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Tertiary lymphoid structures (TLSs) are organized lymphoid-like aggregations in non-lymphoid tissues. Tissues with chronic and persistent inflammation infiltration may drive and form ectopic germinal center-like structures, which are very common in autoimmune diseases, chronic infections, and tumor microenvironments. However, the mechanisms governing the formation of TLSs are still being explored. At present, it is not clear whether the formation of TLSs is associated with local uncontrolled immune inflammatory responses. While TLSs suggest a good prognosis in tumors, the opposite is true in autoimmune diseases. This review article will discuss the current views on initiating and maintaining TLSs and the potential therapeutic target in autoimmune diseases.
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1 Introduction

The immune system is an efficient weapon for the body to fight against foreign invaders, of which adaptive immunity provides enhanced defense against specific pathogens. T and B lymphocytes are the core members of adaptive immunity, and they are both generated in the bone marrow. T cells enter the lymphatic system after a rigorous selection (immune tolerance) in the thymus, while B cells are in the bone marrow. Naive T and B cells circulate mainly in secondary lymphoid organs. Upon infection, lymphocytes are activated and exert an effective immune response. Activated plasma cells secrete antibodies and activated T cells egress into the infected tissues. Under normal circumstances, after the infection is cleared, immune cell (mainly tissue-resident macrophages) by switching their phenotype from pro- to anti-inflammatory/pro-healing plays a pivotal role in tissue repair and metabolic homeostasis (1). Activated T cells will undergo apoptosis via activation-induced cell death (AICD) (2). However, in the case of antigen persistence, such as rheumatic diseases (3), solid tumors (4, 5), organ transplantation (6), chronic infections (4), etc., the situation may be different. T and B cells as well as stromal cells in the chronic inflammatory microenvironment create the conditions for the formation of TLSs in tissues (7, 8).

TLSs mainly consist of highly organized clusters of lymphocytes formed not in secondary lymphoid organs (SLOs) (9). Firstly, this structure is non-encapsulated, secondly, there is a clear separation of T and B cells, in which B cells are located in the core of the follicle, the periphery is a T cell-rich area, and the outermost is plasmablast and plasma cells (10). In addition, this structure can also contain high endothelial venules (HEV) and stromal cell-derived follicular dendritic cells. However, cell types and molecular signals involved are different during the initiation of TLSs (11, 12). Nevertheless, some chemokines related to the segregation of T and B cells and some enzymes involved in the function of the germinal center such as activation-induced cytidine deaminase (AID) are the same (11, 12). These studies provided useful information for TLSs-targeted therapies. In this review article, we mainly explore the initiating factors and characteristics of TLSs in immune-related diseases, including Rheumatoid Arthritis, Sjogren’s Syndrome, Lupus Nephritis, IgG4-related Sialadenitis, Myositis, Type 1 Diabetes, and Multiple Sclerosis. We also explore the relationship between TLSs and disease severity, and the potential for TLSs-targeted therapies.




2 SLOs and TLSs development

To understand the neogenesis of TLSs, it is first necessary to understand the developmental processes of SLOs (13). In terms of lymph nodes, two cell types play an important role in the process of formation, lymphoid tissue inducer (LTi) cells and lymphoid tissue organizer (LTo) cells (14–16). The former namely CD45+CD4+CD3- innate lymphoid cells are characterized by RORgt and Id2 transcription factor (17). The latter includes endothelial lymphoid tissue organizer cells (eLTo) and mesenchymal lymphoid tissue organizer cells (mLTo). Initially, LTi cells migrate from the fetal liver into the lymph node site, where blood flow and lymph flow intersect. At this time, chemokine ligand 21 (CCL21) and IL-7 secreted by eLTo cells act on LTi cells which express chemokine receptors 7 (CCR7) and IL-7R, promoting the upregulated of lymphotoxin a1β2 (LTa1β2) (13). At the same time, LTi cells expressing receptor activator of NF-KappaB ligand (RANKL) and LTa1β2 act on eLTo cells, which express RANK and LTβ receptors, resulting in the secretion of CCL21 and IL-7 to further promote the recruitment of LTi cells. CXCR5+ LTi cells can also interact with CXCL13+ mLTo. The interaction between LTa1β2+ LTi and ILβR+ LTo promoted the expression of homeostatic chemokines CCL19, CCL21, CXCL13, pro-survival factor IL-7, and adhesion molecules vascular cell adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), mucosal addressin cell adhesion molecule 1 (MadCAM-1) and peripheral lymph node addressin (PNAd) (18, 19). These molecules regulate the subsequent recruitment of immune cells and the vascularization of high endothelial venule (HEV). CCR7+ T cells and CXCR5+ B cells are guided by CCL19+/CCL21+ FRCs and CXCL13+ FDCs to form T and B cell zones (18) (Figure 1). Notably, CXCR5+B cells could induce LTa1β2 expression. In addition, CXCL12+ stromal cells and CXCL13+ FDC can also mediate B cell affinity maturation. Altogether, the formation of SLOs involves the interaction between hematopoietic cells and non-lymphoid stromal cells, secreting of cytokines (ILα1β2, IL-7, etc.), chemokines (CCL19, CCL21, CXCL13, etc.), adhesion molecules (VCAM-1, ICAM-1, Mad-CAM1, PNAd, etc.), and eventually forming and maintaining the lymphoid niche. Although the development of TLSs is still not fully understood, evidence supports that many immune cells (B cells, Th17, ILC3, macrophages, etc.) can potentially replace LTi cells (20–23). Also, some local stromal cells and immune populations (such as synovial fibroblasts, fat cells, vascular smooth muscle cells, etc.) can act as LTo cells (8, 24, 25). In contrast, the roles of chemokines and adhesion molecules in SLO and TLSs are similar. Therefore, under the stimulation of chronic inflammation or immune microenvironment, the gradual formation of chemokines and adhesion molecules is similar to the lymphoid niches, which promotes the generation of TLSs. Local immune cells such as B cells or macrophages act as LTi, stimulating IL-βR signaling on stromal cells to promote VEGFC secretion and HEV formation (26). Different levels and types of chemokines and adhesion molecules shape different degrees and components of TLSs.




Figure 1 | During the development of lymph nodes, LTi cells interact with eLTo cells and mLTo cells to secrete chemokines (CCL21, CXCL13) and survival factors (IL-7), respectively and form different T and B compartments to develop into functional lymph nodes.






3 Composition and function of TLSs

The main cell subtypes in the TLSs were T and B cells, in which B cells are located in the core and these structures are similar to germinal centers. These B cells may cluster around CD21+ FDCs, which are of mesenchymal origin and capture and present antigens to B cells (27). In contrast, T cells and CD83+ DCs are located in the periphery and among them are interspersed with CD68+ macrophage, which collects around dense reticular cells (similar to FRCs) (28). In addition, HEVs expressing PNAd (peripheral lymph node addressin protein) and L-selectin ligands can also be found in TLSs, ensuring that blood lymphocytes can be recruited (29, 30). Since TLSs perfectly mimic the formation of SLOs, can they also functionally achieve B cell activation and antibody production locally? Indeed, T and B cells can interact with each other in TLSs and promote local antibody production, and AID enzyme expression demonstrates the class switching and affinity maturation of B cells (31). In addition to autoimmune diseases, TLSs can also combat infection locally by antigen-specific B cells in chronic infections and can achieve clonal expansion, somatic hypermutation, and isotype conversion in tumors (32–34). Particularly, in the TLSs of renal cell carcinoma, B cells can locally mature into IgG+ plasma cells, which produced IgG can label tumor cells and induce apoptosis (35). However, we must notice that not all TLSs examined are mature and functional. A study of lung squamous cell carcinoma-related TLSs found that B and T cell aggregates represent the initial stages of TLSs, FDC differentiation represents primary follicle-like TLSs (PFL-TLSs), and T, B, and DC reaction with local antigens represent the secondary follicle-like TLSs (SFL-TLSs). They can also be distinguished by immunohistochemistry. TLSs lacking CD 21 and CD 23 signals are immature, only CD21 positive are PFL-TLSs, and both CD21 and CD23 positive are SFL-TLSs (36). Subsequent studies further confirmed, that TLS, especially that containing germinal centers and participating in the local reaction has a much lower risk of colorectal carcinoma recurrence, and could predict immune checkpoint inhibitor efficacy in some solid tumors (37, 38). These results suggest that it is not enough to describe whether TLSs exist, it is more meaningful to study the functional status. In addition to effectively presenting the self-antigens, pathogen antigens, or tumor antigens, some studies have also shown the immunosuppressive effect of TLSs. For example, in atherosclerosis or adenocarcinoma models, TLSs-associated Treg may play an immunosuppressive role, which inhibits the development of atherosclerosis and promotes tumor progression (39, 40). These results also suggest that the role of TLSs is also closely related to the cell subtypes and the immune microenvironment. Immune cells exhibit high plasticity, and the change in cytokine environment and cell subtypes could be therapeutic strategies.




