorylation of linker for activation of T cells (LAT) and ERK 1/2 (14). In addition, Tim-4 inhibits the mitogen-activated protein kinase (MAPK) pathway in T cells.

In summary, Tim proteins participate in the regulation of many signaling pathways, most of which are related to the pathogenesis of autoimmune diseases. Therefore, an understanding of the role of Tims in different autoimmune diseases and their possible signaling pathways and mechanisms will provide new insights to improve immunotherapy. However, the mechanisms by which Tims regulate autoimmune diseases through these signaling pathways are not yet fully understood, and more research is needed to achieve continuous improvements before clinical treatment.



Tims and MS

Most evidence for the roles of Tims in autoimmune diseases has been derived from studies of mouse EAE models. The findings from these studies enable us to understand the effect of autoimmune pathology, especially regarding the T cell inflammatory response in the central nervous system (CNS) (69). MS is an autoimmune disease characterized by inflammation of the white matter in the CNS. This disease most commonly affects the white matter around the ventricle, optic nerve, spinal cord, brain stem and cerebellum (70). EAE is a mouse model of MS. The pathogenesis of EAE is similar to that of MS, which provides new insights into the pathology of MS.

Xiao showed that a Tim-1 deficiency in B lymphocytes disrupts the balance between regulatory and proinflammatory cytokines in B cells. Mice with Tim-1-/- B cells exhibit an enhanced pathogenic Th1/Th17 response, a decreased number of Foxp3+ Tregs and reduced IL-10 expression in CNS-derived T cells, resulting in a worse EAE clinical score (28). In addition, the adoptive transfer of Tim-1+ B cells not only alleviates EAE in wild-type mice but also decreases the severity of EAE in the Tim-1-/- B cell mouse model, showing that Tim-1 is associated with the severity of EAE by regulating the balance between pathogenic T cells and protective Tregs. Tim-4 has been shown to play a critical role in the T cell-mediated immune response. On the one hand, treatment with a Tim-4 blocking antibody in vivo reduces the T cell-mediated inflammatory response produced in EAE mice (14). On the other hand, the Tim-4-Fc fusion protein inhibits the activation of naive T cells in vitro by inhibiting the activation of the MAPK pathway, inhibits the differentiation of Th17 cells and prevents IL-17 production. Notably, the inhibitory effect of the Tim-4-Fc fusion protein is independent of Tim-1 and requires IgV and mucin domains (60). Based on these studies, Tim-4 has a bimodal regulatory function that depends on the activation status of T cells: an inhibitory effect of Tim-4 on naive T cells and a positive regulatory effect on activated T cells.

Tim-3 is expressed on CD4+ Th1 cells that secrete IFN-γ (21). It also ameliorates the symptoms of EAE by inducing the death of pathogenic Th1 cells, and inhibition of Tim-3 aggravates the symptoms of EAE. The expression of both Gal-9 and Tim-3 on Th1 cells in vitro induces Th1 cell death and ameliorates EAE (13). During the induction of EAE, the administration of Gal-9 in vivo reduces T cell proliferation and IFN-γ production, changes related to reductions in disease morbidity and mortality. In contrast, inhibition of Gal-9 in vivo with an siRNA exacerbates the development of EAE. Dysregulation of Tim-3 expression in MS has been reported in clinical studies. Koguchi et al. studied CD4+ T cell clones isolated from the CSF of patients with MS. Compared with CD4+ T cells from healthy controls, CD4+ T cells from patients with MS express lower levels of Tim-3 and produce more IFN-γ (71). Tim-3 signaling also induces the death of specific CD8+ T cells, and the use of Tim-3-blocking antibodies exacerbates CD8+ T cell-mediated EAE (72). Yang et al. examined Tim-3 function on CD4+ T cells isolated from the circulatory system of healthy controls and patients with MS. Blocking Tim-3 during T cell stimulation significantly promotes the secretion of IFN-γ in healthy controls. Tim-3 inhibition has no effect on treated patients, suggesting that patients with MS have defects in Tim-3-mediated immunoregulation (73). According to recent studies, the expression levels of Tim-3 on peripheral blood mononuclear cells (PBMCs) from patients with MS help predict the prognosis of the disease. Lower expression levels of Tim-3 on PBMCs are associated with an increased possibility of progression to secondary progressive multiple sclerosis (SPMS), while higher Tim-3 expression levels on PBMCs are associated with a benign prognosis 10 years later (56).



Tims and RA

RA is a systemic inflammatory autoimmune disease characterized by joint pain and swelling. In severe cases, it can lead to joint deformities and loss of function (74). RA affects 0.5–1% of the adult population and is more common in women (75). Although the pathogenesis of RA remains elusive, multiple factors are widely accepted to be involved. Genetic, environmental and hormonal factors may all contribute to the pathogenesis of RA (76, 77).

Recently, polymorphisms in Tim genes were reported to be potential risk factors for RA. Xu et al. reported that Tim-1 (-1637A>G, -232A>G), Tim-3 (-1541C>T, +4259G>T) and Tim-4 (SNP rs7700944) gene polymorphisms are related to RA susceptibility in the Chinese Hui population (52, 78, 79). Similar results were also reported for other national populations (53, 80). Tim-4 is involved in the immunoregulation of collagen-induced arthritis (CIA), and it exhibits dual functions, depending on the phase of CIA. During the induction phase, treatment with anti-Tim-4 monoclonal antibodies exacerbates the development of CIA in mice. In contrast, during the effector phase, treatment with anti-Tim-4 monoclonal antibodies reduces proinflammatory cytokine levels in the ankle joint, significantly inhibiting the progression of CIA (61).

Tim-3 may be a potential new marker for assessing the severity of RA. The expression levels of Tim-3 on PBMCs from patients with RA have been reported. Liu et al. showed increased expression of Tim-3 on peripheral blood CD4+ T cells, CD8+ T cells, NKT cells and monocytes from patients with RA. The percentage of Tim-3+ cells is negatively correlated with the 28-joint disease activity score (DAS28) and plasma tumor necrosis factor alpha (TNF-α) levels (57). In another study, Tim-3 expression on CD4+ and CD8+ T cells was shown to be negatively correlated with the progression of RA (81). In addition, the number of Tim-3+ Foxp3+ Tregs is decreased in patients with RA and is negatively correlated with RA disease activity (82). Based on accumulating evidence, the Tim-3-Gal-9 pathway may play an essential role in the induction and development of RA, and it may be a clinical target for the treatment and alleviation of RA. In an animal model, treatment with Gal-9 was shown to induce naive T cells to differentiate into Tregs, not only reducing the production of proinflammatory cytokines in mouse joints but also decreasing the number of Tim-3+ CD4+ T cells in the peripheral blood (83). In a clinical study, significantly higher Gal-9 expression in several T cell subsets and plasma was observed in patients with RA than in healthy controls. After 12 weeks of treatment with a calcineurin inhibitor, Gal-9 expression levels in individuals with a good therapeutic response were significantly lower than in those with a poor therapeutic response (84). Tim-3 is considered a useful biomarker for determining disease activity and progression. However, the current knowledge on Tim-3-targeted therapy for RA is still limited, and more studies in humans are required to provide further evidence (85).



Tims and SLE

SLE is an autoimmune disease with diverse clinical manifestations involving multiple organs. Its etiology is unclear, and it is related to various factors, including genetic, immune, and hormonal factors (86–89).

Lupus nephritis is the main risk factor for the overall morbidity and mortality of SLE and is related to the dysregulation of Th1 and Th2 responses (90). Tim-1 has an important role in regulating the Th1/Th2 response (91). Studies of mouse models of nephritis have suggested that when an inhibitory anti-Tim-1 antibody (RMT1-10) is administered to mice with nephritis, Foxp3+ T cells accumulate in the mice, and the expression of the IL-10 mRNA increases. RMT1-10 treatment reduces the urinary excretion and renal expression of Tim-1, reflecting an alleviation of interstitial injury (92). Previous studies have suggested that patients with SLE show increased expression of Tim-1 in PBMCs compared with healthy people, and Tim-1 expression is positively correlated with IL-10 expression. Moreover, this study also found significantly increased levels of the Tim-1 mRNA in patients with active SLE (SLE disease activity index (SLEDAI)>6), which indicates that Tim-1 mRNA expression in PBMCs is related to the disease activity of patients with SLE (54). Interestingly, in another study, researchers found that the mRNA expression levels of Tim-4 and Tim-1 were positively correlated in patients with SLE, but this correlation was not obvious in healthy controls. However, the authors failed to detect a significant difference in the Tim-1 mRNA expression levels between patients with SLE and healthy controls. This difference may be due to the distinctive SLEDAI of the subjects participating in each study (62). In summary, unlike other Tim molecules, research on the role of Tim-1 in SLE is still limited, and more research is needed to explore this protein in the future.

Th1 and Th17 immune dysregulation is one of the causes of SLE (93). Tim-3 was initially identified on activated Th1 and Th17 cells and induced T cell death after binding to its ligand, Gal-9 (94). Jiao et al. investigated the expression of Tim-3 and Gal-9 in patients with SLE and healthy controls. The expression of Tim-3 and Gal-9 on various T cells (including CD4+ T cells, CD8+ T cells, and CD56+ T cells) was significantly higher in patients with SLE than in healthy controls (58). Another study indicated that the plasma level of soluble Tim-3 (sTim-3) was increased in patients with SLE and positively correlated with anti-dsDNA antibodies, SLEDAI score, erythrocyte sedimentation rate (ESR), and urine albumin levels (95). All these studies illustrated that Tim-3 is potentially useful as an effective biomarker for evaluating indicators of SLE disease activity.

Similar to RA, insufficient clearance of AB is also a cause of SLE. If ABs are not engulfed by macrophages or DCs, the antigens and harmful substances from ABs will trigger an immune response, thereby promoting the progression of SLE (96, 97). The elimination of ABs is a key mechanism for maintaining normal tissue homeostasis in multicellular organisms. Tim-4 binds to PS and exposes it on the surface of ABs, presenting a signal to macrophages to trigger engulfment. Tim-4 mediates the clearance of ABs by macrophages. The mechanism of apoptotic cell phagocytosis is as follows: Ba/F3 transformants expressing the Tim-4 complex and integrin α(v)β (3) bind to and phagocytose apoptotic cells in the presence of milk fat globular epidermal growth factor VIII (MFG-E8) (98). A recent study showed that mice lacking Tim-4 or MFG-E8 rarely develop antibodies (99). In contrast, mice lacking both Tim-4 and MFG-E8 produce high levels of anti-dsDNA antibodies, indicating that Tim-4 and MFG-E8 mediates the clearance of apoptotic bodies, and involved in pathogenesis of SLE (15). In a human study, Zhao et al. observed significantly higher Tim-4 mRNA levels in the PBMCs from patients with SLE, especially those in the active phase of the disease, than those in healthy controls. Moreover, the level of the Tim-4 mRNA in PBMCs from patients with SLE positively correlated with the expression of the Tim-1 mRNA and serum TNF-α levels (62). Overexpressed Tim-4 may bind to Tim-1 and promote a Th2-mediated immune response, especially in patients with SLE. TNF-α is mainly secreted by activated macrophages and may induce an increase in Tim-4 expression, thereby promoting the proliferation of Th2 cells by binding to Tim-1. These findings imply that Tim-4 exerts a regulatory function in the pathogenesis of SLE.



Tims and T1D

T1D is a chronic autoimmune disease that is mainly caused by the destruction of islet β cells mediated by T lymphocytes (100). Due to the continuous destruction of insulin-producing islet β cells, insulin deficiency and hyperglycemia occur. Patients with an uncontrolled disease may suffer from ketoacidosis, which can be life-threatening (101). Noninsulin-based treatment strategies, such as delaying β cell failure, stem cell treatment, and islet transplantation, would be optimal to ameliorate T1D in patients and prevent its complications (102–104).

Research by Shimokawa confirmed that CD8+ Tregs are essential for preventing autoimmune diabetes. Notably, compared with healthy individuals, patients with T1D have fewer CD8+ Tregs (105). Tim-1 and Tim-4 are considered essential for the activation and differentiation of T lymphocytes. Guo et al. evaluated the expression of Tim-1 and Tim-4 in Tregs and found that the numbers of Tim-1+ Tregs and Tim-4+ Tregs were significantly decreased in both patients with T1D and no obesity diabetes (NOD) mice (55).

The Tim-3 pathway represents an important mechanism for downregulating Th1-mediated autoimmune diseases and promoting the development of immune tolerance. A previous study showed that treating recipient mice with a Tim-3-specific monoclonal antibody accelerated the occurrence of autoimmune diabetes in an adoptive transfer NOD model. In addition, similar results were obtained when researchers treated recipient mice with the Tim-3-Ig fusion protein, which disrupts the integrity of the inhibitory interaction between Tim-3 and its ligand on T cells (106). Blockade of the Tim-3 pathway accelerates diabetes in NOD mice. This effect may be mediated by inhibiting the immunosuppressive function of Tregs. Furthermore, Gal-9 was identified as a ligand for Tim-3 and shown to suppress the Th1 immune response in the development of T1D (107). Compared with control mice, NOD mice overexpressing the Gal-9 were significantly protected from T1D and showed less inflammation of pancreatic islets (59). Many studies have shown that the Tim-3 pathway is involved in Th1-mediated disease, and blocking the signaling by Tim-3 and its ligand Gal-9 may aggravate autoimmune diseases, including T1D (108).




Conclusions

Considerable progress has been achieved in understanding the expression and function of the Tim family in autoimmune diseases. Tim proteins are intimately involved in immunoregulation and participate in many diseases, such as allergies, infections, and cancers, by influencing the immune system. The data on the Tim family also provide us with insights into the design of selective targeted therapeutics. Clearly, the expression of Tim molecules is not limited to T cells, indicating that they perform different functions in a variety of cells to modulate immune responses. Emerging evidence suggests that Tim-1 has a potential role in the maintenance and regulation of Bregs. Tim-3 negatively regulates the response of Th1 cells and inhibits the production of inflammatory factors. Similarly, Tim-4 seems to play a positive role in clearing apoptotic cells and might participate in systemic autoimmune diseases. Therefore, future research on the Tim family is expected to provide new strategies for autoimmune treatment.
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Angiogenesis is a critical process in the formation of new capillaries and a key participant in rheumatoid arthritis (RA) pathogenesis. The adipokine apelin (APLN) plays critical roles in several cellular functions, including angiogenesis. We report that APLN treatment of RA synovial fibroblasts (RASFs) increased angiopoietin-1 (Ang1) expression. Ang1 antibody abolished endothelial progenitor cell (EPC) tube formation and migration in conditioned medium from APLN-treated RASFs. We also found significantly higher levels of APLN and Ang1 expression in synovial fluid from RA patients compared with those with osteoarthritis. APLN facilitated Ang1-dependent EPC angiogenesis by inhibiting miR-525-5p synthesis via phospholipase C gamma (PLCγ) and protein kinase C alpha (PKCα) signaling. Importantly, infection with APLN shRNA mitigated EPC angiogenesis, articular swelling, and cartilage erosion in ankle joints of mice with collagen-induced arthritis. APLN is therefore a novel therapeutic target for RA.
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Introduction

Rheumatoid arthritis (RA) is one of the most common autoimmune disorders, characterized by the accumulation of inflammatory cytokines in the synovial joint, resulting in pannus formation, cartilage degradation and bone destruction (1). Angiogenesis is a critical driver of RA disease, in which pre-existing blood vessels promote the entry of blood-derived leukocytes into the synovial tissues to facilitate and potentiate inflammation (2).

Endothelial progenitor cells (EPCs) develop from bone marrow-derived endothelial stem cells, which contain the cell surface markers CD133, CD34 and vascular endothelial growth factor receptor 2 (VEGFR2) and are capable of stimulating postnatal vasculogenesis (3) and angiogenic function (4). EPC proliferation and migration facilitate angiogenesis (4), enabling the development of RA (5, 6). EPC-dependent angiogenesis therefore seems to be a worthwhile treatment target in RA. EPC proliferation, migration and angiogenesis is regulated by the balance in activities between proangiogenic factors such as vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF) and angiopoietin-1 (Ang1), and antiangiogenic factors including thrombospondin-1 (7, 8). Ang1 plays a critical role in endothelial cell adhesion, migration and production during angiogenesis (9). However, the effects of Ang1 in EPC angiogenesis in RA disease are unclear.

Apelin (APLN) is a member of the adipokine superfamily that is expressed in different human tissues including nervous system, adipose and endothelial tissues (10, 11). APLN has been linked with numerous disorders, including cardiovascular and neurodegenerative diseases (10, 11). Emerging evidence has highlighted the association between APLN and arthritic diseases, including RA and osteoarthritis (OA), for example (12). Treating human chondrocytes with APLN increases the synthesis of matrix metalloproteinases (MMPs) and other catabolic factors (13). APLN also promotes the production of the proinflammatory cytokine interleukin 1 beta (IL-1β) in human OA synovial fibroblasts (OASFs) (14). In RA patients, levels of APLN expression are associated with the expression of the catabolic enzyme MMP-9 (15). These reports suggest that APLN is a novel avenue for treating arthritic diseases.

MiRNAs are single-stranded noncoding RNA molecules that manipulate gene expression at the post-transcriptional level (16). Various miRNA genes expressed in immune, inflammatory and synovial cells from patients with RA (17) can cause synovial hyperplasia and bone damage, or promote inflammation, through positive or negative manipulation (18). Recently, miRNAs have been found to regulate angiogenic activity in the progression of arthritic diseases (19, 20). However, it remains unclear as to how the APLN-miRNA axis regulates angiogenesis in RA disease. Our study has identified higher levels of APLN and Ang1 expression in patients with RA than in those with OA. APLN treatment increased RASF-derived Ang1 production and facilitated EPC angiogenesis by inhibiting miR-525-5p synthesis via phospholipase C gamma (PLCγ) and protein kinase C alpha (PKCα) signaling. Inhibition of APLN expression diminished Ang1-dependent angiogenesis and inhibited collagen-induced arthritis (CIA) in mice. APLN is therefore a novel therapeutic target for RA.



Materials and Methods


Materials

APN, Ang1, PLCγ and PKCα antibodies were purchased from Santa Cruz Biotechnology (CA, USA). p-PLCγ and p-PKCα antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). All siRNAs (ON-TARGETplus) were obtained from Dharmacon Research (Lafayette, CO, USA). Taqman® one-step PCR Master Mix, qPCR primers and probes were obtained from Applied Biosystems (Foster City, CA, USA). β-Actin antibody and pharmacological inhibitors were obtained from Sigma-Aldrich (St. Louis, MO, USA).



Human Synovial Fluid Samples

Study approval was granted by the Institutional Review Board of China Medical University Hospital (Taichung, Taiwan) and all patients provided written informed consent before participating in the study. Synovial fluid samples were obtained from patients undergoing total knee arthroplasty for OA (n=20) or RA (n=20).



Cell Culture

Human RASFs were purchased from the Riken Cell Bank (Ibaraki, Japan). Primary human EPCs were isolated according to the procedure detailed in our previous reports (21, 22). Mouse osteoblastic cell line MC3T3-E1 were purchased from the American Type Culture Collection (Manassas, VA, USA). RASFs and EPCs were maintained in DMEM while MC3T3-E1 cells were cultured in α-MEM medium. The culture mediums were supplemented with 20 mM HEPES and 10% fetal bovine serum, 2 mM glutamine, penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37°C with 5% CO2.



Western Blot Analysis

RASF cells (5 × 105 cells) were seeding in 6 well plate. Cell lysates were resolved by SDS-PAGE and transferred to Immobilon® PVDF membranes. Western blot analysis was performed according to the procedures detailed in our previous investigations (23–26).



Quantitative Real-Time PCR (qPCR) Analysis of mRNA and miRNA

Total RNA was extracted from RASFs and paws using TRIzol reagent and then reverse-transcribed into cDNA using oligo(dT) primers. For the miRNA assay, cDNA was synthesized using the TaqMan MicroRNA Reverse Transcription Kit. qPCR analysis was conducted according to an established protocol (27–29).



Preparation of Conditioned Medium (CM)

RASFs were plated in 6-well dishes and grown to confluence. The culture medium was exchanged with serum-free DMEM medium. CM were collected 1 days after the change of media and stored at -20°C until use. In the series of experiments, cells were pretreated for 30 min with inhibitors, including U73122, GF109203X and Go6976 or transfected with miR-525-5p mimic, PLCγ, PKCα and PKCδ siRNA for 24 h followed by treatment with APLN for 24 h to prevent signaling via the APLN pathway.



ELISA Assay

RASFs were treated with pharmacological inhibitors then incubated with APLN for 24 h and the medium was quantified for Ang1 expression using a Ang1 ELISA kit (Peprotech, Rocky Hill, NJ, USA), following the manufacturer’s protocol.



EPC Migration and In Vitro Tube Formation

EPCs were treated with RASF conditioned medium (CM) for 24 h. EPC migration and in vitro tube formation were evaluated by the procedures detailed in our previous publication (30).



The Chick Chorioallantoic Membrane Assay

In vivo angiogenic activity was assessed using the chorioallantoic membrane (CAM) of the chick embryo, as described previously (6, 31). Fertilized chick embryos were incubated in an 80% humidified atmosphere at 37°C. All animal investigations adhered to approved protocols issued by the Institutional Animal Care and Use Committee of China Medical University (Taichung, Taiwan).



In Vivo Matrigel Plug Assay

Four-week-old nude male mice received a single subcutaneous injection of Matrigel containing RASF CM. Mice were subcutaneously injected with 300 μL of Matrigel. On day 7, the Matrigel plugs were harvested, partially fixed with 4% formalin, embedded in paraffin, and subsequently processed for immunohistochemistry staining for CD31, CD34, and CD133. Hemoglobin concentrations were measured, according to previously described methodology (6, 31, 32).



CIA Mouse Model

The CIA mouse model was performed according to the methodology detailed in our previous publications (6, 32, 33). After receiving two immunizations, the mice were given weekly intra-articular injections of ~7.1 × 106 plaque-forming units (PFU) of control or APLN short hairpin RNA (shRNA). Upon sacrifice after 49 days of treatment, phalanges and ankle joints were removed from each mouse then fixed in 4% paraformaldehyde for micro-computed tomography (micro-CT) analysis. Analysis was performed using CTAn 1.18.4 (Bruker micro-CT, Kontich, Belgium). First, we segmented the reaction area which showed less calcium content with porous structure. We then labelled the isolated reaction area with purple color.



Statistical Analysis

All statistical analyses were carried out using GraphPad Prism 5.0 (GraphPad Software) and all values are expressed as the mean ± S.D. Differences between selected pairs from the experimental groups were analyzed for statistical significance using the paired sample t-test for in vitro analyses and by one-way ANOVA followed by Bonferroni testing for in vivo analyses. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus the control group; # p < 0.05 versus the APLN-treated group.




Results


APLN Facilitates Ang1-Dependent EPC Angiogenesis

APLN is associated with the progression of arthritic diseases, including RA (12). Ang1 is an important angiogenetic regulator in endothelial cell angiogenesis (9). First, we examined whether APLN promotes Ang1 synthesis in RASFs. Stimulation of RASFs with APLN dose-dependently increased Ang1 transcription and translation levels (Figures 1A, B) and also the secretion of Ang1 protein (Figure 1C). EPC tube formation and migration assays examined the effects of APLN-controlled angiogenesis in RASFs (5). CM from APLN-treated RASFs significantly increased the formation and reorganization of capillary-like network structures as well as migratory activity (VEGF-increased vessel formation served as the positive control) (Figures 1D, E). Treatment with Ang1 but not VEGF antibody, dramatically reduced the effects of CM from APLN-treated RASFs upon EPC tube formation and migration (Figures 1D, E), indicating that Ang1 is more important than VEGF in APLN-promoted EPC angiogenesis. To directly examine whether APLN acts as an angiogenic factor in vivo, the CAM assay was used. Matrigel was mixed with CM from APLN-treated RASFs and placed onto the surface of the CAMs. CM from APLN-treated RASFs synthesized new capillaries then control (VEGF-increased vessel formation served as the positive control) (Figure 1F), suggesting that APLN promotes Ang1 production in RASFs and enhances tube formation and migration of EPCs.




Figure 1 | APLN increases Ang1 expression in RASFs and promotes EPCs tube formation and migration. (A–C) RASFs were incubated for 24 h with APLN; Ang1 expression was quantified by qPCR, Western blot and ELISA assays. (D, E) RASFs cells were treat with APLN does manner for 24 h and collected conditioned medium (CM) was applied to endothelial progenitor cells (EPCs), then EPC migration and angiogenesis was measured. (F) Matrigel plugs containing CM from APLN-treated RASFs or VEGF (positive control) were applied to 6-day-old fertilized chick embryos for 4 days. CAMs were examined by microscopy and photographed, and vessels counted. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05 versus the APLN-treated group.





High Levels of APLN and Ang1 Expression in RA Patients Induce EPC Homing and Angiogenesis

Next, we investigated APLN and Ang1 levels in RA patients. We found markedly higher levels of APLN and Ang1 expression in synovial fluid from RA patients compared with OA synovial fluid samples (Supplementary Figures 1A, B). Synovial fluid levels of APLN and Ang1 were positively correlated (Supplementary Figure 1C). Next, we examined whether synovial fluid from RA patients promotes EPC homing and angiogenesis. Migratory activity, as well as the formation and reorganization of capillary-like network structures, was significantly greater in EPCs incubated with RA synovial fluid compared with EPCs incubated with OA synovial fluid (Supplementary Figures 1D, E). Treatment with Ang1 antibody dramatically diminished the effects of RA synovial fluid upon EPC migration and tube formation (Supplementary Figures 1D, E), indicating that high levels of APLN and Ang1 expression in RA patients induce EPC homing and angiogenesis.



PLCγ and PKCα Signaling Cascades Regulate APLN-Promoted Ang1 Expression and Angiogenesis in EPCs

PLC and PKC signaling pathways control different cellular functions, including angiogenesis (34). We therefore sought to determine how these pathways affect APLN-induced upregulation of Ang1 synthesis and EPC angiogenesis. Treatment of RASFs with a PLC inhibitor (U73122) or PLCγ siRNA reduced the effects of APLN upon Ang1 expression (Figures 2A, B) and inhibited APLN-induced upregulation of EPC migration and tube formation (Figures 2C, D). Incubating RASFs with APLN induced PLCγ phosphorylation (Figures 2E, F). In addition, the PKCα inhibitors (GF109203X and Go6976) and PKCα siRNA, but not the PKCδ inhibitor (Rottlerin) or PKCδ siRNA, abolished APLN-facilitated Ang1 expression and EPC angiogenesis (Figures 3A–D). Stimulation of RASFs with APLN also increased PKCα phosphorylation (Figure 3E). Thus, APLN promotes Ang1 expression in RASFs and enhances EPC angiogenesis via PLCγ and PKCα signaling.




Figure 2 | PLCγ signaling regulates APLN-induced effects on Ang1 expression and EPC angiogenesis. (A, B) RASFs were left untreated, stimulated with APLN (3 ng/mL) alone for 24 h, or pretreated with U73122 for 30 min, or transfected with PLCγ siRNA for 30 min, prior to 24 h of APLN (3 ng/mL) stimulation. Ang1 expression was examined by qPCR and ELISA assays. (C, D) Collected CM was applied to EPCs, and angiogenesis was determined. (E) RASFs were treated with APLN for varying amounts of time and Western blot (n=3) determined PLCγ phosphorylation. (F) Densitometry analysis of (E). *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05 versus the APLN-treated group.






Figure 3 | PKCα signaling regulates APLN-induced effects on Ang1 expression and EPC angiogenesis. (A, B) RASFs were pretreated with GF109203X and Go6976 for 30 min, or transfected with PKCα and PKCδ siRNAs for 24 h, then stimulated with APLN for 24 h. Ang1 expression was examined by qPCR and ELISA assays. (C, D) Collected CM was applied to EPCs, and EPC angiogenesis was determined. (E) RASFs were treated with APLN time-manner and Western blot (n=3) determined PKCα phosphorylation. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05 versus the APLN-treated group.





Inhibition of miR-525-5p Controls APLN-Promoted Ang1 Synthesis and EPC Angiogenesis

The dysregulated expression of miRNAs in patients with RA differs from miRNA expression in healthy individuals (35, 36). Using open-source miRNA software (miRanda, https://bioweb.pasteur.fr/packages/pack@miRanda@3.3a/; Microt4, http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microtv4/index; and miRWalk, http://mirwalk.umm.uni-heidelberg.de/), we identified 8 candidate miRNAs that could possibly bind to the 3’UTR region of Ang1 mRNA. Among these 8 miRNAs, levels of miR-525-5p expression were suppressed by the greatest extent after APLN administration (Figure 4A and Supplementary Figure S2). Treating RASFs with APLN concentration-dependently reduced miR-525-5p synthesis (Figure 4B). Transfection of RASFs with miR-525-5p mimic antagonized the effects of APLN upon Ang1 production and EPC angiogenesis (Figures 4C–E). Similarly, transfection with miR-525-5p mimic downregulated Ang-1 expression in mouse MC3T3-E1 cells (Supplementary Figure S3).




Figure 4 | APLN facilitates Ang1 synthesis and EPC angiogenesis by inhibiting miR-525-5p. (A) Open-source software enabled identification of miRNAs that possibly interfere with Ang1 transcription. (B) RASFs were incubated with APLN for 24 h. miR-525-5p expression was determined by the qPCR assay. (C) RASFs were transfected with miR-525-5p mimic for 24 h, then stimulated with APLN for 24 h. Ang1 levels were determined by qPCR. (D, E) Collected CM was applied to EPCs, and EPC angiogenesis was quantified. (F) Schematic 3′UTR representation of human Ang1 containing the miR-525-5p binding site. (G, H) RASFs were transfected with the indicated luciferase plasmid with or without miR-525-5p mimic for 24 h, then stimulated with APLN for 24 h. Relative luciferase activity was determined. (I) RASFs were pretreated with U73122, GF109203X and Go6976 for 30 min, then stimulated with APLN for 24 h. miR-525-5p expression was quantified by qPCR. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05 versus the APLN-treated group.



To examine whether miR-525-5p regulates ANG1 gene transcription, we constructed a luciferase reporter vector with the wild-type 3’UTR of ANG1 mRNA (wt-Ang1-3’UTR) and a mutated vector harboring mismatches in the predicted miR-525-5p binding site (mt-Ang1-3’UTR) (Figure 4F). MiR-525-5p mimic reduced APLN-induced luciferase activity in the wt-Ang1-3’UTR plasmid, but not in the mt-Ang1-3’UTR plasmid (Figures 4G, H). Moreover, U73122, GF109203X and Go6976 all reversed APLN-induced inhibition of miR-525-5p expression (Figure 4I), indicating that PLCγ and PKCα signaling mediate APLN-induced inhibition of miR-525-5p.



Inhibition of APLN Reduces EPC Angiogenesis as Well as Arthritis Severity In Vivo

APLN shRNA was used to validate the in vivo role of APLN. Infection of RASFs with APLN shRNA reduced APLN and Ang1 levels (Figures 5A, B). Compared with RASF CM, APLN shRNA-infected RASF CM reduced EPC migration and tube formation (Figures 5C, D). CAM and Matrigel investigations demonstrated that CM from RASFs enhanced vessel formation in vivo (Figures 5E, F), while APLN shRNA reduced RASF CM-promoted induction of vessel formation (Figures 5E, F). These results were confirmed by IHC staining of hemoglobin levels and the human-specific vessel marker CD31, as well as EPC markers CD34 and CD133 (Figures 5G, H).




Figure 5 | Inhibition of APLN reduces EPC angiogenesis in vivo. (A, B) RASFs were infected with APLN shRNA for 24 h. APLN and Ang1 expression was examined by Western blot (n=3) and ELISA. (C, D) Collected CM was applied to EPCs, and EPC angiogenesis was quantified. (E) After subjecting RASFs to the treatment conditions as indicated, the harvested CM was applied to 6-day-old fertilized chick embryos for 4 days. CAMs were examined by microscopy and photographed, and vessels were counted manually. (F, G) Matrigel plugs containing the harvested CM were subcutaneously injected into the flanks of nude mice. After 7 days, the plugs were photographed, and hemoglobin levels were quantified. (H) Plug specimens were immunostained with CD31, CD34 and CD133 antibodies. *p < 0.05, **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05 versus the APLN-treated group.



Next, we used the CIA mouse model to investigate the therapeutic effect of inhibiting APLN in vivo. Compared with controls, CIA mice exhibited significant paw swelling that improved after administration of APLN shRNA (Figures 6A, B). Micro-CT images of the hind paws showed that APLN shRNA reversed CIA-induced reductions in bone mineral density (p<0.01), bone volume (p<0.0001) and trabecular numbers (p<0.0001) (Figures 6C–E). Moreover, CIA mice exhibited lower cartilage thicknesses, as indicated by H&E and Safranin-O/Fast-green staining (Figure 6F). APLN shRNA reversed CIA-induced cartilage degradation (Figure 6G). According to IHC staining data, levels of vessel marker (CD31) and EPC markers (CD34 and CD133) were all markedly higher in CIA mice than in controls. Notably, APLN shRNA treatment antagonized CIA-induced upregulation of CD31, CD34 and CD133 expression (Figure 6G). Furthermore, the in vitro results were confirmed by qPCR assays, showing lower levels of APLN mRNA in the APLN-shRNA group compared with those in the CIA group, while levels of miR-525-5p were higher in the APLN-shRNA group than in the CIA group (Supplementary Figure S4). These results indicate that inhibiting APLN lowers EPC angiogenesis as well as disease activity in CIA-induced arthritis.




Figure 6 | APLN knockdown reduces angiogenesis and the severity of RA in vivo. CIA mice received intra-articular injections of 7.1 × 106 PFU APLN shRNA or control shRNA on day 14 and were euthanized on day 49. (A) In comparisons of digital plethysmometer values for the amounts of hind paw swelling in the CIA and APLN shRNA groups, the statistical comparisons were not significant on days 14 and 21 (p=0.5 and p=0.3, respectively), but they were significant change on days 14, 21, 28,35,42 and 49 (p=0.001, p<0.0001, p<0.0001, and p<0.0001, respectively). (B) Representative micro-CT images of the hind paws taken on day 49. (C–E) Micro-CT SkyScan Software quantified bone mineral density, bone volume and trabecular numbers. (F, G) Histological sections of ankle joints were stained with H&E or Safranin O and immunostained with CD31, CD34 and CD133. *p < 0.05 versus the control group; #p < 0.05 versus the APLN-treated group. *p < 0.05 and **p < 0.01 versus the control group; #p < 0.05 versus the CIA group.






Discussion

RA is well recognized for its manifestations of synovial inflammation and joint destruction (1, 37, 38). The development of RA disease relies upon pannus formation and neovascularization (2). Ang1 is a critical modulator during the physiological and pathological progression of angiogenesis (39). APLN reportedly increases IL-1β expression and VEGF-mediated angiogenesis, facilitating OA development (14, 19). Here, we report finding higher APLN and Ang1 expression in patients with RA than in those with OA. Moreover, we found that APLN stimulates Ang1 synthesis in RASFs and facilitates EPC angiogenesis by inhibiting miR-525-5p synthesis via PLCγ and PKCα signaling. Importantly, inhibiting the expression of APLN reduces EPC angiogenesis, reducing the progression of RA in vivo.

EPCs also stimulate new vessel formation (40, 41) and promotion of EPC mobilization by angiogenic factors facilitates tumor development and angiogenesis (42). EPC angiogenesis plays a vital role in RA (5, 43). EPC infiltration into joints has been reported in the CIA-induced RA mouse model (5). Here, we observed that compared with OA synovial fluid, RA synovial fluid facilitates EPC infiltration and angiogenesis, indicating that EPC-dependent angiogenesis is an important step during RA progression. Levels of EPC-specific markers were higher in our CIA mouse model than in controls. APLN shRNA reduced levels of vessel markers and EPC markers and mitigated the severity of RA disease. Thus, inhibition of APLN shows promise as a novel strategy in RA disease, reducing EPC angiogenesis and disease development.

Various proangiogenic factors, including VEGF, fibroblast growth factor, PDGF and Ang, are involved in the angiogenic process of several different diseases, including arthritis (2). Interestingly, we found that Ang1 antibody significantly antagonized increases in EPC angiogenesis induced by RA synovial fluid, suggesting that Ang1 is a vital modulator in EPC-mediated angiogenesis during RA development. Incubation of RASFs with APLN concentration-dependently promotes Ang1 synthesis, resulting in EPC angiogenesis. Importantly, Ang1 antibody, but not VEGF antibody, abolished EPC migration and tube formation in CM from APLN-treated RASFs, indicating that Ang1 is more important than VEGF in APLN-induced angiogenesis during RA disease.

Activation of the PLC/PKC signaling cascade is essential for regulating various cellular functions, including pathogenesis of arthritic diseases (34, 44). The proliferation of synoviocytes from patients with RA has been reported to be suppressed by PLC and PKC inhibitors (44). In our previous research, we found that the PLC/PKC pathway was involved in thrombin-induced interleukin-6 synthesis in rheumatoid synovial cells (45). However, the impact of these molecules on synovium-induced angiogenesis is not clear. In OA-related research, APLN increased angiogenesis responses, including endothelial cell migration, proliferation, and the capillary tube-like structure formation of endothelial cells (19, 46). Our investigations found that PLC and PKC inhibitors reduced APLN-enhanced Ang1 expression in RASFs and EPC angiogenesis. This was confirmed by findings from genetic siRNA experiments demonstrating that PLCγ and PKCα mediate the angiogenic effects of APLN. Treatment of RASFs with APLN also augmented PLCγ and PKCα phosphorylation. This suggests that PLCγ and PKCα activation are controlled by APLN-dependent Ang1 angiogenesis in EPCs. Recent publications have described how PKCδ activation regulates lymphangiogenesis and angiogenesis in RASFs and LEC cells (31, 47). However, our study showed that neither the PKCδ inhibitor (Rottlerin) nor the genetic siRNA affected APLN-facilitated expression of Ang1 and angiogenesis in EPCs, indicating that the PKCδ pathway is not involved in APLN-regulated angiogenic effects. Thus, PKCα but not PKCδ activation regulates APLN-induced Ang1 expression and EPC angiogenesis.

MiRNAs post-transcriptionally regulate gene expression (48). In RA, aberrant miRNA expression regulates the expression of inflammatory pathways (35, 36). Numerous miRNAs also control angiogenesis during RA progression (49). MiR-525-5p has been implicated in multiple cancers, including for instance glioma (50), cervical cancer (51) and NSCLC (52), but no evidence to date has indicated the involvement of miR-525-5p with RA progression. In this study, stimulation of RASFs with APLN inhibited miR-525-5p expression and transfecting them with miR-525-5p mimic antagonized APLN-promoted upregulation of Ang1 expression and EPC angiogenesis. It has been reported that transcriptional and post-transcriptional regulation play key roles in miRNA activation and inhibition (53). In this study, treating RASFs with PLCγ and PKCα inhibitors reversed APLN-promoted inhibition of miR-525-5p expression, which suggests that APLN may assist with Ang1 production and EPC angiogenesis by inhibiting miR-525-5p synthesis via the PLCγ and PKCα signaling cascades. Whether PLCγ/PKCα signaling regulates miR-525-5p expression through transcriptional or post-transcriptional regulation needs further examination.

In conclusion, we have determined that APLN increases Ang1 synthesis and subsequently facilitates EPC angiogenesis by suppressing miR-525-5p synthesis via PLCγ and PKCα signaling (Figure 7). The evidence supports the targeting of the APLN-dependent miR-525-5p/Ang1 axis in RA treatment regimens.




Figure 7 | The schematic diagram summarizes the mechanisms of APLN-induced Ang1-dependent EPC angiogenesis during RA pathogenesis. APLN induces Ang1 expression in RASFs by suppressing miR-525-5p expression via the PLCγ and PKCα signaling pathways, and promotes EPC angiogenesis in RA.
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Objective

Systemic lupus erythematosus (SLE) is an autoimmune disease with complex etiology that is not yet entirely understood. We aimed to elucidate the mechanisms and therapeutic potential of microRNAs (miRNAs) in SLE in a Tibetan population.



Methods

Peripheral blood mononuclear cells from SLE patients (n = 5) and healthy controls (n = 5) were used for miRNA–mRNA co-sequencing to detect miRNAs related to immune abnormalities associated with SLE. Luciferase reporter assay was used to identify potential targets of candidate miRNA. The target genes were verified in miRNA-agomir/antagomir transfection assays with multiple cells lines and by expression analysis. The effects of candidate miRNA on monocyte and macrophage activation were evaluated by multiple cytokine profiling. Neutrophil extracellular traps (NETs) formation was analyzed in vitro by cell stimulation with supernatants of monocytes and macrophages transfected with candidate miRNA. The rodent MRL/lpr lupus model was used to evaluate the therapeutic effect of CXCL2Ab on SLE and the regulation effect of immune disorders.



Results

Integrated miRNA and mRNA expression profiling identified miRNA-4512 as a candidate miRNA involved in the regulation of neutrophil activation and chemokine-related pathways. MiR-4512 expression was significantly reduced in monocytes and macrophages from SLE patients. MiR-4512 suppressed the TLR4 pathway by targeting TLR4 and CXCL2. Decreased monocyte and macrophage miR-4512 levels led to the expression of multiple proinflammatory cytokines in vitro. Supernatants of miR-4512 antagomir-transfected monocytes and macrophages significantly promoted NETs formation (P < 0.05). Blocking of CXCL2 alleviated various pathogenic manifestations in MRL/lpr mice, including kidney damage and expression of immunological markers of SLE.



Conclusions

We here demonstrated the role of miR-4512 in innate immunity regulation in SLE. The effect of miR-4512 involves the regulation of monocytes, macrophages, and NETs formation by direct targeting of TLR4 and CXCL2, indicating the miR-4512-TLR4-CXCL2 axis as a potential novel therapeutic target in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic, incurable autoimmune disease. It is characterized by the induction of abnormal cell death pathways and clearance mechanisms, excessive externalization of modified cells and nuclear debris, loss of tolerance to various self-antigens, and innate and adaptive immune disorders (1). The innate immune system might initiate and promote SLE autoimmunity and organ damage (2). Pro-inflammatory monocytes, macrophages, and neutrophils enter the kidney and other organs during SLE progression (3). Further, abnormal macrophage activation and secretion have been demonstrated in SLE in human and in animal models (4). However, the mechanism by which the innate immune system, especially pro-inflammatory monocytes, macrophages and neutrophils cause organ damage in SLE is not yet fully understood.

MicroRNAs (miRNAs) are small non-coding RNAs that act by regulating gene expression. The roles of miRNAs in regulating immune defense genes remain to be clarified (5). Some information on miRNA activity in SLE is available. For instance, miRNA-30e-5p regulates the innate immune response during viral infection and SLE (6). MiR-146a suppresses nuclear factor-k-gene binding (NF-κB) and cytokine production during SLE development (7). MiR-155 targets the suppressor of cytokine signaling 1 (SOCS1) in macrophages and promotes an inflammatory response and type I interferon (IFN) signaling (8). MiRNA-150 promotes inflammation by suppressing the triggering receptors expressed on myeloid cells 1 (TREM-1), which are positive regulators of the toll-like receptor 4 (TLR-4) signaling pathway (9). MiR-125a regulates autoimmune diseases by stabilizing immune homeostasis mediated by regulatory T cells (10). However, the roles of miRNAs in monocytes and macrophages during autoimmune pathogenesis remain to be elucidated.

We have previously shown that the expression of miR-125b-5p decreases and that of the autophagy gene UVRAG increases, activating cell autophagy after UVB irradiation of the peripheral blood mononuclear cells (PBMCs) of SLE patients of Han ethnicity (11). Tibetans are theoretically more susceptible to systemic lupus than Han Chinese because they live at high altitudes and are exposed to oxygen deprivation and intense ultraviolet radiation. However, the characteristics of gene expression in Tibetan patients with SLE in China have not been reported. In the current study, blood samples from Tibetan patients with SLE in Diqing Shangri-La (Yunnan Province, China) were analyzed by high-throughput sequencing to screen for mRNA and miRNAs differentially expressed between healthy and SLE Tibetan patients. Next, miRNA-mRNA co-sequencing and functional analysis revealed that miRNA-4512 may be involved in immune regulation of SLE. We analyzed the expression of miR-4512 in PBMCs and monocytes of Tibetan and Han SLE patients, and identified the mechanism and direct target of miR-4512 in innate immune regulation. In addition, the therapeutic efficacy of these targets in animal models of SLE was further verified.