4 Extrinsic factors and intrinsic components in TLSs

Virus infection, as an important extrinsic factor, is closely related to the formation of TLSs (31, 41). Viral infection often leads to the activation of antiviral immunity, in which Type 1 interferon was induced. The interferon not only inhibits viral replication, but also can promote DC activation and maturation, enhance NK and CD8 + T cell killing ability, and promote the B cells to produce antibodies (42). Viral infection increases the probability of molecular mimicry and autoantigen recognition, and repeated infection can lead to epitope spreading (43). Moreover, virus infection often invades the tissue barrier, leading to epithelial damage, which leads to lymphocyte aggregation and induces resident fibroblasts to undergo phenotypic and functional changes, which provides the basis for the formation of TLSs. The relationship between viral infection and TLSs in Sjogren’s syndrome (SS) has been reviewed (41). Internally, multiple molecular and cellular components have been implicated in the development of TLSs (9, 11, 12). The development of SLOs requires the interaction of LTi and LTo cells. The difference is that LTi cells are not necessary for the formation of the TLSs in mammals (44). A variety of immune cells are thought to act as LTi, such as the activation of T, B, and NK cells, etc (20–23, 45–48). These cells express LTα1β2 and interact with LTβR on stromal cells. During the formation of TLSs, stromal cells, such as gp38+ fibroblasts, act as LTo cells (49). In addition, IL-17-secreting cells such as ILC3, Th17, γδT cells, NK cells, and neutrophils can provide a local inflammatory microenvironment for the initiation of TLSs (9). Dendritic cells and CD68 + myeloid cells by expressing the LTβR also involved in TLSs (50, 51). In addition to different cell types, chemokines, and cytokines also play important roles in the formation and maintenance of TLSs. Upregulation of CCL19 and CCL21 can recruit CCR7+ T and DC cells to tissues, while CXCL12 and CXCL13 attract CXCR4+ and CXCR5+ B cells. Of note, some cytokines or receptors are considered to play an important role in the TLSs of specific tissues or diseases. LTα expression in tumor cells leads to the formation of intratumoral TLSs (52). IL-17 is thought to be associated with TLSs in the bronchi and central nervous system (45, 53). IL-22 has been implicated in TLS in a mouse model of virus-induced SS (54). Activation of LTβR and TNFRI is associated with aortic TLSs (55, 56). Besides positively regulated factors, IL-27 is thought to be negatively correlated with the formation of TLSs (57, 58), despite IL-27 can also promote IL-21 production to maintain and promote the germinal center (59). Moreover, IL-6, IL-7, IL-23, and TNF-α are all associated with TLSs (12) (Figure 2).




Figure 2 | Persistent infection of pathogen or long-term stimulation with autoantigens leads to changes of local microvascular adhesion molecules in tissues, recruitment of immune cells, and secretion of a large number of cytokines such as LTα1β2, IFN-γ, IL-13, TNF-α, IL-17, IL-22, IL-23, et al. Furthermore, immune cells interact with fibroblasts, stromal cells, pericytes, or endothelial cells in local tissues to secrete chemokines (CXCL13, CXCL12, CCL19, CCL21) and cytokines (LTα1β2, BAFF, IL-7), etc., and eventually forms TLSs in local tissues. In autoimmune diseases, TLSs can promote tissue damage and fibrosis, and in specific diseases such as Sjogren’s syndrome, TLSs are also associated with lymphoma. IL-27 can inhibit the formation of TLSs by restricting Th17 and also support the function of TLSs by promoting the production of IL-21 and the function of Tfh cells.






5 Characteristics of TLSs in autoimmune diseases

In autoimmune diseases, there often exists persistent chronic inflammation in the affected tissue. However, not all patients with the same disease have developed TLSs. It was reported that the TLSs are preferred to be located in organs or tissues not predisposed embryologically to allow the development of lymphoid tissues, such as the meninges, salivary glands, kidneys, blood vessels, heart, synovium, pancreas, or liver (9, 60), perhaps due to the inefficient presentation of local antigens to the lymphatic draining lymph nodes. The body needs the local lymphoid structure to improve efficiency and increase the defensive intensity. It also suggests that immune tolerance is relatively weak in these tissues. Infiltration of immune cells is more likely to respond to autoantigens. On the other hand, not all patients with autoimmune diseases have this structure, suggesting that the formation of this structure also requires multiple factors. In the following, we will explore the characteristics of TLSs in several common autoimmune diseases (Figure 3). We will also describe the incidence, molecular and cell types involved, and function of TLSs in the following diseases (Table 1).




Figure 3 | A variety of immune-related diseases, including RA, SS, LN, IgG4-SD, IIM, T1D, and MS et al., can form TLSs in local tissues (synovial membrane, salivary gland, kidney, muscle, islet, and meninges, etc.) and TLSs are also associated with more severe disease phenotypes. Targeting appropriate cytokines may be more effective according to pathology and at the early stage of TLSs formation.




Table 1 | The histological and molecular features of TLSs in autoimmune disease.





5.1 Rheumatoid arthritis, TLSs in synovial tissue

Rheumatoid arthritis (RA) is the most common autoimmune disease, affecting approximately 1% of the global population (120, 121). In the clinic, patients who suffer persistent disease activity lead to inflammation of multiple joints, progressing to cartilage destruction and bone erosion (122). The pathological nature of RA is synovitis, which is characterized by the infiltration of immune cells (including innate immune cells and lymphocytes), the proliferation of FLS (synovial fibroblasts), and the growth of new blood vessels (61). According to the pattern of synovial biopsies, RA can be divided into three groups, lympho-myeloid (B cell aggregates present), diffuse-myeloid (sublining macrophage infiltration), or pauci-immune fibroid (lack of or low inflammatory cell infiltrate) (62, 63). TLSs can be found in about 40% of untreated RA patients, and they can only be developed in the lympho-myeloid group (64). Besides, stromal cells are equally important in the production and development of TLSs (65). Two synovial cells (fibroblasts-like synoviocytes and macrophages-like synoviocytes) exist in the joint (66). Fibroblast-like synoviocytes (FLS) are mesenchymal origin with various immunomodulatory functions. FLS can secrete IL-6, IL-7, VCAM-1, CCL21, CXCL13, CXCL12, and BAFF, as well as APRIL (66, 67). These regulatory molecules maintain the survival and function of immune cells and make them to be organized more orderly. In addition, FLS also expresses the receptor of IL-22 (68). NK cells and infiltrating immune cells such as Th17 can secrete IL-22 and promote the proliferation of FLS (69). Therefore, under the influence of genetic and environmental factors, synovial local immune tolerance is broken. The interaction between infiltrating immune cells and stromal cells, especially FLS, promotes the formation of local TLSs and affinity maturation and class switching of local autoreactive B cells (70). This evidence suggests that therapies targeting TLSs may be beneficial in part of patients with RA. Animal experiments have demonstrated that IL-27 can negatively regulate the formation of TLSs, as well as increase the proportion of follicular regulatory T cells (Tfr) in ectopic germinal centers, which can inhibit germinal center response (57, 71, 72). However, the results of clinical trials are disappointing. Inhibition of LT-β, IL-17, or IL-12/23 did not show significant efficacy (73, 123). However, RA is a strong heterogeneity of disease, and TLSs only exist in part of patients. Stratification based on synovial pathology is important for optimizing treatment regimens. Future may need to design more rigorous clinical trials for accurate assessment, and more basic research is needed to clarify the critical factors of TLSs in RA.




5.2 Sjögren’s syndrome, TLSs in salivary gland

Sjögren’s syndrome (SS) is an autoimmune disease that mainly affects the exocrine glands (salivary and lacrimal glands) (124). Apart from xerostomia and keratoconjunctivitis sicca, SS has multiple systemic manifestations including arthralgia, fatigue, autonomic dysfunction, vasculitis, hyperglobulinemia, hypocomplementemia, as well as renal, skin, nervous system, and lung involvement (125). Among them, approximately 5% can progress to lymphoma (74, 125). Lymphocyte infiltration around the gland ducts is one of the pathological features of SS. TLSs, which are closely related to the activation of immunofibroblasts, have been reported to be found in approximately 30–40% of SS patients, when considering patients who present with a focus score >1 in labial salivary gland biopsy samples (3, 75). IL-13, which is released from resident ILCs, stromal cells, fibroblasts, and epithelial cells, is proven to be crucial for the function of immunofibroblast (76). IL-13 can up-regulate the adhesion molecule VCAM-1 by binding to IL-4R and have a synergistic effect with TNF-α and LTα1β2 to increase the expression of ICAM-1 and podoplanin, which further interacts with infiltrating immune cells (76). At the same time, lymphocytes release IL-22 to promote the proliferation and maturation of immunofibroblasts, which upregulate and release chemokines CXCL13, CCL19, CCL21, etc (54). Furthermore, infiltrating immune cells, stroma-derived FDC, and ductal epithelial cells were also shown to express CXCL13 (3, 50, 76, 77). Under the influence of chemokines, more lymphocytes are recruited and gradually develop into TLSs. It is worth emphasizing that TLSs are associated with higher levels of antibodies and more systemic symptoms (75), and are also associated with a 16-fold increased risk of lymphoma in SS patients (75, 78). Given the importance of TLSs in SS and the efficacy of LTβR blockade in animal models, corresponding clinical trials have been carried out (79, 126). Although not proven effective, probably because the blockade of LT-βR did not completely inhibit lymphocyte recruitment (126). However, we must note the redundant role of cytokines. Only inhibiting one of them makes it difficult to block the progress of the disease. In addition, the enrolled patients were not screened for pathology. Therefore, there is still reason to believe that targeted TLSs are effective, but it is necessary to find out who needs to target TLSs therapy and who will benefit more.