Materials and Methods


Patients and Controls

Nineteen SLE patients (10 Tibetan, mean age 46.1 ± 16.42 y; nine Han, mean age 35 ± 13.67 y) and 17 healthy controls (nine Tibetan, mean age 39.70 ± 3.76 y; eight Han, mean age 29.78 ± 1.37 y) matched for age, gender, and altitude were recruited (Supplementary Table S1). All patients met ≥ 4 of the revised SLE criteria of the American College of Rheumatology (1997) (12). Informed written consent was obtained, and the study design was approved by the Ethics Committee of the Second Affiliated Hospital of Kunming Medical University.



RNA Extraction and Reverse-Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA from freshly isolated PBMCs (section 2.7) or cell cultures was extracted with TRIzol Reagent (Invitrogen, San Diego, CA, USA). The cDNA was synthesized using a SureScript™ First-Strand cDNA Synthesis Kit (GeneCopoeia, Guangzhou, China). The mRNA levels were determined by RT-qPCR with BlazeTaq™ SYBR® Green qPCR Mix 2.0 (GeneCopoeia) and GAPDH as the internal control. The primers are listed in Supplementary Table S2. Total RNA was reverse-transcribed and quantified with an All-in-One™ miRNA RT-qPCR Detection kit (QP015, GeneCopoeia). U6 small nuclear RNA was the internal control.



Sample Library Construction and Sequencing

Total RNA was extracted from samples before sequencing using TRIzol reagent (Invitrogen, San Diego, CA, USA). RNA integrity and quantity were evaluated by using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, California, USA). The cDNA was synthesized using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random primers, with enriched and fragmented RNA as template. The cDNA was converted to dsDNA for library construction. The libraries were quantified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, California, USA). Sequencing was performed using Illumina NextSeq6000 platform (Illumina, San Diego, CA, USA). Multiplex Small RNA Library Prep Set for Illumina was used to construct small RNA libraries based on miRNA sequencing, in accordance with the manufacturer’s protocol. Fragments (18-35 nt) were extracted from the total RNA, and indices and adaptors were added for PCR amplification. Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) was used for library quantification. The library was sequenced by Shanghai Personal Biotechnology Co. Ltd. (Shanghai, China) using Hiseq platform (Illumina).



Sequencing Data Analysis

The reference genome index was set up using Bowtie2 v. 2.4.1 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). HISAT2 v. 2.1.0 (http://www.ccb.jhu.edu/software.shtml) was used to map the filtered reads to the reference genome. Reads for each gene were counted using HTSeq v. 0.11.1 (https://htseq.readthedocs.io/en/master/). Gene expression was standardized using FPKM, and differential expression was analyzed using DESeq v. 1.39.0 (http://bioconductor.org/packages/release/bioc/html/DESeq.html) according to the criteria |log2FoldChange| > 1 and P < 0.05. MiRDeep2 v. 2.0.0.8 (https://github.com/Rajewsky-lab/mirdeep2.git) was used to map the clean reads to the reference genome in the miRBase database (http://www.mirbase.org/), to annotate unique reads. Other non-coding RNAs were used for the annotation. Mireap v. 2.0 (https://sourceforge.net/projects/mireap/) was used to analyze the unannotated sequences. MiRNA reads were counted based on the number of sequences conforming with mature miRNA. The most abundant miRNAs were selected for subsequent analysis. DESeq v. 1.30.0 was used to identify differentially expressed miRNAs as those meeting the criteria |log2FoldChange| > 1 and P < 0.05.

The mRNA 3′ untranslated region (UTR) was the target sequence. MiRanda v. 3.3a (https://anaconda.org/bioconda/miranda) was used to predict the target genes of the differentially expressed miRNAs. Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/) and gene ontology (GO, http://geneontology.org/) were used to analyze the enrichment of target genes associated with differentially expressed mRNA and miRNAs. All genes were mapped to KEGG and GO terms and pathways, and the latter were filtered using corrected P ≤ 0.05.



Luciferase Reporter Assay

To verify the target genes of miR-4512, putative miR-4512 target sequences located in the 3′-UTR of human C-X-C motif ligand (CXCL2, TLR4, CCR1, CXCL1, and CXCL5 transcripts were synthesized and cloned into pmirGLO vector (Promega, Madison, WI, USA) downstream of the Luc2 reporter gene. Plasmids harboring mutated sequences were constructed by inserting each target sequence with various base deletions at the putative miR-4512–binding site (The sequences are listed in Supplementary Figure S1). Vectors were sequenced and prepared using an Endo-Free Plasmid ezFlow Mini kit (Promega). Then, HEK293T cells were co-transfected with pmirGLO-(CXCL2, TLR4, CCR1, CXCL1 and CXCL5) and pmirGLO-(CXCL2, TLR4, CCR1, CXCL1 and CXCL5)-MUT plasmids using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) and miR-4512 agomir or miR-4512 NC. After 48 h, the cells were harvested, and relative luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega, Madison WI, USA), according to the manufacturer’s instructions. Renilla luciferase normalized firefly luciferase activity.



Enzyme-Linked Immunosorbent Assay (ELISA), Western Blotting

The levels of various cytokines [interleukin (IL)-1β, IL-2, IL-12, tumor necrosis factor (TNF)-α, IFN-γ, IL-4, IL-6, IL-10, and IL-17] in the sera of human patients and experimental mice, supernatants of monocytes or macrophages transfected with NC/miR-4512-agomir/antagomir and mouse renal lysis solution were quantified using ELISA kits (NeoBioscience, Beijing, China), according to the manufacturer’s instructions. Mouse serum antinuclear antibody (ANA), anti-dsDNA antibody, and human serum CXCL2 concentrations were measured using appropriate ELISA kits (JL17316-48T, JL12477-48T, and JL25367-96T, respectively; Jianglai Biology, Shanghai, China). Human serum myeloperoxidase (MPO) concentration was measured with an ELISA kit (0-111594; Jonln, Shanghai, China), according to the manufacturer’s instructions. Anti-TLR4 monoclonal antibody (1:1000, clone 3G9A4; Proteintech Group, Chicago, IL USA) and Anti-neutrophil elastase (NE) monoclonal antibodies (1:100; 89241S; Cell Signaling Technology, Danvers, MA, USA) were used for western blotting, with β-actin was the internal control.



Cell-Free DNA (cfDNA) Detection

Cell supernatant was treated according to the Picogreen Kit (Invitrogen), and each sample was diluted 1:9 (cell supernatant: TE working solution) with TE working solution; Add 100ul of 10-fold diluted samples to each well, set up two duplicate Wells, and then add 200ul Picogreen reagent in an aqueous working solution chamber to incubate at warm temperature for 10min; Determination: The full-function continuous wavelength scanning microplate analysis system measured all samples in a 96-well microplate at a final volume of 200ul. The standard curve was established with the concentration of DNA standard as the X axis and the fluorescence at 480nm as the Y axis. The concentration of the corresponding sample was calculated according to the fluorescence value of the sample.



Cell Isolation and Culture

PBMCs were separated from ethylene diamine tetraacetic acid (EDTA) blood by density gradient centrifugation (450 × g, 30 min) on Ficoll-Paque Plus (GE Healthcare, Little Chalfont, UK) and resuspended in RPMI 1640 medium supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin (Gibco, Grand Island, NY, USA) and 10% fetal bovine serum (Gibco, Grand Island, NY, USA).

CD14+CD16– monocytes were isolated from freshly isolated PBMCs by immunomagnetic negative selection using an EasySep™ Human Monocyte Isolation kit (19669; STEMCELL Technologies, Vancouver, BC, Canada), according to the manufacturer’s instructions. Human macrophages were obtained by culturing CD14+ monocytes for 7 d in RPMI 1640 medium containing 50 ng/mL macrophage colony-stimulating factor(M-CSF). The macrophages were identified by F4/80 expression. Neutrophils were isolated by gradient centrifugation (500 × g, 30 min) on Hypaque-Ficoll solution (LZS11131; TBD, Tianjin, China). Monocytes, neutrophils, and differentiated macrophages were cultured in complete RPMI 1640 medium.



In Vitro NETs Formation Assay

CD14+ monocytes from healthy donors and macrophages were transfected with NC/miR-4512-agomir/antagomir using EndoFectin™ Max (EF013; Genecopoeia). After 12 h, the conditioned medium was collected. Fresh neutrophils isolated from healthy donors were exposed to the medium for 3 h. Cells treated with 10 μg/mL lipopolysaccharide (LPS) and 50 ng/mL CXCL2 were used as the positive controls. Culture supernatants were collected for ELISA analysis. Stimulated neutrophils were collected for western blotting and NETs staining and quantification.



NETs Staining and Quantification

The neutrophils were inoculated in the confocal dishes at a concentration of 2×105/mL, fixed with 4% paraformaldehyde for 15 min, then permeabilized with 0.5% Triton X-100 at room temperature for 10 min. Then the cells were stained with 1 μm Sytox Green (Invitrogen) and Hoechst nucleic acid stain (1:1000; Invitrogen). Random photographs were taken under the condition of scattered light at 520 nm. The obtained images were analyzed by Zen 2012 software (n=4). For quantification of NETs, neutrophils were seeded in 96-well black plates (2 × 105 cells/well) in the presence of 5 μM Sytox Green. After stimulation with different conditioned medium for 3 hours, the florescence intensity was quantified with excitation at 485 nm and emission at 535 nm using Infinite M200 Pro (Tecan).



MLR/lpr Animal Model

Four female MRL/lpr mice (8-wk-old, 19 ± 0.5 g; Hunan Slack Jingda Experimental Animal Co. Ltd., Hunan, China) were intraperitoneally injected with mouse CXCL2 monoclonal antibody (300-39-2; PeproTech, Rocky Hill, NJ, USA), twice weekly (50 μg/50 μL) for 4 wk. The control (n = 4, female MRL/lpr mice, 8-wk-old, 18 ± 0.5 g; Hunan Slack Jingda Experimental Animal Co. Ltd.) received 50 μL of saline per treatment. Sex- and age-matched normal C57BL/6 mice (n = 4, 8-wk-old, 18 ± 0.5 g; Hunan Slack Jingda Experimental Animal Co. Ltd.) were administered saline according to the above schema. Urine was collected twice weekly from each group. Proteinuria was detected by Coomassie Brilliant Blue (CBB) staining (Bayer, Elkhart, IN, USA). Mice were sacrificed by CO2 asphyxiation at 12 wk. The blood was collected, and serum levels of anti-dsDNA, ANA and multiple cytokines were measured using commercial kits (Jianglaibio, Shanghai, China). The kidneys were excised and dissected for immunocytochemistry (IHC) staining (as described in section 2.10) and cytokine analysis by ELISA.

The mice were randomly assigned to different groups according to their unique code, and all data were collected by technicians blinded to the treatment protocol. The experiment was conducted in a laboratory animal facility of Kunming Medical University and approved by the Animal Research Committee of Kunming Medical University (No. kmmu2021724).



Histopathology and IHC Staining

Mouse kidneys were fixed in 4% (v/v) paraformaldehyde, embedded in paraffin, sectioned (6 μm) using a rotary microtome (Leica Biosystems, Wetzlar, Germany), and stained with hematoxylin and eosin (H&E). Active and chronic renal tubular changes were semi-quantitatively analyzed as previously described (13). The activity index (AI) data included glomerular endocapillary proliferation, intraglomerular leukocyte infiltration, platinum ear-pick and/or hyaline thrombus, fibrinoid necrosis and/or nuclear fragmentation, cellular crescent, and inflammatory cell infiltration in the interstitial space. A score in the range of 0–3 was assigned to each item, and all items were summed to yield a final AI score. The chronic index (CI) parameters included glomerulosclerosis, fibrous crescent, renal tubular atrophy, and renal interstitial fibrosis. A score in the range of 0-3 was assigned to each item, and all items were summed to yield a final CI score. Four items in the renal tubulointerstitial lesion (TIL) category were evaluated: tubular degeneration or necrosis, renal tubular atrophy, renal interstitial fibrous, and renal interstitial inflammatory cell infiltration. A score in the range of 0–3 was assigned to each item, and all items were summed to yield a final TIL score. Tissue sections were examined by an experienced pathologist blinded to the treatments.

For IHC staining, renal paraffin sections were dewaxed, rehydrated, and recovered in antigen recovery solution (ETDA with citric acid) in an autoclave. Endogenous peroxidase activity was blocked with 0.3% (v/v) hydrogen peroxide. The sections were blocked with 10% (v/v) normal goat serum at 37°C for 1 h and incubated with rabbit anti-CXCL2 monoclonal antibody (MAb) (1:200; GTX74085; GeneTex, Irvine, CA, USA), rabbit anti-CD45 MAb (1:1000; 20103-1-AP; Proteintech, Chicago, IL, USA), and rabbit anti-MPO MAb (1:1000; ab188211; Abcam, Cambridge, UK) at 4°C overnight. Tissues were washed with phosphate-buffered saline, incubated with horseradish peroxidase-conjugated secondary antibody, and analyzed by using a DAB kit. The nuclei were counterstained with hematoxylin. Whole-tissue images were acquired using a Pannoramic 250 flash II scanner (3D HISTECH, Budapest, Hungary) at ×20magnification. According to the intensity of immunohistochemical staining, the glomeruli were divided into four grades. Specifically, deposition <20%, 20% ≤ deposition <50%, 50% ≤ deposition <75%, and deposition ≥ 75 are defined as degrees I, II, III, and IV, respectively. Data are expressed as the percentage of glomeruli in each staining category relative to the total. Three sequential sections per animal were examined, and averages were statistically analyzed.



Statistical Analysis

Data are presented as the mean ± SEM. For normal variance distribution, unpaired Student’s t-test was used to determine the differences between group pairs. One-way ANOVA and post hoc Kruskal–Wallis test were used to compare ≥ 3 groups. GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) was used for the calculations. Statistical significance was set at P < 0.05.




Results


Integrated miRNA and mRNA Expression Profiling Identifies Putative miRNA-mRNA Regulatory Networks in PBMCs From SLE Patients

We used RNA sequencing to analyze miRNA and mRNA expression profiles of PBMCs from SLE (n = 5) and healthy (n = 5) Tibetans. Overall, 469 mRNAs (DEmRNAs) and 45 miRNAs (DEmiRNAs) were significantly differentially expressed in Tibetan SLE patients. Of these, 356 DEmRNAs and 13 DEmiRNAs were upregulated, while 113 DEmRNAs and 32 DEmiRNAs were downregulated (Figures 1A, C).




Figure 1 | miRNA and mRNA profiling reveals potential regulatory network involved in SLE pathogenesis. (A) Heat map representation of differentially expressed genes in SLE patients and control subjects (n = 5). (B) Top 10 GO processes determined based on all differentially expressed genes highlight enrichment of neutrophil activation and chemokine activity. (C) Hierarchical clustering of 45 differentially expressed miRNAs in SLE patients and control subjects from the same cohort determined by mRNA sequencing (>2-fold change, P < 0.05). (D) The top four downregulated and upregulated miRNAs were analyzed by RT-qPCR in PBMCs from five SLE patients and five age- and gender-matched healthy controls. PBMC set different from that used in (C) was analyzed. Results are presented as the mean ± SEM. ***P < 0.001; **P < 0.01; *P < 0.05. (E) KEGG analysis of predicted target genes of miR-4512. (F) The regulatory networks of miR-4512 target genes and autoimmune disease-related genes.



To identify the functional differences between SLE and healthy patients, we used the 469 DEmRNAs in GO enrichment analysis. We thus obtained top 10 GO terms related to Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC) at P < 0.05 (Figure 1B). Most items in the BP category were related to immune and neutrophil activation and degranulation. Chemokine activity and multiple cellular secretion-related components were enriched in the MF and CC categories, respectively. Hence, GO enrichment analysis suggested that neutrophil migration and activation participate in SLE pathogenesis.

To elucidate the regulatory mechanism of DEmRNAs in SLE, we investigated their relationships with DEmiRNAs. We used RT-qPCR to validate four downregulated and four upregulated DEmiRNAs with the largest expression fold changes in PBMCs isolated from five Tibetan SLE patients, and five age- and sex-matched Tibetan controls. MiR-3942-3p, miR-3165 and miR-3614-3p were upregulated, while miR-4482-3p, miR-99a-3p, miR-4728-3p, miR-4512 and miR-4434 were downregulated in PBMCs from Tibetan SLE patients (Figure 1D). We predicted the target genes of these candidate miRNAs using TargetScan (http://www.targetscan.org). The analysis revealed 332 target genes of 469 DEmRNAs, miR-4512 was predicted to target the largest number of genes.

According to the KEGG analysis, the DEmRNAs targeted by hsa-miR-4512 were significantly enriched in the chemokine signaling, rheumatoid arthritis-associated, NF-kB signaling, and other immune inflammatory pathways (P < 0.05) (Figure 1E), while the DEmRNAs targeted by other candidate miRNAs were not enriched in any immune-related pathways (Supplementary Figure S2). CCR1, CXCL1, CXCL2, CXCL5, and TLR4 mRNA were negatively correlated with miR-4512 in the immune inflammatory pathways, and we used them to construct regulatory networks (Figure 1F). Thus, hsa-miR-4512 might regulate neutrophil activation and chemokine-related pathways.



miR-4512 Inhibited The TLR4 Pathway by Targeting TLR4 and CXCL2

TargetScan and KEGG pathway analysis were used to narrow the range of miR-4512 predicted targets based on differentially expressed mRNAs associated with miR-4512 in immune-inflammatory pathways. The recognized target genes of miR-4512 were used in pathway analysis based on CapitalBio molecular annotation system v.3.0. The prediction results suggested that CCR1, CXCL1, CXCL2, CXCL5, and TLR4 might be the target of miR-4512 (Figure 1F). Luciferase reporter plasmid containing mRNA sequences of WT or mutated 3’-UTR target genes was co-transfected into HEK293T cells with NC and miR-4512 agomir. Only TLR4 and CXCL2 were directly targeted by miR-4512 (Figures 2A, B). RT-qPCR analysis showed that TLR4 and CXCL2 were also negatively regulated by miR-4512 in BALL-1, Jurkat and K562 cells, as well as in human primary monocytes and macrophages (Figures 2C–F and Supplementary Figure S3). In addition, miR-4512 inhibited the expression of CXCL2 and TLR4 proteins in human primary monocytes and macrophages (Figures 2G–I). The elevated serum CXCL2 level and the high expressed TLR4 in PBMCs of another group of SLE patients indicate that the down-regulation of miR-4512 in SLE promotes the expression of CXCL2 and TLR4 (Figures 2J–L).




Figure 2 | miR-4512 directly targets TLR4 and CXCL2. (A, B) Luciferase activity of WT/MUT-CXCL2 and WT/MUT-TLR4 plasmids in HEK293T following transfection with an miR-4512 agomir. Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001; NS = not significant. (C–F) RT-qPCR analysis of CXCL2 and TLR4 transcript levels in human primary monocytes and macrophages 48 h after transfection with NC/miR-4512 agomiR/antagomiR. Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001. (G, H) CXCL2 concentration in the supernatants obtained from human primary monocytes (G) and macrophages (H) 48 h after transfection with NC/miR-4512-agomir/antagomir. Data are presented as the mean ± SEM. ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant. (I) Western blot analysis of TLR4 expression in monocytes and macrophages 72 h after transfection with NC/miR-4512-agomir/antagomir. Results are representative of three independent experiments, with actin used as an internal control. (J, K) CXCL2 concentration in the plasma of SLE and control subjects from Tibetan (J) and Han (K) populations. Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001. (L) Western blot analysis of TLR4 expression in PBMCs isolated from SLE patients (A1–A4) and healthy controls (B1–B4). Results are representative of three independent experiments.





miR-4512 Downregulation in Monocytes and Macrophages Contributes to The Pro-Inflammatory Condition

Considering the direct regulation of TLR4 and CXCL2 by miR-4512, one could speculate that miR-4512 mainly plays a role in cells which express sufficient TLR4, such as monocytes, granulocytes, and macrophages (14). Accordingly, we isolated PBMCs, monocytes, and neutrophils from Tibetan and Han SLE patients and their matched normal controls. RT-qPCR analysis of miR-4512, CXCL2, and TLR4 levels revealed that miR-4512 levels were decreased in monocytes and macrophages, but not neutrophils, from SLE patients (Figures 3A–C).




Figure 3 | Decreased miR-4512 expression in monocytes and macrophages contributes to a pro-inflammatory state. (A–C) Relative expression of miR-4512 (A), CXCL2 (B), and TLR4 (C) in PBMC, monocytes, and neutrophils isolated from SLE patients and control subjects, as determined by RT-qPCR. Data are presented as the mean ± SEM. ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant. (D–E) Concentrations of Th1 (including IL-1β, IL-12, TNF-α, and IFN-γ), Th2 (including IL-4, IL-6, and IL-10), and Th17 (IL-17) cytokines in the supernatants obtained from monocytes and macrophages transfected with NC/miR-4512-agomir/antagomir (D) or in the serum from SLE patients and control subjects (E), as determined by ELISA.



We then analyzed the impact of miR-4512 downregulation on cytokine secretion in monocytes and macrophages. Primary monocytes and macrophages pooled from healthy subjects were transfected with NC/miR-4512-agomir/antagomir, and the cytokines in their cell culture supernatants were quantified. As shown in Figure 3D, miR-4512 inhibited the secretion of pro-inflammatory cytokines IL-1β, IL-12, TNF-α, IFN-γ, and IL-17 and promoted the secretion of anti-inflammatory cytokines IL-4 and IL-10. This finding was consistent with the cytokine secretion phenotype of SLE patients (Figure 3E). Therefore, miR-4512 downregulation in SLE patient monocytes and macrophages may activate monocytes and macrophages and induce pro-inflammatory cytokine secretion.



MiR-4512-Transfected Monocytes and Macrophages Inhibit Neutrophil NETosis

Defective apoptotic debris clearance and NETs degradation might lead to the formation of autoantibodies in SLE pathogenesis (15). As miR-4512 downregulation in monocytes and macrophages promotes pro-inflammatory cytokine secretion and CXCL2 expression, miR-4512 may indirectly prime neutrophils for NETosis. As shown in Figures 4A, B, the levels of NETs-relevant indicators [MPO and cfDNA] were elevated in SLE patient sera. The levels of NE, the main NETs component, were significantly upregulated in neutrophils isolated from SLE patients (Figure 4C). Hence, dysregulation of NETs release and/or defective NETs clearance are involved in the pathogenesis of SLE.




Figure 4 | Supernatants of monocytes and macrophages transfected with miR-4512 promote neutrophil extracellular traps formation. (A, B) Plasma levels of myeloperoxidase (MPO) (A) and cell-free DNA (cfDNA) (B) in SLE patients and control subjects from Tibetan and Han populations. Data are presented as the mean ± SEM. ****P < 0.0001, **P < 0.01, *P < 0.05. (C) Western blot analysis of neutrophil elastase (NE) expression in neutrophils isolated from SLE patients (A1–A4) and control subjects (B1–B4) from Tibetan and Han populations. Results are representative of three independent experiments, with actin used as an internal control. (D, E) MPO (D) and cfDNA (E) levels in the supernatants of human primary neutrophils culture stimulated with a supernatant of monocytes and macrophages transfected with NC/miR-4512-agomir/antagomir. Neutrophils directly stimulated with LPS or CXCL2 were used as positive controls. Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant. (F) Images of neutrophils stimulated with macrophage and monocyte conditioned medium or with CXCL2 and LPS. Nuclei were stained with Hoechst (blue) and the presence of extracellular DNA were stained with Sytox Green. Images are representatives of three independent experiments. (G) Quantification of neutrophils extracellular DNA during NETosis by Sytox Green assays. Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001; *P < 0.05. (H) Western blot analysis of elastase expression in neutrophils after stimulation. Images are representatives of three independent experiments.



NC/miR-4512-agomir/antagomir was then transfected into primary monocytes and macrophages to determine the role of miR-4512 on the formation of NETs. 12 h after transfection, the supernatants of each group were isolated and used to stimulate neutrophils isolated from the healthy control group. As shown in Figures 4D, E, the supernatants of monocytes and macrophages transfected with miR-4512-agomir significantly reduced MPO and cfDNA release by neutrophils. The effect of the supernatant from monocytes and macrophages transfected with miR-4512-antagomir on neutrophil NETosis reached a level comparable to that of the LPS stimulation group. Straining and quantification of extracellular DNA with SYTOX Green (Figures 4F, G) and Western-Blot analysis of NE in the neutrophils (Figure 4H) also indicated similar results. Remarkably, CXCL2-stimulation also promoted neutrophil NETosis, suggesting that miR-4512 present in monocytes and macrophages may modulate neutrophil NETosis through chemoattraction and activation of neutrophils by secreting CXCL2.



CXCL2 Blocking Alleviates Kidney Damage in MRL/lpr Mouse

In order to verify the function of miR-4512 in SLE pathogenesis, we blocked the target gene CXCL2 with a neutralizing antibody in the MRL/lpr lupus model as the miRNA was not conserved in related species (Figure 5A). Compared with normal C57 mice, increasing proteinuria was observed in the anti-CXCL2Ab and untreated groups. However, the proteinuria was significantly reduced in the anti-CXCL2Ab group compared with the untreated group at 11 wk (P = 0.0044) (Figure 5B). H&E staining (Figure 5C) was used to assess the pathological changes in the kidney at the end of the study period. The major features analyzed included inflammatory cell infiltration, membrane proliferation, and arterial wall destruction (Figures 5D–F), which were all observed in the untreated group. By contrast, the occurrence of renal lesions was markedly mitigated in the anti-CXCL2Ab group. Therefore, anti-CXCL2Ab might alleviate kidney damage.




Figure 5 | Blocking of CXCL2 alleviates kidney damage in MRL/lpr mice. (A) Treatment schema: red arrows indicate days of CXCL2 neutralizing antibody treatment, and the blue arrows indicate time points for detection of 24 urinary proteins. (B) Urine of mice from different groups was collected at the indicated time points for the proteinuria assay. ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant. (C) Representative images of H&E straining of kidney sections obtained from mice from different groups. Inserts, details of a typical glomerulus. (D–F) Lesion scores of the activity index (D), chronicity index (E), and tubulointerstitial lesions (F) of mice in different groups. Data are shown as the mean ± SEM (n = 4 animals/group, 3 sections/animal). ****P < 0.0001; ***P < 0.001; *P < 0.05. (G, H) Immunological markers of SLE in the serum of mice from different groups. The antinuclear antibodies (ANA) were determined by immunofluorescence (G), anti-dsDNA levels were measured by ELISA (H). ****P < 0.0001; ***P < 0.001; **P < 0.01.



ANA is an important element in SLE patient categorization (16). Autoantibody levels are also related to lupus nephritis activity (17). Serum anti-dsDNA antibody and ANA levels were determined. The anti-dsDNA antibody and ANA levels were significantly lower in the plasma of anti-CXCL2Ab MRL/lpr mice than those in the untreated MRL/lpr mice (Figures 5G, H; P < 0.001). Hence, anti-CXCL2Ab treatment decreases serum immunological markers of SLE.

Next, immunohistochemistry was used to determine the deposition levels of CXCL2, CD45, and MPO in glomerular sections (Figures 6A–F). As we expected, the glomerular CXCL2, CD45, and MPO levels of MRL/lpr mice were significantly higher than those of normal C57 mice (Figures 6A–E). The staining levels of CXCL2, CD45 and MPO in the glomeruli of MRL/lpr mice were significantly reduced by CXCL2Ab treatment (Figures 6B–F). Specifically, compared with untreated MRL/lpr mice, the percentage of III-degree glomeruli in MRL/lpr mice was significantly decreased, while the percentage of I degree glomeruli was significantly increased by CXCL2Ab, which were confirmed by the quantitative results of CXCL2 and CD45 (Figures 6A–D). In the quantitative results of MPO, the percentage of II-degree glomeruli was significantly increased by CXCL2Ab (Figures 6E, F). This confirmed that the glomerular damage of MRL/lpr mice was significantly reduced by CXCL2Ab, which was dependent on the decreased monocytes/neutrophils infiltration and activation.




Figure 6 | Treatment with CXCL2 antibody inhibits inflammatory cytokine production in the MRL/lpr lupus model. (A, C, E) Representative images of CXCL2 (A), CD45 (C), and MPO (E) staining of kidney sections of mice from different groups. Inserts, details of a typical staining of the glomerulus. (B, D, F) Quantitative analysis of CXCL2 (B), CD45 (D), and MPO (F) deposition in the glomeruli in kidney sections. The glomeruli were classified into four categories according to the degree of straining. The glomerulus ratios in each category in different groups are summarized (n = 4 animals/group, 3 sections/animal). Data are presented as the mean ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. (G) Concentrations of Th1 (including IL-1β, IL-2, IL-12, TNF-α, and IFN-γ), Th2 (including IL-4, IL-6, and IL-10) and Th17 (IL-17) cytokines in the plasma and renal tissue homogenates of mice from different groups, determined by ELISA (n = 4 animals/group). Data are shown as the mean ± SEM. ****P < 0.0001; ***P < 0.001; *P < 0.01; *P < 0.05.



The results of ELISA assay showed that the levels of IL-1β, IL-2, IL-6, IL-12, TNF-α, IFN-γ and IL-17 in the kidney and plasma were significantly down-regulated by CXCL2Ab, while IL-4 and IL-10 levels were significantly increased (Figure 6G). Therefore, CXCL2Ab was confirmed to regulate the secretion of inflammatory cytokines. These results indicate that CXCL2Ab is beneficial to relieve the immune disorder of SLE.




Discussion

In this study, the abnormal expression of miRNAs in PBMCs of Tibetan population and its molecular mechanism involved in the progress of SLE were concerned. Differentially expressed miRNAs and mRNAs in PBMCs of SLE patients were detected by transcriptome sequencing. We detected significantly different miRNAs in Tibetan patients with SLE, including: miR-3942-3p, miR-4482-3p, miR-3165, miR-3164-3p, miR-4512, miR-4434, miR-99a-3p, and miR-4728-3p. Although miRNAs with abnormal expression of SLE have been reported, different studies have not found the same or highly consistent results. In our results, miR-3942-5p was reported as a good candidate diagnostic biomarker for class IV lupus nephritis (LN) (18). miR-3165 was found to be abnormally expressed in the serum of patients with grade IV lupus nephritis (19). The other 7 miRNAs in SLE have not been reported. In our study, miR-4512 was focused on. The results of sample validation and miRNA-mRNA analysis showed that miRNA-4512 was the most critical factor in the abnormal expression of PBMCs transcriptome in SLE patients. Furthermore, miRNA-4512 may be involved in disease progression of SLE by regulating TLR4 and CXCL2.

In vitro mechanism studies revealed that down-regulation of miR-4512 in monocytes and macrophages may promote inflammation and neutrophils NETosis by upregulating CXCL2 expression. Recent studies have shown that NETs formation is a major participant in the pathogenesis of systemic autoimmune diseases (6, 20). This is consistent with the increased expression of NETs-related proteins that we have observed in both Han and Tibetan SLE patients. The formation of NETs is accompanied by the exposure of a large number of autoantigens, which in turn induce or aggravate autoimmune diseases (21). In fact, NETs-related markers such as cfDNA were significantly upregulated in blood samples of SLE patients (22). Our research has also confirmed that the levels of serum-related indicators (MPO, cfDNA and NE) in SLE patients are abnormally up-regulated. Furthermore, the NETs induced by miR-4512 down-regulation was dependent on CXCL2.

The abnormal expression of chemokines is a major part of the immune disorders of SLE. For instance, CXCL10 and infiltrating CXCR3-positive cells have been implicated in various SLE manifestations (23). CCL21 and IP-10 are blood biomarkers of pulmonary involvement in SLE patients (24). CXCL13 was considerably upregulated in the kidney tissues of LN patients, which might be a therapeutic target in glomerulonephritis and SLE nephritis (25). The CXCR4/CXCL12 axis is a potential therapeutic target for SLE patients undergoing kidney and/or central nervous system pathogenesis (26). These studies suggest that abnormal levels of chemokine ligands are closely related to abnormal levels of inflammation and tissue damage in SLE. However, the mechanism of chemokine ligands in the formation of NETs in SLE patients remains unclear. In the study of chemokine-mediated NETs formation, CXCL1 was reported to rescue alcohol-induced immune disorders in polymicrobial sepsis by promoting the formation of NETs (27). In this study, we found that the NETs induced by miR-4512 down-regulation was dependent on the regulation of TLR4-CXCL2 signaling. It might be a new loop. Specifically, down-regulation of miR-4512 promotes up-regulation of CXCL2 and TLR4, and the CXCL2-TLR4 molecular axis further activates NF-κB-mediated chemokine and inflammatory cytokine expression, including CXCL2, which in turn promotes neutrophils recruitment to inflammatory sites and formation of NETs. The formation of loop may be a special pattern in chemokine-regulated NETosis. The formation of NETs is involved in regulating the recruitment of lung neutrophils to airway tissue, which depends on the TLR4/NF-κB pathway to stimulate airway cells to express CXCL1, CXCL2 and CXCL8 (28). The down-regulated expression of miR-4512 leads to the abnormal expression of CXCL2, which is likely to form a unique loop in the same way. This has been confirmed in studies of other chemokines. For example, the secretion of CXCL10 by CD4+, CD8+, natural killer (NK) and NK-T cells is dependent on IFN-γ, which is itself mediated by the IL-12 cytokine family (29). Under the influence of IFN-γ, CXCL10 is secreted by several cell types including endothelial cells, fibroblasts, keratinocytes, thyrocytes, preadipocytes, etc. Determination of high level of CXCL10 in peripheral fluids is therefore a marker of host immune response, especially T helper (Th)1 orientated T-cells (30). In tissues, recruited Th1 lymphocytes may be responsible for enhanced IFN-γ and tumor necrosis factor-α production, which in turn stimulates CXCL10 secretion from a variety of cells, therefore creating an amplification feedback loop, and perpetuating the autoimmune process (23). This suggests that CXCL2 may form an independent feedback loop in a similar manner.

Based on the immune regulation function of chemokines (including CXCL2) and its feedback loop mechanism, chemokines may be used as targets for the treatment of diseases related to immune disorders. In fact, blocking the interaction of chemokines and chemokine receptors has been proven to be beneficial for the treatment of autoimmune diseases. For example, the lymph node cells (LNC) of MRL/lpr mice was attenuated by CXCL13 blockade (25). Double blockade of CXCL12 and CCL2 shows the same efficacy as high-dose cyclophosphamide administration in murine proliferative LN (31). In this study, since miR-4512 was only expressed in human, and their target site in the 3’UTR of TLR4 and CXCL2 was not conserved in human and mouse, it would be difficult to directly testify the function of miR-4512 in the pathogenesis of SLE. Indeed, it was necessary to inhibit both TLR4 and CXCL2 in the SLE murine model to verify the function of miR-4512 in SLE indirectly. Although the role of TLR4 in SLE pathogenesis was well-defined in C57BL/6(lpr/lpr)-TLR4-deficient SLE model (32), TLR4 antibodies in a phase II clinical trial did not improve disease parameters of rheumatoid arthritis (33). These studies may suggest that antibody or antagonist was not sufficient to block TLR4 signaling as TLR4 are located both on cell surface and endosomal or lysosomal compartments. Moreover, evidences shown that the CXCL2 could be induced by LPS through TLR4 dependent pathway (34, 35), and the CXCL2 alone could induce NETs formation dependent on MAPK signaling pathway (36). Therefore, the CXCL2 would be a superior target in blocking TLR4-mediated inflammatory pathways when neutrophil recruitment and activation was concerned, especially when TLR4 was difficult to be inhibited by neutralizing antibody or small-molecule inhibitor. We thus only evaluate the effect of miR-4512 on MRL/lpr mice by blocking CXCL2 with neutralizing antibodies. Our results showed that proteinuria, ANA and anti-dsDNA antibody levels, pro-inflammatory cytokine secretion, and renal immune complex deposition in MRL/lpr mice were reduced by intraperitoneal administration of anti-CXCL2 neutralizing antibodies. In addition, CXCL2 blockade inhibited the production of MPO and CD45 in neutrophils of MRL/lpr mice. These results confirm that CXCL2 is a potent potential target in the treatment of SLE. It is also worth noting that the development of novel therapies or drugs to promote miR-4512 expression is also a novel strategy for SLE targeting therapy. In subsequent studies, the molecular mechanism of the abnormal expression of DEmiRNA in SLE patients will also provide new targets and insights for the treatment of SLE.



Conclusions

Here, we detected the differentially expressed miRNAs in the PBMCs of Chinese Tibetan SLE patients. Among them, the abnormal down-regulation of miR-4512 in monocytes and macrophages was confirmed to promote the formation of SLE neutrophil extracellular traps by targeting CXCL2 and TLR4. Moreover, CXCL2 blockade was confirmed to reduce kidney damage in MRL/lpr mice. These data are the first to characterize the mechanism of miRNA in Tibetan SLE patients and provide new insights into the general pathogenesis of SLE patients.
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Autoimmune thyroiditis (AIT) is the most prevalent autoimmune endocrine disease, with a higher incidence in women than in men. Immunological abnormalities may lead to the impairment of ovarian folliculogenesis; however, whether the presence of AIT affects immunological microenvironment in follicles remains controversial. We performed a cross-sectional study including 122 patients, aged 20–40 years, who underwent IVF/ICSI treatment owing to isolated male or tube factor infertility. Patients were divided into AIT and control groups according to clinical presentation, thyroid function, and thyroid autoantibody measurements. Follicular fluid was collected and the distribution of cytokines/chemokines in follicular fluid was measured by flow cytometry using multiplex bead assays between the two groups. Based on differences in levels of intrafollicular chemokines and cytokines between the AIT and control groups, the relevant inflammatory cascade was further demonstrated. Among the 12 chemokines analyzed, three (CXCL9, CXCL10, and CXCL11) showed significantly elevated levels in the follicular fluid of patients with AIT. Among the 11 cytokines detected, compared with those in the control group, significantly higher levels of IFNγ were observed in patients with AIT. IFNγ dose-dependently stimulated the expression and secretion of CXCL9/10/11 in cultured primary granulosa cells. The percentage of CXCR3+ T lymphocytes was significantly elevated in the follicular microenvironment of patients with AIT. We concluded that the IFNγ-CXCL9/10/11-CXCR3+ T lymphocyte inflammatory cascade is activated in the follicular microenvironment of patients with AIT. These findings indicate that a considerable immune imbalance occurred in the follicular microenvironment of patients with AIT.
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Introduction

Autoimmune thyroiditis (AIT) is an organ-specific autoimmune disorder characterized by the production of autoimmune thyroid antibodies and the infiltration of self-reactive lymphocytes into the thyroid, resulting in the destruction of thyrocytes and hypothyroidism. T cell-mediated immune disorders play an important role in the pathogenesis of AIT. In patients with AIT, both in the peripheral blood and in the thyroid gland, the balance between Th1 and Th2 cells is skewed toward Th1 cells and cytotoxic T lymphocytes are considerably activated, which triggers a dramatic activation of the immune response. Meanwhile, pro-inflammatory cytokines such as interferon-gamma (IFNγ) and IL-17 were significantly elevated. Pro-inflammatory chemokines CXCL9, CXCL10, and CXCL11 were also activated in patients with AIT, which further promoted the migration of pro-inflammatory Th1 lymphocytes into the thyroid and aggravated the destruction of the thyroid gland (1–4).

Immunological abnormalities may lead to the impairment of ovarian folliculogenesis; however, whether the presence of AIT affects follicular development and ovulation remains controversial and the relevant studies are limited. Our previous large-scale retrospective cohort study found that after adjusting for thyroid function and ovarian reserve markers, the number of oocytes retrieved during in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) treatment significantly decreased in infertile women with positive thyroid antibodies. This suggests a possible role of AIT in follicular development; however, the mechanism remains unclear (5).

Follicle development and oocyte maturation depend heavily on the follicle fluid, which is derived from blood infiltration and ovarian secretion. An altered follicular microenvironment may directly damage follicle recruitment and growth. A large number of cytokines/chemokines are activated in follicular fluid and interact with each other to form a network that regulates folliculogenesis, oocyte maturation, and luteinization (6). Recent studies have reported an association between abnormal elevation of specific cytokines/chemokines and follicle developmental disorders (7, 8).

This study aimed to investigate the distribution of intrafollicular cytokines/chemokines and the activation of relevant inflammatory pathways in patients with AIT compared to those without AIT.



Materials and Methods


Ethical Approval

The study was approved by the Peking University Third Hospital Medical Science Research Ethics Committee.



Patients

The study consisted of 122 patients, aged 20–40 years, who underwent IVF/ICSI treatment owing to isolated male or tube factor infertility. Patients were divided into AIT and control groups according to clinical presentation, thyroid function, and thyroid autoantibody measurements. The reference values for serum thyroid-stimulating hormone (TSH) were 0.55–4.78 uIU/mL, and those for serum-free thyroxin (FT4) were 0.89–1.80 ng/dL. The detection range for thyroglobulin antibody (TGAb) was 15–500 IU/mL, and that for thyroid peroxidase antibody (TPOAb) was 28–1300 IU/mL. A value >60 IU/mL was defined as positive for TGAb or TPOAb. Patients positive for TGAb and/or TPOAb were placed in the AIT group. The levels of TSH and FT4 in all patients were required to be within the normal reference range prior to controlled ovarian stimulation; thus, 14 patients that were thyroid antibody-positive received oral levothyroxine owing to abnormal TSH and FT4 levels. Patients with a history of other reproductive diseases, such as polycystic ovarian syndrome or endometriosis; a history of other thyroid diseases, such as hyperthyroidism or thyroid cancer; abnormal results on parental karyotyping; other endocrinological diseases, such as hyperprolactinemia or diabetes; or positive tests for antinuclear antibodies or lupus anticoagulants were excluded.



IVF/ICSI Procedure and Follicle Fluid Collection

All patients underwent standardized protocols for controlled ovarian stimulation (COS) and oocyte retrieval. The individualized dose of recombinant follicle-stimulating hormones for inducing COS was decided based on the patient’s age, body mass index (BMI), antral follicle count, and anti-Mullerian hormone levels. Two hundred and fifty micrograms of recombinant human chorionic gonadotropin (HCG; Eiser, Serono, Germany) was administered to trigger oocyte maturation when at least two follicles reached 18 mm. Oocyte retrieval was performed 34–36 h after HCG administration. Follicular fluid without visible blood contamination was aspirated from the first and largest follicle, collected separately and centrifuged at 800 g for 10 min. Supernatants were collected and stored at −80°C until further analysis.



Cytokine/Chemokine Detection Assay

Concentrations of cytokines/chemokines in the follicle fluid were measured using flow cytometry with multiplex bead assays, and the procedures were performed using the Legendplex Multi-Analyte Flow Assay Kit according to the manufacturer’s instructions (BioLegend). Cytokine plexes include IL-2, IL-4, IL-6, IL-9, IL-10, IL13, IL-17A, IL-17F, IL-22, IFNγ, and TNFα. The chemokine plexes included CCL2, CCL3, CCL4, CCL5, CCL11, CCL17, CXCL1, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL11.



Chemokine Secretion Assay

Primary granulosa cells were collected from follicular aspirates and purified via centrifugation at 600 g for 30 min using the Ficoll gradient method. For chemokine secretion assays, primary granulosa cells were seeded onto six-well plates in growth medium (Dulbecco’s modified Eagle’s medium/Ham’s F-12 nutrient mixture containing 10% fetal bovine serum). The growth medium containing leukocytes was removed after 24 h, granulosa cells were washed in PBS, and incubated in serum-free growth medium. Cells were incubated for 24 h with different doses of IFNγ (R&D Systems; 500, 1000, 5000, and 10,000 IU/mL). The supernatant was removed after 24 h and stored at −20°C until required for the chemokine assay.



Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from cultured primary granulosa cells using TRIzol reagent (Life Technologies) according to the manufacturer’s instructions. RNA was reverse transcribed into first-strand cDNA using a cDNA synthesis kit (Thermo Fisher Scientific). Reverse transcription quantitative RT-PCR was performed on an Applied Biosystems Quant Studio3 Real-Time PCR System in 96 well optical reaction plates. The following primers were used: β-actin F, TGCCCATCTACGAGGGGTAT; β-actin R, CTTAATGTCACGCACGATTTCC; CXCL9 F, CATCATCTTGCTGGTTCTGATTG; CXCL9 R, GATTGTAGGTGGATAGTCCCTTG; CXCL10 F, GCTGCCTTATCTTTCTGACTCT; CXCL10 R, GACCTTGGATTAACAGGTTGATTAC; CXCL11 F, ATGAGTGTGAAGGGCATGG; CXCL11 R, TATGCAAAGACAGCGTCCTC.



Flow Cytometry

The percentage of intrafollicular CXCR3+ T lymphocytes was detected in 14 patients with AIT and in the 12 control patients. The remaining follicle fluid in each patient was collected after the oocytes were removed and centrifugated at 800 g for 10 min. Cells were aspirated and washed with Dulbecco’s PBS. The cells were treated with lysis buffer (BD Biosciences) to remove red blood cells. Approximately 2 × 106 cells were filtered through a 70-μm mesh to remove clumps of cells. Cells were incubated with 100 μL PBS containing CD45 microbeads and CD45 antibody. CD45+ cells were isolated using a MACS separator (Miltenyi Biotec). Cells were further phenotyped by staining with CD3, CD4, and CD183 (CXCR3) and counted using a flow cytometer (BD FACSCelesta™).



Statistical Analysis

Statistical analysis was performed using SPSS version 24.0 software (SPSS Inc, Chicago, IL, USA) and GraphPad Prism 6.0 (La Jolla, CA, USA). Comparisons of continuous data among groups were performed using ANOVA or non-parametric tests. A two-tailed P value of <0.05 was defined as statistically significant.




Results

The baseline characteristics of patients with AIT and the control group are shown in Table 1. The distributions of age and BMI were similar between the two groups. No significant difference was observed in FT4 and TSH levels in serum or follicular fluid of patients with or without AIT. Significantly higher levels of TGAb and TPOAb in serum and follicular fluid were detected in patients with AIT than in the control group (P <0.001). Thyroid antibodies in serum and follicular fluid were absent in the control group.


Table 1 | Baseline characteristics in patients with and without autoimmune thyroiditis (AIT).



We analyzed the distribution of chemokines and cytokines in the follicular fluid between the AIT and control groups (Figure 1). Among the 12 chemokines analyzed, only the concentrations of three, CXCL9, CXCL10, and CXCL11, were significantly elevated in the follicular fluid of patients with AIT. There was no significant difference in the levels of other chemokines between the two groups. Among the 11 cytokines analyzed, significantly higher levels of IFNγ were observed in patients with AIT than in the control group (P <0.01). Marginal yet significantly higher levels of IL4, IL-6, and IL-10 were also observed in patients with AIT than in the control group (P <0.05). There was no significant difference in the levels of other cytokines between the two groups.




Figure 1 | Distribution of cytokines and chemokines in follicle fluid obtained from patients with and without AIT. Among the 12 chemokines analyzed, concentrations of CXCL9, CXCL10, and CXCL11 were significantly higher in patients with AIT than those in the control group (A). Bars represent the mean ± SEM. *P < 0.05 and **P < 0.01 by the Mann-Whitney U test. Among the 11 cytokines analyzed, IL4, IL-6, IL-10, and IFNγ concentrations were significantly higher in patients with AIT than in the control group (B). Bars represent the mean ± SEM. *P < 0.05 and **P < 0.01 by the Mann-Whitney U test. *10, data needed to be multiplied by 10; *20, data needed to be multiplied by 20.



IFNγ has been evidenced as an effective inducer for the activation of CXCL9/10/11 in thyrocytes, however, the role of IFNγ in intrafollicular granulosa cells remains unclear. Based on differences in distribution of intrafollicular chemokines and cytokines between the AIT and control groups, elevated CXCL9/10/11 secretion may be induced by increased IFNγ in the follicular microenvironment of patients with AIT. To investigate whether intrafollicular IFNγ stimulates the secretion of CXCL9/10/11 in granulosa cells, primary granulosa cells were cultured in vitro and treated with different doses of IFNγ. As shown in Figure 2, IFNγ dose-dependently induced the expression and secretion of CXCL9/10/11 in primary granulosa cells.




Figure 2 | Expression of CXCL9 (A), CXCL10 (B), and CXCL11 (C) in primary granulosa cells stimulated by IFNγ (IFN-g) was detected by RT-PCR. Expression of CXCL9/10/11 in granulosa cells was absent under basal conditions (control) and was significantly stimulated by increasing doses of IFNγ (ANOVA, P < 0.05). Bars represent the mean ± SEM. *P < 0.05 vs control by the Bonferroni-Dunn test. Concentration of CXCL9 (D), CXCL10 (E), and CXCL11 (F) in the culture supernatant from granulosa cells stimulated by IFNγ. The release of CXCL9/10/11 from granulosa cells was absent under basal conditions (control) and was significantly stimulated by increasing doses of IFNγ (ANOVA, P <0.05). Bars represent the mean ± SEM. *P < 0.05 vs control by the Bonferroni-Dunn test.



CXCL9/10/11 shares the common receptor CXCR3 (CD183), which is primarily expressed in T lymphocytes (9, 10). To investigate whether elevated intrafollicular CXCL9/10/11 in patients with AIT promoted the infiltration of T lymphocytes into follicle fluid, we measured the percentage of T lymphocytes expressing CXCR3 in follicular fluid from 14 patients with AIT and compared it with 12 control patients using flow cytometry. As shown in Figure 3, of the CD45+CD3+ T lymphocytes, the proportions of CD4+CXCR3+ and CD4−CXCR3+ T lymphocytes in the AIT group were significantly higher than those in the control group.




Figure 3 | Detection of CXCR3+ T lymphocytes in the follicular microenvironment. Cells were enriched from follicular fluid, and CD45+ cells were positively selected by MACS cell separation. Separated cells were directly incubated with conjugated anti-CD3, CD4, and CXCR3 antibodies and counted by flow cytometry (A). CD45+ cells were gated (B) and CD3+ cells were gated from CD45+ cells (C), the expressions of CXCR3 in CD4+ and CD4-T cells were gated from CD3+ cells (D). (E, F) The percentage of CD4+CXCR3+ and CD4- CXCR3+ T lymphocytes. **P < 0.01 by the Mann-Whitney U test.





Discussion

Our study is the first to demonstrate the substantial activation of IFNγ-CXCL9/10/11-CXCR3+ T lymphocytes in the ovarian microenvironment of patients with AIT. This cascade included a classical inflammatory response: IFNγ secreted by T lymphocytes stimulated the release of CXCL9/10/11 from granulosa cells. CXCL9, CXCL10, and CXCL11 belong to the chemokine family and share the common receptor CXCR3, which is particularly expressed in T lymphocytes. Elevation of CXCL9/10/11 in follicle fluid attracts CXCR3+ T lymphocytes to infiltrate the follicle. T lymphocytes that remained in the follicle further increased the secretion of IFNγ, which constitutes an intact response loop in the follicular microenvironment (Figure 4).




Figure 4 | IFNγproduced by T lymphocytes dose-dependently induced the expression and secretion of CXCL9/10/11 in primary granulosa cells. These chemokines bind to their receptor CXCR3 and further promote the migration of T lymphocytes into the follicle, thereby perpetuating an inflammatory cascade in the follicular microenvironment. This intrafollicular response is significantly activated in patients with AIT; however, the initiation of this cascade is still unclear. The excess influx of inflammatory cells and factors into the follicle fluid may be involved in this mechanism.



There is increasing evidence to demonstrate the role of intrafollicular inflammation in the pathogenesis of reproductive diseases. A previous study analyzed the association between follicular pro-inflammatory cytokines/chemokines and infertility related diseases and showed that different types of cytokines/chemokines were activated in patients with different reproductive diseases. For example, higher follicular MIP-1α (CCL3) and CD44 were correlated with polycystic ovary syndrome and IL-23, IFN-γ, and TNF-α correlated with endometriosis (11). An imbalance between pro-inflammatory cytokines such as IFNγ and TNFα and anti-inflammatory cytokines such as IL-10 has also been reported to play a critical role in the pathological mechanism of premature ovarian insufficiency (8). Our study showed a significant difference in the distribution of intrafollicular chemokines and cytokines between the AIT and control groups, suggesting the presence of an activated abnormal immune response in the follicular microenvironment in patients with AIT.

Whether increased levels of intrafollicular CXCL9/10/11 affect follicle development is still unclear; however, CXCL9/10/11 has been reported to inhibit angiogenesis. Several studies have reported that increased levels of CXCL9/10/11 significantly inhibit blood vessel formation and endothelial cell motility (12, 13). In the ovary, angiogenesis is essential for folliculogenesis and ovulation. A rich vascular network surrounding the theca cell layer provides sufficient nutrients and oxygen to support follicle growth, and suppression of normal thecal vasculature leads to considerably reduced thecal thickness, decreased granulosa cell proliferation, prevention of ovulation, and increased rate of follicle atresia (14, 15). Elevated levels of intrafollicular CXCL9/10/11 in patients with AIT may indirectly block follicle development by inhibiting ovarian angiogenesis.

CXCL9/10/11 belongs to a family of chemokines with the capacity to attract circulating leukocytes to inflammatory sites by binding to their specific receptor, CXCR3. Prior to ovulation, only a few resident immune cells were present in vessels around the thecal cells. Upon LH surge or stimulation by HCG, the basal lamina is disrupted and several capillaries form and extend into the granulosa cell compartment, with numerous infiltrating leukocytes and a large number of cytokines are secreted into the follicle fluid (16). The association between the infiltration of leukocytes and ovulation is not completely clear, and the complexity of the inflammatory response and leukocyte types makes it difficult to investigate the role that a specific type of leukocyte plays in follicle fluid. A previous study reported that perfused LH and leukocytes in rat ovaries produced a higher number of ovulations; however, perfused leukocytes alone failed to induce ovulation, suggesting that the influx of leukocytes plays a synergetic, yet not necessary, role in ovulation (17). In our study, elevated CXCL9/10/11 levels enhanced the migration of T lymphocytes via CXCR3 and led to a higher proportion of intrafollicular T lymphocytes in patients with AIT, which may aggravate the regional inflammatory response.

In our study, the initiation of the IFNγ-CXCL9/10/11-CXCR3+ T lymphocyte cascade in the follicular microenvironment remains elusive. We provided two possible hypotheses. First, excess infiltration of circulating CXCL9/10/11 or IFNγ from blood in patients with AIT may affect the cascade. Several studies have demonstrated that CXCL9/10/11 is dramatically increased in the development of AIT. Kimura et al. established a transgenic mouse model with features similar to those of human AIT, which aberrantly expresses IFNγ within the thyroid gland. Compared with wild-type littermates, a transgenic mouse model exclusively expressed CXCL9 and CXCL11, and showed increased expression of CXCL10, which verified that IFNγ stimulated the secretion of CXCL9/10/11 from the thyroid gland (3). A study showed that circulating CXCL9 and CXCL10 levels were significantly elevated in patients with AIT compared with normal controls or patients with multinodular goiter (1). Another study found that circulating CXCL9 and CXCL11 levels were significantly elevated in patients with AIT compared with euthyroid controls or patients with multinodular goiter (18). Circulating IFNγ, the upstream stimulator of CXCL9/10/11, also increased in patients with AIT (4).

Second, local activation of the inflammatory response may be another hypothesis for the initiation of this cascade. A previous study identified thyroid peroxidase using immunocytochemistry in granulosa cells of the human ovarian follicle and provided a hypothesis that the human ovarian follicle may be an independent thyroid-hormone-producing unit (19). Here, thyroid antibodies were detected in the follicular fluid of patients with AIT, with a similar concentration in the serum (Table 1). The presence of thyroid peroxidase and thyroid antibodies in follicular fluid may provide a hypothesis for activation of the intrafollicular antibody-mediated immune response.

Although our findings demonstrate an immunological alteration occurred in follicles of patients with AIT, whether the substantial activation of inflammatory cascade affect folliculogenesis requires further study.

In conclusion, our study showed that a considerable immune imbalance occurred in the follicular microenvironment of patients with AIT. Furthermore, to the best of our knowledge, this is the first demonstration of the activation of the intrafollicular IFNγ-CXCL9/10/11-CXCR3+ T lymphocyte cascade in patients with AIT.
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Autoimmune uveitis is characterized by immune disorders of the eyes and the whole body and is often recurrent in young adults, but its pathogenesis is still unclear. IL-35 is an essential regulatory factor in many autoimmune diseases, which is produced by Breg cells and can induce Breg cells to regulate the immune response. The relationship between the expression and gene polymorphism of IL-35 and the immune status of patients with autoimmune uveitis has not been reported. The peripheral blood of the subjects was collected from patients with Behçet’s Disease (BD) and those with Vogt–Koyanagi–Harada (VKH) syndrome. The percentage of immune cell subsets including B cells, DC, and T cells, and the expression of IL-35 in serum of these two kinds of disease were analyzed. And then, the associations between seven IL-35 single nucleotide polymorphism (SNP) sites and disease susceptibility, the immune status, the clinical characteristics, and the serum IL-35 levels were analyzed. Our results showed that the percentage of Breg cells was significantly decreased in the blood of patients with VKH syndrome compared to that of healthy controls. The levels of IL-35 in the serum of patients with VKH syndrome or BD patients were not changed significantly, compared to that of healthy controls. Furthermore, the associations between two subunits of IL-35 (IL-12p35 and EBI3) and BD or VKH patients were analyzed. We found that there was an association between the EBI3 rs428253 and the occurrence of BD. There was an association between the IL-12p35 rs2243131 and the low level of Breg cell of VKH patients. In addition, there were associations between the polymorphisms of EBI3 rs4740 and the occurrence of headache and tinnitus of VKH patients, respectively. And the genotype frequency of IL-12p35 rs2243115 was related to the concentration of serum IL-35 in patients with VKH syndrome. Thus, the specific SNP sites change of IL-35 were correlated to the immune disorders in uveitis. And they may also play a guiding role in the occurrence of clinical symptoms in patients with uveitis, especially for VKH syndrome.




Keywords: interleukin-35, regulatory B cells, interleukin-12p35, EBI3, Behçet’s syndrome, Vogt–Koyanagi–Harada syndrome, gene single nucleotide polymorphisms, autoimmune diseases



Introduction

Uveitis is an autoimmune inflammatory disease that severely impairs visual function (1). Behçet’s disease (BD) and Vogt–Koyanagi–Harada (VKH) syndrome are common types of diffuse panuveitis. They usually manifest as chronic and recurrent, which affects multiple organs and systems (2–5). And in the early stage, BD patients often take dental ulcer and ophthalmia as their initial symptoms, while VKH patients are usually accompanied by headache, hearing loss, alopecia, and so on (6, 7). The disorder of the immune system is a key factor for the recurrence of the disease and visual impairment (8–10). However, the cause of the disease is not clear. It had been reported that abnormal autoreactive B cells, activated DC cells, and activated T cells increase in autoimmune uveitis (AIU), and the ratio of T helper type 17 (Th17)/regulatory T cell (Treg) cell was also increased (11, 12). Lacking immunosuppressive molecules or regulatory cells may be the cause of immune over-activation. In experimental autoimmune uveitis (EAU), regulatory B (Breg) cells secreting IL-35 suppress intraocular inflammation by inducing expansion of  IL-10-producing and IL-35-producing regulatory B (Breg) and regulatory T (Treg) cells. These indicate that Breg cells orchestrate an immunosuppressive milieu in autoimmune diseases (13, 14). Yet, the statuses of Breg cells in patients with uveitis have not been thoroughly investigated, and the possible factors affecting the Breg cells in uveitis might be an important pathogenic factor for this disease.

Breg cells is a class of B cell subsets with a negative regulatory immune response (15). It had been found that Breg cells can exert their inhibitory effects with different mechanisms in different mice models of autoimmune diseases (16), such as experimental autoimmune encephalomyelitis (EAE), systemic lupus erythematosus (SLE), and uveitis (13, 17, 18). Emerging evidence suggests a potent regulatory function of IL-35 and IL-10 in orchestrating autoreactive Breg cells responses and reveals significantly impaired IL-10/IL-35-producing capacity in Breg cells upon autoimmune disease progression (15, 19). As a member of the IL-12 family, IL-35 comprises two subunits: IL-12p35 and EBI3 (20, 21). IL-12p35 induces Breg cells to secrete IL-10/IL-35, promote Breg cells expansion, stimulate Treg effects, and induce immune tolerance (13, 14). Although IL-35 participates in the proliferation and expansion of Breg cells, it also can effectively alleviate and inhibit the development of autoimmune diseases (22, 23). As previously mentioned, IL-35 induces the expression of IL-10+/IL-35+ Breg, to alleviate EAU (14). However, the status of IL-35 in patients with uveitis is still not clear.

Studying genetic susceptibility is a hot issue to explore the pathogenesis of diseases in recent years (24–26). Some studies have confirmed that there were significant associations between the SNP sites (SNPs) of IL-35 and the occurrence of certain clinical manifestations in patients with autoimmune diseases, for example, IL-35 rs4740 with patients with SLE in the Chinese Han population (24). But it is not clear whether the SNPs of IL-35 are related to the occurrence of BD or VKH.

Therefore, in our study, we separately analyzed the clinical symptoms of patients with BD and those with VKH syndrome in the Chinese Han population and the correlation between IL-35 cytokine levels and these diseases. In addition, we focused on the relationship between the SNPs of IL-35 (including its subunits IL-12p35 and EBI3) and disease susceptibility, immune statuses with BD or VKH patients. Our results shown that there were associations between the polymorphisms of EBI3 rs4740 and the occurrence of headache and tinnitus of VKH patients, respectively. The genotype frequency of IL-12p35 rs2243115 was related to the concentration of serum IL-35 in patients with VKH syndrome. In particular, the polymorphisms of IL-12p35 rs2243131 was related to Breg cells disorder in VKH patients. There was an association between EBI3 rs428253 and the occurrence of BD. Considering these, uveitis may result from the interaction of various factors between the genetic and immune environment, which may provide a new basis for its diagnosis and treatment.



Materials and Methods


Subjects

All subjects involved in our study have been recruited from the Shandong Eye Hospital and the Shandong Qilu Hospital Laboratory Department in 2020-2021, including 11 patients with BD, 21 patients with VKH syndrome, and 48 normal healthy people, all of whom were Chinese Han people. All patients with BD met the criteria established by the International Panel on BD (27, 28). All patients with VKH syndrome met the standard set by the international research group (29, 30). All patients were either not treated or stopped taking immunosuppressive drugs at least six months before blood samples were taken. Meanwhile, all healthy controls met the following inclusion criteria: no family history of BD syndrome; no family history of VKH syndrome, no history of autoimmune diseases and severe systemic diseases, no blood relationship with other subjects, and Chinese Han population. The informed consent of all participants was obtained, and the demographic data are consistent with the clinical characteristics. The eyes were analyzed by fundus photography and optical coherence tomography angiography (OCTA) to indicate any eyes lesions, OCTA was performed using AngioVue (Optovue, Fremont, California, USA).



Flow Cytometry

Two milliliters of heparinized venous blood were obtained from patients with uveitis and healthy controls. Human peripheral blood mononuclear cells (PBMCs) were collected at the buffy coat layer using a Human Ficoll-Hypaque (Pharmacia) gradient and then washed twice with phosphate-buffered saline (Genview, cat#: GS3101) to remove red blood cells. Phenotypic analysis of fresh PBMCs was conducted by flow cytometry. Fluorescent antibodies of human CD45 (clone 2D1), human CD3 (clone HIT3a), human CD4 (clone OKT4), human CD8 (clone OKT8), human CD19 (clone HIB19), human CD1d (clone 51.1), human CD5 (clone UCHT2), human CD56 (clone HCD56), human CD14 (clone S18004B), human CD11c (clone Bu15), human HLA-DR (clone L243) were obtained. Furthermore, we used flow cytometry to analyze the expression of immune cells in healthy controls and patients. These cells were tested by BD FACSverse (BD Biosciences, San Diego, CA, USA), including T cells (CD45+CD3+CD19−), B cells (CD45+CD3−CD19+), Breg cells (CD45+CD3−CD19+CD1d+CD5+), DC (CD3−CD19−

CD56−CD14−CD11c+HLA-DR+). The results were analyzed by Flowjo7.6. In addition, we also analyzed and compared the significant differences of Breg cells and DC between genotypes using the SPSS11.0 software.



SNP Selection and Genotyping

According to previous studies, we selected seven SNPs of IL-35 (including four SNPs of IL-12 p35 and three SNPs of EBI3), including IL-12 p35: rs2243123, rs2227314, rs2243131, rs2243115. EBI3: rs428253, rs9807813, and rs4740. The SNPs of the IL-35 encoding gene were synthesized by the Shanghai Biosune Biotechnology Company. The Hardy-Weinberg equilibrium (HWE) was used to calculate the consistency of all genotype frequencies with all expected control frequencies. Furthermore, information about the SNPs genotypes of IL-12 p35 and EBI3 genes is shown in Supplementary Table 1 (Table S1).



Enzyme-Linked Immunosorbent Assay

Two milliliters of heparinized venous blood were obtained from patients with uveitis and healthy controls, and their serum was collected after centrifugation by Microcentrifuge (M1324R, RWD LifescienceCo., Ltd, China) at 1500 rpm for 5 min. Subsequently, Human-IL-35 (Cusabio, Cat# CSB-E13126h) ELISA kits were used to evaluate the levels of IL-35 in human serum, according to the manufacturer’s instructions, and were tested using a microplate reader (Bio Tek, Synergy LX, USA). ELISA Calc and Prism 8.0 were used to analyze the concentration levels of IL-35 in the serum of all statisticians. And the concentration of IL-35 in the serum of all recruited subjects (80 cases in total) was analyzed using the SPSS11.0 software to count the mean ± SD.



Statistical Analysis

We used the Social Science Statistics Package (SPSS) v.11.0 for statistical analysis. The Shapiro–Wilk test was used to test the normality of the data, and the continuous data were described as the mean ± SD of the normally distributed data. The difference of continuous data was evaluated by a t-test and a one-way ANOVA test. The difference of categorical data is satisfied by the chi-squared test or Fisher’s exact test. The HWE was used to compare the observed genotype with the expected frequency. The case where the two-sided p-value is less than 0.05 is considered to be statistically significant.




Results


Characteristics, Clinical Features, and the Immune Status of the Population

The basic demographic characteristics of patients with BD and those with VKH syndrome are presented in Table S2. There were no significant differences in gender (BD: χ2 = 0.272, p = 0.602; VKH: χ2 = 0.052, p = 0.819) and age (BD: t = 0.028, p = 0.978; VKH: t = -1.358, p = 0.185) between patients with BD or VKH and healthy controls, shown in Table S2. The important clinical manifestations of 32 patients are shown: 90.9% of patients with BD had mouth ulcers, 57.14% of patients with VKH syndrome had headache, 47.62% of patients with VKH syndrome had tinnitus, and 47.42% had alopecia or gray hair (Table S2). In the acute phase, the ocular involvement of patients with BD is usually characterized by occlusive retinal vasculitis. The color fundus photograph exhibits perivenous white sheathing (Figure 1A). OCTA shows a wedge-shaped localized retinal nerve fiber layer micro-thinning in the superior macula and central foveal thinning (Figure 1B). Patients with acute VKH are associated with neurological panuveitis. The fundus photograph shows serious inflammatory infiltration and exudation, swollen optic disks, and unclear optic disk boundary (Figure 1C). OCTA shows the presence of subretinal fluid, with multifocal serous retinal detachments (SRDs) (Figure 1D).




Figure 1 | Fundus imaging and OCTA in patients with BD and VKH. (A) The color fundus photograph of a patient with BD shows perivenous white sheathing (white arrows). (B) OCTA of a patient with BD shows a wedge-shaped localized retinal nerve fiber layer micro-thinning (yellow arrows) in the superior macula and the papillomacular bundle, and the central foveal thinning (green arrows). (C) The fundus photograph of a patient with VKH syndrome shows swollen optic disks (white arrows), serous inflammatory infiltration and exudation (red arrows), and an unclear optic disk boundary. (D) OCTA of a patient with VKH syndrome shows the presence of subretinal fluid, with multifocal SRDs (yellow arrows).



The information about the immune statuses of patients with BD and VKH is provided in Table S3. Analysis of the patient’s PBMC immune cells showed that the percentage of DC (the reference range: 0.5%–2.5%) was increased in 36.36% of patients with BD and 38.09% of patients with VKH syndrome (Figure 2A). There were 18.18% of patients with BD and 14.28% of patients with VKH syndrome showing an increase in the percentage of T cells (the reference range: 60%–85%) (Figure 2B). In addition, we found that in 63.64% of patients with BD and 52.38% of patients with VKH syndrome, the percentage of Breg cells (the reference range: 0.8%–2.2%) was decreased (Figure 2C). Overall, in patients with BD or VKH, there were different degrees of immune disorders (Figure 2D). Notably, in our study, no matter whether they are patients with BD or those with VKH syndrome, the expression of Breg cells decreased, while the expression of the DC increased in PBMC, which may lead to an imbalance of immune response and inflammation in patients.




Figure 2 | Comparing the subsets of immune cells from the PBMC of the healthy control group and patients. (A) The percentage of DC cells in the PBMC of the healthy control group and patients (gate of CD45+ cells). Representative flow cytometry plot shows the percentage of CD45+CD3−CD19−CD56−CD14−CD11c+HLA-DR+ DC cells in the PBMC of the healthy control group (HC), in BD patient, and in VKH patient. (B) The percentage of T and B cells in the PBMC of the healthy control group and patients (gate of CD45+ cells). Representative flow cytometry plot shows the percentage of CD45+CD3+ T cells, CD45+CD3−CD19+B cells in the PBMC of HC, in BD patient, and in VKH patient. (C) The percentage of Breg cells (CD45+CD3+CD19+CD1d+CD5+ B cells) in the PBMC between the healthy control group and patients (gate of CD45+CD3+CD19+ B cells). Representative flow cytometry plot shows the percentage of CD45+CD3−CD19+ CD1d+CD5+ Breg cells in the PBMC of HC, BD patient, and in VKH patient. (D) The percentage of T cell, B cell, Breg cell and DC in PBMC of healthy control group and patients (*p<0.05; **p<0.01; ns, p>0.05).





The Serum Levels IL-35 in Patients With BD and VKH

The concentration of IL-35 in the serum of all recruited subjects was detected using the human ELISA kit. Compared to healthy controls, the serum IL-35 concentration of patients with BD (32.426 ± 85.294 pg/ml vs. 54.749 ± 65.583 pg/ml, p = 0.420) was not changed (Figure 3). And the serum IL-35 concentration of patients with VKH patients was not different from these of healthy controls (52.266 ± 183.383 pg/ml vs. 32.426 ± 85.294 pg/ml, p = 0.540) (Figure 3).




Figure 3 | The concentration of IL-35 in serum of the healthy control group and patients with BD or VKH (ns, p > 0.05).





Association of IL-35 Gene Polymorphisms With the Risk of Patients With BD and VKH

The allele and genotype frequencies of four SNPs of IL-12 p35 in patients with BD and those with VKH syndrome and healthy controls are presented in Tables 1, 2. There were no significant differences in allele and genotype frequencies of all genotypes IL-12 p35 SNPs (rs2243123, rs2227314, rs2243131, and rs2243115, p > 0.05) between patients with BD or VKH patients and healthy controls. However, we analyzed the allele and genotype frequencies of three SNPs of EBI3 (rs428253, rs9807813, and rs4740) in Tables 3, 4, found that the EBI3 rs428253 genotype CC showed a statistical difference between patients with BD and healthy controls (Table 3, p = 0.021), and the EBI3 rs428253 allele C/G also showed a statistical difference between patients with BD and healthy controls (Table 3, p = 0.034). But our results could not demonstrate a significant association between the rs9807813 and rs4740 allele and genotype frequencies between patients with BD or VKH, and healthy controls. Thus, there was a significant association between the polymorphism of rs428253 and susceptibility to BD disease in our study.


Table 1 | IL-12A genotypes and alleles frequencies of genotypes SNPs in BD and healthy controls.




Table 2 | IL-12A genotypes and alleles frequencies of genotypes SNPs in VKH and healthy controls.




Table 3 | EBI3 genotypes and alleles frequencies of genotypes SNPs in BD and healthy controls.




Table 4 | EBI3 genotypes and alleles frequencies of genotypes SNPs in VKH and healthy controls.





Association of IL-35 Gene Polymorphisms With the Immune Status of Patients With BD and VKH

The associations between allele and genotype frequencies of seven SNPs of IL-35 and the immune statuses of BD and VKH patients are detailed in Tables 5, S4–S9. There was a statistical difference in allele frequency of the IL-12 p35 rs2243131 between VKH patients with the Breg cell attenuated and those without (χ2 = 6.301, p = 0.018, Table 5). Although the overall percentage of DC cells in PBMC of BD and VKH patients were higher than the healthy controls. In our study, the SNPs of IL-35 were not related to the expression of DC cells. And there were no significant associations between genotype and allele frequencies of the other SNPs and the immune statuses (including T cell, B cell, the results not shown).


Table 5 | Associations of IL-12p35 (rs2243131) with immune states in BD or VKH patients.





Association of IL-35 Gene Polymorphisms With the Clinical Features of Patients With BD and VKH

The associations between allele and genotype frequencies of seven SNPs of IL-35 with the clinical features of patients with BD and VKH are provided in Tables 6, S10–S15. There was a statistical difference in allele frequency of the EBI3 rs4740 between VKH patients with headache and without it (χ2 = 7.291, p = 0.012, Table 6). And this allele gene frequency in patients with VKH syndrome was also a statistical difference between the tinnitus and those without (χ2 = 4.972, p = 0.033, Table 6). However, there were no significant associations between all genotype and allele frequencies of SNPs and the clinical features of patients with BD.


Table 6 | Associations of EBI3 (rs4740) with clinical manifestations in BD or VKH patients.





Association of Serum IL-35 Levels With IL-35 Genotypes of Patients With BD and VKH

We evaluated the association between serum levels and SNP of IL-35 in patients with BD and VKH (Tables 7, 8). The results revealed that there was an association between the frequency of the IL-12 p35 rs2243115 genotype and the human serum IL-35 levels in patients with VKH syndrome (χ2 = 7.291, p = 0.012, Table 8). The concentration of serum IL-35 in patients with VKH syndrome was no significantly different from that in healthy controls. There was no correlation between other SNPs and serum levels of IL-35.


Table 7 | Associations of serum IL-35 levels with IL-35 genotypes in BD patients.




Table 8 | Associations of serum IL-35 levels with IL-35 genotypes in VKH patients.






Discussion

The disorder of immune tolerance has been considered a vital cause for the pathogenesis of autoimmune diseases. Participation in the induction of immune tolerance and the loss of cells with negative immune-regulation functions are essential factors in the occurrence and development of AIU. Breg cells play a negative immune-regulation role in autoimmune diseases, the absence of Breg cells may be an essential reason for the occurrence of some diseases, and they are decreased and/or functionally impaired in these autoimmune diseases, including EAE, rheumatoid arthritis (RA), and SLE (13, 18). However, the status of Breg cells in patients with uveitis is still not known. Our study showed that the percentage of Breg cells is decreased in the blood, suggesting that the lack of negative immune-regulation of Breg cells may be an essential reason for the imbalance of immune response in uveitis. The decrease of Breg cells may contribute to the immune disorders and inflammation in uveitis.

There were no reports about the relationship between the SNPs of IL-35 and the pathogenesis of uveitis (31). We have analyzed the relationship between IL-35 gene SNPs and genetic susceptibility in the Chinese Han population with uveitis (mainly BD and VKH syndrome). Our results suggest that the IL-12 p35 rs2243131 A/C allele was related to the disorder of Breg cells in VKH patients, and IL-35 and its subunit IL-12p35 preferentially induced the expansion of Breg and Treg cells, inhibited the activation of DC, and inhibited the expansion of pathogenic Th17 and Th1 cells (13, 14, 32), to slow down the development of autoimmune diseases. Thus, the IL-12 p35 A/C allele mutation may be the key factor of Breg cells reduction in VKH patients. Additionally, there was no correlation between other immune cells and IL-35 gene polymorphism, but it cannot eliminate these sites associated with the function of immune cells.

VKH patients are usually with extra-ocular manifestations such as headache, hearing loss (7). In our study results, 57.14% of VKH patients had a headache, and 47.62% had tinnitus. And there was associations between the polymorphisms of the EBI3 rs4740 and the occurrence of headache or tinnitus in VKH patients. Previous studies reported that there were associations between EBI3 rs4740 polymorphism and SLE, UC (24, 33). Thus, the polymorphism of the EBI3 rs4740 may be correlated with the occurrence of autoimmune disease.

We also measured the concentration of IL-35 in the serum of all subjects. Compared with the healthy controls group, the concentration of serum IL-35 in patients with BD was not changed, which is different from the previous study about active BD or BD patients with only mucocutaneous involvement (34, 35), but is consistent with the result of BD patients with mucocutaneous manifestations plus ocular involvement. Moreover, the serum IL-35 concentration of VKH patients was not difference from these of healthy controls, which is consistent with the previous study about inactive VKH patients (36). Thus, the disease statuses, and ethnic differences of patients may be important factors for the level of IL-35. Moreover, IL-35 SNPs were associated with RA, type I diabetes, SLE, and other autoimmune diseases (24, 37, 38). Some studies have explored the relationship between IL-35 (including IL-12 p35 and EBI3) gene SNPs and susceptibility to autoimmune diseases. For instance, IL-12 p35 rs2243115 and rs568408 were novel genetic risk factors for Alzheimer’s disease in the Han Chinese population (39). IL-12 p35 rs2243115 was significantly related to the high RA disease risk in a Chinese population (37). EBI3 rs428253 had a related effect on Chinese Han patients with allergic rhinitis (40). EBI3 rs4740 had a significant correlation with the clinical manifestations of Chinese Han patients with SLE (24). All of this evidence shows that IL-35 is involved in the occurrence and progression of autoimmune diseases. Unlike previous reports, we have shown that the EBI3 rs428253 CC genotype and C/G allele may be a susceptibility genes for BD patients. Nevertheless, the role of IL-35 SNPs in the pathogenesis of BD or VKH syndrome and the regulation of the immune response still needs further studying. Additionally, large samples would help determine the correlation between SNPs and diseases.

In conclusion, our research mainly analyzed the association between IL-35 SNPs and AIU disease susceptibility, immune cells, clinical symptoms, and serum levels. In our study, the polymorphism of EBI3 rs4740, which at the coding region was associated with the occurrence of clinical manifestations in VKH patients. Other SNPs are at the non-coding region. SNPs in the non-coding region not only change gene regulation, but also affect gene expression by affecting gene splicing, binding with transcription factors, degradation of messenger RNA, or other ways. Thus, the polymorphism of IL-35 SNPs are involved in the occurrence of AIU. Above all, uveitis may be affected by genetic and immune factors. Uveitis is resulting from the interaction between genetic and various factors, which may provide a new basis for its diagnosis and treatment.
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We previously showed that the rupture of Bowman’s capsule (BC) promotes the progression of crescentic glomerulonephritis by enhancing the entry of CD8+ T cells into the glomeruli. In the present study, we utilized digital spatial profiling to simultaneously profile the altered abundances of the messenger RNA (mRNA) transcripts and proteins in the glomerular and periglomerular areas of four biopsy samples of anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN) and two biopsy specimens of minimal change disease (MCD) controls. The paraffin-embedded biopsy samples were stained with collagen IV, CD45, and SYTO 13 to distinguish the glomeruli with periglomerular infiltration but intact BC, with focal BC rupture, and with extensive rupture of BC and glomeruli without crescent formation and leukocytic infiltration in ANCA-GN. By assessing multiple discrete glomerular areas, we found that the transcript expression levels of the secreted phosphoprotein-1 and its receptor CD44 were upregulated significantly in the glomeruli with more severe ruptures of BC, and their expression levels correlated positively with the fibrotic markers. We also found that both alternative and classic complement pathways were activated in the glomeruli from patients with ANCA-GN. Furthermore, M1 macrophages were involved mostly in the early stage of BC rupture, while M2 macrophages were involved in the late stage and may contribute to the fibrosis process of the crescents. Finally, loss of glomerular cells in ANCA-GN was likely mediated by apoptosis. Our results show that digital spatial profiling allows the comparative analysis of the mRNA and protein profiles in individual glomeruli affected differently by the disease process and the identification of potential novel mechanisms in ANCA-GN.
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Introduction

Anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN) is defined as a pauci-immune and necrotizing crescentic glomerulonephritis (GN) that is associated with the rapid loss of renal function and proteinuria, frequently progressing to end-stage kidney disease (1). The exact pathogenesis of this disease remains unclear. The glomerular injury in ANCA-GN involves the loss of podocytes, cells critical for maintaining glomerular architecture and function. Podocytes are located in a special environment that is separated from the outside tissues by the Bowman’s capsule (BC) and separated from the capillary lumen by the glomerular basement membrane (2).

We have recently shown that the BC provides a protective barrier by preventing the influx of cytotoxic CD8+ T cells into BC under normal physiological conditions (3). Even after the induction of mild nephrotoxic serum-induced nephritis, the CD8+ T cells directed at the podocyte-specific epitope [enhanced green fluorescent protein (EGFP)-specific Jedi T cells] accumulated around the injured glomeruli in mice, with podocyte-specific EGFP expression together with other inflammatory cells, but were not found within the Bowman’s space, provided that the BC was intact. However, in more severely damaged glomeruli with BC rupture, a massive influx of CD8+ T cells was observed within the Bowman’s space, with concomitant destruction of EGFP+ podocytes and a catastrophic rapidly progressive GN (3). Indeed, recent studies have shown that BC rupture is associated with severe deterioration of kidney function, evidenced by the higher cumulative incidence of renal replacement therapy within 30 days after admission than in those without BC rupture (4). Consistently, BC rupture can be used as a risk marker to improve the outcome prediction for ANCA-GN (5).

Based on these novel findings and previous reports (6), we hypothesized an integrated “two-stage” model of crescentic GN progression, where the initial insult to the glomerular capillaries in various forms of crescentic GN (first stage) results in podocyte injury through injured glomerular endothelial cell–podocyte crosstalk and/or through infiltrating leukocytes, leading to proteinuria. The release of neoepitopes from damaged podocytes (second stage) results in the activation of dendritic cells and in the subsequent activation and proliferation of CD4+ and CD8+ T cells specific for these epitopes. At the early stage when BC is intact, CD8+ T cells and other immune cells, activated by cytokines and chemokines released by the injured glomeruli, migrate and accumulate near and around the glomerulus. As the disease progresses, activated parietal epithelial cells and infiltrated periglomerular immune cells may secrete proteases causing BC rupture, allowing the entry of inflammatory immune cells, including CD8+ T cells, into the Bowman’s space to destroy the neoepitope-carrying podocytes and further damage the glomeruli (7).

To assess the difference between glomeruli with or without BC rupture, we used digital spatial profiling (DSP), a novel technology capable of medium- to high-plex spatial profiling of proteins and RNAs in formalin-fixed paraffin-embedded (FFPE) section samples (8). One of the advantages of DSP compared to other spatial transcriptome technologies is its ability to sectionalize specific regions of interest (ROIs) with high magnification, defined by the researchers, using multiple fluorescence labeling, thereby enabling the analysis of multiple proteins and RNAs (9). Using this novel method, we performed a “pilot study” with kidney sections from four patients with ANCA-GN and two minimal change disease (MCD) controls. We especially selected the areas with or without BC rupture accompanied by periglomerular infiltration in the kidneys of ANCA-GN patients in order to profile the expressions of the RNAs and proteins specifically in these areas.

A comparison of the expression profiles of the glomeruli affected differently by the disease process provided new insights into the mechanisms of ANCA-GN progression.



Results


Digital Spatial Profiling of Peri-Glomerular and Intra-Glomerular Areas of Renal Biopsy Samples With ANCA-GN

To explore the mechanisms of BC rupture on the progression of ANCA-GN, the GeoMx® Digital Spatial Profiler was used to quantitate the expressions of specific panels of genes and proteins in the spatially defined regions. Together with the fluorescent-labeled antibodies, ultraviolet (UV)-photocleavable oligos (DSP barcodes) linked with target complementary sequences (RNA) or target antibodies (protein) were co-incubated. After the ROIs were selected, the specific regions were lit up with UV. Subsequently, the DSP barcodes were collected and amplified for further Illumina sequencing (RNA) or linked with a fluorescent label reporter for further counting with the NanoString counter machine (protein) (Figure 1A and Supplementary Figure S1).




Figure 1 | Digital spatial profiling of renal biopsies from patients with ANCA-GN and MCD. (A) Schematic overview of the DSP workflow. (B) Information on the glomeruli included in this analysis. Four patients with ANCA-GN and two patients with MCD were enrolled. The region of interest (ROI) was selected evenly from patients according to the immunofluorescence staining with collagen IV, CD45, and SYTO 13. For the RNA profiles, the glomeruli from MCD (n = 12), from ANCA-GN with crescent formation but intact BC (BCI, n = 7), with segmental BC rupture (SBCR, n = 11), with global BC rupture (GBCR, n = 13), and without crescent formation and leukocyte infiltration (CON, n = 4) were included for analysis. For the protein profiles, glomeruli with the characteristics of CON (n = 6), BCI (n = 7), SBCR (n = 5), and BCR (n = 7) were included for further analysis. (C) Representative images from each group. Scale bar, 25 μm. (D) Split violin plot of the RNA counts by ROIs. Gene counts are shown on the left (orange) and the negative probe counts are displayed on the right (green). (E) Split violin plot of the protein counts by ROIs. ANCA-GN, anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis; MCD, minimal change disease; DSP, digital spatial profiling; WBCR, without Bowman’s capsule rupture; BCR, Bowman’s capsule rupture; BC, Bowman’s capsule.



The continuity of collagen IV-positive staining represented the integrity of the BC, CD45-positive staining showed the infiltration of immune cells, while SYTO 13 staining was used to label the cell nuclei. The glomeruli were selected evenly from two renal biopsies with MCD (n = 12). The following groups were included for transcription profiling: four ANCA-GN renal biopsies with normal appearance [control (CON), n = 4], periglomerular infiltration but with intact BC (BCI, n = 7), segmental BC rupture (SBCR, n = 11), and global BC rupture (GBCR, n = 13) (Figure 1B). For the protein assay, because the panel of proteins mainly focused on immune-related cells and the two renal samples from patients with MCD were patched with a renal sample from the fourth patient with ANCA, we only selected the renal samples from three other ANCA patients for protein analysis owing to cost considerations. Glomeruli with the characteristics of CON (n = 6), BCI (n = 7), SBCR (n = 5), and GBCR (n = 7) were selected from three ANCA-GN renal biopsies and were included in the protein assay after passing quality control (Figure 1B).

For some analyses, the CON and BCI groups were combined into WBCR (without BC rupture) and the SBCR and GBCR groups combined into BCR (BC rupture). Representative pictures are shown in Figure 1C. The demographic and clinical features of each patient are displayed in Supplementary Table S1, and detailed information on the histopathology scoring of the ANCA-GN patients is shown in Supplementary Table S2.

For the RNA DSP assay, the probes specific for 1,833 genes are listed in detail in Supplementary Table S2. The geometric mean of the housekeeping genes was calculated logarithmically (log2), and the histogram of the mean per ROI is displayed in Supplementary Figure S2A. The surface area and nuclei counts of all ROIs passed quality control (Supplementary Figure S2B). The housekeeping gene TMUB2 correlated well with the other housekeeping genes such as ARMH3 and TLK2 (Supplementary Figure S2C). Normalization with a housekeeper and the Q3 method matched very well (Supplementary Figure S2D); therefore, the Q3 method was used for normalization, as recommended. The count distributions of the genes and negative controls after normalization from each ROI are displayed in Figure 1D.

For the protein DSP assay, the probes targeting 45 proteins are provided in detail in Supplementary Table S3. The geometric mean of the housekeeping proteins was calculated logarithmically (log2), and the histogram of the mean per ROI is displayed in Supplementary Figure S3A. The surface area and nuclei counts of all ROIs passed quality control (Supplementary Figure S3B). The ratio of the count value of each target in each ROI to the count value of immunoglobulin G (IgG) was calculated logarithmically (log2), and the proteins with log values <0 (labeled blue), including CD80, FOXP3, CD66b, PD-L1, PD-L2, and CD95/Fas, were excluded from further analysis (Supplementary Figure S3C). Housekeeping proteins were used to normalize the raw protein counts (Supplementary Figure S3D). The count distribution of the proteins after normalization from each ROI are shown in Figure 1E.