5.3 Lupus nephritis, TLSs in kidney

Lupus nephritis (LN) is a common and serious complication of systemic lupus erythematosus (SLE) (127). The most common clinical manifestations were proteinuria and hematuria (80). It has been reported that the aggregation of T and B cells together with the formation of the FDC network occurs in 6% of patients (81). The occurrence of TLS in LN is infrequent, possibly influenced by disease progression, treatment process, biopsy location, and other factors. In mice models of LN, such as NZB/W mice, although the incidence of TLSs is not specified, all mice in the experimental group exhibit TLSs (82). Before the onset of LN, the immune tolerance has been broken, and autoantibodies appear (such as dsDNA). Immune complexes (IC) can be deposited in the kidney to destroy the filtration membrane and activate complement, promoting the development of tissue damage and inflammation (83, 84). Chronic inflammation leads to changes in the function of renal resident cells, and the changes have been reviewed (85). Notably, renal ductal epithelial cells secrete BAFF and type 1 IFN and express the costimulatory molecule B7-H4, which can activate T cells (86–88). In addition, they also produce CXCL12 and CCL20 in response to IL-23 to recruit lymphocytes to the renal mesenchyme (89). It has been shown that the TLSs gene profile in the kidney of lupus-susceptible mice is similar to that in lymph nodes during active LN (90). Moreover, FDC-like structures and PNAd+ HEVs were found in the kidneys of LN patients, and the development of HEVs was closely related to LTβR signaling (81, 91). BAFF is also involved in TLSs in LN, not only by enhancing B-cell chemokine signaling but also by promoting follicular helper T cell (Tfh) activity and prolonging the in-site response in TLSs (128). The present studies support that TLSs can be formed in the mesenchyme of LN and are functional. Although the exact details of TLSs formation and its contribution to disease are not clear, with the continuous improvement and deepening of multi-omics methods, more targets for TLSs can be provided in the future.




5.4 IgG4-related dacryoadenitis and sialadenitis, TLSs in salivary gland

Immunoglobulin G4-related disease (IgG4‐RD) is an inflammatory disease that is characterized by elevated serum IgG4, organ enlargement, and tissue fibrosis, which can affect multiple organs, including the meninges, eyes and tear ducts, salivary gland, thyroid gland, the pancreas, and biliary tract, lungs, kidneys and retroperitoneal, etc (129). Of which salivary gland involvement, was previously known as Mikulicz disease, namely IgG4-related dacryoadenitis and sialadenitis (IgG4-DS). IgG4-DS and SS both involve the salivary glands, but there are many differences (130). SS, known as autoimmune epithelitis, is characterized by severe acinar atrophy, whereas IgG4-DS is considered to be a disorder of cellular and extracellular matrix proliferation, characterized by hyperplastic germinal centers and mild acinar atrophy (92, 131). Many immune cells are involved in the formation of TLSs in IgG-DS patients. Among them, the excessive production of IL-21 by Th2 cells is thought to be involved in Bcl6+ B cells in IgG4-DS patients, leading to the massive formation of germinal centers (about 60%) (93, 94). IFN-γ and IL-4 can actively participate in the formation of TLSs in IgG4-DS (95). IFN-γ significantly increased B cell lymphoma 6 (Bcl6), PR domain containing protein (PRDM1), and paired box homeotic gene 5 (PAX5) levels in B cells from IgG-4-DS patients and immortalized B cell lines, while IL-4 could increase the expression of X-Box Binding Protein 1 (XBP1) (95). These suggest that IFN-γ and IL-4 both can influence the capacity of B cell germinal center responses, and promote proinflammatory phenotype and differentiation into plasma cells. Moreover, IFN-γ can significantly increase the levels of human leukocyte antigen DRA (HLA-DRA) in fibroblasts and salivary gland epithelial cells. And interestingly, IFN-γ and IL-4 both can upregulate genes involved in TLSs formation, including LT-β, IL-7R, and LTβR (95). Somatic hypermutation (SHM) and class switch recombination (CSR) occur continuously in the TLSs of IgG4-DS. IgM+ B cells switch isotype to IgG4+ B cells. IgG4+ B cells with mature affinity can recognize autoantigens more effectively, which are thought to be able to act as antigen-presenting cells (APCs) to activate CD4+ cytotoxic T lymphocytes (CTLs) to aggravate tissue damage (95, 96, 132). Unfortunately, IgG4 is absent in mice, resulting in a lack of effective animal models. Although more studies are needed for further support, targeting TLSs may contribute to improving the initiation and progression of IgG-DS.




5.5 Idiopathic inflammatory myositis, TLSs in muscle

Idiopathic inflammatory myositis (IIM) is a heterogeneous group of autoimmune myopathies, with an estimated incidence of 0.1-1.0 per 100,000 persons per year (97). Lymphocytic infiltration and TLSs may also be found in IIM (98, 99). However, in patients with polymyositis, typical TLSs in the affected muscle appeared to be uncommon, and the expression of PNAd and CCL21 in the blood vessels was weak (100). Similarly, in idiopathic dermatomyositis (DM), TLSs are also rare (101). DM with TLSs may be a rare variant. Even if the incidence is low, TLSs are still functional, and lymphocytes in muscle and the lymph nodes can recycle, indicating that the former may also produce antibodies (101, 102). Tumor necrosis factor superfamily 11 (TNFSF 11) has also been implicated in the formation of TLSs, and TLSs are associated with patients who are more severe and difficult to treat (4, 101). Sporadic inclusion body myositis (sIBM) also found TLSs, but the specific meaning is unclear (133). In juvenile dermatomyositis, TLSs can be found in approximately 20% of patients and are preferentially localized to the perimysium. B cells in TLSs can undergo clonal diversification and differentiate into plasma cells (98). In addition, immune checkpoint inhibitors (such as PD-1 inhibitors) may also lead to muscle damage and form TLSs, in which CD21+ FDCs, and PNAd+/CCL21+ HEV both exist (100). Overall, although the rate of TLSs in autoimmune myositis is not high, antigen-driven humoral response can still be observed. Future studies are needed to clarify whether targeting TLSs has advantages in the treatment of refractory myositis.




5.6 Type 1 diabetes, TLSs in the pancreas

Type 1 diabetes (T1D) is a common, organ-specific autoimmune disease that is mediated by T cells responding to self-antigens in the pancreatic β-cell (134). Patients with T1D commonly present with symptoms of polyuria, polydipsia, and weight loss, and approximately a third present with diabetic ketoacidosis (103). In mouse models of type 1 diabetes (NOD), TLSs can be found in islets, and antigen-driven SHM has also been proven to occur in them (104). Moreover, the repertoire of Ig VL chain genes in infiltrating B cells is highly diverse and differs from that observed in regional lymph nodes (104). It has been reported that blocking lymphotoxin can prevent the development of diabetes in NOD mice (105, 106). However, only blocking CXCL13 disrupted B cell recruitment, and the diabetes still progressed normally (107). It is also interesting to note that TLSs exist early during the disease and can promote disease progression by inducing adenosine deaminase (AID), producing autoreactive CD138+ plasma cells, but they are significantly reduced in aged NOD mice, supporting evidence that TLSs in T1D are associated with a more aggressive phenotype and higher pathogenicity (108). Similarly, TLSs are present in 50% of human type 1 diabetes in preclinical and clinical settings, in which HEV, reticular cells, and abundant immune cell subtypes can be detected (135). Overall, patients of TID with TLSs are younger compared to those lacking TLSs, and with the aggravation of β cells, the density of TLSs gradually decreases, which is similar to the results in NOD mice (135). These results suggest that TLSs exist in the early stage of the disease and generate autoreactive T and B cells to destroy β cells. When the target antigen is exhausted, TLSs disappear. These results further support the TLSs on the progress of TID, early targeted therapy will have a positive significance.