Involvement of the Classic Complement Pathway in the Pathogenesis of ANCA-GN

The heatmap of the normalized counts of each ROI is displayed in Figure 2A. The genes of cluster 6 were highlighted in the red box, the pathway enrichment analysis of which is provided in Figure 2B. The neutrophil degranulation and complement-related pathways, including initial triggering of complement, regulation of complement cascade, and complement cascade, were significantly enriched (Figure 2B). The genes related to neutrophil degranulation and complement-related pathways are listed separately in Figure 2C, with the majority of genes involved in neutrophil degranulation found to be upregulated. The genes involved in the complement pathway are displayed separately in Figures 2D–F. There was no significant difference with regard to the genes involved in the lectin pathway, including mannose-binding lectin 2 (MBL2), MBL-associated serine protease 1 (MASP1), and MBL-associated serine protease 2 (MASP2) (Figure 2D). Complement factor B (CFB) increased significantly with the rupture of BC, but the other genes involved in the alternative complement pathway, including complement factor D (CFD), complement factor properdin (CFP), and granzyme M (GZMM), showed no difference (Figure 2E). Notably, most of the genes involved in the classic complement pathway were remarkably elevated in the group with BC rupture compared with the MCD group. These genes included complement C1q A chain (C1QA), complement C1q B chain (C1QB), complement C1r (C1R), complement C1s (C1S), complement C4b (C4B), and complement C3 (Figure 2F). Especially, the expression levels of C1R and C1S markedly increased in the glomeruli from ANCA-GN patients even without rupture of the BC compared with the MCD group. These results showed that the classic complement pathway is likely activated in ANCA-GN.




Figure 2 | The classic complement pathway is involved in the pathogenesis of anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN). (A) Heatmap of the 1,813 detected genes. Cluster analysis indicated seven main clusters marked in different colors (left). (B) Pathway enrichment analysis of cluster 6 [red box in (A)]. (C) Neutrophil degranulation and complement-related pathways are highlighted in green box, and the heatmap of related genes is displayed separately. (D) RNA expression of the complement pathway of lectin-related genes. (E) RNA expression of the alternative complement pathway-related genes. (F) RNA expression of the classic complement pathway-related genes. All data were analyzed by one-way analysis of variance (ANOVA). Compared with the minimal change disease (MCD) group: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.





SPP1 Signaling Contributes to the Fibrosis Pathway in ANCA-GN

Among the 1,812 genes detected, secreted phosphoprotein 1 (SPP1), also named osteopontin (OPN), was remarkably increased in the WBCR and BCR groups compared to the MCD group. Its transcription level notably increased in the BCR group compared to that in the WBCR group, indicating its pathologic role in the progression of ANCA-GN (Figure 3A). CD44 functioned as the receptor of SPP1 (10), which showed a similar expression pattern to SPP1 (Figure 3B), and their expressions showed a strong positive correlation (r = 0.7875, p < 0.0001) (Figure 3C). SPP1 is considered a major driver for renal fibrosis (11), the secretion of which is stimulated by inflammatory cytokines (12) and the suppression of which could alleviate kidney fibrosis (13). In our study, the expressions of fibronectin and Col1A1 were gradually elevated in the WBCR and BCR groups compared to those in MCD (Figures 3E, F). Their expressions were strongly positively correlated with SPP1 (r = 0.85, p < 0.0001; r = 0.7517, p < 0.0001, respectively) (Figures 3G, H). Consistently, SPP1 was also moderately positively correlated with TGF-b1, a master regulator of fibrosis (r = 0.5556, p < 0.0001) (Figure 3D).




Figure 3 | SPP1 signaling contributes to the fibrosis pathway in anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN). (A, B, E, F, I) RNA expression of SPP1, CD44, COL1A1, FN, and CD163 with worsening of glomerular injury. (C, D, G, H, J, K) Correlation of the RNA expressions between SPP1 and CD44, TGF-β1, COL1A1, FN, CD163, and CD86. (L) Correlation of the RNA expressions between CD44 and CD163. All data were analyzed by one-way analysis of variance (ANOVA). Compared with the MCD (minimal change disease) group: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Compared with the WBCR (without Bowman’s capsule rupture) group: #p < 0.05 and ##p < 0.01. SPP1, secreted phosphoprotein 1; COL1A1, collagen type I alpha 1 chain; FN, fibronectin 1.



The above results highlighted the critical role of SPP1 in glomerulosclerosis and possibly in fibrous crescent formation. Moreover, SPP1 is known to mediate M2-type macrophage polarization (14), which also plays a role in fibrosis (15, 16). Our data showed that the expression of CD163 gradually increased with worsening of the glomerular injury (Figure 3I), and SPP1, together with its receptor CD44, strongly correlated with CD163 (an M2-type macrophage marker; r = 0.8328, p < 0.0001; r = 0.7231, p < 0.0001, respectively) (Figures 3J, L), but not with CD86 expression (an M1-type macrophage marker; r = 0.1856, p = 0.2121) (Figure 3K).



Protein Profiling Reveals That Apoptosis Is the Main Pathway Responsible for Glomerular Cell Injury in ANCA-GN

To confirm the finding in the DSP RNA profile, the immune-related proteins were detected in ANCA-GN applying DSP protein analysis. Forty-five proteins, including three housekeeping proteins, were detected together with three negative controls. Their expression heatmap is displayed in Figure 4A. Genes such as CD44, CD68, CD11C, CD34, and FAP exhibited strong correlations at the RNA and protein levels, whereas BAD, FOXP3, BCLXL, and B2M exhibited weak correlations (Figure 4B). CD34, an endothelial cell marker, was remarkably decreased in the BCI, SBCR, and GBCR groups compared with the CON group. Their expression levels also showed a gradual decrease with more severe rupture of the BC and worsening of the glomerular injury (Figure 4C). Furthermore, the CD34 protein level was strongly negatively correlated with CD45 (r = −0.7840, p < 0.0001), suggesting a close relationship between leukocyte infiltration and endothelium injury in ANCA-GN (Figure 4D). Consistently, vascular endothelial growth factor A (VEGFA), produced by podocytes, also decreased progressively with worsening of glomerular injury (Figure 4E). In addition, the expression of BCL-XL, an anti-apoptotic protein, was decreased significantly in the BCI, SBCR, and GBCR groups compared with that in the CON group (Figure 4F). The expression of PARP, a protein involved in programmed cell death, was significantly increased in the BCI, SBCR, and GBCR groups compared with that in the CON group (Figure 4F). CD34 is a cell surface transmembrane protein that is often shed from endothelial cells when they are injured. To determine whether apoptosis contributes to the injury of endothelial cells, we performed immunofluorescence co-staining of caspase-3 and CD34. As shown in Figure 4G, caspase-3 staining was co-localized with CD34. These results imply that apoptosis might be responsible for glomerular cell injury in ANCA-GN.




Figure 4 | Protein profiles indicating that apoptosis might be the main pathway responsible for the glomerular cell injury in anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN). (A) Heatmap of 45 detected proteins. (B) Correlation analysis of common proteins and RNAs of individual targets generated from digital spatial profiling (DSP) based on all regions of interest (ROIs). (C) Protein expression of CD34 with worsening of the glomerular injury. (D) Protein expression correlation of CD34 and CD45. (E) Transcription expression of VEGFA with worsening of the glomerular injury. (F) Protein expressions of BCL-XL and PARP. (G) Immunofluorescence co-staining of caspase-3 and CD31 in serial renal biopsy specimens of patients with ANCA-GN. Scale bar, 25 μm. The image of collagen IV staining was from the serial kidney section for protein DSP. PAS staining was performed on the same slide after co-staining with caspase-3 and CD31. Compared with the CON (control) group: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Compared with the WBCR (without Bowman’s capsule rupture) group: #p < 0.05. VEGFA, vascular endothelial growth factor A; BCL-XL, B-cell lymphoma—extra large; PARP: poly(ADP-ribose) polymerase; PAS, periodic acid–Schiff.





DSP Identified That the Types of Immune Cell Infiltration Were Different During BC Rupture

We investigated what cell types might be responsible for BC rupture. The 16 categories of immune cells generated from the transcription profiles of ROIs selected from ANCA-GN renal samples are displayed in Figure 5A, which showed more immune cell infiltration in the groups with BC rupture. The highest number of immune cells was observed in the GBCR group. When the data were rearranged into a bar chart, we found that the infiltration of memory CD4+ T cells, naive CD8+ T cells, memory CD8+ T cells, naive B cells, memory B cells, and macrophages increased, whereas the infiltration of naive CD4+ T cells decreased with more BC rupture and worse glomerular injury (Figure 5B). The protein profiles further confirmed the findings in the RNA analysis, which showed that CD8 and CD68 might be involved in the early development of BC rupture, whereas CD20 and CD4 might be involved in the late stage of progression (Figure 5C). When we classified CD68 macrophages into subgroups of M1 macrophages (CD11c) and M2 macrophages (CD163), the protein profiles indicated that M1 macrophages were involved mostly in the early stage of BC rupture, while M2 macrophages were involved in the late stage (Figure 5C). These findings were further confirmed by immunofluorescence staining with inducible nitric oxide synthase (iNOS) (another M1 macrophage marker) and CD206 (another M2 macrophage marker) (Figure 5D).




Figure 5 | Different types of immune cell infiltration during rupture of the Bowman’s capsule. (A) Heatmap of the cell abundance of immune cell infiltration based on the regions of interest (ROIs) selected from anti-neutrophil cytoplasmic autoantibody-associated glomerulonephritis (ANCA-GN) patients. (B) Average cell abundance of each category of immune cells in different groups. (C) Protein expressions of immune cell markers, including CD45, CD4, CD45RO, CD8, CD20, CD68, CD11C, and CD163. (D) Immunofluorescence co-staining of iNOS and CD206 in serial renal biopsy specimens of patients with ANCA-GN. Scale bar, 25 μm. Intact Bowman’s capsule is indicated by solid circle, while extensive Bowman’s capsule rupture is indicated by the dotted line. The image of collagen IV staining from the serial section for protein digital spatial profiling (DSP) indicated the integrity of the Bowman’s capsule. Periodic acid–Schiff (PAS) staining was performed on the same slide after co-staining with iNOS and CD206. Compared with the CON (control) group: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.






Discussion

The renal damage secondary to ANCA-associated vasculitis appeared heterogeneous, and individual glomeruli showed different extents of injury, including crescent formation, infiltration of immune cells, and rupture of BC. In the same kidney, some glomeruli appeared quite normal, some glomeruli showed crescent formation but with intact BC, some glomeruli had focal BC rupture, and some glomeruli had extensive BC rupture with massive infiltration of immune cells. As we previously demonstrated, the BC can protect podocytes from damage, and its rupture promotes more infiltration of immune cells into the glomeruli, leading to more podocyte loss and rapid progression of GN (3). To understand the mechanisms of injury in these individual glomeruli with different degrees of injury, we profiled the transcriptomics and proteomics in different areas of ANCA-GN kidney by selecting those individual glomeruli with different degrees of BC rupture in FFPE samples using the DSP method. This study helped us to identify the underlying pathogenesis mediating the progression of ANCA-GN.

Although ANCA-GN was previously considered a pauci-immune necrotizing crescentic GN, accumulating evidence has shown that immune complex and complement deposition were present in the glomeruli of patients with ANCA-GN, which was associated with more severe proteinuria, higher percentages of crescents, and poorer renal function (1). Local complement dysregulation was identified as an essential component of crescent formation and disease progression (17). A recent study has shown that the C5a receptor inhibitor had renal protective effects in these patients (18). Consistent with this, our study suggests that multiple complement-related pathways, such as initial triggering of complement, regulation of complement cascade, and complement cascade, were enriched in the glomeruli from ANCA-GN.

Previous data reported that a greater degree of neutrophil degranulation could result in a more abundant local complement activation and account for the more severe renal damage in patients with ANCA-GN (19). Consistent with this, our study showed that, with worsening of the glomerular injury, the neutrophil degranulation pathway was significantly upregulated together with complement activation. The alternative complement pathway was thought to be critical in the pathogenesis of ANCA-GN for several reasons: 1) depletion of factor B, critical for the alternative complement pathway, could protect mice from this disease (20); 2) the membrane attack complex (MAC), C3d, factor B, and factor P were detected in renal biopsy samples with pauci-immune myeloperoxidase (MPO)-ANCA-GN (21); and 3) both the renal staining and the urinary and plasma levels of the proteins involved in the alternative complement pathway were significantly upregulated in ANCA-GN (20).

The common path of the classical and alternative complement pathways is the conversion of C3 to its active forms, C3a and C3b, the latter forming C5 convertase and subsequently converting C5 to C5a and C5b (1). C5a could recruit inflammatory cells such as neutrophils, monocytes, and T cells to the activation site, whereas C5b forms the MAC (1). In our experiment, we found that the RNA expression levels of C3 and CFB, together with C1QA, C1QB, and C1R, increased progressively with worsening of glomerular injury and more severe rupture of the BC, indicating that the classic complement pathway is also involved in the progression of glomerular injury in ANCA-GN. This was supported by the previous observation from others showing that C4d was found positive in the kidney in 70.8% of 187 renal biopsies in patients with ANCA-associated vasculitis (22). Previous studies suggested that activation of the complement was different between ANCA-positive and ANCA-negative GN (19). The study showed larger proportions of C3, C9, complement factor H-related protein 1, C4, C5, and immunoglobulins in ANCA-negative GN than in ANCA-positive GN. Previous studies were mostly obtained from immunofluorescence staining or mass spectrometry analysis of whole kidney biopsies, not considering the heterogeneous lesion of the individual glomeruli, which could mask the contribution of the classical complement pathway in disease progression. The reason for the activation of the classical complement pathway without visible electron-dense deposition might be the rapid degradation of local immune complexes in ANCA-GN (22).

SPP1, also named OPN, is a secreted protein mainly expressed in bone and epithelial tissues (10). It is present in healthy kidneys and other cell types, including activated T cells and macrophages, among others, and its expression is upregulated in the diseased condition (10). In crescentric GN, the mRNA and protein expressions of SPP1 were markedly upregulated (10). CD44 functions as the receptor of SPP1 (23), which is expressed on activated parietal epithelial cells (PECs) (24). The RNA expression level of SPP1 showed a strong positive correlation with that of CD44, and CD44 was identified to be regulated by phosphorylated extracellular signal-related kinase (pERK). CD44 upregulation was accompanied by a notably increased expression of collagen IV and the migration of parietal epithelial cells (25). Additionally, SPP1 is considered an epithelial–mesenchymal transition hallmark marker (15). Consistent with this, our data showed that the expression of SPP1 increased progressively with worsening of glomerular injury and was correlated with the expressions of fibronectin and collagen. Collectively, these findings suggest that SPP1 may promote the development of fibrous crescent by binding to CD44, thereby playing a pivotal role in the progression of ANCA-GN. Therefore, treatment specifically targeting the SPP1–CD44 axis can be considered for patients with ANCA-GN.

Our previous study showed that, with the rupture of BC, large proportions of CD8 and CD68 infiltrate the capillary loop (3). In this study, we found that CD8 and CD68 might be involved in the early development of BC rupture, whereas CD20 and CD4 might be involved during the late stage of progression. CD68 is widely accepted as a pan-macrophage marker, CD86 is known as a specific marker for M1 macrophages, and CD163 is considered as a marker for M2 macrophages (26). These data indicate that M1 macrophages might play a role in BC rupture, whereas M2 macrophages increase at the late stage of the disease, which might contribute to fibrosis. In addition, we found that the RNA and protein expression levels of CD163 increased significantly when the BC ruptured, together with the increased expression of SPP1, which was reported to be significantly correlated with macrophage infiltration and M2 polarization (15). It was previously reported that both the high expression of SPP1 and that of its receptor CD44 correlated with an increased macrophagic infiltration (27). Together, our data suggest that early M1 macrophage infiltration may be involved in the rupture of BC and that SPP1-mediated M2 macrophage polarization may contribute to glomerulosclerosis and crescent fibrosis.

Our previous data showed that, upon BC rupture, a greater number of podocytes were lost (3). Our present study shows that with the progression of the disease, the apoptotic marker PARP was markedly increased, whereas the anti-apoptosis protein BCL-XL decreased significantly, which may be due to the increased podocyte apoptosis. In addition, the expression of VEGFA notably decreased with the progression of individual glomeruli, consistent with podocyte loss. CD34, a marker of endothelial cells, decreased drastically with worsening of the glomerular lesion, indicating the loss or injury of the glomerular endothelial cells in ANCA-GN. Interestingly, the protein expression level of CD34 showed a negative correlation with that of CD45, a marker of leukocytes, indicating that endothelial cell injury is tightly associated with the infiltration of immune cells in the glomeruli. Taken together, these data imply that apoptosis might be one of the mechanisms responsible for the loss of podocytes and glomerular endothelial cells in ANCA-GN, which is consistent with a previous study indicating that apoptotic regulation is important in the development of pathologic glomerular sclerosis in crescentic GN (3, 28).

This study had some limitations. Firstly, the sample size was not large enough due to cost limitations and therefore may not detect all the variations in patients with ANCA-GN. Secondly, the RNA target panel included only 1,833 genes and the protein analysis included only 45 proteins. Wider and deeper gene/protein panels will provide more comprehensive information. Thirdly, the preliminary results needed to be validated by other methods. Therefore, the mechanism underlying the results needs to be investigated further.

In conclusion, our study applied novel special transcriptomic and proteomic technology to profile the gene and protein expressions in individual glomeruli with different degrees of BC rupture. Our study demonstrated that both classic and alternative complement pathways are involved in the progression of ANCA-GN, that the SPP1–CD44 axis plays a dominant role in the development of fibrous crescent, and that apoptosis might be the important mechanism leading to the loss of glomerular cells in ANCA-GN.



Materials and Methods


Study Population and Ethical Approval

FFPE tissues were obtained from patients who underwent renal biopsy and were diagnosed with ANCA-GN (n = 4) and MCD (n = 2) from July 2020 to July 2021. Patients’ clinical information is provided in Supplementary Table S1. This study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University (approval no. 2021-072). Written informed consent for tissue use in research was obtained at the Second Xiangya Hospital of Central South University. The renal biopsy sections measuring 5 µm in thickness from three patients with ANCA-GN were patched into one DSP slide, and those from other patients with ANCA-GN together with those from two patients with MCD were patched into another DSP slide. The histopathology scores generated specifically from the serial kidney sections for the DSP profiles were evaluated independently by two pathologists according to previous literature (29). Differences in the scoring between the two pathologists were resolved by reviewing the biopsies to reach a consensus.



General Description of DSP

DSP was performed according to the literature (8, 9, 30). Briefly, DSP barcodes containing UV-photocleavable oligos comprising collagen IV (a marker for BC integrity), CD45 (a marker for immune cells), and SYTO 13 (nuclei) to allow for the morphological outline of interesting areas were used synchronously. The DSP slides were stained with immunofluorescent antibodies to identify the glomerulus and the BC, followed by high-resolution scanning (×20 objective lens) using the DSP instrument to allow ultimate precise selection for ROIs. Different shapes of regions, such as geometric, segment, contour, gridded, and any polygon shapes, were accepted for ROI selection. The DSP barcodes of RNAs linked with UV-photocleavable oligos targeted the complementary sequences of specific mRNAs. Similarly, the DSP barcodes of proteins linked with UV-photocleavable oligos targeted specific proteins (antigens). The barcodes were released by UV light shed on the selected ROIs in the micro-sized programmable digital micromirror device (DMD; NanoString Technologies, Inc. Seattle, WA, USA), which were collected subsequently into a 96-well plate. Each barcode had its own unique sequence to distinguish from one another. The DSP barcodes collected from the RNA assay procedure were amplified by PCR, and subsequent sequencing was performed using the Illumina sequencing platform. Concurrently, the DSP barcodes generated from the protein probes were collected and hybridized with fluorescent label reporters for further fluorescence counting (proteins).



DSP of RNA

Sections were deparaffinized in sequential xylene and rehydrated in graded ethanol. Target retrieval was performed in a water bath with 1 M Tris-EDTA buffer (pH 9.0) for 15 min. The FFPE samples were stained with a primary mouse CD45 antibody (13917; Cell Signaling Technology, Danvers, MA, USA) and subsequently with the Alexa Fluor 594 secondary mouse antibody (A-11012; Thermo Scientific, Waltham, MA, USA), Alexa Fluor 555-labeled collagen IV antibody, and the DNA stain SYTO 13 (GMX-PRO-MORPH-HST-12; NanoString Technologies Inc.) to identify the tissue morphology. The Alexa Fluor 555-labeled collagen IV antibody was covalently labeled using the collagen IV antibody (ab6586; Abcam, Cambridge, UK) with Alexa Fluor 555 Conjugation Kit—Lightning-Link (ab269820; Abcam) according to the protocol, and the resulting final concentration was 0.5 mg/ml. The slides were incubated with the aforementioned fluorescent antibodies in addition to the RNA probe sets (1,833 genes with 8,659 pairs of probes, provided with detail in Supplementary Table S2), which is similar to conventional immunofluorescence or immunohistochemistry (IHC). Stained slides were scanned with the GeoMx™ Digital Spatial Profiler (NanoString Technologies, Inc.). The ROIs were selected according to the integrity of the BC outlined by collagen IV staining, the leukocyte infiltration marked by CD45 staining, and crescent formation indicated by the large numbers of nuclei labeled by SYTO 13. Glomeruli with crescent formation but intact BC (BCI; n = 7 ROIs), with segmental or focal BC rupture (SBCR; n = 11 ROIs), with global or extensive BC rupture (GBCR; n = 13 ROIs), and glomeruli without crescent formation and leukocyte infiltration (control, CON; n = 4 ROIs) selected from four renal biopsy specimens from ANCA-GN patients and from two renal biopsy specimens from MCD patients (n = 12 ROIs) were included for further study. The selection of ROIs was performed by two professional pathologists to estimate the crescent formation, infiltration of leukocytes, and the degree of BC rupture.



DSP of Protein

After deparaffinization and rehydration, antigen retrieved from renal slides was soaked in 1× citrate buffer, pH 6.0 (C9999; Sigma, St. Louis, MO, USA), in a preheated pressure cooker for 15 min. Then, the slides were stained with a Texas red-labeled CD45 antibody (GMX-PRO-MORPH-HST-12; NanoString Technologies, Inc.), Alexa Fluor 555-labeled collagen IV, and SYTO 13, together with the DSP antibody barcodes including immune cell core profiling, the immune activation status module, immune cell typing module, and cell death module, which are provided in detail in Supplementary Table S3. The corresponding ROIs from the RNA slides were selected for protein detection, whenever possible. The photocleaved oligos from all of the ROIs were collected using a similar method to the RNA profiling, then reacted directly with NanoString’s probe R and probe U (GMX-PRO-MORPH-HST-12 and GMX-PRO-HYB-96; NanoString Technologies, Inc.), which carried the fluorescence reporters and can be used for fluorescence counting with the nCounter® MAX Analysis System (NanoString Technologies, Inc.).



Library Preparation and RNA Sequencing

The UV-cleaved oligos from each ROI were collected, followed by PCR amplification using a pair of primers with the following sequences: forward: CAAGCAGAAGAC GGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT; reverse: AATGATACGGCGACCACCGAGATCTACAC XXXXXXXXACACTCTTTCCCTACACGACGCTCTTCCGATCT (GeoMx Seq Code Pack, GMX-NGS-SEQ-AB; NanoString Technologies, Inc.). ROI identity was preserved in the custom Illumina i5/i7 unique dual indexing sequences of the primer pairs (marked as X). The PCR products were amalgamated, mixed with AMPure XP beads (A63881; Beckman Coulter, Brea, CA, USA) twice for purification, and then sequenced. A high-sensitivity DNA Bioanalyzer chip (C105102-S1; BiOptic, New Taipei City, Taiwan) was used to measure the concentration and purity of the library. The Illumina NovaSeq instrument (Illumina, Inc., San Diego, CA, USA) was applied for sequencing paired ends (2 × 27-bp reads).



Data Processing and Analysis

Reads were aligned to reveal the unique identities of the probe after sequencing. PCR duplicate reads were removed according to the unique identifier regions, followed by converting reads to digital counts. RNA sequencing saturation was set at 50%, as recommended by NanoString. The final count value of each gene was the arithmetic average of the rest of the individual probe counts after eliminating the outlier probes. The limit of quantitation (LOQ) was calculated based on the distributions of the negative control probes and was intended to approximate the quantifiable limits of gene expression per segment. The formula used to calculate the LOQ in an i-th segment was LOQi = geomean (NegProbei) × geoSD (NegProbei)n. Two geometric standard deviations above the geometric means were typically used as the LOQ. Of the 1,833 detected genes, 660 (36%) were above the LOQ in at least one ROI, and all the genes, except the 21 negative genes, were included for further analysis. With regard to normalization, the methods used included Q3 (top 25%), based on the genes whose expression levels were in the top 25%, housekeeping, and negative probe. If the correlations among the three methods are good, either of them can be chosen; otherwise, the Q3 method is recommended. In our experiment, the Q3 method was used for normalization.

For protein analysis, six proteins (CD80, FOXP3, CD66b, PD-L1, PD-L2, and CD95/Fas) were excluded owing to failure to reaching the detection threshold in all ROIs. A signal-to-noise ratio (SNR) was obtained by dividing the counts of each antibody by the three IgG-negative control antibodies. Protein counts were normalized using housekeeping proteins (histone H3 and ribosomal protein S6). Based on 1,000 accelerated bootstrap repetitions, uncertainty was calculated by bias correction and 95% confidence intervals. All analyses were performed with version 3.6.3 and RStudio 1.4.1103 by R.



Immune-Infiltrating Cell Analyses

Immune-infiltrating cell analyses were performed using NanoString’s SpatialDecon tool to classify immune-infiltrating cells from the gene expression dataset of each ROI. Different from other variance-stable least squares deconvolution tools, SpatialDecon uses the constrained log-normal regression algorithm, which is more consistent with the long tail of the gene expression data. SafeTME, a predefined robust immune-infiltrating cell expression matrix, was used to analyze immune infiltration.



Immunofluorescence Staining

Serial paraffin-embedded renal sections of patients with ANCA-GN were analyzed by immunofluorescence staining as previously reported (31). Briefly, sections were deparaffinized and antigen retrieval was performed in microwave-heated Tris-EDTA buffer, pH 9.0 (AWI0152a; Abiowell, China), for 20 min, followed by blocking with 10% goat serum in phosphate-buffered saline (PBS), and were then incubated overnight at 4°C with the following primary antibodies: CD206 (18704; Proteintech, Rosemont, IL, USA), iNOS (MAB9502; R&D System, Minneapolis, MN, USA), CD31 (BBA7; R&D System), and cleaved caspase-3 (9661; Cell Signaling Technology). Secondary antibodies conjugated with Alexa Fluor dye were obtained from Abcam. DAPI (P36941; Invitrogen, Carlsbad, CA, USA) was used as a nuclear counterstain. Images were obtained using Zeiss Axio Scope.A1 (Carl Zeiss Canada Ltd., Toronto, Canada).



Periodic Acid–Schiff Staining

Mounted kidney sections after immunofluorescence staining were rinsed in 1× PBS to remove cover glass. Subsequently, periodic acid–Schiff (PAS) staining was performed according to the instructions in the PAS stain kit (G1008; Servicebio, Wuhan, China). Images were obtained using Zeiss Axio Scope.A1 (Carl Zeiss Canada Ltd.).



Statistical Analysis

Data were presented as the mean ± SD. One-way ANOVA followed by Bonferroni correction was applied to the comparison of more than two groups. Correlation was determined with Pearson’s correlation analysis. Statistical analysis was performed as shown in the figure legends using GraphPad Prism v9 (GraphPad software, San Diego, CA, USA).
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Supplementary Table S1 | The demographic and clinical features of patients.

Supplementary Table S2 | The histopathological features of the patients with ANCA-associated glomerulonephritis.

Supplementary Table S3 | DSP probes list for mRNA.

Supplementary Table S4 | DSP probes list for proteins.

Supplementary Figure S1 | The principle of DSP transcription and protein profiles. Oligo-labeled probes with photocleavable linker target complimentary sequences for RNA assay (A), while Oligo-labeled antibodies target specific antigens for protein assay (B), which were incubated with samples. After selection of region of interests (ROIs), UV light was applied to specifically cleave the photocleavable linker, which released the DSP barcodes in each individual ROI (C). Then the DSP barcodes were collected individually into 96-plate-well from each ROI (D). For RNA assay, the DSP barcodes which are responsible for specific recognition of each mRNA (26bp label with blue and rose red) were incubated with primer pairs to amplify the products by PCR and then were sequenced (F). For protein assay, the DSP barcodes were reacted with NanoString’s probe R and probe U (G, H).

Supplementary Figure S2 | Quality control of ROIs for the RNA assay. (A) Counts distribution of ROIs’ housekeeping genes (HKs). The geometric means of housekeeping genes were calculated logarithmic (log2) and presented in the figure. (B) ROIs’ nuclei counts and surface area assessment. The GeoMxTM DSP requires certain nuclei counts and surface area of each ROI. The nuclei counts and surface areas of all the ROIs have met the limit. (C) Correlation among housekeeping Genes. There were 32 HK genes in this experiment, and 3 of HK genes were randomly selected to show the correlations. The results showed a high correlation among TMUB2, ARMH3 and TLK2. (D) Selection of normalization method. Normalization methods include Top 25%, which uses the top 25% genes as the benchmark for normalization, as well as HKs and Neg Probe methods. The relation between HK and Top 25% shows a highly strong correlation. In this study, Top 25% method was used for normalization.

Supplementary Figure S3 | Quality control of ROIs for the protein assay. (A) Counts distribution of ROIs’ housekeeping proteins (HKs). The geometric means of housekeeping proteins were calculated logarithmic (log2) and presented in the figure. (B) ROIs’ nuclei counts and surface areas assessment. The nuclei counts and surface areas of this study were qualified for further analysis. (C) The quality control of the expression of each target protein relative to negative control. The targets whose calculated value were always lower than or close to the background value were excluded in the further analysis (highlighted in blue color). (D) The expression correlations among housekeeping proteins. The results showed a high expression correlation between Histone H3 and S6.
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Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is relatively rare in children. This article aimed to analyze clinical and renal histology findings and different responses to induction treatment associated with the long-term renal outcomes in children with AAV in a single center.



Methods

All pediatric patients with AAV admitted to Tongji Hospital from January 2002 to January 2021 were included in the study. The demographic, clinical, pathological, laboratory, and treatment data and outcomes were collected and analyzed to identify predictors associated with response to induction treatment and progression to end-stage renal disease (ESRD).



Results

In total, 48 children with AAV were included in this cohort; 81.25% of them were women, and 91.7% were microscopic polyangiitis (MPA). Kidney involvement was found in 45 patients (93.75%). The most common histopathological subtype was crescentic form in this cohort according to Berden’s classification. In total, 34 patients (70.8%) showed eGFR <60 ml/min/1.73 m2 at the time of diagnosis. Complete and partial remission was achieved in 8 patients (16.7%) and 19 patients (39.6%), respectively, following 6-month induction treatment. Half of the patients eventually progressed to ESRD at a mean time of (13.04 ± 15.83) months after diagnosis. The independent predictors of nonremission following induction treatment and progression to ESRD were baseline eGFR <60 ml/min/1.73 m2 and hypertension at diagnosis. Renal survival significantly decreased over time in patients with renal sclerotic subtypes or those with nonremission following induction treatment by Kaplan–Meier curve estimation.



Conclusions

Our study demonstrates that women, MPA, and crescentic subtypes are predominant in pediatric AAV in China. Initial renal failure (eGFR <60 ml/min/1.73 m2), hypertension, sclerotic pathological subtype, and nonremission following induction treatment are predictive of long-term renal outcomes.
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Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is a multisystemic autoimmune disease characterized by a necrotizing inflammation in the small to medium vessels. According to the 2012 Chapel Hill International Consensus Conference nomenclature of vasculitis (CHCC) (1), AAV includes microscopic polyangiitis (MPA), granulomatosis with polyangiitis (GPA, formerly known as Wegener’s granulomatosis), and eosinophilic granulomatosis with polyangiitis (EGPA, also known as Churg–Strauss syndrome). MPA is a kind of necrotizing vasculitis predominantly affecting the kidney. GPA is a necrotizing granulomatous vasculitis with more sinus and pulmonary involvement, but necrotizing glomerulonephritis is also common. EGPA is an eosinophil-rich and necrotizing granulomatous vasculitis affecting the respiratory tract. In addition, nervous system, skin, mucous, ocular, and cardiovascular involvement can occur in all kinds of AAV.

AAV is associated with the occurrence of circulating autoantibodies against myeloperoxidase (MPO), proteinase 3 (PR3), and other uncommon antigens. MPO-ANCA is common in patients with MPA and usually occurs as perinuclear immunofluorescence patterns (P-ANCA), while PR3-ANCA is commonly associated with GPA and presents as cytoplasmic immunofluorescence patterns (C-ANCA) (2). AAV mainly occurs in adults with an annual incidence of 13–20 cases/million in Europe. However, they are very rare in children with an estimated incidence of 1–6 cases per million (3). A combination of immunosuppression and glucocorticoids remains the mainstream treatment and has saved the lives of a lot of patients with AAV. Despite strong immunotherapy, many AAV patients still died of ESRD, infectious or cardiovascular complications, etc. According to previous reports (4–10), 20% to 45% of children with AAV eventually progressed to ESRD. A recent multicenter study of 85 children with AAV in Italy and Canada (9) has not found any independent prognostic factors of renal outcome in multivariable Cox regression analysis. In a French national study of 66 children with AAV (11), low baseline eGFR levels, non-Caucasian ethnicity, and sclerotic or mixed histopathological patterns were associated with the occurrence of ESRD. Since AAV in children is rare, risk factors of renal long-term outcomes have not been extensively studied. So far, there have been a few reports on the risk factors for renal prognosis in Chinese children with AAV, and there has been no study on the effect of induction therapy on renal long-term outcomes. Hence, the present study is intended to provide such information through analyzing the demographic, clinical, pathological, laboratory, and follow-up data in children with AAV in a single pediatric center.



Materials and Methods


Patients

This cohort included all AAV patients hospitalized from January 2002 to January 2021 at the Pediatric Department of Tongji Hospital and younger than 18 years old at diagnosis. The diagnosis of AAV was established according to the Pediatric Rheumatology European Society (PRES) criteria for childhood vasculitis and the 2012 revised Chapel Hill consensus conference nomenclature of vasculitis. Some patients were included in the study due to typical pauci-immune necrotizing glomerulonephritis in renal pathology, although the ANCA tested negative (IF or ELISA for MPO, PR3). AAV secondary to drugs and other autoimmune diseases such as systemic lupus erythematosus (SLE), IgA-associated vasculitis, and rheumatoid arthritis, and primary kidney diseases such as membranous nephropathy and IgA nephropathy were all excluded in this study.

The study was approved by the Ethics Committee of Tongji Hospital and conducted in accordance with the Declaration of Helsinki.



Data Collection, Treatment, and Definition in Evaluation

The demographic, clinical, pathological, and laboratory treatment data and renal outcomes were collected for analysis. Baseline data included sex, age, height, time from onset to diagnosis, baseline serum creatinine, 24 h urinary protein amount, ESR, PVAS score, ANCA types (immunofluorescence detection), MPO and PR3 titers, remission-induction treatment approaches, and stages of CKD.

The remission-induction treatment was conducted with glucocorticoids and monthly intravenous cyclophosphamides (CYC) at a dosage of 0.5–0.75g/m2 for up to 6 months (12). For those presented with eGFR <60 ml/min/1.73 m2, plasma exchange (three to five times within 2 weeks) and/or rituximab (at a dosage of 375 mg/m2 for 2–4 times) were considered in addition to glucocorticoids and monthly intravenous cyclophosphamides (CYC). Normally, response to induction treatment was assessed after 6 months. After remission-induction therapy, patients were on maintenance treatment with glucocorticoids and mycophenolate mofetil (MMF) or AZA in most cases, only a few patients were on intravenous CYC every 3 months. All patients were evaluated monthly during remission-induction treatment and thereafter every 2 to 4 months during maintenance treatment.

Data were collected and analyzed at the time of diagnosis, after 6-month remission-induction treatment, and at the observation endpoint or the final follow-up.



Definition

Renal symptoms or parameters at presentation were defined as follows: nephrotic-ranged proteinuria was defined as the 24-h urine protein excretion of more than 40 mg/h/m2 or urine protein/Cr ≥2.0 (mg/mg). eGFR was calculated by using the modified Schwartz formula; CKD was defined and classified according to the KDOQI standards; the observation endpoint was defined as arrival of CKD stage V or the last follow-up for those who had not progressed to CKD stage V; kidney survival time was defined as the time from diagnosis to CKD stage V or the last follow-up; disease activity was assessed by the Pediatric Vasculitis Activity Score (PVAS) (13). Renal complete remission (CR) was defined as negative for proteinuria amount of less than 150 mg/24 h, urine red blood cells were less than 10/HPF, and serum creatinine level was stable; renal partial remission (PR) was defined as a 50% decrease in the daily amount of proteinuria, a decrease in urine red blood cells, and a stable serum creatinine level; nonremission was defined as those that did not meet the above criteria.

Kidney pathologies were classified into focal, crescentic, sclerotic, and mixed subtypes according to Berden’s classification (14). Briefly, samples with ≥50% normal glomeruli were classified as focal; those with ≥50% cellular crescentic glomeruli as crescentic; those with ≥50% sclerotic glomeruli as sclerotic; and those with a combination of normal, crescentic, and sclerotic glomeruli, and all occurring in <50% of glomeruli as mixed.



Statistical Analysis

Continuous variables with normally distributed measurement were expressed as mean ± standard deviation (SD), evaluated by the Student’s t-test. Continuous variables with nonnormal distributed measurement were expressed as median [interquartile range (IQR)], evaluated by the Mann–Whiney U test or Wilcoxon rank-sum test. Categorical variables were expressed as percentages and were tested by the Person Chi-square test or Fisher’s exact test. Logistic regression analysis was applied to the multivariate analysis of renal remission, and Cox regression analysis was used to study the risk factors of progressing to ESRD. Kaplan–Meier survival curves and the Log-rank test were applied to compare renal survival among four renal pathological classification and three renal remission-induction responses. All differences were considered statistically significant at p < 0.05.




Results


Main Characteristics at the Time of Diagnosis of the 48 Patients With MPA and GPA

The baseline data of 48 patients with childhood-onset ANCA-associated vasculitis were summarized in Table 1. Most patients were women (81.25%), the mean age at diagnosis was 10.62 ± 3.53 years, and the median time from onset to diagnosis was 1 month. MPA was predominant (91.7%) with just 4 patients with GPA in this cohort; 70.8% of patients showed eGFR <60 ml/min/1.73 m2 at diagnosis. Renal involvement was found in 93.75% of patients, as manifested with proteinuria, hematuria, hypertension, and renal insufficiency. The respiratory system was involved in 23% of patients, including 2% with pulmonary nodules and 21% with pulmonary hemorrhage, which was significantly higher in GPA than in MPA (p = 0.025). ESR was much faster in MPA than in GPA (p = 0.007).


Table 1 | Main characteristics at the time of diagnosis of the 48 patients.





Main Characteristics at the Time of Diagnosis of the 33 Patients Based on Kidney Pathology

The crescentic subtype was the most frequent (66.7%) form among 33 patients who received kidney biopsies. As shown in Table 2, the main characteristics were not significantly different at the time of diagnosis among the four pathological subtypes.


Table 2 | Clinical features at the time of diagnosis of patients with different histopathological subtypes.





Different Responses to Induction Treatment and Predictive Factors Analysis of Baseline Data

After up to 6-month induction treatment, complete remission was achieved in 8 patients (16.7%), partial remission in 19 patients (39.6%), and nonremission in 21 patients (43.7%). The baseline data were compared among the three groups; significant differences were found in levels of serum creatinine and C3, hypertension, eGFR grades, and PVAS score (Table 3). eGFR <60 ml/min/1.73 m2 (p = 0.001) and hypertension (p = 0.002) were independent predictors for no response to induction treatment by multivariate analysis (Table 4).


Table 3 | The baseline data at diagnosis and treatments in patients with different renal responses to induction treatment.




Table 4 | Multivariate analysis of risk factors associated with nonremission in 48 patients after remission-induction therapies.





Renal Outcomes and Risk Factors Associated With Progression to ESRD

The median time of follow-up was 24.5 months (0–228 months). A total of 24 patients (50%) progressed to ESRD. The mean time they progressed to ESRD was (13.04 ± 15.83) months, and the median time was 7.5 months (0–58 months). A total of 8 patients reached ESRD at the time of diagnosis, and 4 patients progressed to ESRD in the first 6 months after diagnosis. The other 12 patients progressed to ESRD thereafter; among them, 4 patients showed partial remission postinduction treatment, and 8 patients showed nonremission.

The baseline data of 48 patients were applied to Cox regression analysis to identify the risk factors of ESRD. As shown in Table 5, hypertension, eGFR <60 ml/min/1.73 m2, PVAS >11, and nephrotic proteinuria at diagnosis were significantly associated with ESRD in univariate analysis, but only hypertension (p = 0.001) and eGFR <60 ml/min/1.73 m2 (p = 0.013) were proved to be independent risk predictors of ESRD in multivariate Cox regression analysis.


Table 5 | Analysis of risk predictors at diagnosis associated with progression to ESRD in follow-up.



Renal biopsies were performed in 33 patients, including 9 patients of crescentic subtype, 6 of sclerotic subtype, and 2 of mixed subtype. The renal survival curves of different pathological subtypes are shown in Figure 1A; a significant difference was found among four renal pathological subtypes (p = 0.031). The sclerotic subtype showed the worst and the focal showed the best outcomes. The renal outcomes at final evaluation in patients with different pathological subtypes are shown in Supplementary Figure S1.




Figure 1 | (A) Renal survival analysis K-M curves of the time from diagnosis to ESRD or last follow-up in patients with different renal pathological subtypes and (B) in patients with different induction remission responses after 6-month treatment.



All patients of focal subtype remained under normal renal function, but all patients of sclerotic and mixed subtypes progressed to ESRD. Since the patients of the crescentic subtype showed variable outcomes, we compared their baseline data between those who remained under normal renal function (eGFR >90 ml/min/1.73 m2) and those who progressed to ESRD (eGFR <15 ml/min/1.73 m2) and found significant differences in age, serum creatinine level, eGFR level, and response to remission-induction treatment (Table 6).


Table 6 | The clinical data at diagnosis and response to induction treatment in patients of a crescentic subtype with different renal outcomes at the endpoint.



To evaluate the effect of different responses to induction treatment on renal survival, Kaplan–Meier survival curves were used to assess the time to ESRD in 48 patients. Those patients with complete remission showed the best renal outcome and those with nonremission showed the worst (Figure 1B).

About 7 patients were treated with rituximab (RTX); 3 cases with crescentic subtype obtained improvement of eGFR from 19 to 47 ml/min/1.73 m2, 27 to 79 ml/min/1.73 m2, and 59 to 67 ml/min/1.73 m2, respectively. Two cases with crescentic subtype and 2 cases with sclerotic subtype still showed eGFR deterioration (Supplementary Figure S2).




Discussion

AAV is a severe autoimmune disorder mainly affecting the kidney, lung, nose, paranasal sinus, skin, etc. (15). It mainly occurs in adults and rarely in children. So far, a few large cohorts are focusing on the long-term outcome of pediatric patients with AAV. Our study summarized the clinicopathological features, their relationship with response to induction treatment, and renal long-term outcome of pediatric AAV in a single center. The results showed that MPA accounted for the overwhelming majority (91.7%) of AAV in Chinese children, and female patients also made up the majority (81.25%) of AAV. The demographic and AAV-type distribution characteristics were consistent with other previous studies on Chinese and other East Asian children (10, 11, 16, 17). These were different from adult patients, suggesting a somewhat male predominance (18). It is interesting to note that an MPA majority not only existed in studies comprising Chinese pediatric (97.1%) (10) and adult patients (83.64%) (19) but also in Korean (59.4%) (20) and Japanese patients with AAV (21). It was different from AAV in Europe and North America where a GPA majority was more common (21). Renal involvement is much higher than pulmonary involvement in MPA patients. Similarly, our study showed renal and pulmonary involvement in 93.75% and 23% of patients, respectively.

As shown in the present paper, the effect of induction therapy significantly affected renal survival in patients with AAV. Currently, glucocorticoids combined with cyclophosphamide remain the “gold standard” treatment for induction therapy. Mycophenolate mofetil and azathioprine are the main immunosuppressants for maintenance therapy. In recent years, rituximab, immunoadsorption, and plasma exchange have also been successfully used in the treatment of AAV (3). Other biologics like anti-TNF-α and anti-BLyS monoclonal antibodies have been tried in the treatment of AAV. The overall remission rate was 56.3% after 6-month induction treatment in our patients, which was significantly lower than that in previously reported AAV cohorts (9, 10, 22). As shown in our study, baseline eGFR <60 ml/min/1.73 m2 was an independent predictor of nonremission and found in a percentage as high as 71% of patients. Therefore, the reason for the lower remission rate of induction treatment was probably due to the higher proportion of eGFR <60 ml/min/1.73 m2 at diagnosis.

Around 50% of patients progressed to ESRD, higher than in other reports showing only between 20% and 45% (4–10). Through multivariate Cox regression analysis, we identified eGFR <60 ml/min/1.73 m2 and hypertension at the time of diagnosis as independent risk predictors for progression to ESRD. Our results confirmed the poor prognostic value of decreased eGFR at diagnosis, which was consistent with previous studies (4, 8–10, 23). Additionally, this study revealed a new finding that hypertension at diagnosis was also an independent risk predictor for progression to ESRD in childhood-onset AAV. Moreover, this study also identified nephrotic-range proteinuria and PVAS >11 at the time of diagnosis as risk factors for ESRD in univariate analysis. PVAS was established in 2012 when redefining the Birmingham Vasculitis Activity Score (BVAS) components and adding eight pediatric items (13). The present study also confirmed high PVAS as a risk factor of renal long-term outcome in pediatric AAV patients (24–26). A total of eight patients reached ESRD at the time of diagnosis, and four patients progressed to ESRD in the periods of remission-induction treatment. Considering that immunosuppressants were not necessarily needed in these cases, they received a shorter period of induction therapy to avoid adverse effects, and this might have an impact on renal outcomes.

Our results also demonstrated that renal pathological patterns were significantly associated with long-term renal outcomes, as shown in adult AAV patients. There were studies even showing that renal pathological patterns affected the outcome more than baseline eGFR (27, 28). As in adults, those with a sclerotic subtype rapidly progressed to ESRD. Sclerotic lesions were thought to result not only from vasculitis but also from other factors, such as aging, atherosclerosis, dyslipidemia, and hypertension (9, 29). Patients with focal subtype showed a favorable renal outcome. Interestingly, the outcome of those with crescentic subtype turned out to see many variations, and whether they restored to normal eGFR levels or progressed to ESRD (CKD stage V) was significantly associated with baseline eGFR levels and with response to induction treatment. There were three patients with eGFR levels between 30 and 60 ml/min/1.73 m2 and one patient with an eGFR level between 15 and 30 ml/min/1.73 m2; they all finally returned to normal eGFR levels following a 6-month remission-induction treatment. These results demonstrated the importance of treatment responsiveness in affecting the outcome. Of course, the active lesions were more likely to be reversible if treated in a timely and effective manner (30). In addition to glucocorticoid and CYC, RTX was also proven to be as effective as CYC in remission-induction and relapse treatment of AAV (31, 32). Among seven serious AAV patients treated with RTX, three patients obtained a significant improvement in eGFR and proteinuria, which demonstrated the promising prospects of RTX in the treatment of pediatric patients with AAV.

The advantages of this study were based on the fact that it represented the largest pediatric cohort of AAV in Chinese children and provided actual clinicopathological features different from adults and children in the EU and North America. Secondly, our study demonstrated that eGFR <60 ml/min/1.73 m2 and hypertension at diagnosis were independent predictors for progression to ESRD. Moreover, the study particularly pointed out the importance of induction treatment responsiveness in affecting the outcome of AAV. Through multivariate logistic regression analysis, hypertension and eGFR <60 ml/min/1.73 m2 at diagnosis were also considered risk factors associated with failure of induction therapies. Thus, these risk factors might affect the long-term renal outcomes by influencing the response to induction treatment. However, the limitations of this study lie mainly in its retrospective nature, and the total number of included cases is not large enough to allow further statistical analysis. In addition, since we included only hospitalized patients, a selection bias may exist in that some patients with mild AAV in the outpatient were omitted.

In conclusion, our study demonstrates that women, MPA, and crescentic subtypes are predominant in pediatric AAV in China. Initial renal failure (eGFR <60 ml/min/1.73 m2), hypertension, sclerotic pathological pattern at diagnosis, and nonremission to induction treatment are predictors of poor long-term renal outcome. Apparently, AAV remains a rough challenge to the pediatric community.
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Leukocyte trafficking is an essential process of immunity, occurring as leukocytes travel within the bloodstream and as leukocyte migration within tissues. While it is now established that leukocytes can utilize the mesenchymal migration mode or amoeboid migration mode, differences in the migratory behavior of leukocyte subclasses and how these are realized on a molecular level in each subclass is not fully understood. To outline these differences, first migration modes and their dependence on parameters of the extracellular environments will be explained, as well as the intracellular molecular machinery that powers migration in general. Extracellular parameters are detected by adhesion receptors such as integrins. β2-integrins are surface receptors exclusively expressed on leukocytes and are essential for leukocytes exiting the bloodstream, as well as in mesenchymal migration modes, however, integrins are dispensable for the amoeboid migration mode. Additionally, the balance of different RhoGTPases – which are downstream of surface receptor signaling, including integrins – mediate formation of membrane structures as well as actin dynamics. Individual leukocyte subpopulations have been shown to express distinct RhoGTPase profiles along with their differences in migration behavior, which will be outlined. Emerging aspects of leukocyte migration include signal transduction from integrins via actin to the nucleus that regulates DNA status, gene expression profiles and ultimately leukocyte migratory phenotypes, as well as altered leukocyte migration in tumors, which will be touched upon.
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Introduction

Leukocyte trafficking is a multifaceted process that not only encompasses the cell adhesion cascade, transmigration and migration through tissues, but also gains further depth by the fact that leukocytes can use the mesenchymal migration mode as well as a unique amoeboid migration mode that sets them apart from other cell types. Additionally, our understanding of leukocyte migration is rapidly evolving to the extent that not differentiating between these aspects – be it transmigration, crawling on 2D or migration through 3D environments – and instead refering to them in equal fashion as ‘leukocyte migration’ hinders us from appreciating the true complexity of these processes. The importance of this is heightened by the fact that leukocyte subpopulations show distinct migratory behavior across all these aspects. Additionally, while it is now appreciated that environmental parameters dictate which migration mode is possible for all leukocytes and these parameters are integrated into the cell by adhesion receptors such as β2-integrins, it is becoming clear that how the appropriate migration modes are executed is down to a distinct combination of β2-integrin downstream components which are, in turn, acting uniquely and are expressed in different leukocyte populations. It is clear that our collective understanding of leukocyte migration is just scratching the surface and this is due to several factors. One hindering factor is that not all aspects of leukocyte migration are researched to the same degree. Transwell migration assays represent the vast majority of assays used to study leukocyte migration; this means we have much more data on transmigration than on migration in tissues. Additionally, the 2D or 3D migration assays which are carried out often rely on single-protein coatings or matrices, respectively, and this fails to represent the complexity of living endothelium and tissues. Furthermore, the structural organization of proteins in bundles or fibers is neglected, just as is their stiffness and elasticity. Finally, leukocyte subpopulations such as neutrophils, macrophages and T-cells have been studied most, while eosinophils and basophils have been almost entirely ignored. This review seeks to outline some of the field’s complexity and why the aforementioned aspects of the environment are important, in the context of β2-integrins, which are essential for the leukocyte adhesion cascade.



The Leukocyte Adhesion Cascade

The majority of leukocyte trafficking occurs in the bloodstream, in which leukocytes – typically T- and B-cells, neutrophils, monocytes, eosinophils and basophils – are passively carried by the bloodstream close to sites of infections. In response to infections, the endothelium lining the blood vessels closest to the site of infection expresses chemokines and adhesion receptor ligands which initiate and mediate the cell adhesion cascade. This cascade is the process through which leukocytes leave the bloodstream and extravasate into the tissue. In this multistep process, leukocytes first tether on the endothelium, followed by fast and slow rolling along the vessel wall until the leukocyte is arrested on the endothelium (1, 2). Leukocytes then typically begin to spread and crawl across the endothelium (3). The distinctive steps in the adhesion cascade are: step 1 – tethering and fast rolling, step 2 – slow rolling and arrest, step 3 – spreading and crawling, step 4 – transmigration. The adhesion cascade step of crawling across the endothelium has been termed locomotion (3). This process is depicted in Figure 1 and has been reviewed multiple times in detail [for example (4)]. Selectins are the first adhesion receptors mediating tethering and fast rolling during which their activity typically overlaps with β2-integrins (4). β2-integrins are especially crucial for the fast and slow rolling, cell arrest, and spreading and crawling steps (4). They have been identified as mechanoreceptors (5) and therefore likely play a role in probing the endothelium for points of exit as well. Further detail in regards to involvement of each adhesion receptor at each step and their typical ligands are depicted and described in Figure 1.




Figure 1 | The cell adhesion cascade. During adhesion to and extravasation through the endothelium, leukocytes undergo several steps, namely fast rolling and tethering, slow rolling and arrest, spreading and crawling and lastly transmigration. These steps are mediated by several different adhesion receptors expressed by leukocytes, indicated by underscore, and the endothelium (2). P-selectins and E-selectins expressed by the endothelium bind to their carbohydrate ligands on leukocytes during fast rolling. Leukocytes express L-selectins, which bind to ligands on the endothelium during fast rolling. The most well known selectin ligand is P-selectin glycoprotein ligand-1 (PSGL-1). Selectin-ligand binding results in integrin activation in leukocytes, which then mediates slow rolling, arrest, spreading and crawling. During transmigration, several homophilic adhesion receptors, including VE-cadherins important for tight junctions between endothelial cells, and CD99 and PECAM-1 are expressed by endothelial cells and leukocytes. Additionally, leukocytes express α6β1 integrins that bind to laminin.



β2-integrins are a group of essential adhesion receptors, consisting of CD11a/CD18 (LFA-1, αLβ2), CD11b/CD18 (MAC1, αMβ2), CD11c/CD18 (αXβ2), and CD11d/CD18 (αDβ2) (6). Leukocytes express several different types of integrins (7) (Table 1 and Figure 2), and they express β2- and β7-integrins as the only cells [β2-integrins are also expressed on platelets (28)]. Furthermore, in most circulating leukocytes β2-integrins are the integrin class expressed in the highest amounts (13). β2-integrins are differently expressed on different leukocytes and they differ in terms of ligand binding. CD11a and CD11d bind limited ligands (CD11a/ICAMs, CD11d/ICAM-3, VCAM-1), while CD11c and CD11b form diverse receptor–ligand interactions with more than 40 identified ligands. β2-integrins have been shown to be essential for pro- as well as anti-inflammatory processes (19, 29–31).


Table 1 | Leukocyte Integrins And Their Ligands, Expanded On From (8).






Figure 2 | Leukocyte integrins. Leukocyte integrins arranged around their β chains. α and β chains marked with * are specific for leukocytes (27), while platelets also express β2-integrins (28).



Integrins can signal from the inside to the outside, which is especially important during the cell adhesion cascade. A central aspect of such signaling is typically conformational changes of integrins, which in turn regulate the individual bond strength between individual integrin heterodimers and ligands (30, 32). Integrins can only bind ligands if they are in an active – meaning open, extended (high affinity) conformation (33) (depicted in Figure 3). A ‘bent’, inactive integrin conformation (33) predominates when leukocytes travel through the bloodstream to prevent cell aggregation (19). For example, a 9:1 ratio between inactive and active conformations was established for a mutant form of CD11b in the absence of ligands (34, 35). When leukocytes bump into endothelial cells producing chemokines and expressing selectin ligands, chemokine-receptor and selectin engagement initiates the binding of talin and kindlin to integrin cytoplasmic tails (36, 37). This leads to integrin switching from the bent into the extended conformation, akin to a switch blade, and is an example of integrin inside-out signaling. This conformational switch reveals ligand binding sites in the extracellular domain in parts that were facing the cell membrane in the bent conformation (38). At the same time, the conformational switch leads to integrin cytoplasmic tail separation which enables the binding of further interaction partners like tensin and vinculin (39).




Figure 3 | Integrin conformation. In leukocytes traveling through the bloodstream, in absence of ligands, 90% of integrins are in the bent inactive conformation, depicted on the left. Inside-out signaling as a result of chemokine receptor/ligand and selectin/ligand binding during fast rolling results in talin and kindlin-3 binding to β chains which results in unbending and changing to the active conformation (right). The unbending results in ligand binding sites being revealed.





Leukocyte Migration


Transmigration

During crawling and spreading, leukocytes probe the endothelium for suitable sites of exit, through which they transmigrate. Such sites of exit can be cell–cell junctions, but they also travel through endothelial cell bodies (1, 4, 40, 41). Monocytes have been shown to typically choose gap-junctions to transmigrate. If crawling/locomotion is disabled, for example due to CD11b/CD18 knockdown, neutrophils transmigrate transcellularly, meaning through endothelial cells (3). During transmigration, leukocytes change their integrin expression profiles, for example α6β1-integrin is upregulated, which mediates transmigration (4). Transmigration is the migration process modeled best in transwell/Boyden chamber assays (42). This assay consists of two champers, one filled with normal media and one with media including chemokines. These chambers are separated by a porous membrane, which creates a chemokine gradient (43). However, these assays fail to present leukocyte–endothelial cell interactions as well as gap junctions. Based on the number of papers tagged with ‘transwell leukocyte migration’ vs ‘2D leukocyte migration’ or ‘3D leukocyte migration’ in Pubmed to date, transwell assays are the most used assay to investigate leukocyte migration, however, data generated with this model is often referred to as ‘migration’ or ‘chemotaxis’ instead of ‘transmigration’.



Leukocytes Navigate Different Microenvironments During Migration

After transmigrating, leukocytes proceed to actively migrate through tissues towards the site of infection, guided by chemokines. This means all migrating leukocytes navigate numerous tissues that present different microenvironments and necessitate different migration modes. This is especially true for leukocytes that migrate long distances. Leukocytes, that have transmigrated from the bloodstream, however typically migrate relatively short distances. For example, the typical maximum distance of (tissue) cells to their nearest blood vessel is 100 µm and rarely exceeds 200 µm (44), and leukocytes likely don’t migrate into other tissues or microenvironments. Leukocytes that actively migrate long distances across several microenvironments are typically antigen–presenting cells, such as dendritic cells, neutrophils and macrophages (45, 46), which migrate through the tissues towards and transmigrate into the lymph system. The lymph system is closely related to and connected to the blood system, however, lymph flow rates are much lower. For example, in mice the blood flow rate in microvessels (45.8 µm diameter) in the retina can be up to 1.55 µl/min (47), while in the lymph system a flow rate of 0.3 µl/h has been measured (48). The slow flow rates necessitate the active migration of leukocytes to the nearest draining lymph node to present antigens. Besides antigen presenting cells, high numbers of T-cells and low numbers of monocytes, all types of granulocytes, and B-cells have also been found in afferent lymph vessels (49–53), however, it is unclear how much active migration is involved in the presence of these leukocytes. Additionally, mast cells migrate from the skin to lymph nodes after UV exposure (54).

The most obvious and most acknowledged difference in the microenvironments that leukocytes migrate through is dimensionality. Crawling on the endothelium of blood- or lymph vessels happens in 2D environments (4, 55) and migration through tissues happens in 3D environments (56). While direct in vivo microscopy has shed much light on migratory processes (57, 58), the molecular mechanisms are often investigated using in vitro models. 2D migration is often modeled in assays using Zigmond or Dunn chambers, which involves two or three tissue plastic chambers, one or two of which are filled with media containing chemokines and one without chemokines to establish a chemokine gradient (59). Since 2D migration in vivo typically happens during crawling on the endothelium (4, 55), leukocyte–endothelial cell interactions are neglected in these models as are shear forces from the bloodstream.

3D migration is typically investigated using collagen or matrigel matrices in which cells are embedded (60). These matrices can be sandwiched between chambers of media with different initial chemokine concentrations, establishing a chemokine gradient. One example of a commercially-available setup is ‘µ-Slides Chemotaxis’ by ibidi (59). Additionally gel matrices can be set atop transwells to first model 3D migration and then transmigration (61), however, direct observation of 3D migration would be difficult. The downside of collagen and matrigel matrices is that they fail to replicate the complexity of tissues, be it in structure or in the variety of components. Cancer spheroids are used to model leukocyte invasion into tumors (62). These are often limited to cancer cells and fail to account for the stroma that support cancer progression. Ex vivo models are also used, in which mice ears are utilized that allow direct observation by microscopy of fluorescently labeled leukocytes (63). Mice ears offer few specific tissue environments for leukocytes to migrate in and would not be comparable to other tissues and organs.



Leukocyte Migration Modes

On 2D surfaces such as the endothelium of blood and lymph vessels (55), leukocytes use the mesenchymal migration mode, which is heavily dependent on integrins. Monocyte crawling on the endothelium of blood vessels is particularly dependent on CD11b/CD18 and ligand ICAM-1 (3, 64).

The molecular mechanism of the mesenchymal migration mode is the following: Integrins establish adhesion sites at the edge of the cell in the direction the cell is migrating. At this leading edge, lamellipodia are formed, that contain adhesion receptors, which bind ligands and transduce pulling forces (65). The cell then pulls its body towards this adhesion site. Meanwhile, at the cell rear the adhesion sites are broken and recycled to the front. The force required for the cell’s movement is generated by the actin filament treadmill. This treadmill consists of actin polymerization at the leading cell edge and actin depolymerization at the cell rear (66–68). Actin polymerization ultimately generates power by pushing against elastic proteins that mediate the force by unbending at the cell front (69). The actin network as a whole presses against the cell’s leading edge and the membrane that forms the lamellipodia containing the adhesion receptors (65).

Leukocytes migrate differently in 3D. In particular, dendritic cells (during homeostasis) (18, 53) and neutrophils (70) have been shown to use an amoeboid migration mode independent of integrins. So instead of the actin treadmill, this mode is facilitated by actin polymerization and squeezing and pushing (18). In a groundbreaking study, Lämmermann et al. knocked down all integrins in dendritic cells and proved that this migration mode is independent of integrin-mediated adhesion (18). Instead of lamellipodia, such migrating cells form blebs that do not strongly adhere or pull on the substrate (18, 71–73).

Mechanistically, this migration mode is powered by myosin II filaments sliding along actin filaments and thereby generating contractile forces (65). These contractile forces are present in the cell’s rear and push the cytoplasmic fluid (74), as well as move the cell body (71) forward. At a molecular level, actin and myosin II form the actomyosin complex. In this complex, myosin is bound and travels along actin filaments in an ATP-dependent manner. Myosin travels by binding to consecutive actin binding sites further along the actin filament and in this manner generates force (75, 76). Consecutive binding and detachment in turn is dependent on conformational changes that induce rotation of myosin’s motor protein structures that lead to the ‘power stroke’. The power stroke signifies myosin changing from one actin binding site to another (75). Both migration modes are depicted in Figure 4.




Figure 4 | Mesenchymal and amoeboid migration modes. The mesenchymal migration mode, depicted on top, is mediated by strong focal adhesions including integrin–ligand bonds to the substrate. Actin polymerization at the cell’s leading edge and actin retrograde flow powers this migration mode, which requires the counterforce of the adhesion sites. In more detail (77): (left) Actin is polymerized at the leading edge while it is depolymerized at the rear. In this depiction adhesome/clutch proteins have not bound integrin cytoplasmic tails and are instead distributed in the cytoplasm. This means the integrin-actin clutch is disengaged. (middle) Actin polymerization at the front necessitates actin monomers being moved to the front. The growing actin polymer at the front pushes against the elastic fibers at the cell membrane and generates an actin retrograde flow relative to actin’s position in the cell. If the integrin-actin clutch is not engaged this flow is fast. Integrin–ligand bonds are reinforced by adhesome protein binding, which results in focal adhesions, along with the metaphorical clutch, being formed. The clutch is still disengaged if the clutch does not bind actin. (right) The adhesome proteins within the clutch mediate binding to polymerized actin moving towards the rear. This results in slowing of the retrograde actin flow, traction force generation and ultimately protrusion. At the cell rear, focal adhesions are broken and proteins, including integrins recycled. During amoeboid migration (bottom), leukocytes exert weak adhesive forces on the extracellular matrix. This mode is powered by myosin II sliding along actin filaments at the cell’s rear, which translates into contraction and squeezing forces that push the cytoplasm and cell body forwards. Leukocytes find their paths through complex 3D environments and navigating these involves rapid cell shape changes within minutes and shorter, as depicted on the right. The reference pictures were taken during a timelapse 3D dendritic cell migration experiment through a collagen matrix and are of a single dendritic cell, with most cell shapes not being depicted.



The regulation of the two different cell migration modes occurs by a combination of both intracellular mechanisms and sensed extracellular parameters. Intracellularly, cell migration modes are regulated by cell shape and adhesiveness. These processes in turn are regulated by the balance of Ras homologous A (RhoA), Ras-related C3 botulinum toxin substrate (Rac) proteins and cell division cycle 42 (Cdc42), which are small GTPases central to actin remodeling dynamics and are characterized further below.

Extracellular parameters are sensed by integrins. In order to function properly, integrins are typically located at the edges of filopodia and lamellipodia, which are organized membrane structures that T-cells have been shown to use to navigate the extracellular matrix (ECM) (78), a mechanism most likely shared by all leukocytes (depicted in Figure 5). Filopodia are highly dynamic, finger-like protrusions containing parallel bundles of filamentous actin (F-actin) (79). The lamellipodia is a flat membrane protrusion at the leading cell edge, mainly consisting of F-actin, and the persistence of the lamellipodia is important for directionality during cell migration (80). Lamellipodia formation is associated with the mesenchymal migration mode (81). The area directly behind the lamellipodia is termed the lamella and is also relatively flat but contains myosin II (82–84). The lamellipodia has been proposed to be dispensable for cell migration, while the lamella is essential in epithelial cell migration (84). The cell rear of migrating cells is called the uropod. Migrating leukocytes form pseudopodial protrusions (membrane structures that facilitate material uptake) at the leading edge during amoeboid migration (85). Macrophages, dendritic cells and neutrophils form podosomes, which are actin-rich membrane protrusions used to degrade the ECM (86). Additionally, leukocytes form membrane blebs during amoeboid migration modes through which they push into the ECM and generate anchoring stresses, as well as shear stress at bleb protrusions (81). Amoeboid migrating neutrophils in a zebrafish model have been found to form knobs, as the beginning of long trailing extensions that undergo dynamic retractions at the cell rear (87). However, it is not clear what kind of proteins are present in these trailing extensions and what function they serve.




Figure 5 | Membrane structures in migrating leukocytes. Actively migrating leukocytes on 2D surfaces form distinct membrane structures. Depicted is the lamellipodia, the actin-rich leading cell edge, the lamella behind it (containing myosin II), as well as the uropod or the cell rear of migrating leukocytes, which are membrane structures that need to be formed during polarization to achieve directional migration. Pseudopodial protrusions are thick, arm-like membrane protrusions in the direction of migration that mediate material uptake. Podosomes are small membrane protrusions which are associated with ECM degradation using proteases. Finally, filopodia are thin finger-like membrane protrusions used to probe the surrounding environment. During amoeboid migration in 3D, leukocytes form small membrane blebs to enact low adhesive forces on the ECM.



Extracellular matrix parameters that regulate migratory modes include ligand availability (for adhesion receptors), density, stiffness, elasticity and pore size. Of these parameters, pore size is a critical factor. Pores that are many times larger than cells render matrices into essentially 2D surfaces and thereby prevent leukocytes from utilizing the 3D migration mode. Pores that are many times smaller than cells block cell migration (71, 88). The nucleus is a major obstacle in leukocyte migration because it is the stiffest and largest organelle (89, 90), and if a cell is unable to move its nucleus through a pore, it has to find a way around (91–93). In order to efficiently navigate ECM environments, leukocytes use their nuclei as mechanical force sensors to scan their environment for adequate pore sizes (94). Leukocytes can further use their nuclei to push ECM components such as collagen apart, and test ECM qualities like stiffness and elasticity, which sets them apart from other migrating cells, that typically drag their nuclei behind (71, 88, 95, 96). Stiffness has been shown to guide cell migration towards stiffer matrices and this process is called durotaxis (71, 88, 95). Elasticity is closely linked to stiffness. Adhesion receptor availability dictates which migration mode can be used. Integrin ligand availability is critical for the mesenchymal migration mode, which is powered by pushing filaments, causing the membrane to protrude (97). This can only happen if there is actin retrograde flow and this in turn is dependent on a counter force such as integrin engagement (77, 97). Dependent on integrin or adhesion receptor ligand availability, dendritic cells switch from adhesion-dependent to independent modes (97). This is probably some of the most direct evidence regarding how integrins regulate migration modes as engagement of the integrin–actin clutch translates to protrusion, whereas disengagement of this clutch leads to fast actin retrograde flow and slippage (amoeboid migration mode) (77, 97). Basically, ECM parameters dictate which migration modes are possible for leukocytes, while RhoA, Rac and Cdc42 mediate migration modes intracellularly.




β2-Integrin Signaling

Integrins function as regulatory and executive bridges between these two components since they bind ECM components and are upstream of RhoA and Rac. The function as executive bridges is based on the characteristic integrin signaling in which they ‘integrate’ extracellular information into the inside of the cell. This type of signaling is called ‘outside-in’ signaling. The ability of integrins to mediate ‘outside-in’ signaling is due to their structure as well as binding of a multitude of cytoplasmic interaction partners. Integrins are transmembrane proteins and are linked to the intracellular cytoskeleton via interaction partners such as talin and kindlin (98, 99). Extracellular information is further transmitted via the actin cytoskeleton directly to the nucleus (100, 101) or is translated into chemical information in a multitude of signaling pathways downstream of integrins. Many such pathways contain focal adhesion kinase (FAK), Src kinase family members, adaptor molecules bearing immunoreceptor tyrosine-based activation motifs (ITAMs, e.g. Fc receptor γ-chain IIa), Syk and Rho GTPases that regulate actin polymerization (98, 102–104). For example, β1-integrins (105, 106) and β2-integrins (17) regulate actin dynamics via RhoA. Whether β2-integrin signaling stimulates or inhibits Rac seems to be cell type–dependent. In neutrophils, β2-integrin–mediated adhesion has been shown to downregulate Rac and stimulate Cdc42 (107). In human T-cells, CD11a/CD18 has been shown to activate Rac-1 and Cdc42, which mediates cell adhesion (108).

Inside-out and outside-in signaling can happen seamlessly during adhesion processes. An example is, again, adhesion in the bloodstream. In order to withstand the shear forces leukocytes are subjected to, adhesion sites are strengthened under force. Single adhesion points consisting of individual or a few integrin-ligand bonds can be reinforced by recruiting other integrins to form multiprotein clusters (focal adhesion points). This reinforcement is a result of outside-in signaling followed by inside-out signaling (109).

As indicated throughout, both ways of integrin signaling are mediated by cytoplasmic interaction partners. Cytoplasmic interaction partners and proteins that are recruited to integrin adhesion sites are collectively termed the integrin adhesome. Hundreds to thousands (110) of integrin adhesome proteins have been identified (111, 112); 60 integrin adhesome proteins are shared between integrin classes such as α-actinin, talin, tensin and filamin (113). Talin, kindlin(-2) and filamin crosslink integrins to the actin cytoskeleton (114, 115) and recruit other proteins to mediate downstream signaling via Src kinases (Lck, Lyn, Fyn) and Syk (116).



β2-Integrin Interaction Partners That Link β2-Integrins and RhoGTPases

In the following sections β2-integrin downstream signaling components will be characterized to outline rough pathways before the components’ involvement in migration of individual leukocyte subpopulations is explored.


Talin

Talin is an important integrin cofactor in general, and its binding to integrin cytoplasmic tails is involved in activation of β3-integrins during inside-out signaling (117). Talin is mechanosensitive and unfolds under applied forces of 5–25 pN (118, 119). In neurons, talin signaling initiates RhoA/ROCK activation via Src (120). Talin binds DLC1 (121), which activates RhoA, RhoB, RhoC and Cdc42 and is a negative regulator of RhoA in non-small cell lung carcinoma cells (122).



Kindlin-3

Kindlin-3 is important for integrin inside-out signaling mediating the active integrin conformation and is essential for proper function of multiple integrin classes (β1, β2 and β3 at least) (123–125). In fact, this signaling is so important that mutations affecting the kindlin-3 gene result in leukocyte adhesion deficiency III (LAD III; mutations mainly affecting CD18 lead to LAD I). LAD III is prevented by the expression of only 5% of the typical kindlin-3 level during homeostasis, however, higher amounts are needed for leukocytes to function properly (126). Kindlin-3 is mainly expressed in the haematopoietic system, so it is important for leukocytes and platelets (123, 127). Kindlin-3 is essential for CD11a/CD18 inside-out signaling (125).



Filamin A

Filamin A is an integrin cytoplasmic cofactor interacting with β-1, β-2, β-3 and β-7 integrins (128–134), mechanosensitive (135) and an actin crosslinking protein (136). Filamin A-actin crosslinking establishes leading-edge actin networks which distribute forces over the entire cytoskeleton (137). This force distribution is especially important during adhesion to and crawling across the endothelium since it allows cells to withstand shear forces (138).

Stretching Filamin A/actin crosslinks under forces of 2–5 pN (135) leads to Filamin A unfolding and dissociates the FilaminA-binding GTPase-activating protein (FilGAP) from filamin. Instead, Filamin A binding to integrins is increased (139). FilGAP inactivates Rac1 in a Rho-associated kinase (ROCK)-dependent manner, and it inactivates Cdc42 to a lesser extent. The forced expression of Filamin A together with FilGAP decreases active Rac1 amounts, and since FilGAP is localized at lamellae, it inhibits lamellae formation and integrin-mediated cell spreading, which could be important for amoeboid migration (140). Filamin A itself is an important regulator of leukocyte adhesion, migration and homing.



RhoGTPases

Actin is indispensable for both migration modes. In accordance with the importance of the actin network, RhoGTPases – integral to actin remodeling – have been shown to be involved in many migrating leukocytes. RhoGTPases include 20 members and are excellently reviewed in (141). Of these 20 members, RhoA, Rac proteins and Cdc42 will be characterized below and their downstream effectors are depicted in Figure 6.




Figure 6 | Simplified RhoGTPase signaling to their downstream effectors. RhoA signals to mDia2 and, via ROCK, can inhibit actin depolymerization via LIMK/cofilin. Cdc42 can activate Rac proteins, which activates PAK proteins that phosphorylate LIMK family proteins, which phosphorylate and thereby deactivate cofilin. Deactivated phosphorylated cofilin is reactivated by dephosphorylation mediated by slingshot proteins such as SSHL1 (not shown). Cdc42 also initiates actin polymerization via mDia2 and actin network formation (typically in lamellipodia/lamella) via WASp, which activates Arp2/3. Arp2/3 is also activated by the WAVE complex of which hem1 is an associated protein. WAVE is activated by Rac proteins such as Rac1 and Rac2. Rac proteins also activate mDia2 as well as the PAK/LIMK/cofilin axis.





RhoA

RhoA has been linked to cell migration in general. It has been shown to be essential for, for example, colon cancer (142), stellate cell (143) and mature osteoclast migration (144). In leukocytes, RhoA is important for actin contractility; this enables retraction of the cell rear during monocyte transmigration (145) and pushes cell migration in several cell types (68, 71, 73, 146), which is characteristic of amoeboid migration and its associated round cell shapes and weak adhesion (18, 71). However, RhoA plays a role in both active migration modes. RhoA induces ROCK, which regulates actin via LIMK and cofilin (141). This has been shown to be essential for leukocyte migration, especially in 2D conditions in which RhoA/ROCK is essential for establishing one leading membrane lamella and thereby directionality (147). RhoA also enhances the activity of mammalian Diaphanous-related formins (mDia)2, which is important for actin polymerization (148, 149).

RhoA also regulates leukocyte arrest on the endothelium, by mediating CD11a/CD18 conformational change into the active conformation as part of an inside-out signaling pathway (4, 150, 151) downstream of RAP1 (in thymocytes) (152). It is important to note that (β2)-integrins are not the only adhesion receptors upstream of RhoA. For example, P2Y1, a platelet purinergic receptor, has been shown to be upstream of RhoA activation, and both were essential for platelet-dependent leukocyte chemotaxis in vitro and leukocyte recruitment in thrombocytopenic mice (153).



Rac Proteins

Rac, or Rac proteins (Rac1, Rac2, Rac3 and RhoG), is another group of GTPases that can activate RhoA in fibroblasts (154, 155). Rac proteins are critical for generating actin rich, stimulated lamellipodia formation and membrane ruffling, and are important for establishing adhesion sites to the extracellular matrix together with Cdc42 in macrophages (156). While Rac1 is ubiquitously (141) and RhoG widely expressed (157), Rac2 is mostly only expressed in cells of the hematopoietic lineage (158, 159), and Rac3 is mostly found in the brain (141, 160, 161). Rac, along with increased adhesion, is associated with increased spreading and the slower mesenchymal migration mode (68, 71, 73, 146). Rac in leukocytes is critically dependent on DOCK2, a haematopoietic cell-specific CDM family protein downstream of chemokine receptors (162). T-lymphocytes and B-lymphocytes deficient in DOCK2 exhibit homing and migratory defects in vivo, however, these migratory defects where not present in monocytes (162). Rac signals via several different downstream proteins to initiate lamellipodia formation. Actin polymerization is initiated by Rac via the WAVE complex, which activates actin-related protein (Arp) 2/3 that activates actin polymerization in a branched network (163), or Rac initiates mDia2 which mediates actin polymerization directly. Similarly to Cdc42, Rac initiates actin turnover via active P-21–activated kinases (PAK), LIM kinase (LIMK) and Cofilin (141).



Cdc42

Cdc42 in turn can activate Rac1 (154, 155, 164). Not only does Cdc42 regulate the actin cytoskeleton, it also has an important function in regulating cell polarity, which is well conserved in many eukaryotic organisms (141). Cdc42 controls actin polymerization via WASp and IRSp53, which activate ARP2/3 and mDia2 – which initiates actin polymerization directly – and PAK, which inhibits actin turnover via LIMK and Cofilin (141).



RhoGTPase Expression Profiles Differ Across Leukocytes

RhoGTPases are clearly involved in regulating adhesion and migration of many different leukocytes. However, expression levels differ across leukocyte subpopulations and even within monocytes. A study by van Helden et al. (165) investigated mRNA levels of RhoGTPases in neutrophils, differentiating dendritic cells and macrophages. They found that neutrophils expressed high levels of Cdc42, RhoQ, Rac1, Rac2, RhoA and RhoC and low and specific expression of RhoG, RhoB, RhoF and RhoV. While this GTPase expression profile was similar between different cell types, differences emerged during differentiation. During dendritic cell differentiation, Rac1 was up- and Rac2 downregulated and the dendritic cell populations expressed very low levels of RhoV, which was also present at low levels in macrophages and at higher levels in CD34+ progenitors. Macrophage GTPase expression profiles looked similar to those of dendritic cells, however, M-CSF–differentiated macrophages also expressed low levels of RhoBTB1. Apart from these minuscule differences, neutrophils, dendritic cells and macrophages differed regarding whether RhoA, Rac1, Rac2 or CdC42 was most expressed. The individual percentages were also dependent on which growth factor had been used to differentiate the cells. For example, GM-CSF–differentiated macrophages expressed high Rac2 levels while M-CSF–differentiated macrophages expressed high levels of RhoA.

Furthermore, RhoH is a GTPase only expressed in the haematopoietic linage (166). While myeloid cells and lymphocytes have both been shown to express RhoH, lymphocytes express high levels of this GTPase (167, 168). Thymocyte development and T-cell receptor signaling is critically dependent on RhoH (169, 170). B-cell receptor signaling is intact in RhoH-deficient cells, however B-cell chronic lymphocytic leukemia is dependent on RhoH (171). RhoH has been described as an inhibitor of other RhoGTPase activity, because it negatively regulates RhoA-induced NfKB and p38 signaling in Jurkat cells (172), however, its active contribution to T-cell receptor signaling does not involve Rac inhibition (170). Knockdown of RhoH in T-cells leads to the activation of CD11a/CD18, but does not affect the heterodimer’s ability to bind ligands and mediate adhesion (170). It is important to note that RhoH is regulated on a transcriptional level (172).

These results might explain some of the discrepancies between cell types and even studies. RhoGTPase expression profiles are clearly closely linked to individual cell identity, based on which stimuli the cell had experienced. Additionally, leukocyte migration mechanisms should be more closely investigated based on cell types and even sub-populations.




β2-Integrins Regulate Nuclear Elements and Gene Expression in Leukocytes

Integrins are mechanosensors and they transmit mechanical forces directly, via the actin cytoskeleton, to the nucleus (173) and the nuclear lamina, consisting of lamin. Lamin A/C has been shown to be force-sensitive and scales in response to higher extracellular stiffness in order to maintain the cell’s tensional integrity (174, 175). Lamin A/C is responsible for nuclear stiffness (176) and high lamin A/C levels hinder 3D leukocyte migration through porous environments (92). If the β2-integrin/kindlin-3 binding is abolished by mutating the β2-cytoplasmic tail, lamin A/C levels are downregulated. Furthermore, this leads to an increase in H3K4me3 levels, a methylation mark associated with active transcription, changes in open chromatin formation and activation of an IKAROS network, which includes RelA. Compared to WT dendritic cells, dendritic cells that had an abolished β2-integrin/kindlin-3 interaction have been shown to migrate faster in a 3D collagen matrix, express higher levels of maturation surface receptors and induce superior tumor rejection responses in a B16.Ova and B16.F10 melanoma model. Directly targeting H3K4 methylation and disrupting the adhesion in WT dendritic cells was shown to be enough to replicate this phenotype (177). Confinement of Jurkat cells in a 3D collagen I matrix resulted in H3K4me3 upregulation via WD repeat domain 5 (178). Furthermore, in Jurkat cells or primary CD4+ T-cells VCAM1 adhesion mediated by α1β1-integrin leads to triple methylation of another lysine, H3K9me2/3. This involves interaction of methyltransferase G9a with lamin B1 and mediates nuclear stiffness and viscoelasticity and ultimately regulates T-cell migration in 2D and 3D as G9a depletion blocks T-cell migration (179). Finally, histone deacetylation has been shown to be essential for CD4+ T-cell extravasation as histone deacetylase 1 deficiency resulted in reduced transwell transmigration, aberrant migration on ICAM-1 surfaces in vitro and decreased migration into the intestinal epithelium and lamina propria in vivo. Additionally, during the cell adhesion cascade fewer histone deacetylase 1 deficient T-cells were found to probe the surface for places to transmigrate. Abolished histone deacetylation further resulted in downregulation of CD11a, CD18 and β7 chain as well as selectins on a transcriptional level, however, deficient T-cells spread more on ICAM-1 and formed more F-actin, while their random cell migration speed was increased by 10% (180). It is clear, that as with RhoGTPases, the mechanism of how epigenetic marks regulate leukocyte migration is complex and context dependent and much effort is required to unravel this mechanism fully.



Characteristics of Different Leukocyte Migration

Leukocyte migration and specific migratory elements such as chemotaxis, transmigration, membrane architecture and adhesion are regulated differently by varying RhoGTPases and their downstream effectors across leukocyte cell types. In accordance with this, migratory behavior also differs between leukocyte cell types, however, some leukocytes have been much more extensively studied, while leukocytes such as basophils and eosinophils have not been studied much regarding migration and trafficking.


Monocytes

Blood-derived monocytes enter tissues from the bloodstream via the cell adhesion cascade, which involves utilizing the 2D mesenchymal migration mode. Additionally, they are able to use the amoeboid migration mode in fibrous, porous collagen I matrices, however, they are unable to infiltrate dense matrigel matrices or to form podosomes (181). Successful invasion of such matrices is dependent on proteolytic degradation (see section on macrophages). Monocyte migration seems to be intracellularly governed by RhoA and ROCK, while Filamin A merely restricts monocyte transmigration in vitro (182). RhoA and ROCK control β2-integrin localization (145) and leading edge formation during transmigration (147). Furthermore, RhoA/ROCK promote monocyte adhesion, migration and transendothelial transmigration (183). RhoA, as well as Cdc42, regulate filopodia formation (184, 185), and Cdc42 also regulates monocyte migration across endothelial cells (185).



Dendritic Cells

Dendritic cell migration is dependent on their maturity, with immature dendritic cells being relatively immobile, while sampling antigens and intrinsically activated or extrinsically stimulated maturation leads to CCR7 upregulation, which initiates haptotaxis (directed migration along an immobilized chemokine gradient) (186). Dendritic cells use different migration modes when migrating to lymph nodes. To exit constrained porous environments, such as in ear tissues and the skin, dendritic cells use the amoeboid migration mode (18, 187, 188). Like macrophages, dendritic cells can use a protease-dependent, ROCK-independent migration mode in dense 3D environments like matrigel. In such dense 3D environments, podosome formation, rather than maturation status, has been shown to be essential for 3D migration. Dendritic cells migrate through heterogenous environments such as tumor spheroids using both mesenchymal and amoeboid migration modes (188). Once dendritic cells are inside the lymph vessels, they form lamellipodia to crawl along the endothelium (55). CCL-21/CCR7 activation initiates chemotaxis/haptotaxis (189, 190) and arrests dendritic cells on the endothelium. In addition to the chemokine cue, dendritic cells also sense the lymph flow which directs them to proceed downstream (55). Dendritic cells can enter lymph nodes by transmigrating through the subcapsular sinus on the afferent side and then prepare the entry of T-cells into these sites. During intranodal migration, dendritic cells have been shown to exhibit extensive polarization, which established leading edges and a long uropod, which was necessary to translocate to the paracortex. Dendritic cell polarization is dependent on CCR7 (191). Motile dendritic cells are also found in the gut, the lamina propria, Peyer’s patches and solitary intestinal lymphoid tissues from where dendritic cells migrate to gut-draining lymph nodes. During gut infections accompanied by rupture of afferent lymph vessels, dendritic cell migration is prevented (186). Dendritic cell migration from the lung tissue to draining lymph nodes has been shown to be dependent on CCR7, but CCR8 was also implicated (186, 192). Intracellularly, β2-integrin/kindlin-3 signaling restricts the mature, migratory phenotype of dendritic cells, and abolishing the β2-integrin/kindlin-3 interaction leads to increased expression of maturity markers, increased migration speed in 3D towards CCL19, increased IL-12a production and induction of superior anti-tumor responses in B16.OVA and B16.F10 melanoma models in vivo (177, 193). Furthermore, in dendritic cells the β2-integrin/kindlin-3 signaling is upstream of RhoA in a ROCK-independent pathway that regulates adhesion but not 3D migration (17).