5.7 Multiple sclerosis, TLSs in the meninges

Multiple sclerosis (MS) is an autoimmune disease characterized by white matter demyelination in the central nervous system (CNS), which mainly involves periventricular white matter, optic nerve, spinal cord, brain stem, and cerebellum (109). Ectopic lymphoid follicles have been reported to be found in the meninges of approximately 40% of the post-mortem brain tissue in progressive multiple sclerosis (MS) and are associated with the severity of cortical degeneration and clinical disease progression (110). However, there are few studies about TLSs in MS patients, which may depend on the difficulty of obtaining meninges and the complexity of treatment (111). Gardner et al. found elevated levels of the proinflammatory cytokines including IFN-γ and TNF-a in the meninges of secondary progressive multiple sclerosis (SPMS) cases with TLSs (112). Serafini et al. found in the SPMS patients, there exists interleukin-17 (IL-17) secreting cells and RORγ+ cells in TLSs (113). These cells may contribute to the interaction between B cells and Tfh, which is helpful to meningeal lymphogenesis. The experimental autoimmune encephalomyelitis (EAE) model of mice can mimic MS. In the EAE model induced by PLP139-151, treatment with lymphotoxin β receptor-Ig fusion protein not only inhibited TLSs formation but also improved the symptoms of EAE (114). In the model of adoptive transfer Th cells, only Th17 cells were able to induce TLSs formation in recipient mice (115). In another study, the depletion of IL-21R and IL-23R reduced the severity of EAE and the number of TLSs in mice (116). Tfh is also involved in the TLSs reaction and has been suggested to contribute to the maintenance of TLSs (117, 118). However, the specific role of Tfh in MS is still unknown, and there are some contradictions (119, 136). These results demonstrate the pathogenicity of TLSs, but further exploration is needed to explore the effectiveness of TLSs-targeted therapy and the details of TLSs formation.





6 Discussion

TLSs can be found in autoimmune diseases, chronic inflammation, organ transplantation, and tumors (4, 6), of which inflammation is a common feature in the pre-symptomatic stages of these diseases. Inflammation means that tissue local postcapillary venules upregulate inflammation-related adhesion alterations and thus recruit the initial leukocytes. Under normal circumstances, pro-inflammatory cells gradually subside with the removal of the pathogens and local activation of lymphocytes choose apoptosis via AICD. However, when the pathogen cannot be completely removed, or autoantigens are continuously exposed to activated lymphocytes, these cells have the opportunity to survive for a long time, which can act as LTi by secreting lymphotoxin. After long-term interaction with stromal cells or endothelial cells, stromal cells such as fibroblasts can secrete CXCL13, CCL19, CCL21, etc. to recruit and compartment local T and B cells, while endothelial cells can further express HEV-related properties, such as up-regulation of the chemokine CCL21, recruitment of naive and memory lymphocytes to local tissues. TLSs have also been proven to be functional, which can express AID, inducing SHM and CSR (7). Therefore, TLSs are associated with an aggressive phenotype in autoimmune disease. There are several possible outcomes for TLSs. Firstly, TLSs decrease and vanish gradually with the gradual depletion of target antigens. Secondly, TLSs may participate in the fibrosis of local tissues. Thirdly, TLSs may be related to the local occurrence of mucosa-associated lymphoma.

However, the exact process of TLSs initiation and formation is still not fully understood. What is the relationship between TLSs and the draining lymph nodes? How do the lymphocytes of TLSs circulate? Can memory lymphocytes in TLSs re-enter the lymphatic circulation? Can immune tolerance in TLSs be induced by altering the local cytokine microenvironment? What is the classification and function (support, nutrition, and compartmentalization) of TLSs-related stromal cells? In addition, it is also worth noting that autoimmune disease-related TLSs have not been stratified based on pathology. Further study will be required to better understand the risk stratification of TLSs based on pathology. To investigate the association of functional TLSs or secondary follicle-like TLSs with the severity or antibody titer of these diseases and the response to treatment.




7 Conclusions

In general, TLSs are an adaptive defense against persistent failure to relieve inflammation. These are thought to be associated with a better prognosis in tumors and increase the therapeutic effects of immune checkpoint inhibitors (ICIs) (5). For autoimmune diseases, these are often related to tissue damage and fibrosis (3). Therefore, targeted TLSs are thought to improve the prognosis of autoimmune diseases, and according to the pathology choosing the appropriate cytokines to inhibit the formation of TLSs may be more effective. We believe that over the next few years, there will be more exciting discoveries, which can provide more details and options for the targeted TLSs treatment.





Author contributions

YD: Data curation, Investigation, Writing – original draft, Writing – review & editing. TW: Data curation, Writing – original draft, Writing – review & editing. HW: Methodology, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





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. Lazarov, T, Juarez-Carreño, S, Cox, N, and Geissmann, F. Physiology and diseases of tissue-resident macrophages. Nature (2023) 618:698–707. doi: 10.1038/s41586-023-06002-x

2. Green, DR, Droin, N, and Pinkoski, M. Activation-induced cell death in T cells. Immunol Rev (2003) 193:70–81. doi: 10.1034/j.1600-065X.2003.00051.x

3. Bombardieri, M, Lewis, M, and Pitzalis, C. Ectopic lymphoid neogenesis in rheumatic autoimmune diseases. Nat Rev Rheumatol (2017) 13:141–54. doi: 10.1038/nrrheum.2016.217

4. Pitzalis, C, Jones, GW, Bombardieri, M, and Jones, SA. Ectopic lymphoid-like structures in infection, cancer and autoimmunity. Nat Rev Immunol (2014) 14:447–62. doi: 10.1038/nri3700

5. Schumacher, TN, and Thommen, DS. Tertiary lymphoid structures in cancer. Science (2022) 375:eabf9419. doi: 10.1126/science.abf9419

6. Corsiero, E, Delvecchio, FR, Bombardieri, M, and Pitzalis, C. B cells in the formation of tertiary lymphoid organs in autoimmunity, transplantation and tumorigenesis. Curr Opin Immunol (2019) 57:46–52. doi: 10.1016/j.coi.2019.01.004

7. Sato, Y, Silina, K, van den Broek, M, Hirahara, K, and Yanagita, M. The roles of tertiary lymphoid structures in chronic diseases. Nat Rev Nephrol (2023) 19:525–37. doi: 10.1038/s41581-023-00706-z

8. Barone, F, Gardner, DH, Nayar, S, Steinthal, N, Buckley, CD, and Luther, SA. Stromal fibroblasts in tertiary lymphoid structures: A novel target in chronic inflammation. Front Immunol (2016) 7:477. doi: 10.3389/fimmu.2016.00477

9. Antonioli, L, Fornai, M, Pellegrini, C, Masi, S, Puxeddu, I, and Blandizzi, C. Ectopic lymphoid organs and immune-mediated diseases: molecular basis for pharmacological approaches. Trends Mol Med (2020) 26:1021–33. doi: 10.1016/j.molmed.2020.06.004

10. Ruddle, NH. Lymphatic vessels and tertiary lymphoid organs. J Clin Invest (2014) 124:953–9. doi: 10.1172/JCI71611

11. Mueller, CG, Nayar, S, Gardner, D, and Barone, F. Cellular and vascular components of tertiary lymphoid structures. Methods Mol Biol (2018) 1845:17–30. doi: 10.1007/978-1-4939-8709-2_2

12. Mueller, CG, Nayar, S, Campos, J, and Barone, F. Molecular and cellular requirements for the assembly of tertiary lymphoid structures. Adv Exp Med Biol (2018) 1060:55–72. doi: 10.1007/978-3-319-78127-3_4

13. van de Pavert, SA, and Mebius, RE. New insights into the development of lymphoid tissues. Nat Rev Immunol (2010) 10:664–74. doi: 10.1038/nri2832

14. Mebius, RE, Miyamoto, T, Christensen, J, Domen, J, Cupedo, T, Weissman, IL, et al. The fetal liver counterpart of adult common lymphoid progenitors gives rise to all lymphoid lineages, CD45+CD4+CD3- cells, as well as macrophages. J Immunol (2001) 166:6593–601. doi: 10.4049/jimmunol.166.11.6593

15. Bénézech, C, White, A, Mader, E, Serre, K, Parnell, S, Pfeffer, K, et al. Ontogeny of stromal organizer cells during lymph node development. J Immunol (2010) 184:4521–30. doi: 10.4049/jimmunol.0903113

16. Eberl, G, Marmon, S, Sunshine, MJ, Rennert, PD, Choi, Y, and Littman, DR. An essential function for the nuclear receptor RORgamma(t) in the generation of fetal lymphoid tissue inducer cells. Nat Immunol (2004) 5:64–73. doi: 10.1038/ni1022

17. Cupedo, T, Kraal, G, and Mebius, RE. The role of CD45+CD4+CD3- cells in lymphoid organ development. Immunol Rev (2002) 189:41–50. doi: 10.1034/j.1600-065X.2002.18905.x

18. Krishnamurty, AT, and Turley, SJ. Lymph node stromal cells: cartographers of the immune system. Nat Immunol (2020) 21:369–80. doi: 10.1038/s41590-020-0635-3

19. Koning, JJ, and Mebius, RE. Stromal cells and immune cells involved in formation of lymph nodes and their niches. Curr Opin Immunol (2020) 64:20–5. doi: 10.1016/j.coi.2020.03.003

20. Lochner, M, Ohnmacht, C, Presley, L, Bruhns, P, Si-Tahar, M, Sawa, S, et al. Microbiota-induced tertiary lymphoid tissues aggravate inflammatory disease in the absence of RORgamma t and LTi cells. J Exp Med (2011) 208:125–34. doi: 10.1084/jem.20100052

21. Deteix, C, Attuil-Audenis, V, Duthey, A, Patey, N, McGregor, B, Dubois, V, et al. Intragraft Th17 infiltrate promotes lymphoid neogenesis and hastens clinical chronic rejection. J Immunol (2010) 184:5344–51. doi: 10.4049/jimmunol.0902999

22. Carrega, P, Loiacono, F, Di Carlo, E, Scaramuccia, A, Mora, M, Conte, R, et al. NCR(+)ILC3 concentrate in human lung cancer and associate with intratumoral lymphoid structures. Nat Commun (2015) 6:8280. doi: 10.1038/ncomms9280

23. Guedj, K, Khallou-Laschet, J, Clement, M, Morvan, M, Gaston, AT, Fornasa, G, et al. M1 macrophages act as LTβR-independent lymphoid tissue inducer cells during atherosclerosis-related lymphoid neogenesis. Cardiovasc Res (2014) 101:434–43. doi: 10.1093/cvr/cvt263

24. Guedj, K, Abitbol, Y, Cazals-Hatem, D, Morvan, M, Maggiori, L, Panis, Y, et al. Adipocytes orchestrate the formation of tertiary lymphoid organs in the creeping fat of Crohn’s disease affected mesentery. J Autoimmun (2019) 103:102281. doi: 10.1016/j.jaut.2019.05.009

25. Guedj, K, Khallou-Laschet, J, Clement, M, Morvan, M, Delbosc, S, Gaston, AT, et al. Inflammatory micro-environmental cues of human atherothrombotic arteries confer to vascular smooth muscle cells the capacity to trigger lymphoid neogenesis. PloS One (2014) 9:e116295. doi: 10.1371/journal.pone.0116295

26. Sáinz-Jaspeado, M, and Claesson-Welsh, L. Cytokines regulating lymphangiogenesis. Curr Opin Immunol (2018) 53:58–63. doi: 10.1016/j.coi.2018.04.003

27. Aloisi, F, and Pujol-Borrell, R. Lymphoid neogenesis in chronic inflammatory diseases. Nat Rev Immunol (2006) 6:205–17. doi: 10.1038/nri1786

28. Link, A, Hardie, DL, Favre, S, Britschgi, MR, Adams, DH, Sixt, M, et al. Association of T-zone reticular networks and conduits with ectopic lymphoid tissues in mice and humans. Am J Pathol (2011) 178:1662–75. doi: 10.1016/j.ajpath.2010.12.039

29. Onder, L, Danuser, R, Scandella, E, Firner, S, Chai, Q, Hehlgans, T, et al. Endothelial cell-specific lymphotoxin-β receptor signaling is critical for lymph node and high endothelial venule formation. J Exp Med (2013) 210:465–73. doi: 10.1084/jem.20121462

30. Browning, JL, Allaire, N, Ngam-Ek, A, Notidis, E, Hunt, J, Perrin, S, et al. Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function. Immunity (2005) 23:539–50. doi: 10.1016/j.immuni.2005.10.002

31. Croia, C, Astorri, E, Murray-Brown, W, Willis, A, Brokstad, KA, Sutcliffe, N, et al. Implication of Epstein-Barr virus infection in disease-specific autoreactive B cell activation in ectopic lymphoid structures of Sjögren’s syndrome. Arthritis Rheumatol (2014) 66:2545–57. doi: 10.1002/art.38726

32. Schlößer, HA, Thelen, M, Lechner, A, Wennhold, K, Garcia-Marquez, MA, Rothschild, SI, et al. B cells in esophago-gastric adenocarcinoma are highly differentiated, organize in tertiary lymphoid structures and produce tumor-specific antibodies. Oncoimmunology (2019) 8:e1512458. doi: 10.1080/2162402X.2018.1512458

33. Montfort, A, Pearce, O, Maniati, E, Vincent, BG, Bixby, L, Böhm, S, et al. A strong B-cell response is part of the immune landscape in human high-grade serous ovarian metastases. Clin Cancer Res (2017) 23:250–62. doi: 10.1158/1078-0432.CCR-16-0081

34. Cipponi, A, Mercier, M, Seremet, T, Baurain, JF, Théate, I, van den Oord, J, et al. Neogenesis of lymphoid structures and antibody responses occur in human melanoma metastases. Cancer Res (2012) 72:3997–4007. doi: 10.1158/0008-5472.CAN-12-1377

35. Meylan, M, Petitprez, F, Becht, E, Bougoüin, A, Pupier, G, Calvez, A, et al. Tertiary lymphoid structures generate and propagate anti-tumor antibody-producing plasma cells in renal cell cancer. Immunity (2022) 55:527–541.e525. doi: 10.1016/j.immuni.2022.02.001

36. Siliņa, K, Soltermann, A, Attar, FM, Casanova, R, Uckeley, ZM, Thut, H, et al. Germinal centers determine the prognostic relevance of tertiary lymphoid structures and are impaired by corticosteroids in lung squamous cell carcinoma. Cancer Res (2018) 78:1308–20. doi: 10.1158/0008-5472.CAN-17-1987

37. Posch, F, Silina, K, Leibl, S, Mündlein, A, Moch, H, Siebenhüner, A, et al. Maturation of tertiary lymphoid structures and recurrence of stage II and III colorectal cancer. Oncoimmunology (2018) 7:e1378844. doi: 10.1080/2162402X.2017.1378844

38. Vanhersecke, L, Brunet, M, Guégan, JP, Rey, C, Bougouin, A, Cousin, S, et al. Mature tertiary lymphoid structures predict immune checkpoint inhibitor efficacy in solid tumors independently of PD-L1 expression. Nat Cancer (2021) 2:794–802. doi: 10.1038/s43018-021-00232-6

39. Hu, D, Mohanta, SK, Yin, C, Peng, L, Ma, Z, Srikakulapu, P, et al. Artery Tertiary Lymphoid Organs Control Aorta Immunity and Protect against Atherosclerosis via Vascular Smooth Muscle Cell Lymphotoxin β Receptors. Immunity (2015) 42:1100–15. doi: 10.1016/j.immuni.2015.05.015

40. Joshi, NS, Akama-Garren, EH, Lu, Y, Lee, DY, Chang, GP, Li, A, et al. Regulatory T cells in tumor-associated tertiary lymphoid structures suppress anti-tumor T cell responses. Immunity (2015) 43:579–90. doi: 10.1016/j.immuni.2015.08.006

41. Lucchesi, D, Pitzalis, C, and Bombardieri, M. EBV and other viruses as triggers of tertiary lymphoid structures in primary Sjögren’s syndrome. Expert Rev Clin Immunol (2014) 10:445–55. doi: 10.1586/1744666X.2014.892417

42. Chen, K, Liu, J, and Cao, X. Regulation of type I interferon signaling in immunity and inflammation: A comprehensive review. J Autoimmun (2017) 83:1–11. doi: 10.1016/j.jaut.2017.03.008

43. Getts, DR, Chastain, EM, Terry, RL, and Miller, SD. Virus infection, antiviral immunity, and autoimmunity. Immunol Rev (2013) 255:197–209. doi: 10.1111/imr.12091

44. Vivier, E, van de Pavert, SA, Cooper, MD, and Belz, GT. The evolution of innate lymphoid cells. Nat Immunol (2016) 17:790–4. doi: 10.1038/ni.3459

45. Peters, A, Pitcher, LA, Sullivan, JM, Mitsdoerffer, M, Acton, SE, Franz, B, et al. Th17 cells induce ectopic lymphoid follicles in central nervous system tissue inflammation. Immunity (2011) 35:986–96. doi: 10.1016/j.immuni.2011.10.015

46. Peske, JD, Thompson, ED, Gemta, L, Baylis, RA, Fu, YX, and Engelhard, VH. Effector lymphocyte-induced lymph node-like vasculature enables naive T-cell entry into tumours and enhanced anti-tumour immunity. Nat Commun (2015) 6:7114. doi: 10.1038/ncomms8114

47. Rodriguez, AB, Peske, JD, Woods, AN, Leick, KM, Mauldin, IS, Meneveau, MO, et al. Immune mechanisms orchestrate tertiary lymphoid structures in tumors via cancer-associated fibroblasts. Cell Rep (2021) 36:109422. doi: 10.1016/j.celrep.2021.109422

48. Borelli, A, and Irla, M. Lymphotoxin: from the physiology to the regeneration of the thymic function. Cell Death Differ (2021) 28:2305–14. doi: 10.1038/s41418-021-00834-8

49. Collison, J. Immunofibroblasts are the cornerstone of TLS formation in pSS. Nat Rev Rheumatol (2019) 15:513. doi: 10.1038/s41584-019-0273-z

50. Barone, F, Bombardieri, M, Rosado, MM, Morgan, PR, Challacombe, SJ, De Vita, S, et al. CXCL13, CCL21, and CXCL12 expression in salivary glands of patients with Sjogren’s syndrome and MALT lymphoma: association with reactive and Malignant areas of lymphoid organization. J Immunol (2008) 180:5130–40. doi: 10.4049/jimmunol.180.7.5130

51. GeurtsvanKessel, CH, Willart, MA, Bergen, IM, van Rijt, LS, Muskens, F, Elewaut, D, et al. Dendritic cells are crucial for maintenance of tertiary lymphoid structures in the lung of influenza virus-infected mice. J Exp Med (2009) 206:2339–49. doi: 10.1084/jem.20090410