Macrophages

Macrophages use mesenchymal migration modes, as well as amoeboid migration modes in 3D environments, and this depends on the specific environment/matrix architecture. For example, the amoeboid migration mode is utilized in porous fibrillar collagen I, and mesenchymal migration mode in dense matrigel (194). During mesenchymal migration modes, macrophages form podosomes that can lyse collagen, however, this migration mode is not dependent on matrix metalloproteinase (MMPs) and might be mediated by other proteolytic systems (194). If collagen I is in the form of a gel, macrophages also utilize mesenchymal migration modes and this could be due to the increased stiffness and viscosity of this form of collagen I (194) or the matrix structure, such as the availability of pores. Macrophages use a migration mode dependent on ROCK and MMPs to infiltrate tumor cell spheroids encapsulated in matrigel (195). These spheroids would present a heterogeneous matrix architecture similar to another collagen I matrix polymerized at 3.6 mg/ml. The 3.6 mg/ml collagen I matrix has been found to contain fibrillar collagen structures, be porous and have intermediate stiffness (G’ is around 30 Pa, though this is quite soft) and viscosity (G’’ is around 8–9 Pa) (195). Macrophages used a combination of amoeboid migration mode and MMP-dependent mesenchymal migration mode in this collagen I matrix, which resembled spheroid infiltration. In a follow-up study, Filamin A was shown to be essential for a macrophage mesenchymal migration mode utilizing proteolytic podosomes. Filamin A is, however, dispensable for amoeboid migration modes (196), and restricts macrophage transmigration in vitro (197). Macrophage migration mode seems to be additionally dependent on macrophage status and β2-integrin expression levels (198). CD11d/CD18 is upregulated on M1 proinflammatory macrophages, while CD11b/CD18 is highly expressed on resident macrophages. High expression levels of these integrins inhibit migration and promote adhesion, while intermediate integrin expression promotes amoeboid and mesenchymal migration modes. Knocking out these heterodimers has also been shown to result in reduced migration (198). Finally, individual levels of RhoGTPases seem to be critical for macrophage migration: RhoA mediates actin cable formation, macrophage rounding up and contractility (156) and has to be precisely concentrated in order to facilitate macrophage migration (199). Rac1 and Rac2 are important GTPases in macrophages (200), with Rac1 being the most abundant Rac isoform (201, 202) and being essential for lamellipodia formation and macrophage migration (199). Rac1 is also important for macrophage invasion through matrigel (203), which would have likely utilized the mesenchymal migration mode (194). Rac2 mediates transmigration; additionally, its role in macrophage migration is somewhat substratum-dependent, since it mediates migration across laminin and fibronectin (203).



Microglia

Microglia are a type of leukocyte found in the brain. They express CD11b (a β2-integrin alpha chain) (204, 205) and are phenotypically similar to macrophages. While a study with β2-integrin knockout mice has shown that β2-integrins are not necessary for microglia migration (206), similar to dendritic cells, this experiment reduced β2-integrins to just 2–16 % of CD18 expression (206), therefore not precluding their involvement to a small degree. Microglia in vitro were shown to migrate with similar speeds (ca. 60 µm/min) to leukocytes. During migration, microglia were shown to use thin transparent lamellipodia as ‘sails’ to glide forward (207). In murine brain slices, microglia migrated at an average of 5.02 ± 0.06 μm/min, with spurts of 10 μm/min speeds and migrated individually and not highly directionally (208). In another study using murine brain slices, CD11a was knocked down in a microglia cell line and this inhibited microglia migration. Although CD11a-deficient microglia were able to migrate up to 50 µm into the slices, WT microglia were able to migrate down to 80 µm (209).



Neutrophils

Neutrophils are capable of using the mesenchymal migration mode, as well as the amoeboid migration mode (18). In matrices such as fibrillar, porous collagen I matrices, neutrophils use the amoeboid migration mode, however, they are unable to invade dense matrigel matrices or to form podosomes (181). It is important to note that neutrophils express adhesion receptors dynamically (210); for example, α4β1-integrin expression is downregulated during neutrophil maturation (14). Neutrophils have been observed to swarm into tissues and form clusters as a response to sterile inflammation or infections with bacteria, fungi and parasites. Neutrophil swarming behavior can be categorized into two patterns, transient swarms and persistent swarms. Transient swarms are formed by neutrophils migrating towards a chemoattractant, forming a cluster for a few minutes and migrating out again to join nearby clusters. Persistent swarms are formed by sustained neutrophil migration into clusters that can last for hours. There seems to be tissue-specific parameters dictating which kind of swarming behavior occurs, although in some tissues swarming behaviors can also co-occur. Transient swarms occur in lungs, lymph nodes and intestine, while persistent swarms occur in skin, liver, spleen and cornea. Further parameters that have been shown to influence which swarming behavior occurs are the extent of initial and secondary tissue damage, presence of pathogens and number of recruited neutrophils (211). CD11a/CD18 and CD11b/CD18 were both shown to be essential for the final stages of accumulation in collagen-free zones (212).

The role of β2-integrin cofactors in neutrophil trafficking is dependent on the dimensionality of the environment: in 2D talin mediates adhesion, spreading, polarization and migration, while in 3D it plays a role in chemotactic velocity (213, 214). Furthermore, talin is important for activating integrins to mediate neutrophil entry into sites of infections, to arrest in venules and to emigrate out of venules (214). Kindlin-3 mediates directionality in neutrophils crawling on 2D surfaces (213). Filamin A seems to be an important regulator of neutrophil migration. Not only does it enable fast migration speed in 2D and 3D (215), it also mediates RhoA activation and localization in uropods. Furthermore, Filamin A regulates myosin II–mediated uropod contractility via RhoA, and Filamin A mediates spreading on β1- and β2-integrin ligands (216, 217).

Different RhoGTPases regulate different aspects of neutrophil migration: Rac1 is important for directed neutrophil migration (218), while Rac2 mediates chemokinesis (random movement), spreading as well as proper F-actin generation, which regulates polarization and directed movement (219, 220). Conversely, Cdc42 restricts neutrophil migration speed, but is important for proper directed migration and steering in vitro (221, 222). Cdc42 regulates directed neutrophil migration by controlling polarity via its effector Wiskott-Aldrich Syndrome Protein (WASp), whose activation and localization in uropods is controlled by Cdc42. WASp in turn controls CD11b localization in uropods, and the integrin heterodimer then recruits and stabilizes tubulin (223).



Eosinophils and Basophils

Eosinophil transmigration has been mainly shown to be mediated by CD11a/CD18 and CD11b/CD18 when the cells were stimulated by IL-1. IL-4–mediated transmigration, however, seems to be dependent on α4β1 (VLA-4). Inhibiting CD11b/CD18 and α4β1 has been shown to impair eosinophil accumulation in the airways in in vivo models (10). Similarly, inhibiting CD18 with antibodies inhibited basophil transendothelial transmigration in transwell assays (224).



Mast Cells

Mast cell progenitors traffic from the bone marrow into tissues where they mature, and their homing to different (healthy and inflamed mucosal) tissues is dependent on different integrins (225, 226). Homing to the intestine is dependent on integrin α4β7 (the α4 chain, which can also pair with β1, but especially the β7 chain in this case) (21, 225), while homing to the lungs is dependent on α4β7 as well as α4β1 (20, 225). Mast cell homing to the peritoneum is dependent on CD11b/CD18 and αIIbβ3 (23, 227). Migrating mast cells form pericentral actin clusters that prevent cell flattening and localize secretory granules at the cell center, and this actin organization is mDia(1) dependent. mDia1 knockdown was shown to impair mast cell transmigration in a transwell model, however, mDia1 knockout mice have normal mast cell distribution in tissues (228). Mast cells migrate in response to UV exposure from the skin to draining lymph nodes, and this is important for immune suppression. The extent of such migrating mast cells is dependent on the degree of UV exposure, and mast cells primarily migrate to B-cell areas in lymph nodes guided by CXCL12 secreted by B-cells (receptor CXCR4) (54). Additionally, mast cells accumulate at sites of angiogenesis (i.e. blood vessel formation), and are guided by angiogenic factors, such as VEGF, PDGF-AB and bFGF (229). Interestingly, mast cells can secrete heparin, a polysaccharide, and use it to induce endothelial cell migration in vitro (230).



NK Cells

Similarly to T-cells and B-cells, NK cells exit the bone marrow to enter secondary lymphoid organs in a β2-integrin–dependent mode (231). In lymph nodes, NK cells are activated by dendritic cells during infections, however, in vivo they have been shown to barely form stable dendritic cell interactions, instead forming short-lived contacts with dendritic cells. During this process, NK cells are highly motile in order to establish multiple interactions with dendritic cells and migrate with a less straight trajectory than T-cells (232). Conversely, in superficial lymph node regions, NK cells have been shown to exhibit low motility and long interactions with dendritic cells (233). On stroma, human NK cell subsets have different migratory profiles, with CD56 bright NK cells migrating in short, multidirectional tracks, CD56 dim NK cells migrating in linear and rapid fashion and CD56 neg NK cells (CD56low CD3− CD16+ CD57+ KIR+) migrating to a minimal extent. NK cell migration is dependent on CD56 expression, and more mature NK cells exhibit the most motility (234). Furthermore, NK cell migration on 2D surfaces in vitro can consist of a series of short, constrained motions mixed with highly directed motions or migration in a straight line for the entirety of migration, the latter being observed in few NK cells (235). NK cells are proposed to be capable of transmigration and invasion in response to chemokine and cytokine stimulation and without being activated by dendritic cells. NK cell invasion into cancer spheroids was further proposed to be β2-integrin–dependent and, unlike T-cells, NK cells do not recirculate (236).



T-Cells

T-cells in the afferent lymph system are transported by lymph flow into the medullary sinus system. These T-cells then cross the endothelium and enter lymph nodes by directly transmigrating into medullary cords (191). Intranodal migration of T-cells has been shown to be dependent on CCR7, with the chemokine receptor stimulating migration in T-cell areas but not in subcapsular regions in vivo (237). T-cells exit the lymph nodes and travel to sites of infections, which involves adhesion to the endothelium under shear conditions. As mentioned, this adhesion is dependent on the CD18/Kindlin-3 interaction (238). Arrested T-cells that crawl on endothelial cells and ICAM-1–coated surfaces form lamellipodia, which contain low amounts of CD11a/CD18, and uropods, which contain high amounts of CD11a/CD18. Additionally, T-cells that crawl on ICAM-1, incorporated in lipid bilayers, form a specific zone in the middle of their bodies. This zone contains high affinity CD11a/CD18 and mediates adhesion to and migration on ICAM-1, and its stability is dependent on talin (239). In tissues as well as fibrillar, porous collagen I matrixes, T-cells – like monocytes and neutrophils – can use the amoeboid migration mode (181). However T-cells are unable to form podosomes or to invade dense matrigel matrices (181). Intracellularly, T-cell homing and trafficking is critically dependent on Kindlin-3, which mediates CD11a/CD18 inside-out signaling (125, 238). The involvement of further β2-integrin signaling components for T-cell trafficking is context dependent. T-cell transmigration is dependent on RhoA (240), while the tight binding of Filamin A to integrin tails inhibits transmigration (134). Rac1 signaling mediates T-cell adhesion (241) and can, together with Cdc42, compensate for loss of β2-integrin/14-3-3 signaling to mediate T-cell spreading (108).



B-Cells

B-cells are capable of using the amoeboid migration mode (242, 243), however, their 2D migration seems somewhat atypical. During migration on CXCL13-coated surfaces, the leading membrane edge has been shown to undergo dilation and shrinking events, and the balance of these events was predictive of turning versus directional persistence. During this migration, an imbalance of dilation versus shrinking events was associated with changes in direction (244). This phenomenon might involve β2-integrins, since CXCL13/CXCR5 mediates CD11a/CD18 adhesion in B-cells (243). In large B-cell lymphoma, the amoeboid migration mode is mediated by an IL-10-JAK-STAT-3-RhoH pathway that was shown to increase RhoA activity and suppress tubulin acetylation (245).



Leukocyte Migration in Tumors

Leukocyte migration also has a huge implication in cancer therapy, as therapeutic antibodies targeting immune checkpoints have revolutionized cancer treatment in recent years. However, for 70-80% of patients their tumors do not respond to this treatment (246). This poor response has been linked to the presence or absence of T-cells in the tumor environments (247). T-cell tumor invasion is hindered by the prolonged interaction of T-cells with tumor-associated macrophages (TAMs), and depletion of TAMs can restore T-cell migration and invasion (248). In order to mount an anti-tumor immune response, antigen-presenting cells have to present antigens to and fully activate T-cells first. However, this mechanism is warped in order to support tumor growth by dendritic cell–like cells in the tumor periphery that engage CD8+ T-cells in long interactions without fully activating the T-cells (249, 250). This results in ‘immune excluded’ tumors with leukocytes stuck in the periphery. Macrophages and dendritic cells have, in turn, been found to be regulated by myeloid-derived suppressor cells (MDSCs) in glioma (251). MDSCs arise as monocytes from the bone marrow and then effectuate homing to secondary lymphatic organs before being recruited into the tumor, where they are retained. This process is thought to be a result of crosstalk between the bone marrow and the tumor, involving growth factors and chemokines produced in the tumor microenvironment. MDSC homing culminates in their retention in the tumor microenvironment, however, less is known about this process then about T-cell retention (252). Our understanding of leukocyte migration is limited in general and is even more elusive in regards to how it is impaired on a molecular level specifically in tumors.




Conclusion

It is now established in the literature that leukocytes use a distinct migration mode – the amoeboid migration mode – which sets them apart from other migrating cells. However, there are distinct differences between migration profiles of leukocyte populations, and especially the individual molecular mechanisms that mediate these, which were broadly outlined in this review. Future research will hopefully flesh out these differences and should address exactly how the molecular balance between RhoGTPases is regulated. The focus of this review was on β2-integrins – some of the most studied adhesion receptors. However, there are many other adhesion and surface receptors that signal via RhoGTPases and have been shown to play a role in leukocyte migration, such as NOTCH (253–255) and cadherins (256–258). Incorporating other ECM ligands for these receptors could reveal more RhoGTPase profiles and even new migration modes or unique leukocyte migration behavior. Furthermore, individual surface receptors might be key regulators or could strengthen and perpetuate signaling. The ultimate goal would be to establish exactly how collective surface receptor signaling mediates distinct RhoGTPase profiles and how this translates to exact migratory behavior. This should also include unraveling how leukocyte migration is regulated by histone methylation and acetylation downstream of integrin and adhesion receptor signaling. Thus far, deacetylation, H3K4me3, as well as H3K9me2/3, have been implicated in dendritic cell and T-cell migration, respectively. It would be important to see if other methylation marks are associated with the migration of distinct leukocyte subpopulations. Moreover, histone methylation and acetylation have received the most attention thus far but are only a small portion of the many types of histone modifications: it is possible that the others also play a role in regulating leukocyte migration.

Progress in cancer therapy has focused on combination treatments. Combining immune checkpoint inhibitors as well as combination therapy using radiotherapy first and then immune checkpoint inhibitors can improve objective response rates as well as progression free survival (259, 260). Ultimately similar improvements could be possible by mapping out the intracellular signaling that governs leukocyte migration. This could empower us to reestablish migratory behavior in effector T-cells stuck in the periphery of immune-excluded tumors, which could further increase patient survival rates after immune checkpoint inhibitor combination treatment, as well as control leukocyte migration in other diseases.
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Oxidation of polyunsaturated fatty acids contributes to different aspects of the inflammatory response due to the variety of products generated. Specifically, the oxidation of DHA produces the end-product, carboxyethylpyrrole (CEP), which forms a covalent adduct with proteins via an ϵ-amino group of lysines. Previously, we found that CEP formation is dramatically increased in inflamed tissue and CEP-modified albumin and fibrinogen became ligands for αDβ2 (CD11d/CD18) and αMβ2 (CD11b/CD18) integrins. In this study, we evaluated the effect of extracellular matrix (ECM) modification with CEP on the adhesive properties of M1-polarized macrophages, particularly during chronic inflammation. Using digested atherosclerotic lesions and in vitro oxidation assays, we demonstrated the ability of ECM proteins to form adducts with CEP, particularly, DHA oxidation leads to the formation of CEP adducts with collagen IV and laminin, but not with collagen I. Using integrin αDβ2-transfected HEK293 cells, WT and   mouse M1-polarized macrophages, we revealed that CEP-modified proteins support stronger cell adhesion and spreading when compared with natural ECM ligands such as collagen IV, laminin, and fibrinogen. Integrin αDβ2 is critical for M1 macrophage adhesion to CEP. Based on biolayer interferometry results, the isolated αD I-domain demonstrates markedly higher binding affinity to CEP compared to the “natural” αDβ2 ligand fibrinogen. Finally, the presence of CEP-modified proteins in a 3D fibrin matrix significantly increased M1 macrophage retention. Therefore, CEP modification converts ECM proteins to αDβ2-recognition ligands by changing a positively charged lysine to negatively charged CEP, which increases M1 macrophage adhesion to ECM and promotes macrophage retention during detrimental inflammation, autoimmunity, and chronic inflammation.
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Introduction

Low-grade chronic inflammation is a key component in the development of metabolic and autoimmune diseases such as diabetes, atherosclerosis, obesity, and rheumatoid arthritis (1–3). A critical step in the progression of the disease is the accumulation of classically activated pro-inflammatory (M1-like) macrophages in the extracellular matrix (ECM) of inflamed tissues (4, 5). The failure of pro-inflammatory macrophages to emigrate from the inflamed tissue leads to excessive leukocyte recruitment, metabolic imbalance, and damage of healthy tissue, which all together promote the development of chronic inflammation (1, 6). The mechanism and key components of macrophage retention within the site of inflammation are not yet well understood, although this information can improve the treatment of a variety of different pathologies. Enhanced adhesion that prevents macrophage migration is a potential central mechanism of chronic inflammation development. The cell adhesion force is regulated by the density of adhesive receptors, ligand availability, and receptor-ligand affinity (7). The major adhesive receptors on macrophages are integrins. β1 integrins (α1β1, α2β1, α3β1, etc.) have a moderate expression on macrophages (8, 9) and support adhesion/migration to major ECM proteins, such as collagens and laminins. The role of high-density expressed β2 integrins (αMβ2, αDβ2, etc.) in macrophage migration/retention in tissue is thought to be limited by lack of binding to major ECM proteins (10, 11).

Nevertheless, we recently demonstrated that macrophage receptor integrin αDβ2 (CD11d/CD18) contributes to the development of atherosclerosis and diabetes due to the generation of strong adhesion of pro-inflammatory macrophages to the inflamed ECM, thereby promoting the retention of macrophages at the site of chronic inflammation (12). Integrin αDβ2 is the most recently discovered leukocyte integrin (13, 14), that contributes to an inflammatory response (12, 15–17) and infection in different pathological conditions (18–21). Interestingly, integrin αDβ2 is upregulated on pro-inflammatory macrophages, which makes it potentially important for macrophage retention (12). However, the critical αDβ2 ligand in the inflamed tissue is not yet defined.

We recently discovered a potential mechanism that could explain the presence of inflammation-specific ligands in the ECM for integrin αDβ2. We revealed that during acute inflammation, the oxidation of docosahexaenoic acid (DHA) leads to the generation of the end-product carboxyethylpyrrole (CEP), which forms an adduct with proteins via an ϵ-amino group of lysines (22, 23). In vitro analysis with BSA demonstrated that 10-20 lysines can be modified by CEP in one protein molecule. Notably, positively charged lysines are substituted to the pyrroles with exposed negatively charged carboxyl groups. (Figure 1). Based on our recent data, a carboxyl group in the CEP structure is specifically responsible for the binding to integrins αDβ2 and αMβ2 (23). Accordingly, CEP-modification significantly changes the surface charge of the targeted protein and its binding properties.




Figure 1 | Schematic representation of CEP formation. PLA2-catalyzed hydrolysis of DHA generates 4-hydroxy-7-oxo-hept-5-eonate (HOHA), which, in turn, produces 2-ω-Carboxyethylpyrrole (CEP)-protein derivatives through condensation with the primary amino groups of protein lysyl residues. A positively charged lysine is modified by pyrrole with a negatively charged carboxyl group. Multiple lysines can be modified by CEP in one protein molecule.



In our previous study, we found that during peritoneal inflammation at least two proteins are modified with CEP in the peritoneal cavity - fibrinogen and albumin. Most importantly, we found that CEP-modified proteins support the migration of non-polarized macrophages to the site of acute inflammation due to interaction with macrophage integrins αDβ2 and αMβ2 (23). Integrins αDβ2 and αMβ2 are adhesive receptors, which interact with many ligands and transduce a signal to the actin cytoskeleton that regulates cell adhesion, migration, and other cell responses (24, 25). αDβ2 possesses a high homology and similar ligand-binding specificity to αMβ2 (11); however, these two integrins demonstrate different roles in chronic inflammatory diseases. As discussed above, αD supports the development of atherosclerosis (12) and diabetes (26), while integrin αM protects against these metabolic diseases (27, 28). Apparently, the different surface densities of these integrins on primary monocytes (29) and distinct subsets of macrophages (12, 18, 26), determine their diverse roles in cell migration and chronic inflammation. Interestingly, the analysis of αDβ2 and αMβ2 binding to CEP demonstrated that αD has a 5-folds higher affinity to CEP (23), which may have a physiological importance for macrophage adhesion.

The goal of the current project is to evaluate how the modification of ECM proteins with CEP affects their binding properties and the strength of macrophage adhesion, which is critical for macrophage retention during chronic inflammation.



Material and Methods


Reagents and Antibodies

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) and Thermo Fisher Scientific (Waltham, MA). Recombinant mouse IFNγ, CCL2, and CCL5 were purchased from Invitrogen Corporation (Carlsbad, CA). Human fibrinogen and thrombin were obtained from Enzyme Research Laboratories (South Bend, IN). Collagen IV, collagen I, and laminin were purchased from Corning (Corning, NY). CEP-BSA (21:1 molar ratio) and CEP-Fg (29:1 molar ratio) were prepared through a Paar-Knorr pyrrole synthesis with (9H-fluoren-9-ylmethyl ester 4,7-dioxo-heptanoic acid) DOHA-Fm as described previously (28). Anti-CD68 mAb was from eBioscience. Polyclonal antibody against the αD I-domain was described previously (11). The antibody recognizes both human and mouse αD I-domains and has no cross-reactivity with recombinant human and mouse αM, αX, and αL I-domains. The antibody was isolated from rabbit serum by affinity chromatography using αD I-domain-Sepharose. Anti-macrophage antibody F4/80 was from eBioscience (San Diego, CA). A polyclonal antibody against CEP and monoclonal IgM anti-CEP antibody were described previously (30, 31). Blocking IgG anti-CEP antibody (Clone 3C9) was generated in Dr. Tatiana Byzova’s laboratory (23).



Animals

Wild type (C57BL/6J, stock # 000664) and integrin αD-deficient (B6.129S7-Itgadtm1Bll/J, stock # 005258) mice were bought from Jackson Laboratory (Bar Harbor, ME). αD-deficient have been backcrossed to C57BL/6 for at least ten generations. All procedures were performed according to animal protocols approved by East Tennessee State University IACUC.



Generation of Classically Activated (M1) Macrophages

Notably, the terms M1 and M2 macrophages are artificial and do not represent all variabilities of macrophage subsets in vivo. We used the term M1 in our manuscript to refer to in vitro polarized macrophages activated by IFN-γ which serve as a model for pro-inflammatory macrophages in vivo. Therefore, peritoneal macrophages from 8-12-week-old mice (WT and   ) were harvested by lavage of the peritoneal cavity with 5 ml of sterile PBS 3 days after intraperitoneal (IP) injection of 4% thioglycollate (TG; 0.5ml). The cells were washed twice with PBS and resuspended in RPMI media supplemented with 10% FBS, 0.1 mg/ml streptomycin, and 0.1 unit/ml penicillin. The cell suspension was transferred into 100mm Petri dishes and incubated for 2h at 37°C in humidified air containing a 5% CO2 atmosphere. Nonadherent cells were washed out with PBS, and the adherent macrophages were replenished with complete RPMI media. The macrophages were differentiated to M1 phenotypes by treatment with recombinant mouse interferon-γ (IFN-γ) (100 U/ml, Thermo Fisher) for 4 days. Medium with IFN-γ was changed every 2 days or as required. Macrophages were dissociated from the plates using 5mM EDTA in PBS and used for the experiments thereafter.



Generation of αDβ2-Transfected HEK293 Cells

The HEK293 cells stably expressing human integrin αDβ2 were generated as described previously (11) and maintained in DMEM/F-12 (Invitrogen) supplemented with 10% FBS, 2 mM glutamine, 15 mM HEPES, 0.1 mg/ml streptomycin, and 0.1 unit/ml penicillin.



Isolation of Recombinant αD I-Domain in an Active Conformation

The construct for the αD I-domain was generated and recombinant protein was isolated as described in our previous paper (23). Briefly, αD in the active conformation (Pro128-Lys314) was inserted in the pET15b vector, expressed in E. Coli as a His-tag fusion protein, and purified using affinity chromatography on Ni-chelating agarose (Qiagen Inc., Valencia, CA).



Flow Cytometry Analysis

Flow cytometry analysis was performed to assess the expression of integrin αD on mouse peritoneal macrophages and αDβ2-transfected HEK293 cells. Cells were harvested and pre-incubated with 4% normal goat serum for 30 min at 4°C, then 2x106 cells were incubated with a specific antibody for 30 min at 4°C. Non-conjugated antibodies required additional incubation with Alexa 488 or Alexa 647-donkey anti-mouse IgG (at a 1:1000 dilution) for 30 min at 4°C. Finally, the cells were washed and analyzed using a Fortessa X-20 (Becton Dickinson).



Cell Adhesion Assay

The adhesion assay was performed as described previously (23) with modifications. Briefly, 96-well plates (Immulon 2HB, Cambridge, MA) were coated with different concentrations of fibrinogen, collagen IV, collagen I, or laminin for 3 h at 37°C. The wells were post-coated with 0.5% polyvinyl alcohol for 1 h at room temperature. Mouse peritoneal macrophages or HEK293 cells transfected with integrin αDβ2 were labeled with 10 µM Calcein AM (Molecular Probes, Eugene, OR) for 30 min at 37°C and washed with HBSS and resuspended in the same medium at a concentration of 1 × 106 cells/mL. αDβ2-transfected HEK 293 cells were also supplemented with 2mM MnCl2. Aliquots (50 µL) of the labeled cells were added to each well. After 30 minutes of incubation at 37°C in a 5% CO2 humidified atmosphere, the nonadherent cells were removed by washing with PBS. The fluorescence was measured in a Synergy H1 fluorescence plate reader (BioTek, Winooski, VT), and the number of adherent cells was determined from a labeled control.



Cell Spreading Assay

Glass coverslips were coated with fibrinogen (20 µg/ml), Collagen IV (5 μg/ml) or CEP-BSA (750 μM) for 3 hours at 37°C and post-coated with 0.5% polyvinylpyrrolidone for 1 hour at 37°C. To determine cell spreading, inflammatory macrophages isolated from the WT and   mice were allowed to adhere to coverslips for 1 hour at 37°C. Macrophages were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with Phalloidin-iFluor 555 and DAPI. Fluorescent images were obtained with EVOS FL auto cell fluorescent imaging system using 20x objective with multi-frame automatic setup (9-fields). The cell areas were calculated using Imaris 8.0 software.



Migration of Macrophages in 3D Fibrin Gel

Migration assay was performed as described previously (26). Polarized M1 macrophages were labeled with PKH26 red fluorescent dye. Cell migration assay was performed for 48 hours at 37°C in 5% CO2 in a sterile condition. An equal number of WT macrophages was evaluated by cytospin of mixed cells before the experiment and at the starting point before migration. Labeled WT (1.5x105) activated macrophages were plated on the membranes of transwell inserts with a pore size of 8 μm and 6.5 mm in diameter (Costar, Corning, NY) precoated with fibrinogen (Fg). Fibrin gel (100 µl/sample) was generated by mixing 0.75mg/ml Fg containing 1% FBS and 1% P/S and 0.5 U/ml thrombin. In some samples 9 µM CEP was incorporated into the gel during polymerization. 30 nM of MCP-1 was added on top of the gel to initiate the migration. Migrating cells were detected by Leica Confocal microscope (Leica-TCS SP8), and the results were analyzed and reconstructed using IMARIS 8.0 software.



Biolayer Interferometry

The binding parameters of the interaction between the αD I-domain with CEP or fibrinogen were determined using an Octet K2 instrument (FortéBio, Sartorius Group). CEP-BSA or fibrinogen was immobilized on the Amine Reactive Second-generation (AR2G) biosensor using the amine coupling kit according to the manufacturer’s protocol. Different concentrations of the active forms of αD I-domain (50-1000 nM) were applied in the mobile phase, and the association between the immobilized and flowing proteins was detected. Experiments were performed in 20 mm HEPES, 150 mm NaCl, 1 mM CaCl2, 1 mM MgCl2, 0.02% (v/v) Tween-20, 0.02% BSA, pH 7.5. The protein-coated biosensors were regenerated with 25 mm NaOH and 2M NaCl. Analyses of the binding kinetics were performed using DataAnalysis HT11.0 software (ForteBio). The value of the equilibrium dissociation constant (KD) was obtained by fitting a plot of response at equilibrium (Req) against the concentration.



Immunostaining

Cryosections (10 μm) of aorta roots (from WT and ApoE-/- mice after five weeks on a western diet) were warmed to room temperature for 30 minutes prior to immunofluorescence staining. Tissue sections were fixed in ice-cold acetone for 10 minutes followed by permeabilizing with 0.2% Tween-20 for 10 min to increase the signal of intracellular binding sites. Tissue sections were washed in PBS and incubated with SuperBlock (PBS) Blocking buffer (Thermo Scientific, Rockford, IL, USA) for 45 min to block nonspecific binding. Tissues were then incubated at 4°C overnight with the primary antibody (rabbit polyclonal anti-CEP and rat anti-mouse CD68 (macrophage marker). After washing several times with PBS, the sections were incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG and Alexa Fluor 568-conjugated donkey anti-rat for 1 hour at room temperature. The sections were subsequently washed and sealed. The tissue sections were examined by Leica Confocal microscope (Leica-TCS SP8). Control sections without the primary antibody were also performed at the same time.



Analysis of CEP Formation in Atherosclerotic Lesions of ApoE-/- Mice by Western Blot

Male ApoE-deficient mice were kept on a Western diet for 16 weeks. After that, ApoE-/- and the same age WT C57BL/6 mice (as the control) were euthanized, their vascular system was perfused with 10 ml PBS, and the aortas were cleaned from the outer layers of connective tissue and removed. The isolated aortas were digested with Collagenase type I, type XI, Hyaluronidase, and DHAase I according to the published protocol (12). The cells were separated by centrifugation. The non-cellular supernatant was high speed centrifugated to exclude aggregates and cell traces, and used for Western Blot analysis.

The same concentration of proteins isolated from ApoE-/- and WT aortas was loaded on SDS-electrophoresis analyzed by 7% SDS-PAGE electrophoresis and Western blotting. The Immobilon-P membranes (Millipore) were incubated with rabbit polyclonal anti-CEP antibody, followed by incubation with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase and developed using enhanced SuperSignal Chemiluminescent Substrate (Pierce).



Generation of CEP-Modified ECM Proteins

The evaluation of CEP-modified proteins was performed as described previously (23). Collagen I, collagen IV, and laminin were coated on a 96-well plate at a concentration of 20 μg/ml overnight at 4°C. Wells were post-coated with 0.5% polyvinyl alcohol for 1 h at 37°C. 20 μM DHA in 20mM Hepes, 150 mM NaCl, 0.01% H2O2, and 1mM CaCl2 were added to the wells and incubated in an oxygen-free environment (under argon) for 18 hours at 37°C. After incubation, the plate was washed out with PBS supplemented with 0.05% Tween-20 3 times and incubated with anti-CEP polyclonal antibody (0.9 μg/ml) for 2 hours at 37°C. After washing, wells were incubated with goat-anti-rabbit HRP conjugated antibody for 1 h at 37°C and the binding was developed using TMB-ELISA substrate solution (Pierce). The result was detected by a plate reader using a wavelength of 450 nm.



Statistical Analysis

Statistical analyses were performed using a Student’s t-test or Student’s paired t-tests where indicated in the text using SigmaPlot 13. A value of p<0.05 was considered significant. Error bars represent the SEM of experiments.




Results


DHA Oxidation Generates CEP Adducts With ECM Proteins in Atherosclerotic Lesions and In Vitro

We and others have demonstrated the presence of CEP in different inflammatory tissues using immunohistochemistry (23, 30–34). Particularly, anti-CEP antibody detected strong immunostaining in the sections of atherosclerotic lesions of ApoE-/- mice on a Western diet (Figure 2A). However, the direct formation of CEP-protein adducts was shown previously only in the peritoneal cavity, but not in the tissue (23). To demonstrate the link between CEP immunostaining and the formation of CEP-modified proteins in the inflamed tissue during chronic inflammation, we evaluated CEP-protein adduct formation in atherosclerotic lesions (Figure 2B). Male ApoE-deficient mice were kept on a Western diet for 16 weeks (n=3). After that, ApoE-/- and the same age WT C57BL/6 mice (as the control) were euthanized, their vascular system was perfused and aortas were removed. The isolated aortas were digested according to the published protocol (12) and cells were separated by centrifugation. The non-cellular supernatant was high speed centrifugated to exclude aggregates and cell traces, and used for Western Blot analysis.




Figure 2 | CEP forms adducts with ECM proteins during inflammation and oxidation of DHA. (A) CEP deposition in atherosclerotic lesions. Aortic sinuses were isolated from the ApoE-deficient mice after five weeks on a western diet. The sections were prepared and immunostained with anti-CEP (green) and anti-CD68 (red) antibodies. The crosssection of entire aorta roots (right) and 200x magnified inlet (left) are shown (scale bar 200 μm). (B) Electrophoresis (PAGE) and Western blot analysis with anti-CEP antibody of digested aortas. Aortas of ApoE-/- and WT mice were digested, cells were separated and the non-cellular contest was analyzed by electrophoresis with Coomassie Blue and Western Blot (7% PAGE) with anti-CEP antibody (representative experiment from 4 performed). (C) Generation of CEP-modified ECM proteins. Collagen IV, collagen I, and laminin were coated on a 96-well plate and incubated in the presence (or absence) of 2 μM DHA in 20 mM HEPES, 150 mM NaCl, 0.01% H2O2, and 1mM CaCl2 in an oxygen-free environment (under argon atmosphere) for 18 hours at 37°C. After incubation, the plate was incubated with an anti-CEP polyclonal antibody (0.9 μg/ml) followed by goat-anti-rabbit HRP conjugated antibody. The binding was developed using a TMB-ELISA substrate solution (Pierce). The result was detected by plate reader using wavelength 450 nm. Statistical analyses were performed using Student’s paired t-tests from 3 independent experiments. *P < 0.05.



The same concentration of proteins isolated from ApoE-/- and WT aortas was loaded on SDS-electrophoresis (Figure 2B, left panel) and analyzed using an anti-CEP antibody (Figure 2B, right panel). We found a dramatic difference in anti-CEP staining of proteins isolated from the atherosclerotic lesions of ApoE-deficient and WT mice. While only one weak band was spotted in the sample isolated from WT mice, several intensive bands were detected in the ApoE-/- mice samples that represent several CEP-modified proteins. Notably, the faded CEP signal from the WT mice corresponds to the concept that the natural oxidation of PUFA in a healthy organism can lead to a low level of adduct formation. We detected such signal previously in commercial fibrinogen that we used in our experiments as a control (23).

To confirm the ability of CEP to form the covalent adduct with ECM proteins, we tested the formation of CEP modification in collagen I, laminin, and collagen IV using in vitro DHA oxidation assay that we developed previously (23). ECM proteins were incubated with DHA and 0.01% H2O2 for 18 h at 37°C. After incubation, CEP formation was detected by ELISA with an anti-CEP antibody (Figure 2C). We found that DHA oxidation led to the formation of CEP-collagen IV adduct and CEP-laminin adduct, while collagen I was not modified.

These experiments clearly demonstrated that ECM proteins are modified by CEP, and inflamed tissue (e.g. atherosclerotic lesions) can be a source of specific adhesive substrate for macrophages.



M1 Macrophages Demonstrate Stronger Adhesion and Spreading to CEP-Modified Proteins

Pro-inflammatory, M1-like macrophages, are the major source of inflammatory stimuli during chronic inflammation. We tested how protein modification with CEP affects M1 macrophage adhesion to ECM proteins such as collagen IV, laminin, and fibrinogen (which leaks from blood to the ECM through the damaged endothelial monolayer during inflammation). Different concentrations of collagen IV, laminin, CEP-modified BSA, and BSA alone as a control were immobilized on the 96-well plate and tested as substrates for M1 macrophage adhesion (Figure 3A). We found that the adhesion of pro-inflammatory macrophages to CEP-modified BSA dramatically overreached the adhesion of macrophages to natural ECM ligands. Notably, BSA alone does not support the adhesion of macrophages. In a separate experiment, we compared the adhesion of fibrinogen-modified by CEP and native fibrinogen. Clearly, CEP modification dramatically increased macrophage adhesion to fibrinogen (Figure 3B).




Figure 3 | Adhesion of M1-polarized macrophages to CEP and ECM proteins. (A) Different concentrations of CEP-BSA, collagen IV (Col IV), laminin (Ln) and BSA were immobilized on a 96-well plate for 3 h at 37°C. Fluorescently labeled macrophages were added to the wells and cell adhesion was determined after 30 min in a fluorescence plate reader. CEP-BSA is presented based on the concentration of BSA. 1µg BSA contains 250 nM CEP. A representative experiment from 4 performed. Data are presented as mean ± SEM **p < 0.01. (B) Different concentrations of CEP-fibrinogen (CEP-Fg) and fibrinogen (Fg) were immobilized and tested in an adhesion assay as described above. A summary result from 3 experiments. CEP-Fg is shown based on the concentration of Fg. 1µg Fg contains 87 nM CEP Data are presented as mean ± SEM **p < 0.01. (C) Macrophages were allowed to adhere to glass coverslips coated with fibrinogen, Collagen IV or CEP-BSA for 1 hour at 37°C. Macrophages were fixed with 2% paraformaldehyde, permeabilized with 0.1% Triton X-100, and incubated with Alexa Fluor 555-conjugated phalloidin and DAPI. Fluorescent images were obtained with EVOS FL auto cell fluorescent imaging system using 20x objective with mosaic 9-fields setup. (D) The cell area was calculated using Imaris 8.0 software. Data are presented as mean ± SEM *p < 0.05.



To verify these results macrophage spreading on CEP, collagen IV, and fibrinogen was evaluated. Cells were labeled with phalloidin-PE, examined by fluorescent microscopy, and analyzed using the ImarisCell module (Imaris 8.0). Corresponding to the adhesion data, the results demonstrate stronger spreading to CEP with larger cell areas and focal adhesion complexes (Figures 3C, D).



The Presence of CEP in a 3D Matrix Inhibits M1 Macrophage Migration

To evaluate the effect of CEP modification in ECM on cell motility we performed a 3D migration assay by comparing M1 macrophage migration in a polymerized fibrin matrix and polymerized fibrin matrix supplemented with 9 μM CEP. Based on our previous result the migration of M1 macrophages in a fibrin matrix is lower compared to non-activated or M2 macrophages (26). The goal of this experiment was to evaluate the additional effect of CEP on this migration. Cells were plated on one side of the gel and migration was initiated by CCL2 and CCL5 added to the other side of the gel (Figure 4A). We found that migration of M1 macrophages was dramatically reduced in fibrin gel supplemented with CEP (Figures 4B–D), which corresponds to strong adhesion events and promotion of macrophage retention at the site of chronic inflammation.




Figure 4 | The presence of CEP in the matrix inhibits the 3D migration of M1 macrophages. (A) Sketch diagram of the migrating cells in Boyden transwell chamber. Before migration (upper panel) and after 48h migration (lower panel). (B) WT M1 macrophages were labeled with red PKH26 fluorescent dye. Labeled WT (1.5x105) activated macrophages were plated on the membranes of transwell inserts (Boyden chamber) with a pore size of 8 μm and 6.5 mm in diameter (Costar, Corning, NY) precoated with fibrinogen (Fg). Fibrin gel (100 µl/sample) was generated by mixing 0.75mg/ml Fg containing 1% FBS and 1% P/S and 0.5 U/ml thrombin with or without 9uM CEP. Migration of macrophages was stimulated by 30 nM CCL2 and 100nM CCL5 added to the top of the gel. After 48 hours, migrating cells were detected by a Leica Confocal microscope (B, C). (D) The results were analyzed by IMARIS 8.0 software, and statistical analyses were performed using Student’s paired t-tests (n = 5 per group). Scale bar= 300 μm. Data are presented as mean ± SEM. **P < 0.01. (E) The morphology of non-labeled macrophages was evaluated after gel staining with CytoPainet Phalloidinin-iFluor 555 in fibrin matrix (left panel) and Fibrin matrix supplemented with CEP (right panel). The ratio length/diameter was calculated using the ImarisCell module (IMARIS 8.0). (F) Statistical analyses were performed using Student’s t-tests, n = 30 (fibrin gel) 36 (fibrin+CEP gel). P < 0.0001.



To more critically evaluate these results, we tested the morphology of macrophages in a 3D matrix supplemented with CEP. 3D gels were generated using polymerized fibrin and polymerized fibrin/9 uM CEP. The same macrophages were incorporated into both matrixes during polymerization and migration was stimulated with a gradient of CCL2. After 18 hours, the cells inside the gel (at least 80 µM from the gel surface) were analyzed using the confocal microscope. We found that cells in the fibrin matrix present a more elongated shape when compared with the more rounded cells in the matrix with supplemented CEP (Figure 4E) The difference between the length-to-diameter ratio was extremely significant (P<0.0001, n=30-35/group) (Figure 4F). According to published data, elongated cell morphology in a 3D matrix corresponds to migrating cells.

Therefore, our results demonstrate that modification with CEP affects M1 macrophage adhesion, spreading, and migration-dependent morphology.



Integrin αDβ2 Is Critical for M1 Macrophage Adhesion and Spreading to CEP-Modified Proteins

The major adhesive receptors for CEP on macrophages are integrins αDβ2 and αMβ2. Integrin αD is upregulated on M1 macrophages (12), (Figure 5A), while αM maintains the same level of expression. This difference determines the distinct roles of these β2 integrins in inflammation. While αMβ2 supports macrophage migration and demonstrates some protective function during chronic inflammation (27, 35), integrin αDβ2 inhibits M1 macrophage migration and contributes to the development of chronic inflammation (12, 26). We hypothesized that integrin αDβ2 is critical for M1 macrophage adhesion to CEP-modified proteins. To test this hypothesis, we compared the adhesion of M1 macrophages isolated from the WT and αD-deficient mice to CEP. The adhesion assay demonstrated a dramatic reduction in macrophage adhesion in αD-deficient mice (Figure 5B). Moreover, macrophage spreading to CEP was significantly affected in   M1 macrophages, the total cell areas were reduced as well as cell shapes were irregular (Figures 5C, D).




Figure 5 | Integrin αDβ2 is critical for M1 macrophage adhesion to CEP-modified proteins. (A) The expression of integrin αD is upregulated on M1 macrophages. Peritoneal macrophages were isolated and plated for 4 days in the presence of IFNg in complete RPMI media (Red). M1 macrophages were collected using cell dissociation buffer and stain with anti-αD polyclonal antibody, followed by staining with donkey-anti-rabbit Alexa 647secondary antibody. Freshly isolated peritoneal macrophages were used as a control (M0)(Blue). Integrin αD expression was tested using flow cytometry (Fortessa X-20). N/c-negative control. (B) Adhesion of WT and   M1 macrophages to CEP-BSA. Isolated M1 macrophages were fluorescently labeled with Calcein AM and added to the well coated with CEP-BSA. cell adhesion was determined after 30 min in a fluorescence plate reader. (C) Macrophages were allowed to adhere to glass coverslips coated with CEP-BSA for 1 hour at 37°C. After fixation with 2% paraformaldehyde and permeabilization with 0.1% Triton X-100, cells were incubated with CytoPainet Phalloidinin-iFluor 555 and DAPI. Fluorescent images were obtained with EVOS FL auto cell fluorescent imaging system using 20x objective with mosaic 9-fields setup. (D) The cell area was calculated using Imaris 8.0 software. Data are presented as mean ± SEM ***p < 0.001.



Therefore, our data demonstrate that αD-deficiency significantly reduced adhesion and spreading of M1 macrophages on CEP, which confirmed the critical role of αDβ2 in macrophage adhesion and potential retention in CEP-modified substrate.



The Binding Properties of CEP Exceed the Binding Properties of Natural αDβ2 Ligands

Macrophages are a complex system with a variety of adhesive receptors that have overlapping ligand binding properties. To verify the role of CEP as a strong αDβ2 ligand, we tested αDβ2-transfected HEK293 cells (Figure 6A). HEK293 cells do not express any receptors that interact with CEP such as integrin αMβ2, CD36, or TLRs (23, 34). Adhesion of αDβ2-transfected HEK293 cells was tested to CEP-BSA versus BSA and CEP-fibrinogen versus fibrinogen. As we expected αDβ2-cells do not adhere to BSA, but demonstrate the strong concentration-dependent adhesion to CEP-BSA. (Figure 6B, upper).