52. Tang, H, Zhu, M, Qiao, J, and Fu, YX. Lymphotoxin signalling in tertiary lymphoid structures and immunotherapy. Cell Mol Immunol (2017) 14:809–18. doi: 10.1038/cmi.2017.13

53. Fleige, H, Ravens, S, Moschovakis, GL, Bölter, J, Willenzon, S, Sutter, G, et al. IL-17-induced CXCL12 recruits B cells and induces follicle formation in BALT in the absence of differentiated FDCs. J Exp Med (2014) 211:643–51. doi: 10.1084/jem.20131737

54. Barone, F, Nayar, S, Campos, J, Cloake, T, Withers, DR, Toellner, KM, et al. IL-22 regulates lymphoid chemokine production and assembly of tertiary lymphoid organs. Proc Natl Acad Sci USA (2015) 112:11024–9. doi: 10.1073/pnas.1503315112

55. Gräbner, R, Lötzer, K, Döpping, S, Hildner, M, Radke, D, Beer, M, et al. Lymphotoxin beta receptor signaling promotes tertiary lymphoid organogenesis in the aorta adventitia of aged ApoE-/- mice. J Exp Med (2009) 206:233–48. doi: 10.1084/jem.20080752

56. Lötzer, K, Döpping, S, Connert, S, Gräbner, R, Spanbroek, R, Lemser, B, et al. Mouse aorta smooth muscle cells differentiate into lymphoid tissue organizer-like cells on combined tumor necrosis factor receptor-1/lymphotoxin beta-receptor NF-kappaB signaling. Arterioscler Thromb Vasc Biol (2010) 30:395–402. doi: 10.1161/ATVBAHA.109.191395

57. Jones, GW, Bombardieri, M, Greenhill, CJ, McLeod, L, Nerviani, A, Rocher-Ros, V, et al. Interleukin-27 inhibits ectopic lymphoid-like structure development in early inflammatory arthritis. J Exp Med (2015) 212:1793–802. doi: 10.1084/jem.20132307

58. Lucchesi, D, Coleby, R, Pontarini, E, Prediletto, E, Rivellese, F, Hill, DG, et al. Impaired interleukin-27-mediated control of CD4+ T cell function impact on ectopic lymphoid structure formation in patients with Sjögren’s syndrome. Arthritis Rheumatol (2020) 72:1559–70. doi: 10.1002/art.41289

59. Batten, M, Ramamoorthi, N, Kljavin, NM, Ma, CS, Cox, JH, Dengler, HS, et al. IL-27 supports germinal center function by enhancing IL-21 production and the function of T follicular helper cells. J Exp Med (2010) 207:2895–906. doi: 10.1084/jem.20100064

60. Golub, R, and Cumano, A. Embryonic hematopoiesis. Blood Cells Mol Dis (2013) 51:226–31. doi: 10.1016/j.bcmd.2013.08.004

61. McInnes, IB, and Schett, G. The pathogenesis of rheumatoid arthritis. N Engl J Med (2011) 365:2205–19. doi: 10.1056/NEJMra1004965

62. Gomez, EA, Colas, RA, Souza, PR, Hands, R, Lewis, MJ, Bessant, C, et al. Blood pro-resolving mediators are linked with synovial pathology and are predictive of DMARD responsiveness in rheumatoid arthritis. Nat Commun (2020) 11:5420. doi: 10.1038/s41467-020-19176-z

63. Humby, F, Lewis, M, Ramamoorthi, N, Hackney, JA, Barnes, MR, Bombardieri, M, et al. Synovial cellular and molecular signatures stratify clinical response to csDMARD therapy and predict radiographic progression in early rheumatoid arthritis patients. Ann Rheum Dis (2019) 78:761–72. doi: 10.1136/annrheumdis-2018-214539

64. Pitzalis, C, Kelly, S, and Humby, F. New learnings on the pathophysiology of RA from synovial biopsies. Curr Opin Rheumatol (2013) 25:334–44. doi: 10.1097/BOR.0b013e32835fd8eb

65. Rivellese, F, Pontarini, E, and Pitzalis, C. Tertiary lymphoid organs in rheumatoid arthritis. Curr Top Microbiol Immunol (2020) 426:119–41. doi: 10.1007/82_2020_216

66. Nygaard, G, and Firestein, GS. Restoring synovial homeostasis in rheumatoid arthritis by targeting fibroblast-like synoviocytes. Nat Rev Rheumatol (2020) 16:316–33. doi: 10.1038/s41584-020-0413-5

67. Manzo, A, Bugatti, S, Caporali, R, Prevo, R, Jackson, DG, Uguccioni, M, et al. CCL21 expression pattern of human secondary lymphoid organ stroma is conserved in inflammatory lesions with lymphoid neogenesis. Am J Pathol (2007) 171:1549–62. doi: 10.2353/ajpath.2007.061275

68. Ikeuchi, H, Kuroiwa, T, Hiramatsu, N, Kaneko, Y, Hiromura, K, Ueki, K, et al. Expression of interleukin-22 in rheumatoid arthritis: potential role as a proinflammatory cytokine. Arthritis Rheum (2005) 52:1037–46. doi: 10.1002/art.20965

69. Zhu, J, Jia, E, Zhou, Y, Xu, J, Feng, Z, Wang, H, et al. Interleukin-22 secreted by NKp44+ Natural killer cells promotes proliferation of fibroblast-like synoviocytes in rheumatoid arthritis. Med (Baltimore) (2015) 94:e2137. doi: 10.1097/MD.0000000000002137

70. Humby, F, Bombardieri, M, Manzo, A, Kelly, S, Blades, MC, Kirkham, B, et al. Ectopic lymphoid structures support ongoing production of class-switched autoantibodies in rheumatoid synovium. PloS Med (2009) 6:e1. doi: 10.1371/journal.pmed.0060001

71. Niu, Q, Huang, ZC, Wu, XJ, Jin, YX, An, YF, Li, YM, et al. Enhanced IL-6/phosphorylated STAT3 signaling is related to the imbalance of circulating T follicular helper/T follicular regulatory cells in patients with rheumatoid arthritis. Arthritis Res Ther (2018) 20:200. doi: 10.1186/s13075-018-1690-0

72. Liu, C, Wang, D, Lu, S, Xu, Q, Zhao, L, Zhao, J, et al. Increased circulating follicular treg cells are associated with lower levels of autoantibodies in patients with rheumatoid arthritis in stable remission. Arthritis Rheumatol (2018) 70:711–21. doi: 10.1002/art.40430

73. Bienkowska, J, Allaire, N, Thai, A, Goyal, J, Plavina, T, Nirula, A, et al. Lymphotoxin-LIGHT pathway regulates the interferon signature in rheumatoid arthritis. PloS One (2014) 9:e112545. doi: 10.1371/journal.pone.0112545

74. Cafaro, G, Croia, C, Argyropoulou, OD, Leone, MC, Orlandi, M, Finamore, F, et al. One year in review 2019: Sjögren’s syndrome. Clin Exp Rheumatol (2019) 37 Suppl 118:3–15.

75. Theander, E, Vasaitis, L, Baecklund, E, Nordmark, G, Warfvinge, G, Liedholm, R, et al. Lymphoid organisation in labial salivary gland biopsies is a possible predictor for the development of Malignant lymphoma in primary Sjögren’s syndrome. Ann Rheum Dis (2011) 70:1363–8. doi: 10.1136/ard.2010.144782

76. Nayar, S, Campos, J, Smith, CG, Iannizzotto, V, Gardner, DH, Mourcin, F, et al. Immunofibroblasts are pivotal drivers of tertiary lymphoid structure formation and local pathology. Proc Natl Acad Sci USA (2019) 116:13490–7. doi: 10.1073/pnas.1905301116

77. Fava, RA, Kennedy, SM, Wood, SG, Bolstad, AI, Bienkowska, J, Papandile, A, et al. Lymphotoxin-beta receptor blockade reduces CXCL13 in lacrimal glands and improves corneal integrity in the NOD model of Sjögren’s syndrome. Arthritis Res Ther (2011) 13:R182. doi: 10.1186/ar3507

78. Risselada, AP, Looije, MF, Kruize, AA, Bijlsma, JW, and van Roon, JA. The role of ectopic germinal centers in the immunopathology of primary Sjögren’s syndrome: a systematic review. Semin Arthritis Rheum (2013) 42:368–76. doi: 10.1016/j.semarthrit.2012.07.003

79. Gatumu, MK, Skarstein, K, Papandile, A, Browning, JL, Fava, RA, and Bolstad, AI. Blockade of lymphotoxin-beta receptor signaling reduces aspects of Sjögren’s syndrome in salivary glands of non-obese diabetic mice. Arthritis Res Ther (2009) 11:R24. doi: 10.1186/ar2617

80. Gasparotto, M, Gatto, M, Binda, V, Doria, A, and Moroni, G. Lupus nephritis: clinical presentations and outcomes in the 21st century. Rheumatol (Oxford) (2020) 59:v39–51. doi: 10.1093/rheumatology/keaa381