Figure 6 | The binding properties of CEP exceed the binding properties of natural αDβ2 ligands. (A) The expression of integrins αD and β2 on the surface of HEK293-transfected cells. After isolation, cells were stained with anti-αD polyclonal antibody and anti-β2 monoclonal antibody, followed by staining with donkey-anti-rabbit Alexa 647 and donkey-anti-mouse Alexa 488 secondary antibodies. Control is shown in open histogram. (B) Different concentrations of CEP-BSA and BSA (Upper panel) or CEP-fibrinogen (CEP-Fg) and Fg (lower panel) were immobilized on a 96-well plate for 3 h at 37°C. Fluorescently labeled αDβ2 HEK293-transfected cells were added to the wells and cell adhesion was determined after 30 min in a fluorescence plate reader. A summary result from 4-6 experiments. Data are presented as mean ± SEM **p < 0.01. (C) Isolated αD I-domain binds to CEP in biolayer interferometry assays. SDS-PAGE of generated I-domain. αD active (D122-K314) I-domain was isolated from soluble fractions of (E) coli lysates and purified using affinity chromatography. The protein purity was assessed by SDS-PAGE on 4-15% gradient gel under non-reducing conditions followed by staining with Coomassie Blue. Representative profiles of the biolayer interferometry responses for αD binding to the immobilized CEP-BSA and Fibrinogen (Fg). (D) Single cycle kinetic of αD I-domain binding (concentrations ranging from 24-750 nM) to CEP-BSA and Fg coupled to AR2G biosensor. (F) Steady state analysis of αD I-domain binding to CEP (E) and Fg (F) (concentrations ranging from 50-1000 nM). The KD of binding was calculated using DataAnalysis HT11.0 software (ForteBio).



Fibrinogen is a natural ligand for integrin αDβ2 and a common element of the ECM during inflammation. Markedly, CEP modification significantly improves the adhesive properties of fibrinogen to αDβ2-HEK293 transfected cells similar to the result, which was obtained for M1 macrophages (Figure 3B). Notably, it has been shown previously that cell adhesion to fibrinogen achieved maximum at fibrinogen concentration 2-3 µg/ml and is significantly reduced at higher concentrations (10, 36). The mechanism is not known but may depend on the surface-induced lateral aggregation of fibrinogen (37). This result demonstrated that CEP modification in different proteins provides a similar augmentation of cell adhesive properties.

To evaluate a difference in the binding of αDβ2 to CEP and fibrinogen, we isolated αDβ2 ligand-binding motif – I-domain (Figure 6C) and examined its binding properties using BioLayer Interferometry. CEP and fibrinogen were immobilized on amino coupling biosensors and tested with different concentrations of αD I-domain using two approaches such as kinetic titration (single cycle kinetics) (Figure 6D) and equilibrium analysis (steady-state analysis) (Figures 6E, F). The binding affinity was analyzed using DataAnalysis HT11.0 software (ForteBio). We found that the affinity of αD binding to CEP (KD=1.0x10-7M) is 2-fold stronger than the αD interaction with fibrinogen (KD=2.2x10-7).

Therefore, αDβ2 generates a more powerful adhesion to CEP-modified proteins due to a higher affinity mediated by a negative charge of a carboxyl group in CEP’s structure. This result suggests the unique role of CEP-modified ECM proteins in macrophage adhesion that generates strong αDβ2-dependent adhesion via CEP that can be critical for macrophage retention.




Discussion

In our previous project, we found that CEP, the product of DHA oxidation, is a ligand for integrins αMβ2 and αDβ2 (23). In the current study, we tested how the modification of the ECM proteins with CEP affects macrophage adhesion. Now we found that 1) Polyunsaturated fatty acid oxidation generates the formation of adducts between CEP and ECM proteins in vitro. 2) The development of atherosclerosis promotes a CEP formation in proteins within the atherosclerotic lesions. 3) Pro-inflammatory M1 macrophages demonstrate a stronger adhesion to CEP-modified proteins compared to natural ECM ligands. 4) M1 macrophage adhesion to CEP inhibits cell migration. 5) The adhesion of M1 macrophages to CEP-modified proteins is driven by integrin αDβ2.

The previous experiments using immunostaining with the anti-CEP antibody demonstrated the deposition of CEP in tissue during inflammation including myocardial infarction (38), peritoneal inflammation (23), atherosclerosis (38), and macular degeneration (32, 39). Our published data revealed that neutrophil-mediated oxidation led to the formation of CEP-fibrinogen and CEP-BSA adducts (23). We hypothesize that PUFA oxidation can lead to the modification of different ECM proteins that contain an exposed lysine on a protein’s surface. We do expect some limitations, which can depend on special tertiary structures, post-translational modifications, or cross-linkage through lysines. Our concern was primarily based on the absence of CEP adduct formation with the E-fragment of fibrin (23), which has a strong triple-coiled helix structure. (The triple-coiled helix is also a major component of laminin and collagen fibrils). In addition to a triple-coiled structure, collagens IV, V, and VI contain flexible globular domains, which are absent in collagens I and III (40). In our current experiments, we found that in vitro oxidation of DHA generates CEP-collagen IV adduct formation, while collagen I is not modified by CEP, which confirms our hypothesis regarding the potential role of the globular domains in CEP adducts formation.

Previously we demonstrated that non-activated peritoneal macrophages can bind CEP via αMβ2 and αDβ2. However, we did not compare the level of macrophage adhesion to natural adhesive ligands and CEP-modified ligands. Moreover, we did not test the effect of CEP modification on the adhesion and migration of M1 macrophages, which is critical for the development of inflammatory response. In this paper, we are particularly focused on integrin αDβ2 since it is upregulated on pro-inflammatory M1-like macrophages and our previous data demonstrated that the αD I-domain showed 5 folds stronger affinity to CEP compared to the αM I domain (23, 41). This difference most likely is mediated by clusters of positively charged amino acids on the surface of the αD I-domain. The increased binding activity to negatively charged ligands was described previously for integrin αXβ2 which has a significantly lower expression on macrophages but has a high level of homology with integrin αDβ2 (42).

In our previous project, we found that αDβ2 on the surface of pro-inflammatory M1 macrophages contributed to the retention of macrophages at the site of atherosclerotic lesions due to strong cell adhesion (12). It has been shown that αDβ2 is a multiligand protein that can bind to ICAM-3, VCAM-1, fibrinogen, fibronectin, and vitronectin (11). However, these proteins are cell surface receptors or plasma proteins, which are sporadic in the interstitium, while the major ECM proteins such as collagens and laminins do not support αDβ2 -mediated adhesion (26). This raises the question regarding the potential ECM ligands for αDβ2 -mediated macrophage retention. The modification of collagen IV and laminin with CEP (Figure 2C) demonstrates the protein modification in ECM and resolves this issue. This mechanism presents the formation of the universal ligand for αDβ2-mediated adhesion. Notably, in our previous project, we found that a carboxyl group in CEP’s structure is critical for integrin binding since another product of DHA oxidation, ethylpyrole, has a similar structure, but does not have a carboxyl group and loses the ability to interact with integrins αMβ2 and αDβ2 (23). Therefore, the positively charged lysines in different proteins can be modified with negatively charged CEP, which converts these proteins to the αDβ2-dependent substrate.

We found that adhesion and spreading of M1 macrophages to the CEP-modified proteins is much stronger compared to native collagen IV, laminin, or fibrinogen (Figure 3). The adhesion to collagens and laminins is mediated via β1 integrins such as α1β1, α2β2, etc. The level of β1 integrins is lower on macrophages compared to β2 integrins (8, 9). Therefore, the switch of binding from classical collagen/β1-dependent to CEP-modified collagen/β2-dependent increased cell adhesion. Moreover, we demonstrated that M1 macrophage adhesion to CEP is integrin αDβ2-dependent since it is dramatically reduced in αD-deficient macrophages (Figure 5B). Notably, αD-deficiency does not affect the expression of other major adhesive receptors on the macrophage surface (26). We verified this result on several systems including αDβ2-transfected cells and isolated αD I-domain. αDβ2-transfected cells generated lower adhesion compared to M1 macrophages (Figures 5B, 6B) since the expression of αDβ2 on these cells is lower (Figures 5A, 6A). Nevertheless, these cells demonstrate a specific effect of integrin αDβ2 on cell adhesion. The results of the adhesion assay are confirmed by BioLayer Interferometry, which measures the direct protein-protein interaction between αD I-domain and CEP or fibrinogen.

I-domain is a region of αDβ2 that contains most of the ligand-binding sites for β2 integrins (43). We previously showed that binding sites for CEP and fibrinogen are located within the I-domain (23). In our earlier study regarding the ligand binding properties of integrin αDβ2, we compared αD I-domain binding to all previously identified ligands including fibrinogen, fibronectin, ICAM-3, VCAM-1, plasminogen, vitronectin, and CYR61 using the surface plasmon resonance (Biacore 3000) (11). These studies demonstrated a KD for αD I-domain/fibrinogen binding 7.6x10-7 M. In another project we tested αD I-domain binding to CEP by Biacore and calculated constant dissociation for this binding as KD 1.8x10-7 M (23). However, we did not compare αD I-domain binding to fibrinogen and CEP in the same experiment. Previously, the Biacore results for αD binding to fibrinogen and to CEP were obtained from different αD I-domain isolations, using different ligand densities on sensor chips and were performed several years apart (11, 23). Therefore, it was critical to analyze these interactions in one experiment to verify this result. Based on Biolayer Interfereometry results, which were performed on one αD I-domain isolation using the same I-domain concentrations, we found that the calculated affinity of αD I-domain/CEP interaction (1.0x10-7M) is 2 folds stronger compared to the αD I-domain/fibrinogen binding (2.2x10-7M). These results are slightly different from our previous Biocare results. We explain this difference by the difference in the experimental platforms between surface plasmon resonance (Biocore) and biolayer interferometry (Octet). Nevertheless, both methods provides a similar result and demonstrates the stronger binding of αD I-domain to CEP compared to fibrinogen.

All αD ligands analyzed by Biacore previously (11) showed a KD for αD I-domain binding in the range 0.2-8x10-6 M. The strongest binding was found for αD I-domain interaction with the rare ECM protein CYR61 (CCN1) with the KD 2.9x10-7 M. This affinity is still weaker than αD I-domain/CEP binding that we detected. Most importantly, the binding to “classical” αDβ2 ligands such as ICAM-3 (1.89x10-6 M), VCAM-1 (8.13x10-6 M), and fibrinogen (0.76x10-6 M) (11) are significantly less compared to CEP. These data together demonstrate that CEP modification generates preferential ligands for αDβ2-mediated macrophage adhesion during inflammation. Therefore, inflammation and oxidation generate the improved conditions for αDβ2-dependent macrophage adhesion.

The theory of mesenchymal cell migration postulates that optimal migration occurs with an intermediate level of receptor expression and substrate density, while the high density of receptors and corresponding substrates generate very strong adhesion, preventing cell motility (7, 26, 44–46).

Previously we found that non-activated macrophages demonstrated an improved migration in a CEP-supplemented matrix (23). Non-activated macrophages express an intermediate level of αDβ2 and αMβ2 integrins (26). We and others have shown experimentally that intermediate levels of integrin expression support cell migration (7, 26, 47, 48).

We propose that upregulation of αDβ2 on M1 macrophages and modification of ECM proteins with CEP promotes the conditions for the formation of an excessive number of receptor-ligand pairs with a high binding affinity. Accordingly, this high level of macrophage adhesion can prevent macrophage migration. In agreement with this concept, we found that migration of M1 macrophages in a 3D fibrin matrix supplemented with CEP is significantly reduced compared to migration in a pure fibrin matrix. Interestingly, we found that the morphology of M1 macrophages in a 3D matrix is affected by the presence of CEP (Figure 4D). Particularly, we revealed, that M1 macrophages in CEP supplemented matrix have a more rounded shape compared to macrophages in fibrin gel. It has been shown previously that migrated macrophages have an elongated shape and accordingly a greater length-to-diameter ratio (49, 50). The length-to-diameter ratio of macrophages in a CEP supplemented matrix is statistically significantly lower compared to control, which is in agreement with the reduced macrophage migration that we detected (Figure 4A).

To summarize, we propose a potential mechanism that affects macrophage adhesion and migration in inflamed tissue. Oxidation of DHA, which is a common structural component of cell membranes, leads to the formation of adducts between ECM proteins and CEP. Experimental data demonstrated that 20-30 modifications can occur in one protein molecule (23, 30, 32, 51). These modifications substitute a lysine-mediated positive charge for a CEP-mediated negative charge, which affects the conformation and ligand-binding properties of modified proteins. CEP is recognized by integrins αMβ2 and αDβ2. Accordingly, CEP modification can transform random proteins in integrin-related ligands. Freshly differentiated non-activated macrophages possess an intermediate level of αMβ2 and αDβ2 expression that supports CEP-mediated migration to the site of inflammation. Polarized pro-inflammatory (M1-like) macrophages express a high level of αDβ2, generating a high adhesion to CEP-modified proteins in the inflamed tissue that prevents M1 macrophage migration and leads to the development of chronic inflammation. The high affinity between αDβ2 and CEP additionally intensifies the potential effect. This model proposes that targeting the binding between αDβ2 and CEP can provide benefits against macrophage retention in the inflamed tissue and the development of chronic inflammation during metabolic and autoimmune diseases.
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HAPLN1 maintains aggregation and the binding activity of extracellular matrix (ECM) molecules (such as hyaluronic acid and proteoglycan) to stabilize the macromolecular structure of the ECM. An increase in HAPLN1 expression is observed in a few types of musculoskeletal diseases including rheumatoid arthritis (RA); however, its functions are obscure. This study examined the role of HAPLN1 in determining the viability, proliferation, mobility, and pro-inflammatory phenotype of RA- fibroblast-like synoviocytes (RA-FLSs) by using small interfering RNA (siHAPLN1), over-expression vector (HAPLN1OE), and a recombinant HAPLN1 (rHAPLN1) protein. HAPLN1 was found to promote proliferation but inhibit RA-FLS migration. Metformin, an AMPK activator, was previously found by us to be able to inhibit FLS activation but promote HAPLN1 secretion. In this study, we confirmed the up-regulation of HAPLN1 in RA patients, and found the positive relationship between HAPLN1 expression and the AMPK level. Treatment with either si-HAPLN1 or HAPLN1OE down-regulated the expression of AMPK-ɑ gene, although up-regulation of the level of p-AMPK-ɑ was observed in RA-FLSs. si-HAPLN1 down-regulated the expression of proinflammatory factors like TNF-ɑ, MMPs, and IL-6, while HAPLN1OE up-regulated their levels. qPCR assay indicated that the levels of TGF-β, ACAN, fibronectin, collagen II, and Ki-67 were down-regulated upon si-HAPLN1 treatment, while HAPLN1OE treatment led to up-regulation of ACAN and Ki-67 and down-regulation of cyclin-D1. Proteomics of si-HAPLN1, rHAPLN1, and mRNA-Seq analysis of rHAPLN1 confirmed the functions of HAPLN1 in the activation of inflammation, proliferation, cell adhesion, and strengthening of ECM functions. Our results for the first time demonstrate the function of HAPLN1 in promoting the proliferation and pro-inflammatory phenotype of RA-FLSs, thereby contributing to RA pathogenesis. Future in-depth studies are required for better understanding the role of HAPLN1 in RA.
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1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by destructive, chronic, debilitating arthritis. Pannus formation is one of the main features of the disease (1). During RA development, the number of fibroblast-like synoviocytes (FLSs), one of the key effector cells (2), increases significantly, leading to the transformation of the synovial lining from a delicate structure into an invasive hyperplastic tissue mass known as pannus (3). The pannus tissue contributes to the chronic inflammatory milieu in the arthritic joint, resulting in an expansion of the synovial membrane and the occurrence of a complex interplay among different dendritic cell (DC) subtypes, T cells, macrophages, B cells, neutrophils, fibroblasts, and osteoclasts (4). FLSs transform the synovium into a hyperplastic invasive pannus by producing various mediators such as cytokines and proteases, leading to the destruction of the extracellular matrix (ECM), cartilages, and bones (5). The cell phenotype of RA-FLSs mimics cancer cells in terms of invasion, proliferation, and apoptosis (6). The presence of functionally distinct arthritis-associated fibroblast subsets in human synovial tissues, along with the identification of fibroblast subsets that mediate either inflammation or bone/cartilage damage in arthritis, suggests that targeting FLSs is an attractive therapeutic approach to treat RA (7).

Hyaluronan and proteoglycan link protein 1 (HAPLN1), also known as cartilage link protein, was originally identified from the proteoglycan component extracted from the bovine articular cartilage (8). Our previous study confirmed the secretion of HAPLN1by RA-FLSs (9). Physiologically, HAPLN1 is a component of the ECM required for normal cartilage development. It maintains stable aggregation and the binding activity of two important ECM macromolecules [hyaluronic acid (HA) and proteoglycan] which, along with other molecules present in the joint, contribute not only to the maintenance of the stable macromolecular structure but also to the compression resistance of the joint (10). The vital role played by HAPLN1 in regulating bone/cartilage growth was documented previously. HAPLN1-deficient mice showed a series of cardiac malformations (e.g., atrial septal and myocardial defects) along with a remarkable reduction in the level of multifunctional proteoglycans (11). The most classic disease first reported to be associated with HAPLN1 is juvenile rheumatoid arthritis (12), but the mechanisms were not yet fully known. Nevertheless, genomics research has enabled the clarification of the relation of HAPLN1 with various rheumatic disorders [including spinal degeneration, osteoarthritis (OA), ankylosing spondylitis (AS), and RA] (13–17). The HAPLN1 gene is present adjacent to the ankylosing spondylitis-associated single nucleotide polymorphism (SNP) (rs4552569) (18). Compared to subjects with the CC or CT genotype, those with the TT genotype for the SNP at rs179851 were found to be significantly overrepresented among the subjects with higher scores for osteophyte formation and disc space narrowing (13). Importantly, HAPLN1 showed a significant correlation with the severity of RA (17). We found that one of the most significantly up-regulated genes in RA-FLSs, contrary to osteoarthritis (OA)-FLSs, is HAPLN1, whose protein level increases in the plasma and synovium of RA patients (9). Recently, the oncogenic phenotype of HAPLN1 was reported to be able to contribute to cellular hyperactivity and remodeling of collagen matrices (19, 20). The exact role of HAPLN1 in RA and its interaction with other matrix molecules under disease conditions are still unclear. The objective of this study is, therefore, to explore the potential role played by HAPLN1 in RA-FLS-mediated disease pathogenesis.



2 Results


2.1 Increased HAPLN1 Expression in the Synovium and Plasma of RA Patients

The HAPLN1 expression in the synovium of RA (n=20) was found by immunohistochemical assays to be significantly higher than that of OA patients (n=17) (Figure 1A and Supplementary Table S1 for participants’ details). Similarly, the HAPLN1 level in the plasma of RA patients (n=61) was higher than that of OA patients (n=20) and healthy control subjects (HC, n=12) (Figure 1B and Supplementary Table S2 for participants’ details). These results agree with our earlier mRNA sequencing analysis, which showed that the level of HAPLN1 expression in RA-FLSs is higher than that in OA FLSs (Figure 1C) (9).




Figure 1 | HAPLN1 is up-regulated in RA patients and positively correlated with AMPK. (A) Increased HAPLN1 expression, quantified by the H score, in RA (n=20) than OA (n=17) synovium (magnification of gross looking, 10×5; magnification of foci in the framed, 10×20). (B) Plasma HAPLN1 levels examined by ELISA were significantly enhanced in RA (n=61) patients than OA (n=20) patients and HC (n=12), while AMPK levels were decreased in both OA and RA patients compared to HC. Plasma HAPLN1 and AMPK levels were significantly positively correlated (r = 0.693, p < 0.0001). (C) Volcano plot showing higher expression of the HAPLN1 gene in FLSs from RA than OA patients (n=3 in each group). (D, E) Plasma HAPLN1 levels negatively correlated with the disease course (r = -0.311, p = 0.038) and showed a moderately positive correlation with RF levels (r = 0.431, p = 0.038) of RA patients. (F, G) No significant correlation between the HAPLN1 level and ESR and CRP. *p < 0.05; **P < 0.01; ***p < 0.001.



The AMP-activated protein kinase (AMPK) pathway contributes to cell viability, metabolism, and inflammation during the onset and progression of RA (21, 22). Treatment of RA-FLSs with an AMPK activator, metformin, up-regulates HAPLN1 expression (9). Therefore, changes in AMPK expression could help elucidate the functions of HAPLN1. In this study, the AMPK level in healthy people was found to be significantly higher than OA and RA patients and had a significant positive correlation with the HAPLN1 level in the plasma of RA patients (n = 48; r = 0.693, p < 0.0001) (Figure 1C). In addition, the plasma HAPLN1 level negatively correlated with the course of the arthritis disease (n = 46, r = -0.311, p = 0.038). HAPLN1 in RA patients having less than 3 years of disease activity (n = 20) was higher than that in patients having disease symptoms for more than 3 years (n = 41) (Figure 1D and Supplementary Figure S1). A moderate positive correlation between HAPLN1 and the rheumatoid factor was noted (n = 24, r = 0.431, p < 0.05) (Figure 1E). However, no correlation between the HAPLN1 level and other indexes of disease activity (such as ESR and CRP) was revealed by the data in this study (Figures 1F, G). The elevated AMPK level was consistent with our previous observations (9). It is plausible that HAPLN1 participates in AMPK-regulated metabolic pathways.



2.2 HAPLN1 Increased the Proliferation But Inhibited the Mobility of RA-FLSs

To dissect the role of HAPLN1 in determining the viability of RA-FLSs, three small interfering RNA (si-RNA HAPLN1) molecules and an over-expression plasmid vector (HAPLN1OE) were used to study the proliferation and migration ability of RA-FLSs. All of the tested siRNA molecules in this study effectively down-regulated the mRNA level of HAPLN1, while transfecting RA-FLSs with HAPLN1OE up-regulated the expression of HAPLN1 (Supplementary Figure S2). Recombinant HAPLN1 (rHAPLN1) at different concentrations was also added to RA-FLSs to study its functions.

Transfection with si-HAPLN1 did not affect the proliferation of RA-FLSs (Figure 2A and Supplementary Figure S3), though a significant increase in the apoptotic ratio of RA-FLSs was revealed by the results of our TUNEL assay (Figure 2B). The wound healing assay and the transwell assay showed an increase in the migration ability of RA-FLSs after transfection with si-HAPLN1 (Figures 2C, D), and the effect was reversed after the addition of rHAPLN1 (50 ng/ml) (Figure 2D). Conversely, after transfection with HAPLN1OE, RA-FLSs showed enhanced proliferation and a decline in the apoptotic ratio (Figures 3A, B and Supplementary Figure S4). Results of the wound healing assay showed a decrease in the level of migration exhibited by HAPLN1OE-transfected RA-FLSs (Figure 3C), whereas rHAPLN1 confirmed the effects of HAPLN1 on RA-FLSs which showed a significant increase in the proliferation activity (Figure 4A and Supplementary Figure S5) and a reduction in apoptosis, especially during the early phase (Figures 4B, C). The wound healing assay and the transwell assay demonstrated that rHAPLN1 inhibited the migration ability of RA-FLSs (Figures 4D, E). It is known that cell mobility is elevated in cancer cells as well as in activated RA-FLSs (6). However, our experiments with si-HAPLN1, HAPLN1OE, and rHAPLN1 demonstrated that HAPLN1 shows an inhibitory effect on the mobility of RA-FLSs although it could activate RA-FLS proliferation.




Figure 2 | Effects of si-HAPLN1 on RA-FLS activity. Transfection of siHAPLN1 in RA-FLSs did not significantly affect the (A) proliferation but significantly increased (B) apoptosis (magnification: 10×10) and (C, D) migration ability of RA-FLSs. Wound healing (C, magnification: 10×5) and transwell assays (D, magnification: 10×5) were used to measure the migration capacity of FLSs. Recombinant HAPLN1 (50 ng/ml) attenuated the increased migration ability induced by si-HAPLN1 in the transwell assay. *p < 0.05; **p < 0.01; ****p < 0.0001. NC, negative control is control siRNA of si-HAPLN1.






Figure 3 | Effects of HAPLN1 over-expression on RA-FLSs activity. Over-expression of HAPLN1 (HAPLN1OE) in RA-FLSs significantly increased the (A) proliferation but reduced (B) apoptosis (magnification: 10×10) and (C) migration (magnification: 10×5) of RA-FLSs. *p < 0.05; **p < 0.01. NC, negative control is control plasmid vector of HAPLN1OE.






Figure 4 | Effects of rHAPLN1 on RA-FLSs activity. (A) Treatment of RA-FLSs with rHAPLN1 significantly enhanced the (A) proliferation but reduced (B, C) apoptosis of RA-FLSs (magnification: 10×10), especially during the early phase and (D, E) migration. Wound healing (D) and transwell (E) assays were used to evaluate the migration capacity of FLSs (magnification:10×5). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.





2.3 Expression of HAPLN1 Affects the Cell Cycle, Structure Molecules and Cytokines Secretion of RA-FLSs


2.3.1 The mRNA Level of Ki-67 Was Up-Related by HAPLN1

In cancer research, Ki-67 expression can indicate the effect of a treatment on cell proliferation (23), and is proved to be able to predict the activity of RA-FLSs (24). Transfection with si-HAPLN1 decreased Ki-67 mRNA expression significantly, while transfection with HAPLN1OE increased its expression in RA-FLSs (Figures 5A, B). We also checked the expression of Cyclin D1, which is an important regulator of cell cycle, with many carcinomas being characterized by Cyclin D1 overexpression that induces uncontrolled cell proliferation (25). Changes of Cyclin D1 are not consistent with the changes observed in the MTT assay, CCK8 assay, and Ki-67 expression in the current study. It was significantly reduced by HAPLN1OE transfection (Figures 5A, B, 6C, D). It seems Cyclin D1 could not validate HAPLN1 promotes cell viability, but inhibits cell mobility function could be explained as Cyclin D1 is reported to target roles in cytoskeletal modelling, cell adhesion, and motility. Cyclin D1 loss is associated with reduced cellular migration in response to different stimuli (25).




Figure 5 | The effects of si-HAPLN1 and HAPLN1OE on RA-FLS-derived cell-cycle and structure molecules. (A) si-HAPLN1 transfection decreased Ki-67 mRNA expression significantly, (B) HAPLN1OE transfection increased Ki-67 but down-regulated Cyclin D1 expression in RA-FLSs. (C) Expression of mRNA of TGF-β, ACAN, fibronectin, and collagen II were down-regulated by si-HAPLN1 treatment in RA-FLSs, while (D) ACAN was significantly up-regulated by HAPLN1OE transfection. (E) Pearson correlation coefficient analysis showed relative mRNA levels from the si-control group, with a strong positive correlation (r = 0.66, 95%CI [0.13, 0.90], p < 0.05) between TGF-β and HAPLN1. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.






Figure 6 | The effects of si-HAPLN1 and HAPLN1OE on RA-FLS-derived cytokines. (A, B) si-HAPLN1 transfection to RA-FLSs inhibited TNF-ɑ, IL-6, MMP1, MMP3, and MMP9 mRNA and protein expression; the mRNA level of AMPK-ɑ was reduced, but AMPK-ɑ and pAMPK-ɑ were up-regulated in the protein level. Expression of Cyclin D1 seems unaffected by si-HAPLN1 transfection. (C, D) After over-expression of HAPLN1 in RA-FLSs, TNF-ɑ, IL-6, and MMP9 mRNA and protein expressions were up-regulated while AMPK-ɑ was down-regulated at the mRNA level but AMPK-ɑ and pAMPK-ɑ were up-regulated at the protein level. Cyclin D1 proved to be down-regulated in the protein level by HAPLN1OE transfection. (E) In control si-RNA-treated RA-FLSs form multiple tests, (E–G) AMPK-ɑ mRNA positively correlated with HAPLN1, TGF-β, and ACAN. (H-J) HAPLN1 mRNA shows positive correlations with fibronectin, TGF-β, and IL-6 expression. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. si-Control, negative control management of si-HAPLN1 transfection; ControlOE, negative control management of HAPLN1OE transfection.





2.3.2 Cell Structure Molecules Were Up-Regulated by HAPLN1

ACAN is a well-documented chaperone of HAPLN1, playing a significant role in regulating the ECM structure (26). mRNA of ACAN was significantly down-regulated by si-HAPLN1 while up-regulated by HAPLN1OE transfection. Other structure molecules such as TGF-β, fibronectin, and collagen II were also down-regulated by si-HAPLN1 treatment (Figures 5C, D). These targets play key roles in ECM formation, wound healing, and fibrosis in different pathological conditions. A strengthened ECM architecture is a way to restrain cancer cell progression (27). Thus, changes in these targets as led by HAPLN1 validated the role of HAPLN1 in controlling cell migration of RA-FLSs. Pearson correlation coefficient analysis was applied to analyze the relative mRNA levels from the si-control group. A strong positive correlation (r = 0.66, 95%CI [0.13, 0.90], p < 0.05) between TGF-β and HAPLN1 was observed (Figure 5E). TGF-β signaling events are known to control diverse processes and responses, such as cell proliferation, differentiation, apoptosis, and migration. Besides limited cell migration in pre-malignant cells (28), it cross-talks with multiple inflammation pathways (29).



2.3.3 Inflammatory Cytokines Were Promoted by HAPLN1

Previously we reported an increase in the expression of HAPLN1 in RA-FLSs after stimulation of the AMPK pathway (9). We further confirmed the inter-dependence of the positive correlation between HAPLN1 and AMPK by using clinical RA plasma samples as mentioned above (Figure 1B). The role of AMPK as a regulator of metabolism and inflammation is well known (30, 31). Therefore, we investigated how HAPLN1 affects RA-FLSs in the expression of AMPK-ɑ and related cytokines, such as TNF-ɑ, IL-6, and MMPs, involved in inflammation.

Transfection of si-HAPLN1 into RA-FLSs inhibited the expression of mRNAs of AMPK-ɑ, TNF-ɑ, IL-6, and MMP1, MMP3, and MMP9 (Figure 6A). Results of the automated WB assay confirmed successful silencing of HAPLN1. The expression of TNF-ɑ, MMP1, MMP3, and MMP9 was inhibited in a way similar to the expression of the corresponding mRNAs (Figure 6B). However, the expression of AMPK-ɑ and pAMPK-ɑ at the protein level, unlike its mRNA expression, was found to be up-regulated. HAPLN1OE transfection in RA-FLSs up-regulated the expression of TNF-ɑ, IL-6, and MMP9, while AMPK-ɑ was down-regulated (Figure 6C). Unlike the expression of mRNA, the expression of AMPK-ɑ and pAMPK-ɑ was also up-regulated when TNF-ɑ, IL-6, MMP1, and MMP3 showed a trend of up-regulation (Figure 6D).

To better understand the potential interactions between these molecules, we collected multiple expression data of relative mRNA levels from control groups of si-HAPLN1 (si-Control), and applied the Pearson correlation coefficient analysis. HAPLN1 levels showed a strong positive correlation with the level of AMPK-ɑ (Figure 6E), which is in accordance with its plasma levels and also with our previous findings using metformin treatment (9). AMPK-ɑ also positively correlated to TGF-β and ACAN (Figures 6F, G). Importantly, HAPLN1 levels had a positive correlation with the inflammatory cytokines such as IL-6 (Figure 6H) and the modulators of the ECM structure, including TGF-β and fibronectin (Figures 6I, J). Thus, HAPLN1 promotes the production of inflammatory cytokines, which plausibly could provide a molecular basis for its contribution to cell viability and mobility. In RA-FLSs, AMPK activation results in up-regulation of HAPLN1 levels and vice versa. Based on the effect of HAPLN1 on AMPK expression, along with the possible regulation of the HAPLN1 expression through the cAMP-PKA-(possibly, AMPK)-RUNX1/2 pathway in granulosa cells (32), we proposed that a negative feedback loop between HAPLN1 and AMPK expression exists.




2.4 Proteome and mRNA-Seq Analysis of HAPLN1 Functions in RA-FLSs

As the current molecular interaction network of HAPLN1 is barely barren, to get acquaintance with HAPLN1 functions in RA-FLSs from a more comprehensive view, proteomics and transcriptome analyses were done with rHAPLN1 treated or si-HAPLN1 transfected RA-FLSs to further investigate HAPLN1 functions in RA-FLSs.


2.4.1 Proteomics Analysis

We identified 443,973 matched spectra and 4184 quantifiable proteins in RA-FLSs from NC, si-HAPLN1, and rHAPLN1 groups (Supplementary Table S5). Principal component analysis (PCA) indicated a high level of aggregation between duplicated samples, demonstrating the quantitative reproducibility of experiments (Supplementary Figure S6). Among the identified proteins, 14 were up-regulated and 47 were down-regulated after si-HAPLN1 transfection. Besides, 101 proteins were up-regulated and 82 were down-regulated after rHAPLN1 treatment as compared to NC (Figures 7A, B). Compared to the control siRNA-treated RA-FLSs (NC group) and as shown by KEGG enrichment analysis, differentially enriched proteins (DEPs) in si-HAPLN1-treated RA-FLSs were enriched in pathways including Staphylococcus aureus infection, systemic lupus erythematous (SLE), cardiomyopathy, COVID-19, and ribosome (Figure 7C). RA-FLSs treated with rHAPLN1 were enriched in pathways including protein digestion, S. aureus infection, ECM-receptor interaction, RA, p53 signaling pathway, cholesterol metabolism, PI3K-Akt signaling pathway, JAK-STAT signaling pathway, and pathways for various cancers (Figure 7D). More specifically, through clustering analysis, the down-regulated DEPs of the si-HAPLN1 group were enriched in S. aureus infection, SLE, TNF signaling pathway, COVID-19, and ribosome. Therefore, si-HAPLN1 treatment mostly results in DEPs that participate in down-regulating proteins related to inflammation. On the other hand, in the rHAPLN1-treated RA-FLSs, the down-regulated DEPs involved are in cellular senescence, drug metabolism, p53 signaling pathway, glutathione metabolism, RA, and cytokine-cytokine receptor interactions; the up-regulated DEPs involved are in cytochrome P450, malaria, platelet activation, JAK-STAT signaling pathway, PI3K-Akt signaling pathway, PPAR signaling pathway, human papillomavirus infection, relaxin signaling pathway, chemical carcinogenesis, microRNAs in cancer, cholesterol metabolism, amoebiasis, focal adhesion, and ECM-receptor interaction (Supplementary Figure S7). Based on these results, it is clear that rHAPLN1 treatment mainly leads to pro-inflammation, activation of metabolism, and carcinogenesis. However, pathway enrichment analysis also indicated cell adhesion reinforcement that confirms our transwell and wound healing assays.




Figure 7 | Proteomic analysis of si-HAPLN1- and rHAPLN1-treated RA-FLSs. (A, B) Among the quantifiable proteins, 14 were up-regulated and 47 were down-regulated by si-HAPLN1 transfection. There were 101 proteins up-regulated, and 82 were down-regulated by rHAPLN1 treatment compared to NC. (C) KEGG enrichment analysis shows the pathways associated with DEPs of si-HAPLN1-treated RA-FLSs. (D) KEGG enrichment analysis shows the top 20 pathways associated with DEPs of rHAPLN1-treated RA-FLSs. (E) DEPs of si-HAPLN1-treated RA-FLSs enriched in the TNF signaling pathway. (F). DEPs of rHAPLN1-treated RA-FLSs enriched in the bladder cancer pathway. Targets in red blocks represent up-regulation, in green blocks represent down-regulation.



As an example, we took the TNF signaling pathway affected by si-HAPLN1 transfection for description of our proteomics results. Tumor necrosis factor receptor type 1-associated death domain protein (TRADD) and mitogen activated protein kinases (MKK3/6), known for their role in apoptosis and cell survival were found to be down-regulated (Figure 7E). In rHAPLN1-treated RA-FLSs, up-regulation of MMPs and down-regulation of CyclinD1 were observed (Figure 7F). This is in accordance with our results obtained with HAPLN1OE transfection in RA-FLSs (Figures 5B, 6C, D). An up-regulated multifunctional matrix glycoprotein thrombospondin-1 (TSP-1) together with matrix metalloproteinases (MMPs) suggest an increased level of angiogenesis, which is a classical pathology feature of pannus in RA (33). Up-regulated expression of collagen within the ECM-receptor interaction pathway (Supplementary Figure S7) is in accordance with the reduced expression of collagen II gene after transfection with si-HAPLN1 and with up-regulated expression of ACAN after transfection with HAPLN1OE (Figures 5C, D). Proteomics results indicate upregulation of the expression of collagen, laminin, and thrombospondin (Supplementary Figure S8), which are associated with cell migration (34, 35).

Notably, rHAPLN1 up-regulated DEPs within various metabolism pathways. High demands for energy and biosynthetic precursors are well known in the pathogenic nature of RA (36). CYP1B1, glutathione S-alkyltransferase (EC: 2.5.1.18), cytochrome P450 (EC: 1.14.14.1), and aldehyde dehydrogenase (EC: 1.2.1.5) were up-regulated in the metabolism of xenobiotics via the cytochrome P450 pathway (Supplementary Figure S9). These four enzymes were reported to participate in the development of various cancers (37–40). Although these targets have not been well investigated in RA, detection of a higher metabolic level, along with the up-regulated expression of pro-inflammatory DEPs, suggest the effects of rHAPLN1 on the viability of RA-FLSs.



2.4.2 mRNA Sequencing Analysis

mRNA sequencing analysis was done with rHAPLN1- or PBS-treated RA-FLSs. Principal component analysis (PCA) showed a high level of aggregation between duplicated samples, suggesting the quantitative reproducibility of experiments (Supplementary Figure S10). Among the 504 differentially expressed genes (DEGs), 439 were up-regulated with the top 6 genes being RP11-231C14.4 (an uncharacterized gene), ANKRD36, NPIPB11, NPIPB4, BRCA2, and GOLGA6L4. At the same time, 65 genes such as KRT81, PXMP2, JHDM1D-AS1, and IL33 were down-regulated (Figures 8A, B). Two DEGs (up-regulated LRP1 and down-regulated CRIP1) were in accordance with the results found in our proteome analysis (Figure 8B). Metascape pathway analysis of 439 up-regulated DEGs treated by rHAPLN1 showed main enrichment of genes in the GTPase cycle, cell cycle, and regulation of cell division (Figure 8C). KEGG analysis showed enrichment in herpes simplex virus 1 infection, hypertrophic cardiomyopathy, and others (Supplementary Figure S11). Moreover, GSEA analysis was performed to compare rHAPLN1 and PBS groups. The rHAPLN1 group was found to positively associate with the pathways of extracellular matrix structural constituents, alpha actin binding, metalloaminopeptidase activity, proteoglycan binding, focal adhesion, regulation of protein exit from endoplasmic reticulum, lipid translocation, regulation of androgen receptor signaling pathway, retrograde axonal transport, dendritic spine development, peptide cross linking, and insulin-like growth factor receptor signaling pathway (Supplementary Figure S12). Although only 2 overlapping targets were identified in our proteomics study, these enriched functional pathways were in accordance with proteomics analysis and could potentially explain the effects of HAPLN1 on the proliferation, migration, and apoptosis of RA-FLSs.




Figure 8 | Transcriptome analysis of rHAPLN1-treated RA-FLSs. (A) Among the 504 DEGs detected, 439 were up-regulated and 65 were down-regulated. (B) Two DEGs detected (up-regulated LRP1 and down-regulated CRIP1) were in accordance with the proteomic studies. (C) Metascape analysis of DEGs demonstrated an enrichment of various pathways including replication fork processing, GTPase cycle, cell cycle, and cell division.







3 Discussion

HAPLN1, discovered 50 years ago, has a wide range of physiological effects with an important contribution to cartilage formation and homeostasis as well as to the regulation of the development of the central nervous system (41). Besides HAPLN1, the HAPLN family includes paralogs of HAPLN2, HAPLN3, and HAPLN4, all of which related pathways are Phospholipase-C Pathway and Integrin Pathway. Annotations related to these genes include extracellular matrix structural constituent and hyaluronic acid binding. They constitute a HAPLN family (42, 43). HAPLN1 interacts with the globular domains of hyaluronic acid and proteoglycans, such as aggrecan, versican, and α-trypsin inhibitor in the ECM, to form a stable ternary complex and contributes to the compression resistance and shock absorption of the joints (44). During the process of chondrogenesis and differentiation of human mesenchymal stem cells (hMSCs), HAPLN1 expression reached its peak level between 6 and 12 days (45). Perinatal mice with inactivated HAPLN1 developed lethal achondroplasia, with their extremities and vertebral cartilage lacking proteoglycan deposition and having a reduced number of hypertrophic chondrocytes (46). In addition, HAPLN1 was shown to have the properties of an oncogene contributing to an increased susceptibility to lung cancer (47), aggressiveness of hepatocellular carcinomas (48), and drug resistance to multiple myeloma (49).

We have reported HAPLN1 as one of the most obviously up-regulated DEGs in RA-FLSs and upon activation of AMPK by metformin HAPLN1 secretion has increased in RA-FLSs (9). Based on AMPK functions and the use of metformin in RA, we hypothesized that an increase in the levels of HAPLN1 in RA-FLSs could help protect the joints (9). In this study, we demonstrated an increase in HAPLN1 expression in the synovium and plasma samples from RA patients. Over-expression of HAPLN1 with a plasmid vector or treatment with rHAPLN1 increased the proliferation but decreased apoptosis of RA-FLSs. Although si-HAPLN1 transfection did not show any effect on proliferation, it induced apoptosis of RA-FLSs significantly. So, HAPLN1 seems to be an oncogenic gene, and it could activate the viability of RA-FLSs.

Apart from hyaluronic acid and proteoglycans, interactions between HAPLN1 and other molecules have been investigated. For example, TNF-ɑ-activated mitogen-activated kinase (MEK) in chondrocytes regulates the expression of HAPLN1, and controls the catabolism and anabolism of the extracellular matrix of chondrocytes (50). In multiple myeloma cells, HAPLN1 can activate the NF-ƙB pathway to acquire resistance to bortezomib (49). In granulosa cells, HAPLN1 can potentially promote the PKA-RUNX1/RUNX2 pathway (9, 32). In this study, upon silencing HAPLN1, pro-inflammatory factors such as TNF-ɑ, MMPs, and IL-6 as well as structure-related molecules such as TGF-β, fibronectin, and ACAN were down-regulated. Conversely, HAPLN1OE-treated RA-FLSs showed up-regulation of TNF-ɑ, MMPs, IL-6, and ACAN expression. In untreated RA-FLSs, the relative mRNA expression of HAPLN1 was positively associated with that of TGF-β and IL-6. The Ki-67 has been widely used as a proliferation marker for most human tumor cells (51). Its expression was decreased after si-HAPLN1 transfection but increased after HAPLN1OE treatment. Based on these findings and the current knowledge, HAPLN1 is expected to be able to promote pro-inflammatory secretory phenotypes and to contribute to the regulation of structural molecules in cells.

AMPK and its related pathway have been broadly investigated with participation in glucose metabolism and inflammation reaction, generally in an inhibitory way (31), specifically, inflammatory cytokines such as TNF-ɑ, IL-6, IL-17, NF-ƙB, and MMPs are directly or indirectly inhibited (52, 53). Relative mRNA expression of AMPK-ɑ and HAPLN1 in untreated RA-FLSs showed a positive correlation, which is consistent with the observation made on plasma samples from RA patients. Thus, in this study, we intended to examine whether AMPK is affected by HAPLN1 expression to clarify its effect on inflammation. However, both si-HAPLN1- and HAPLN1OE-treated RA-FLSs down-regulated AMPK-ɑ expression at the mRNA level, but not the protein level, of pAMPK-ɑ. This suggests the presence of a complex feedback circle between AMPK-ɑ and HAPLN1. AMPK and its phosphorylation levels are recognized to be especially vulnerable to variations in the metabolism status such as the AMP/ATP ratio (54). Based on our omics study, we proposed that HAPLN1 turns cells into a more hyperactive and hypermetabolism status. So, after silencing HAPLN1, a lower metabolic status of higher AMP/ATP ratio results in an increased level of pAMPK-ɑ. However, a higher metabolic status accompanied by inflammation lowered the AMP/ATP ratio as represented by up-regulated pAMPK-ɑ. Such a hypothesis needs further experimental validation.