81. Chang, A, Henderson, SG, Brandt, D, Liu, N, Guttikonda, R, Hsieh, C, et al. In situ B cell-mediated immune responses and tubulointerstitial inflammation in human lupus nephritis. J Immunol (2011) 186:1849–60. doi: 10.4049/jimmunol.1001983

82. Dorraji, ES, Oteiza, A, Kuttner, S, Martin-Armas, M, Kanapathippillai, P, Garbarino, S, et al. Positron emission tomography and single photon emission computed tomography imaging of tertiary lymphoid structures during the development of lupus nephritis. Int J Immunopathol Pharmacol (2021) 35:20587384211033683. doi: 10.1177/20587384211033683

83. Suurmond, J, and Diamond, B. Autoantibodies in systemic autoimmune diseases: specificity and pathogenicity. J Clin Invest (2015) 125:2194–202. doi: 10.1172/JCI78084

84. Tsokos, GC, Lo, MS, Costa Reis, P, and Sullivan, KE. New insights into the immunopathogenesis of systemic lupus erythematosus. Nat Rev Rheumatol (2016) 12:716–30. doi: 10.1038/nrrheum.2016.186

85. Jamaly, S, Rakaee, M, Abdi, R, Tsokos, GC, and Fenton, KA. Interplay of immune and kidney resident cells in the formation of tertiary lymphoid structures in lupus nephritis. Autoimmun Rev (2021) 20:102980. doi: 10.1016/j.autrev.2021.102980

86. Castellano, G, Cafiero, C, Divella, C, Sallustio, F, Gigante, M, Pontrelli, P, et al. Local synthesis of interferon-alpha in lupus nephritis is associated with type I interferons signature and LMP7 induction in renal tubular epithelial cells. Arthritis Res Ther (2015) 17:72. doi: 10.1186/s13075-015-0588-3

87. Schwarting, A, Relle, M, Meineck, M, Föhr, B, Triantafyllias, K, Weinmann, A, et al. Renal tubular epithelial cell-derived BAFF expression mediates kidney damage and correlates with activity of proliferative lupus nephritis in mouse and men. Lupus (2018) 27:243–56. doi: 10.1177/0961203317717083

88. Chen, Y, Yang, C, Xie, Z, Zou, L, Ruan, Z, Zhang, X, et al. Expression of the novel co-stimulatory molecule B7-H4 by renal tubular epithelial cells. Kidney Int (2006) 70:2092–9. doi: 10.1038/sj.ki.5001867

89. Li, H, Tsokos, MG, Bhargava, R, Adamopoulos, IE, Menn-Josephy, H, Stillman, IE, et al. IL-23 reshapes kidney resident cell metabolism and promotes local kidney inflammation. J Clin Invest (2021) 131:e142428. doi: 10.1172/JCI142428

90. Dorraji, SE, Kanapathippillai, P, Hovd, AK, Stenersrød, MR, Horvei, KD, Ursvik, A, et al. Kidney tertiary lymphoid structures in lupus nephritis develop into large interconnected networks and resemble lymph nodes in gene signature. Am J Pathol (2020) 190:2203–25. doi: 10.1016/j.ajpath.2020.07.015

91. Drayton, DL, Ying, X, Lee, J, Lesslauer, W, and Ruddle, NH. Ectopic LT alpha beta directs lymphoid organ neogenesis with concomitant expression of peripheral node addressin and a HEV-restricted sulfotransferase. J Exp Med (2003) 197:1153–63. doi: 10.1084/jem.20021761

92. Tsuboi, H, Honda, F, Takahashi, H, Ono, Y, Abe, S, Kondo, Y, et al. Pathogenesis of IgG4-related disease. Comparison with Sjögren’s syndrome. Mod Rheumatol (2020) 30:7–16. doi: 10.1080/14397595.2019.1650694

93. Maehara, T, Moriyama, M, Nakashima, H, Miyake, K, Hayashida, JN, Tanaka, A, et al. Interleukin-21 contributes to germinal centre formation and immunoglobulin G4 production in IgG4-related dacryoadenitis and sialoadenitis, so-called Mikulicz’s disease. Ann Rheum Dis (2012) 71:2011–9. doi: 10.1136/annrheumdis-2012-201477

94. Jackson, SW, Jacobs, HM, Arkatkar, T, Dam, EM, Scharping, NE, Kolhatkar, NS, et al. B cell IFN-γ receptor signaling promotes autoimmune germinal centers via cell-intrinsic induction of BCL-6. J Exp Med (2016) 213:733–50. doi: 10.1084/jem.20151724

95. Cai, S, Chen, Y, Hu, Z, Zhou, T, Huang, Y, Lin, S, et al. The landscape of T and B lymphocytes interaction and synergistic effects of Th1 and Th2 type response in the involved tissue of IgG4-RD revealed by single cell transcriptome analysis. J Autoimmun (2022) 133:102944. doi: 10.1016/j.jaut.2022.102944

96. Mattoo, H, Stone, JH, and Pillai, S. Clonally expanded cytotoxic CD4(+) T cells and the pathogenesis of IgG4-related disease. Autoimmunity (2017) 50:19–24. doi: 10.1080/08916934.2017.1280029

97. Caughey, GE, Gabb, GM, Ronson, S, Ward, M, Beukelman, T, Hill, CL, et al. Association of statin exposure with histologically confirmed idiopathic inflammatory myositis in an Australian population. JAMA Intern Med (2018) 178:1224–9. doi: 10.1001/jamainternmed.2018.2859

98. López De Padilla, CM, Vallejo, AN, Lacomis, D, McNallan, K, and Reed, AM. Extranodal lymphoid microstructures in inflamed muscle and disease severity of new-onset juvenile dermatomyositis. Arthritis Rheum (2009) 60:1160–72. doi: 10.1002/art.24411

99. De Bleecker, JL, Engel, AG, and Butcher, EC. Peripheral lymphoid tissue-like adhesion molecule expression in nodular infiltrates in inflammatory myopathies. Neuromuscul Disord (1996) 6:255–60. doi: 10.1016/0960-8966(96)00015-6

100. Matsubara, S, Seki, M, Suzuki, S, Komori, T, and Takamori, M. Tertiary lymphoid organs in the inflammatory myopathy associated with PD-1 inhibitors. J Immunother Cancer (2019) 7:256. doi: 10.1186/s40425-019-0736-4

101. Maghrabi, Y, Hakamy, S, Bahabri, N, AlSobaei, M, Abuzinadah, AR, and Kurdi, M. Adult-type dermatomyositis with secondary lymphoid follicles harbouring reactive B-cells component. Neuromuscul Disord (2021) 31:881–5. doi: 10.1016/j.nmd.2021.07.001

102. Bradshaw, EM, Orihuela, A, McArdel, SL, Salajegheh, M, Amato, AA, Hafler, DA, et al. A local antigen-driven humoral response is present in the inflammatory myopathies. J Immunol (2007) 178:547–56. doi: 10.4049/jimmunol.178.1.547

103. Redondo, MJ, and Morgan, NG. Heterogeneity and endotypes in type 1 diabetes mellitus. Nat Rev Endocrinol (2023) 19:542–54. doi: 10.1038/s41574-023-00853-0

104. Kendall, PL, Yu, G, Woodward, EJ, and Thomas, JW. Tertiary lymphoid structures in the pancreas promote selection of B lymphocytes in autoimmune diabetes. J Immunol (2007) 178:5643–51. doi: 10.4049/jimmunol.178.9.5643

105. Wu, Q, Salomon, B, Chen, M, Wang, Y, Hoffman, LM, Bluestone, JA, et al. Reversal of spontaneous autoimmune insulitis in nonobese diabetic mice by soluble lymphotoxin receptor. J Exp Med (2001) 193:1327–32. doi: 10.1084/jem.193.11.1327

106. Ettinger, R, Munson, SH, Chao, CC, Vadeboncoeur, M, Toma, J, and McDevitt, HO. A critical role for lymphotoxin-beta receptor in the development of diabetes in nonobese diabetic mice. J Exp Med (2001) 193:1333–40. doi: 10.1084/jem.193.11.1333

107. Henry, RA, and Kendall, PL. CXCL13 blockade disrupts B lymphocyte organization in tertiary lymphoid structures without altering B cell receptor bias or preventing diabetes in nonobese diabetic mice. J Immunol (2010) 185:1460–5. doi: 10.4049/jimmunol.0903710

108. Astorri, E, Bombardieri, M, Gabba, S, Peakman, M, Pozzilli, P, and Pitzalis, C. Evolution of ectopic lymphoid neogenesis and in situ autoantibody production in autoimmune nonobese diabetic mice: cellular and molecular characterization of tertiary lymphoid structures in pancreatic islets. J Immunol (2010) 185:3359–68. doi: 10.4049/jimmunol.1001836

109. Charabati, M, Wheeler, MA, Weiner, HL, and Quintana, FJ. Multiple sclerosis: Neuroimmune crosstalk and therapeutic targeting. Cell (2023) 186:1309–27. doi: 10.1016/j.cell.2023.03.008

110. Magliozzi, R, Howell, O, Vora, A, Serafini, B, Nicholas, R, Puopolo, M, et al. Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology. Brain (2007) 130:1089–104. doi: 10.1093/brain/awm038