Furthermore, Cyclin D1 is involved in the regulation of cell proliferation during the G1 phase of the cell cycle. Given the frequent over-expression of Cyclin D1 in cancer cells, its expression appears to be closely linked with carcinogenesis (55). Cyclin D1 has a central role in mediating invasion and metastasis of cancer cells by controlling Rho/ROCK signaling and matrix deposition of thrombospondin-1 (56). We designed to check this target to verify possible promotion of cell viability by HAPLN1. In this study, however, the mRNA expression levels of Cyclin D1 in RA-FLSs was significantly decreased by HAPLN1OE treatment, which might possibly explain its inhibitory ability on RA-FLS migration. There is a dilemma in clarifying the role of HAPLN1 in RA-FLSs viability by functional studies in the cancer research field because an increased level of HAPLN1 seems to be associated with a higher degree of aggressiveness, leading to stemness of various cancers (47, 48, 57) while achieving robust ECM restrictions on metastasis of cancer cells (19, 20).

Proteomic and mRNA-seq results showed the function of HAPLN1 in RA-FLSs from a holistic view. With highly significant changes observed in the expression of DEPs and DEGs, it is plausible to consider the involvement of HAPLN in a complex network of signaling pathways. Proteomic analysis suggested si-HAPLN1-transfected RA-FLSs were enriched in pro-inflammatory pathways with down-regulated DEPs. It is not strange that the mRNA level and the protein level seem to have a low correlation, as the multi-step process of gene expression involves transcription, translocation, and turnover of mRNAs and proteins (58). Although only 2 targets overlapped with proteomic and transcriptional studies with rHAPLN1-treated RA-FLSs, the omics study reflected activation of inflammation, proliferation, an increase in cell adhesion, and strengthening of ECM functions. These findings were confirmed by the molecular network consisting of MMPs, IL-6, Ki-67, TGF-β, and cyclin D1 as shown by qPCR and Western blot analysis. Genes such as ANKRD36 (59), BRCA2 (60), and GOLGA6L4 (61), which were most up-regulated upon rHAPLN1 treatment, were all reported as oncogenic targets. In consistence with the reported close relation between HAPLN1 and AMPK levels, HAPLN1 seems to be involved in the metabolism of RA-FLSs. Spontaneously resolving joint inflammation in RA was reported to be dependent on the metabolic agility of FLS (62), and increased levels of SUMOylation links metabolic and aggressive phenotype of RA-FLSs (63). Therefore, altering metabolic changes might be a key to developing joint-protective strategies in RA-FLSs (64) and more research is required to decipher the complex network of HAPLN1 functions contributing to the altered metabolic status of RA-FLSs.

In conclusion, HAPLN1 accelerates proliferation and reduces apoptosis of RA-FLSs to form a pathological pannus, mimicking the aggressive feature of cancer cells. Based on physiological development and oncology studies, HAPLN1 seems to be an oncogene but having an opposing feature on cell adhesion and inhibition of migration. By combining biological experiments and the observations made from proteomics and mRNA sequencing analysis, our results suggest HAPLN1 as a pathogenic factor in RA. Future in-depth studies, especially those related to animal experiments, are mandatory for better understanding of the role of HAPLN1 in RA.



4 Material and Methods


4.1 Patients’ Characteristics and Samples

We used blood samples from 61 RA and 20 OA patients and 12 age- and gender-matched healthy controls (HC) for measuring HAPLN1 levels by ELISA. The mean disease course of RA patients was 6.39 years (ranging from 0.2 to 30.0 years). Synovium samples were collected by arthroscopic surgery done with 20 RA and 17 OA patients and used for immunohistochemical (IHC) staining of HAPLN1. The inclusion and exclusion criteria and general information such as age, gender, disease activity, and disease course reported earlier (9) are summarized in Supplementary Tables S1, 2.



4.2 Enzyme Linked Immunosorbent Assay (ELISA)

Blood samples of HC, OA, and RA patients were centrifuged after standing at room temperature for 2 h, at 1500 g for 10 min to collect the plasma. The HAPLN1 levels were detected by ELISA (RayBiotech, US). Plasma AMPK levels in RA patients were also evaluated by ELISA according to the manufacturer’s protocol (Jianglaibio, China). The SuPerMax 3000FA absorbance microplate reader (Flash Co. Ltd., China) was used to read the optical density (OD) values at 450 nm and concentrations of specific proteins were calculated based on the standard curve.



4.3 Immunohistochemical (IHC) Staining for HAPLN1

Synovium samples collected from 20 RA and 17 OA patients for IHC staining of HAPLN1 were prepared as reported earlier (9). Rabbit monoclonal anti-HAPLN1 antibody (Abcam, US) was added as the primary antibody (1:50) and incubated for 2 h at 37°C. Biotin-conjugated goat anti-rabbit antibodies (ZSGB-Bio, China), streptavidin-peroxidase conjugate, and diaminobenzidine were used as the detecting system. IHC-stained sections were semi-quantified under a microscope. The staining intensity was counted as none (0 points), weak positive (1+), moderate positive (2+), and strong positive (3+). The percentage of positive cells was obtained to calculate the H-Score. The range of H score for each slice was between 0 and 300. The formula of the H-Score is as follows (65):

	



4.4 Isolation and Culture of RA-FLSs

Primary RA-FLSs were acquired from 3 untreated RA patients. Isolation and culture of RA-FLSs were reported as before (9). Briefly, FLSs were isolated by enzyme digestion and subsequently cultured in Dulbecco’s modified essential medium (DMEM) containing 10% fetal bovine serum (FBS, Invitrogen) and antibiotics (penicillin and streptomycin) at 37°C with 5% CO2. Cells cultured between passages 4 and 9 were used in this study.



4.5 Small Interfering RNA (siRNA) HAPLN1 Preparation and Transfection

RA-FLSs at 60-70% confluency were transfected with siRNAs (Ribobio Company, China) at 50 nM with Lipofectamine™ 3000 reagent (Invitrogen, US). The following siRNA sequences were used: control siRNA (confidential sequence information) and 3 siRNAs of HAPLN1, si-1 (5’-AGGGTAGAGTGTTTCTGAA-3’), si-2 (5’-CCTGGAAAATTCTCGGATA), and si-3 (5’-ACCTCACTCTGGAAGATTA-3’). The three siRNAs effectively silenced HAPLN1 expression (Supplementary Figure S2A), and si-1 was selected randomly and used in subsequent studies. The negative control (NC) group denoted control siRNA transfection of RA-FLSs in the experiment.



4.6HAPLN1 Over-Expression Vector Preparation and Transfection

For HAPLN1OE RA-FLSs experiments, HAPLN1 over-expression plasmid and its control were constructed and packaged by Ubigene Biosciences (Guangzhou, China). The stbl3 strain plasmid cytomegalovirus vector-infected cells were cultured in LB medium (QDRS Biotec, China) with 100 g/ml of ampicillin under 37°C, 225 rpm for 24 h. The HAPLN1OE plasmid vector and its negative control (NC) were then isolated with the Genopure Plasmid Maxi Kit (Roche, US). RA-FLS at 60-70% confluency was transfected with HAPLN1OE vector or its negative control with Lipofectamine™ 3000 reagent (Invitrogen). The effects of HAPLN1OE plasmid vector are shown in Supplementary Figure S2B.



4.7 MTT Assay

MTT assay was used to ascertain FLSs viability transfected with si-HAPLN1, HAPLN1OE, or their corresponding NC, or treated with rHAPLN1 (recombinant human HAPLN1 protein, Abcam, US) at different concentrations (0, 25, and 50 ng/ml). FLSs samples (si-HAPLN1 vs. its negative control, HAPLN1OE vs. its negative control, or treated with different concentrations of rHAPLN1) digested using 0.25% pancreatin were transferred to 96-well plates with 3-5 × 103 cells/well. At different time points (24, 48, and 72 h), the viability of the cells was measured using the MTT assay kit (Abcam).



4.8 CCK-8 Assay

Cell viability after transfection with si-HAPLN1, HAPLN1OE, or their respective controls, or treated with different concentrations of rHAPLN1, was determined using the Cell Counting Kit-8 (CCK-8, Molecular Technology, Japan) assay.



4.9 TUNEL Assay

RA-FLSs transfected with si-HAPLN1, HAPLN1OE, or their corresponding controls, or treated with rHAPLN1 (0 or 50 ng/ml), were digested and transferred to 6-well plates with 2-3 × 105 cells/well, cultured for 48 h, and stained by the One Step TUNEL Apoptosis Assay Kit (Beyotime, China). The apoptosis rate was calculated under a fluorescence microscope (Leica, Germany) with the excitation wavelength at 550 nm (Cy3) and the emission wavelength at 570 nm (red fluorescence).



4.10 Flow Cytometry for FLSs Apoptosis

FLSs apoptosis treated with rHAPLN1 was measured using the Annexin V-FITC/PI Cell Apoptosis Detection Kit (Vazyme, China) by flow cytometry. After treatment of FLSs with rHAPLN1 (0 or 50 ng/ml) for 48 h in 6-well plates, the cells were collected (3×105/well), washed twice with PBS, re-suspended in 500 µl 1 × binding buffer, mixed with Annexin-V-fluorescein isothiocyanate (FITC, 5 µl) and propidium iodide (PI, 5 µl), and analyzed using a flow cytometer (BD FACSCantoTM II, US). The scatter diagram was distributed as follows: Q3, healthy cells (FITC-/PI-); Q2, apoptotic cells at an advanced stage (FITC+/PI+); and Q4, apoptotic cells at an early stage (FITC+/PI-). The apoptosis rate was calculated as a ratio of apoptotic cells in P2 (Q4 + Q2).



4.11 Wound Healing Assay

Wound healing assay was conducted to evaluate the migration capacity of FLSs transfected either with si-HAPLN1, HAPLN1OE, or their corresponding controls, or treated with different concentrations (0, 25, and 50 ng/ml) of rHAPLN1. FLS samples (si-HAPLN1 vs. its negative control, HAPLN1OE vs. its negative control, or treated with different concentrations of rHAPLN1) were transferred to 6-well plates with 3 × 105 cells/well and cultured with serum free-RPMI 1640 medium. At different time points, the migrating ability of the cells was measured by using the wound healing assay as previously reported (9).



4.12 Transwell Assay

Transwell assay was performed to evaluate the migration capacity of FLSs transfected with si-HAPLN1, HAPLN1OE, or their respective controls, or treated with rHAPLN1. FLSs in each set of experiments were re-suspended after culturing for 24 h. Transwell assay was conducted as previously described (9).



4.13 Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Total RNA from FLSs transfected with si-HAPLN1, HAPLN1OE, or their respective controls, or treated with rHAPLN1, was prepared using TRIzol® Reagent (Thermo Scientific, US) and quantified using Qubit (Thermofisher, US). RNA was reverse transcribed into cDNA using PrimeScript™ RT Master Mix (Takara, Japan). The reaction mixture contained 5 ml of 2 × TB Green Premix Ex Taq II (Takara, Japan), 3 ml of nuclease-free water, 1 ml of cDNA, 0.4 ml of each gene-specific primer, and 0.2 l of ROX reference dye. The qRT-PCR analysis was performed using the Applied Biosystems ViiA™ 7 Real-Time PCR System (Thermofisher, US). Each value represented an average from three independent biological replicates. GAPDH gene expression was used for data standardization. The fold change was calculated using the 2-ΔΔCt method. Primers of GAPDH, AMPK-ɑ, TNF-ɑ, IL-6, TGF-β, ACAN, fibronectin, collagen II, MMP1, MMP3, MMP9, Cyclin-D1, and Ki-67 are given in Supplementary Table S3.



4.14 Automated Western Blot Analysis

Total proteins from FLSs transfected with si-HAPLN1, HAPLN1OE, or their respective controls for 48 h were extracted with Cell Lysis Buffer (Cell Signaling, US). Their concentration was measured using the BCA Protein Assay Kit (Merck, US). Relative changes in HAPLN1, pAMPK-α, IL-6, TNF-α, MMP1, MMP3, and MMP9 protein levels were determined. Expression of β-tubulin was selected as an internal reference. Capillary electrophoresis and Western blot analysis were carried out using reagents provided in the kit in accordance to the instructions provided by the user manual (ProteinSimple WES, US) as previously reported (9). Rabbit anti-HAPLN1 antibody (Abcam, US), rabbit anti-TNF-α, AMPK-α, pAMPK-α, MMP-1, MMP-3, IL-6, Cyclin D1, and β-tubulin specific mAbs (Cell Signaling, US) were used (1:100). Goat anti-rabbit secondary antibodies were provided by the ProteinSimple WES kit and applied as instructed. Data were analyzed using an in-built Compass software SW 4.0. The truncated and full-length target protein intensities (area under the curve) were normalized to that of the tubulin peak. In most of the figures, electropherograms were represented as pseudo-blots, generated using Compass software.



4.15 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0 software. All the data were given as mean ± SD. Differences between two groups were evaluated for statistical significance using Student’s t-test. One-way ANOVA with Tukey’s multiple comparisons test was used to evaluate the differences among three or more groups. Correlations were evaluated using Liner regression and correlation test. p < 0.05 was considered statistically significant.



4.16 Proteomics Analysis

Label-free proteomics study was applied to FLSs transfected with si-HAPLN1 or treated with rHAPLN1 (50 ng/ml) and their controls for 48 h (management of each group is given in Supplementary Table S4) by PTMBiolabs, Inc. (Hangzhou, China). Each concentration was tested with 3 biological replicates. Cell samples were processed as reported earlier (66). LC−MS/MS proteomics analysis was performed on an EASY-nLC 1000 ultra-performance liquid chromatography (UPLC) system, followed by MS/MS using Q Exactive Plus (ThermoFisher Scientific, US) coupled online to the UPLC system. The MS/MS data were retrieved by the Maxquant search engine (v1.6.6.0). A human database was searched (Swiss-Prot). The decoy database anti-library was used to reduce the false positive rate (FDR). The FDR was adjusted to < 1%, and the minimum score for modified peptides was set > 40. Proteins with a fold-change ≥1.50 or ≤0.67 between si-HAPLN1, rHAPLN1, and their controls were considered as expression significant. Based on the protein sequence alignment method, the protein domain functions were defined by InterProScan (http://www.ebi.ac.uk/interpro/). Functional annotation enrichment of DEPs was performed by KEGG analysis. The enrichment significance was identified as p < 0.05 in the Fisher’s exact test and q < 0.05 in the Benjamini-Hochberg procedure.



4.17 High-Throughput mRNA Sequencing Analysis

High-throughput RNA sequencing was performed using FLSs after treatment with rHAPLN1 (0 and 50 ng/ml) for 48 h. Each concentration was tested three times. RNA-seq analysis was performed by Seqhealth Technology Co., Ltd (Wuhan, China). Total RNA (2 g) was used for stranded RNA sequencing library preparation using KCTM Stranded mRNA Library Prep Kit for Illumina® (Seqhealth Co., Ltd. China). PCR products corresponding to 200-500 bps were enriched, quantified, and sequenced with Novaseq 6000 sequencer (Illumina), PE150 model. Raw sequencing data were first filtered by Trimmomatic (v. 0.36). Low-quality reads were discarded. The reads contaminated with adaptor sequences were trimmed. Clean data were mapped to the human reference genome from UCSC (https://genome.ucsc.edu/) using STRA software (v. 2.5.3a) with default parameters. Reads mapped to the exon regions of each gene were counted by feature Counts (Subread-1.5.1; Bioconductor) and then RPKMs were calculated. DEGs between groups were identified using the edgeR package (v. 3.12.1) in R studio software (version 3.6). A p-value cut-off of 0.05 and fold-change cut-off of 2.0 were used to judge the statistical significance of gene expression differences. The volcano plot was drawn with the ggplot2 package in R studio. Heatmaps of pathway enrichment analysis of DEGs were generated using Metascape (http://metascape.org) and a P-value less than 0.05 was statistically significant. KEGG enrichment analysis for DEGs was performed using KOBAS software (v. 2.1.1) with a p-value cut-off of 0.05. To compare transcriptome characteristics of rHAPLN1 with PBS groups, GSEA software (version 4.0.0) was used. Annotated pathway files (c5.go.bp.v7.4.symbols.gmt) were downloaded in the MSigDB database (http://www.gsea-msigdb.org/gsea/msigdb/collections.jsp). Pathways with a P-value less than 0.05 and false discovery rate (FDR) less than 0.2 were significantly enriched.
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Tim Autoimmune Conclusion Ref

disease
Tim-1 MS Tim-17- B cell mice developed more severe EAE. Transfer of Tim-1* B cells reduced the severity of EAE in mice. (28)
RA A polymorphism in the Tim-1 gene was related to RA in a Chinese Hui population, and a polymorphism of the Tim-1 (52,
promoter region may be related to the susceptibility to RA in Korean populations. 53)
SLE Tim-1 expression in PBMCs was increased in patients with SLE compared with healthy controls and was positively (54)
correlated with IL-10 expression.
TiD The numbers of Tim-1* Tregs and Tim-4* Tregs in patients with T1D and NOD mice were significantly reduced. (55)
Tim-3 MS Tim-3 expression in PBMCs from patients with MS helped predict the prognosis of the disease. Higher Tim-3 expression (56)
was associated with a better prognosis than lower Tim-3 expression.
RA Increased expression of Tim-3 in peripheral blood T cells from patients with RA was negatively correlated with the DAS28  (57)
and plasma TNF-o levels.
SLE The expression of Tim-3 and Gal-9 in T cells was increased in patients with SLE compared with healthy controls. (68)
TiD In mice treated with a Gal-9 plasmid, inflammation of the pancreatic islets was reduced, and the number of Th1 cells was  (59)
significantly reduced.
Tim-4 MS Tim-4 has been shown to play a critical role in the T cell-mediated immune response. (14,
60)
RA Increased expression of Tim-3 in peripheral blood T cells from patients with RA was negatively correlated with the DAS28  (61)
and plasma TNF-o. levels.
SLE The Tim-4 mRNA was expressed at significantly higher levels in PBMCs from patients with SLE than in PBMCs from (62)

healthy controls and was positively correlated with Tim-1 mRNA and serum TNF-o. levels.
TiD The numbers of Tim-1* Tregs and Tim-4* Tregs in patients with T1D and NOD mice were significantly reduced. (55)
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Leukocyte Integrin name Ligands (most important)
eosinophils CD11a/CD18 (alB2) ICAM-1, -2, -3, -6
CD11b/CD18 (aMP2) (9) iC3b (11), fibrinogen, heparin, many others (40+)
CD11d/CD18 (DB2) ICAM-3, VCAM-1
4Bl (VLA-4) VCAM-1, fibronectin
BB (10) Laminin
o047 (10) MAJCAM-1, fibronectin
basophils CD11a/CD18 (aLp2) ICAM-1, -2, -3, -6
CD11b/CD18 (aMB2) (9) iC8b (11), fibrinogen, heparin, many others (40+)
CD11d/CD18 (DB2) ICAM-3, VCAM-1
B1(12)
o4t (12) VCAM-1, fibronectin
51 (12) Fibronectin
B3 (12)
B4 (12)
neutrophils CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
CD11b/CD18 (eMPB2) iC3b (11), fibrinogen, heparin, many others (40+)
CD11d/CD18 (DB2) ICAM-3, VCAM-1
02B1 (induced expression) (13) Collagen, laminin (13)
3B (induced expression) (13) Collagen, laminin, fibronectin, tenascin (13)/RGD
41 (induced expression) (13) VCAM-1, fibronectin, expression decreases during maturation
(14)
a5B1 (induced expression) (13) Fibronectin
aBB1 (induced expression) (13) Laminin
9B (induced expression) (13) VCAM-1, tenascin
VB3 (13) Arg-Gly-Asp (RGD) (15)
monocytes CD11a/CD18 (aLB2) ICAM-1, -2, -3, -5
CD11b/CD18 (aMB2) iC3b (11), fibrinogen, heparin, many others (40+)
CD11¢/CD18 (0XB2) iC3b (11), fibrinogen, heparin, many others
CD11d/CD18 (0DB2) ICAM-3, VCAM-1 (16)
[zl VCAM-1, fibronectin
a4p7 MAJCAM-1, fibronectin
olpl Collagen
o2p1 Collagen
ab5B1 Fibronectin
oBp1 Laminin
macrophages CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
CD11b/CD18 (eMpB2) iC3b (11), fibrinogen, heparin, many others (40+)
CD11¢/CD18 (0XB2) iC3b (11), fibrinogen, heparin, many others
CD11d/CD18 (DB2) ICAM-3, VCAM-1 (16)
VB3 (7) RGD (15)
dendritic cells CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
CD11b/CD18 (aMp2) iC3b (11), fibrinogen, heparin, many others (40+)
CD11¢/CD18 (0XB2) iC3b (11), fibrinogen, heparin, many others
CD11d/CD18 (aDB2) (17) ICAM-3, VCAM-1 (16)
o4p1 (18) * VCAM-1, fibronectin
obp1 (18) * Fibronectin
oVB1 (18)* Vitronectin (15)
aVB3 (18) * RGD (15)
o4p7 (18) * MAACAM-1, fibronectin
*subunit expression via FC
lymphocytes (general) CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
o4t VCAM-1, fibronectin
odp7 MAJCAM-1, fibronectin
natural killer cells CD11a/CD18 (alB2) ICAM-1, -2, -3, -5

CD11b/CD18 (aMB2)
CD11c/CD18 (aXB2)

iC3b (11), fibrinogen, heparin, many others (40+)
iC3b (11), fibrinogen, heparin, many others

o4p7 MAACAM-1, fibronectin
o4l VCAM-1, fibronectin

B-cells CD11a/CD18 (alp2) ICAM-1, -2, -3, -5
o4p1 VCAM-1, fibronectin
o4p7 MAdCAM-1, fibronectin
olpl Collagen
o2B1 Collagen

T-cells CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
o4p1 VCAM-1, fibronectin
o4p7 MAACAM-1, fibronectin
5Bt Fibronectin
obp1 Laminin

small fraction circulating T- CD11a/CD18 (aLB2) ICAM-1, -2, -3, -5

cells CD11d/CD18 (0DB2) ICAM-3, VCAM-1 (16)
o4p1 VCAM-1, fibronectin
o4p7 MAdCAM-1, fibronectin
o5B1 Fibronectin
o6p1 Laminin

intra-epithelial CD11a/CD18 (0LB2) ICAM-1, -2, -3, -5

T-cells 4B VCAM-1, fibronectin
04p7 MAJCAM-1, fibronectin
oER7 E-cadherin

long-term activated T-cells CD11a/CD18 (aLB2) ICAM-1, -2, -3, -5
o4p1 VCAM-1, fibronectin
o4p7 MAJCAM-1, fibronectin
[l Collagen
o2B1 Collagen

mast cells CD11a/CD18 (alB2) ICAM-1, -2, -3, -5
CD11b/CD18 (aMB2) (19) iC3b (11), fibrinogen, heparin, many others (40+)
4B (20) VCAM-1, fibronectin
a4B7 (21) MAdCAM-1, fibronectin
aVp6 (22) tenascin, fibronectin (23)
a2pB3 (24) fibrinogen

microglia CD11a/CD18 (alB2) ICAM-1, -2, -3, -5

CD11b/CD18 (aMB2) (25)
CD11c * (26)
CD11d * (26)
o1 subunit * (26)
a2 subunit * (26)
2b subunit * (26)
o3 subunit * (26)
a5 subunit * (26)
B subunit * (26;
o7 subunit * (26;
o8 subunit * (26)
a9 subunit * (26)
o1 subunit * (26)
B1 subunit * (26)
B3 subunit * (26)
B4 subunit * (26)
(
(

)
)
)
)

B5 subunit * (26)
B7 subunit * (26)
B8 subunit * (26)

)
)
)
)

*subunit expression via RNA-sequencing, positive glia-brain_log fold

change

iC3b (11), fibrinogen, heparin, many others (40+)
iC3b (11), fibrinogen, heparin, many others
ICAM-3, VCAM-1 (273)

Integrins expressed by leukocytes and their ligands sorted by leukocyte type.
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MPA (n = 44) GPA (n =4) p-value

Women (n (%)) 34 (77) 3(75) 0.661
Age at diagnosis (years) 11(0.8-18) 12 (4.8-17) 0.614
Time from onset to diagnosis (median (months)) 1(0.1-72) 0.875 (0.25-1) 0.586
Renal features

Serum creatinine (umol/L) 317.29 £ 290.11 145.50 + 131.51 0.25
24 h urine protein (mg/24 h) 1,610.97 + 1,437.23 2,125.90 + 3,438.13 0.589
Nephrotic-range proteinuria (n (%))

Hypertension (n (%)) 24 (55) 1(25) 0.338
eGFR level (n (%)) 0.802
eGFR >90 (m/min/1.73 m?) 9 (20) 2 (50)

©GFR = 60-90 (ml/min/1.73 m?) 3(7) 0(0)

©GFR = 30-60 (ml/min/1.73 m?) 14 (32) 0(0)

€GFR = 15-30 (ml/min/1.73 m?) 11 (25) 1(25)

eGFR <15 (m/min/1.73 m?) 7(16) 1(25)

Respiratory system (n (%))

Pulmonary hemorrhage 7 (16) 3(75) 0.025
Pulmonary nodules 0(0) 1(25) 0.085
Eye involvement (n (%)) 12 0(0) 1.000
ENT involvement (n (%)) 0(0) 1(25) 0.083
Neural involvement (n (%)) 12 0(0) 1.000
PVAS scores 12,61+ 4.45 12.50 + 6.40 0.962
C3 (g/L) 0.91 £0.27 0.85 +0.20 0.703
C4 (g/L) 0.22 + 0.08 0.18 £ 0.04 0.399
ESR (mm/h) 65+ 41 14+ 11 0.007
ANCA (IF) (n (%)) 0.039
Negative 7 (16) 1(25)

C-ANCA 409 2 (50)

P-ANCA 33 (75) 1(25)

ANCA (ELISA) (n (%)) 0.068
Negative 10 (23) 1(25)

MPO-ANCA 30 (68) 1(25)

PR3-MPO 4(9) 2 (50)

Kidney histopathology (n (%)) (Total calculated as the patients with renal biopsy) 1.000
Focal 3(10) 000

Crescentic 20 (65) 2 (100)

Sclerotic 6 (19) 0(0)

Mixed 2(6) 0(0)

Treatment (n (%)) 0.031
Glucocorticoids 9(21) 2 (50)

Glucocorticoids+CYC 20 (45) 0(0)
Glucocorticoids+CYC+PE 10 (23) 0(0)
Glucocorticoids+CYC+PE+RTX 5(11) 2 (50)

PVAS, Pediatric Vasculitis Activity Score; IF, immunofluorescence; CYC, cyclophosphamides; PE, plasma exchange; RTX, rituximab.
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Factors Univariate analysis Multivariate analysis
p-value OR 95% ClI p-value OR 95% CI

Women 0.767 0.869 0.344-2.196 0.879 1.004 0.344-3.484
Age >11 0.367 0.690 0.309-1.544 0.568 1.344 0.487-3.711
Hypertension <0.001 9.675 3.208-29.18 0.001 13.12 2.995-57.45
Nephrotic proteinuria 0.028 2.596 1.107-6.086 1.000 1.000 0.350-2.856
eGFR <60 ml/min/1.73 m? 0.012 6.374 1.493-27.21 0.018 9.597 1.625-56.67
PVAS score >11 0.004 8.5693 1.999-36.93 0.598 1.640 0.261-10.33
PE 0.772 0.884 0.383-2.040 0.910 0.974 0.373-2.409

PVAS, Pediatric Vasculitis Activity Score; PE, plasma exchange; RTX, rituximab.
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Women (n, %)

Age >11

Serum creatinine (umol/L)

24 h urine protein (mg/24 h)
PVAS score

Hypertension (n, %)

eGFR level (n, %)

€GFR >90 (m/min/1.73 m?)
eGFR = 60-90 (m/min/1.73 m?)
eGFR = 30-60 (mi/min/1.73 m?)
eGFR = 15-30 (m/min/1.73 m?)
eGFR <15 (ml/min/1.73 m?)
Treatment (n, %)
Glucocorticoids+CTX
Glucocorticoids+CTX+PE
Glucocorticoids+CTX+RTX
Remission at 6-month (n, %)
Complete remission

Partial remission

Nonremission

PVAS, Pediatric Vasculitis Activity Score; CYC, cyclophosphamides; PE, plasma exchange; RTX, rituximab.

eGFR >90 ml/min/1.73 m?

6(75)
12+2.8
159.2+140.4
1,370.2+1,706
11.5+4.8
4 (50%)

3(37.5%)
1(12.5)
3(37.5)
1(12.5)

0(0)

7(87.5)
1(12.5)
0(0)

2 (25)
6(75)
000

eGFR <15 mI/min/1.73 m?

7(78)
8.6+2.7
5562.2+257.1
2,332.7;+2,335.1
18142
5 (56)

0)
)
0)
7(78)
2(22)

coo
\IA’a

5 (55.6)
3(33.3)
1(11.1)

000
1(11.1)
8(88.9)

p-value

1.000
0.022
0.002
0.353
0.159
0.614
0.001

0.424

<0.001
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Women (n (%))
Age at onset (years)
Time from onset to biopsy
Clinical type

MPA (n (%))

GPA (n (%))
ANCA (IF) (n (%))

Negative

C-ANCA

P-ANCA

ANCA (ELISA) (n (%))
Negative

MPO

PR3

eGFR level (n (%))

eGFR >90

eGFR = 60-90

eGFR =30-60

eGFR = 15-30

eGFR <15

Serum creatinine (umol/L)
24h urine protein (mg/24h)
ESR (mm/H)

C3 (g/L)

C4 (g/L)

PVAS

Treatment (n (%))
Glucocorticoids
Glucocorticoids+CTX
Glucocorticoids+CTX+PE
Glucocorticoids+CTX+PE+RTX

PVAS, Pediatric Vasculitis Activity Score; IF, immunofiuorescence; CYC, cyclophosphamides; PE, plasma exchange; RTX, rituximab.

Focal (N = 3)

2(67)
11.67 £1.15
0.5 (0.1-6)

3 (100)

55+32.5
1,040 + 650.5
745+417
0.93 + 0.46
0.23 £ 0.11
M+14

0(0)
0(0)

Crescentic (N = 22)

16 (73)
9.99 +3.31
1(0.1-6)

20 (91)
2(9)

4(18)
3(14)
15 (68)

6 (27)
13 (59)
3(14)

3 (14)
1(6)
6(27)
10 (45)
29
327.5 + 266.6
1,642.3 +1,870.7
67.6 +49.8
093+0.28
021+0.76
13039

1(6)
12 (55)
4(18)
5 (29)

Sclerotic (N = 6)

6 (100)
10.78 £1.65
0.5 (0.1-3)

6(100)
000

00
000
6(100)

0(0)
6 (100)
0(0)

00
1(17)
3 (50)
00
2(33)
396.2 + 389.5
2,502.1 + 1,158.9
755+ 41.6
0.95+0.18
0.33+0.14
13582

00
2(33)
2(33)
2(33)

Mixed (N = 2)

0(0)
10.15 +4.03
36.1(0.25-72)

2
0

on

2
0
0

1 (50)
000
1 (50)
0(0)
00
132 + 162.7
3,384.9 + 3,014
68 + 69.3
057 £0.13
0.1 £0.02
1342

1 (50)
000
1 (50)
00

p-value

0.055
0.799
0.701
1.000

0.128

0.162

0.022

0.406
0.412
0.986
0.395
0.068
0.876
0.217
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Complete remission (N = 8) Partial remission (N = 19) Nonremission (N = 21) p-value

Women (n (%)) 7(87.5) 14 (73.7) 16 (76.2) 0.816

Age at diagnosis (years) 12 (2.3-17) 11 (2.5-18) 11 (8-16) 0.222

Time from onset to diagnosis (median (months)) 0.875 (0.1-2) 1(0.25-72) 1(0.1-36) 0.592
Renal features
Serum creatinine (Lmol/L) 102.20 + 147.59 184.87 + 221.49 486.32 + 269.27 <0.001
24 h urine protein (mg/24 h) 717.113 £ 990.41 1,579.61 + 1,5684.66 2,077.94 +1,764.77 0.129
Nephrotic-range proteinuria (0 (%)) 0(0) 3(16.7) 6 (27.3) 0.263
Hypertension (1 (%)) 0(0) 9 (50) 15 (68.2) 0.003

eGFR level (n (%)) <0.001

€GFR >90 (ml/min/1.73 m?) 6(75) 5(26.3) 00
©GFR = 60-90 (ml/min/1.73 m?) 1(12.5) 2(10.5) 000
©GFR = 30-60 (ml/min/1.73 m?) 000 9 (47.4) 5(23.8)
©GFR = 15-30 (ml/min/1.73 m?) 1(12.5) 3(15.8) 8(38.1)
€GFR <15 (m/min/1.73 m?) 0(0) 0(0) 8(38.1)

C3 (g/L) 1.04 + 0.32 0.97 £0.21 0.77 £ 0.24 0.027

C4 (g/L) 0.21 + 0.06 0.19 £ 0.07 0.23 £ 0.10 0.54
ESR (mm/h) 35 + 46.88 62.69 + 38.63 67.25 + 40.87 0.22
PVAS scores 9 (1-15) 12 (3-20) 12 (10-27) 0.002

ANCA (IF) (1 (%)) 0.379
Negative 2(25) 2(11.1) 4(18.2)

C-ANCA 2 (25) 3(16.7) 1(4.5)
P-ANCA 4 (50) 14 (72.2) 16(77.3)

ANCA (ELISA) (n (%)) 0.288
Negative 3(37.5) 3(16.7) 5(22.7)

MPO-ANCA 3(37.5) 18 (66.7) 15(72.7)
PR3-MPO 2 (25) 3(16.7) 1(4.5)

Kidney histopathology (n (%)) (Total calculated as the patients with renal biopsy) 0.156
Focal 2(66.7) 2(12.5) 0(0)

Crescentic 1(33.3 11 (68.75) 9 (64.29)
Sclerotic 0(0) 2(12.5) 4(28.57)
Mixed 0(0) 1(6.25) 1(7.14)

Treatment (n (%)) 0.183
Glucocorticoids 4 (50) 3(15.8) 4(19.0)
Glucocorticoids+CYC 4 (50) 10 (62.6) 6 (28.6)
Glucocorticoids+CYC+PE 0(0) 3(156.8) 7 (33.3)
Glucocorticoids+CYC+PE+RTX 0(0) 3(156.8) 4(19.0)

PVAS, Pediatric Vasculitis Activity Score; IF, immunofluorescence; CYC, cyclophosphamides; PE, plasma exchange; RTX, rituximab.
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Factors

Women

Hypertension
Nephrotic-range proteinuria
eGFR <60 mi/min/1.73 m”
PVAS scores

Age >11

PVAS, Pediatric Vasculitis Activity Score.

p-value

0.544
0.002
0.658
0.001
0.562
0.833

OR value

1.737
19.574
1.598
28.020
0.544
0.847

95% CI

0.292-10.325
3.036-126.219
0.200-12.751
3.786-207.364
0.069-4.261
0.181-3.958
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Characteristics AIT group (n = 66)

Age 33.1 (3.9
Body mass index 22.3(3.5)
Serum FT4 1.2(0.1)
Serum TSH 24(1.0
Serum TGAb 172.0 (77.1-294.3)
Serum TGADb positivity (%) 80.3

Serum TPOAb 289.3 (33.0-1300.0)
Serum TPOADb positivity (%) 68.2

FF FT4 1.2(0.1)

FF TSH 26(1.1)

FF TGAb 118.2 (44.5-210.2)
FF TGADb positivity (%) 69.7

FF TPOAb 198.7 (41.9-1300.0)
FF TPOAD positivity (%) 712

Control group (n = 56)

321 (42)
220 (3.1)
1.2/(0.1)
2.3(0.9)
15.0 (15.0-18.8)
0
28.0 (28.0-30.2)
0
12(0.1)
25(1.1)
15.0 (15.0-15.8)
0
365 (31.6-42.1)
0

P value

0.15
0.64
0.19
0.60
<0.001
<0.001
<0.001
<0.001
0.61
0.83
<0.001
<0.001
<0.001
<0.001

FT4, free thyroxin; TGAb, thyroglobulin antibody; TPOAD, thyroid peroxidase antibody; TSH, thyroid stimulating hormone; FF, follicular fluid.
Continuous variables were expressed as medians (interquartile range) when the data did not follow a Gaussian distribution, and as means (standard deviation) for normally distributed data.
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SNP ID Genotypes n IL-35 Level (pg/ml) Frt p value

rs2243123 T 15 15.269 + 31.241 -0.925 0.397°
TC 6 144.759 + 342.344
CcC 0 -

rs2227314 GG 6 7.769 + 8.524 1.134 0.423
GT 12 83.841 + 241.61
T 3 14.965 + 22.325

rs2243131 AA 15 70.311 + 215.983 0.896 0.567
AC 2 20.369 + 28.664
CcC 4 0.548 + 0.896

rs2243115 GG 1 4.157 3.526 0.030*
TG 4 33.885 + 58.228
T 16 59.868 + 209.246

rs428253 GG 0 - 0.960 0.349%
GC 10 92.617 + 264.081
CcC " 16.584 + 35.765

rs9807813 CcC 15 14.364 + 31.795 2.529 0.080
CcT 5 174.684 + 373.829
TT 1 8.708

rs4740 GG 8 24.306 + 41.809 0.561 0.812
GA 8 3.940 + 5.859
AA 5 174.326 + 374.037

¢ test: others data analyzed used one-way ANOVA; *There is a statistical difierence ("p<0.05).
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SNPs ID

rs428253

rs9807813

rs4740

Fisher's Exact Test: OR, odds ratio: Cl, confidence interval.

Genotypes

GG
[e/e}
GC

Patients

0
"
10
32
10
15

1

5
35

T

8

5

8
18
24

Controls

4
20
24
64
32
35
1
12
82
14
18
8
22
38
58

p value

0.173
0.410
0.856
0.263
0.263
0.899
0.542
0.916
0.754
0.754
0.963
0.485
0.551
0.719
0.719

OR

0917
0.649
1.100
0.625
1.600
1.077
0.426
1.067
1171
0.854
0.975
0.640
1.375
0.874
1.145

95%ClI

0.842-0.998
0.232-1.820
0.394-3.070
0.273-1.429
0.700-3.659
0.344-3.370
0.025-7.145
0.322-3.534
0.435-3.152
0.317-2.297
0.339-2.806
0.182-2.254
0.482-3.921
0.419-1.823
0.549-2.388
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Diseases Immune states 171 Genotypes K p value Allele X p value

AA AC cc A [

BD Breg T 2 2 0 1.637 0.491 6 2 1.378 0.527
1 6 i 0 13 1

DC T 2 2 0 1.637 0.491 6 2 1.378 0.527
1 6 1 0 138 1

VKH Breg 1 5 3 2 4.630 0.099 13 7 6.301 0.018*
1 10 1 0 21 1

DC & 5 2 1 0.505 0.777 12 4 0.594 0.454
1 10 2 1 22 4

1, cell expression increased or in the normal range; |, cell expression decreased or in the normal range; Fisher’s Exact Test; *There is a statistical difference (*p<0.05).
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Diseases

Manifestations +/- Genotypes p value p value
GG GA AA A G
BD Mouth ulcers + 1 6 3 2.554 0.455 12 8 1.257 0.515
- 0 0 1 2 0
VKH Headache + 7 4 1 5.722 0.053 6 18 7.292 0.012*
N 1 4 4 12 6
Tinnitus + 6 3 1 3.990 0.166 5 15 4.972 0.033*
_ 2 5 4 18 9
Alopecia/Grey hair + 5 3 2 1.218 0.641 7 13 1123 0.289
= 3 5 3 16 16

) -, without symptom; Fisher's Exact Test; *There is a statistical difference (*p<0.05).
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SNP ID Genotypes n IL-35 Level (pg/ml) FiIt p value

rs2243123 T 9 48.719 + 71.055 -0.627 0.546°
TC 2 81.886 + 28.642
CcC 0 =

rs2227314 GG 4 55.131 + 36.516 0.330 0.895
GT 5 75.492 + 88.477
T 2 2.128 + 2.868

rs2243131 AA 8 73.736 + 66.851 1.836 0.100%
AC 3 1.452 + 2.342
CcC 0 N

rs2243115 GG 0 s 0.010 0992°
TG 4 54.461 + 106.035
T 7 54.914 + 39.328

rs428253 GG 0 - 0.549 05962
GC 2 30.867 + 43.511
CcC 9 60.056 + 70.466

rs9807813 CcC 6 58.916 + 84.302 -0.220 0.831?
CcT 5 49.749 + 42.566
T 0 -

rs4740 GG 1 39.841 1.523 0.456
GA 6 67.459 + 82.599
AA 4 39.411 + 47.488

¢ test: others data analyzed used one-way ANOVA.
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SNPs ID Genotypes Patients Controls p value OR 95%CI

rs2243123 PN 9 43 0.473 1.911 0.319-11.450
cC 0 0 o — =

TC 2 5 0.473 0.523 0.087-3.135

C 2 5 0.487 0.549 0.099-3.037

T 20 91 0.487 1.820 0.329-10.060

rs2227314 GG 4 19 0.322 2.293 0.430-12.237

T 2 2 0.095 0.196 0.024-1.576

GT 5 27 0.517 1.543 0.414-5.757

G 13 65 0.441 1.452 0.561-3.759

T 9 31 0.441 0.689 0.266-1.784

rs2243131 AA 8 34 0.90 0.911 0.210-3.944
cC 0 0 = = o=

AC 3 14 0.900 1.008 0.254-4.755

A 19 82 0.909 0.925 0.241-3.543

C 3 14 0.909 1.081 0.282-4.142

rs2243115 T 7 36 0.444 1.714 0.426-6.892
GG 0 0 = - -

TG 4 12 0.444 0.583 0.145-2.345

G 4 12 0.483 0.643 0.186-2.223

T 18 84 0.483 1.556 0.450-5.380

Fisher's Exact Test: OR, odds ratio: Cl, confidence interval.
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SNPs ID Genotypes Patients Controls p value OR 95%Cl
rs2243123 T 15 43 0.058 3.440 0.915-12.934
cC 0 0 - - -
TC 6 5 0.058 0.291 0.077-1.093
C 6 5 0.070 0.330 0.095-1.148
T 36 91 0.070 3.033 0.871-10.566
rs2227314 GG 6 19 0.381 1.638 0.540-4.968
T 3 2 0.136 0.261 0.040-1.693
GT 12 27 0.945 0.964 0.342-2.716
G 24 65 0.233 1.578 0.746-3.316
T 18 31 0.233 0.636 0.302-1.341
rs2243131 AA 15 34 0.960 0.971 0.313-3.016
CcC 2 0 0.090 1.105 0.962-1.270
AC 4 14 0.378 1.750 0.499-6.135
A 34 82 0.510 1.378 0.530-3.586
C 8 14 0.510 0.726 0.279-1.888
rs2243115 T 16 36 0.916 0.938 0.283-3.106
GG 1 0 0.128 1.050 0.954-1.155
TG 4 12 0.590 1.417 0.398-5.045
G 6 12 0.774 0.857 0.298-2.461
T 36 84 1.000* 1.167 0.406-3.350

Fisher's Exact Test: OR, odds ratio: Cl. confidence interval.
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SNPs ID Genotypes Patients Controls p value OR 95%Cl
rs428253 GG 0 4 0.321 0917 0.842-0.998
cC 9 20 0.021* 0.159 0.031-0.815
GC 2 24 0.055 4.500 0.879-23.043
C 20 64 0.034* 0.200 0.044-0.909
G 2 32 0.034* 5.000 1.100-22.729
rs9807813 cc 6 35 0.233 2.244 0.584-8.627
T 0 1 0.629 0.979 0.940-1.020
CcT 5 12 0.177 0.400 0.103-1.550
C 17 82 0.349 1.728 0.547-5.424
T 5 14 0.349 0.580 0.184-1.828
rs4740 GG 1 18 0.069 6.000 0.708-50.847
AA 4 8 0.143 0.350 0.083-1.483
GA 6 22 0.602 0.705 0.189-2.628
A 14 38 0.056 0.374 0.143-0.978
G 8 58 0.056 2.671 1.023-6.977

Fisher's Exact Test: OR, odds ratio; Cl, confidence interval:* there is a significant difference ("p<.0.05).
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