111. Zhan, J, Kipp, M, Han, W, and Kaddatz, H. Ectopic lymphoid follicles in progressive multiple sclerosis: From patients to animal models. Immunology (2021) 164:450–66. doi: 10.1111/imm.13395

112. Gardner, C, Magliozzi, R, Durrenberger, PF, Howell, OW, Rundle, J, and Reynolds, R. Cortical grey matter demyelination can be induced by elevated pro-inflammatory cytokines in the subarachnoid space of MOG-immunized rats. Brain (2013) 136:3596–608. doi: 10.1093/brain/awt279

113. Serafini, B, Rosicarelli, B, Veroni, C, Zhou, L, Reali, C, and Aloisi, F. RORγt expression and lymphoid neogenesis in the brain of patients with secondary progressive multiple sclerosis. J Neuropathol Exp Neurol (2016) 75:877–88. doi: 10.1093/jnen/nlw063

114. Columba-Cabezas, S, Griguoli, M, Rosicarelli, B, Magliozzi, R, Ria, F, Serafini, B, et al. Suppression of established experimental autoimmune encephalomyelitis and formation of meningeal lymphoid follicles by lymphotoxin beta receptor-Ig fusion protein. J Neuroimmunol (2006) 179:76–86. doi: 10.1016/j.jneuroim.2006.06.015

115. Jäger, A, Dardalhon, V, Sobel, RA, Bettelli, E, and Kuchroo, VK. Th1, Th17, and Th9 effector cells induce experimental autoimmune encephalomyelitis with different pathological phenotypes. J Immunol (2009) 183:7169–77. doi: 10.4049/jimmunol.0901906

116. Lee, Y, Mitsdoerffer, M, Xiao, S, Gu, G, Sobel, RA, and Kuchroo, VK. IL-21R signaling is critical for induction of spontaneous experimental autoimmune encephalomyelitis. J Clin Invest (2015) 125:4011–20. doi: 10.1172/JCI75933

117. Schmitt, N. Role of T follicular helper cells in multiple sclerosis. J Nat Sci (2015) 1:e139.

118. Varrin-Doyer, M, Pekarek, KL, Spencer, CM, Bernard, CC, Sobel, RA, Cree, BA, et al. Treatment of spontaneous EAE by laquinimod reduces Tfh, B cell aggregates, and disease progression. Neurol Neuroimmunol Neuroinflamm (2016) 3:e272. doi: 10.1212/NXI.0000000000000272

119. Guo, J, Zhao, C, Wu, F, Tao, L, Zhang, C, Zhao, D, et al. T follicular helper-like cells are involved in the pathogenesis of experimental autoimmune encephalomyelitis. Front Immunol (2018) 9:944. doi: 10.3389/fimmu.2018.00944

120. O’Neil, LJ, Barrera-Vargas, A, Sandoval-Heglund, D, Merayo-Chalico, J, Aguirre-Aguilar, E, Aponte, AM, et al. Neutrophil-mediated carbamylation promotes articular damage in rheumatoid arthritis. Sci Adv (2020) 6:eabd2688. doi: 10.1126/sciadv.abd2688

121. Smolen, JS, Aletaha, D, and McInnes, IB. Rheumatoid arthritis. Lancet (2016) 388:2023–38. doi: 10.1016/S0140-6736(16)30173-8

122. Gravallese, EM, and Firestein, GS. Rheumatoid arthritis - common origins, divergent mechanisms. N Engl J Med (2023) 388:529–42. doi: 10.1056/NEJMra2103726

123. Kerschbaumer, A, Sepriano, A, Smolen, JS, van der Heijde, D, Dougados, M, van Vollenhoven, R, et al. Efficacy of pharmacological treatment in rheumatoid arthritis: a systematic literature research informing the 2019 update of the EULAR recommendations for management of rheumatoid arthritis. Ann Rheum Dis (2020) 79:744–59. doi: 10.1136/annrheumdis-2019-216656

124. Brito-Zerón, P, Baldini, C, Bootsma, H, Bowman, SJ, Jonsson, R, Mariette, X, et al. Sjögren syndrome. Nat Rev Dis Primers (2016) 2:16047. doi: 10.1038/nrdp.2016.47

125. Shiboski, CH, Shiboski, SC, Seror, R, Criswell, LA, Labetoulle, M, Lietman, TM, et al. 2016 American College of Rheumatology/European League Against Rheumatism classification criteria for primary Sjögren’s syndrome: A consensus and data-driven methodology involving three international patient cohorts. Ann Rheum Dis (2017) 76:9–16. doi: 10.1136/annrheumdis-2016-210571

126. St Clair, EW, Baer, AN, Wei, C, Noaiseh, G, Parke, A, Coca, A, et al. Clinical efficacy and safety of baminercept, a lymphotoxin β Receptor fusion protein, in primary sjögren’s syndrome: results from a phase II randomized, double-blind, placebo-controlled trial. Arthritis Rheumatol (2018) 70:1470–80. doi: 10.1002/art.40513

127. Mok, CC, Teng, YKO, Saxena, R, and Tanaka, Y. Treatment of lupus nephritis: consensus, evidence and perspectives. Nat Rev Rheumatol (2023) 19:227–38. doi: 10.1038/s41584-023-00925-5

128. Ng, LG, Sutherland, AP, Newton, R, Qian, F, Cachero, TG, Scott, ML, et al. B cell-activating factor belonging to the TNF family (BAFF)-R is the principal BAFF receptor facilitating BAFF costimulation of circulating T and B cells. J Immunol (2004) 173:807–17. doi: 10.4049/jimmunol.173.2.807

129. Perugino, CA, and Stone, JH. IgG4-related disease: an update on pathophysiology and implications for clinical care. Nat Rev Rheumatol (2020) 16:702–14. doi: 10.1038/s41584-020-0500-7

130. Otani, Y, Shimura, T, Nogaki, T, Ikenoya, Y, Oyake, K, Imaizumi, N, et al. Differentiation between IgG4-related Mikulicz disease and Sjögren’s syndrome: A review case report and literature review. Med (Baltimore) (2022) 101:e32617. doi: 10.1097/MD.0000000000032617

131. Moriyama, M, Tanaka, A, Maehara, T, Furukawa, S, Nakashima, H, and Nakamura, S. T helper subsets in Sjögren’s syndrome and IgG4-related dacryoadenitis and sialoadenitis: a critical review. J Autoimmun (2014) 51:81–8. doi: 10.1016/j.jaut.2013.07.007

132. Maehara, T, Mattoo, H, Ohta, M, Mahajan, VS, Moriyama, M, Yamauchi, M, et al. Lesional CD4+ IFN-γ+ cytotoxic T lymphocytes in IgG4-related dacryoadenitis and sialoadenitis. Ann Rheum Dis (2017) 76:377–85. doi: 10.1136/annrheumdis-2016-209139

133. Konomatsu, K, Izumi, R, Suzuki, N, Takai, Y, Shirota, Y, Saito, R, et al. A rare case of sporadic inclusion body myositis and rheumatoid arthritis exhibiting ectopic lymphoid follicle-like structures: a case report and literature review. Neuromuscul Disord (2021) 31:870–6. doi: 10.1016/j.nmd.2021.07.002

134. Atkinson, MA, and Mirmira, RG. The pathogenic “symphony” in type 1 diabetes: A disorder of the immune system, β cells, and exocrine pancreas. Cell Metab (2023) 35:1500–18. doi: 10.1016/j.cmet.2023.06.018

135. Korpos, É, Kadri, N, Loismann, S, Findeisen, CR, Arfuso, F, Burke, GW 3rd, et al. Identification and characterisation of tertiary lymphoid organs in human type 1 diabetes. Diabetologia (2021) 64:1626–41. doi: 10.1007/s00125-021-05453-z

136. Quinn, JL, Kumar, G, Agasing, A, Ko, RM, and Axtell, RC. Role of TFH cells in promoting T helper 17-induced neuroinflammation. Front Immunol (2018) 9:382. doi: 10.3389/fimmu.2018.00382




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 © 2024 Dong, Wang and Wu. 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.


OEBPS/Images/fimmu-14-1322035-g002.jpg
LTalf2 CXCL13
IFN-y CXCL12
CCL19

CCL21

LTalp2

- s > K 00 @ 00 = v o = ¥ @ § w

Autoantigen Virus Bacterium DC  Tcell Beell Neutrophil Th17 NK ILC3 Fibroblast Storm Pencytc Endocyte Collogen B lymphoma Histocyte Necrosis





OEBPS/Images/fimmu.2023.1322035_cover.jpg
& frontiers | Frontiers in Immunology

Tertiary lymphoid structures in autoimmune
diseases





OEBPS/Images/fimmu-14-1322035-g001.jpg
“

°.-°_- o eLTo cell

R e

Q: mLTo cell

\/
- * mLTo cell

. Tecell

LTi cell

Lymph node

[T/ OV 2 ht ! ! ¥ Y
CXCR5 CCR7 CCL21 IL-7 CXCLI3RANK RANKL LTalf2  IL-R  LTfR VCAM-1 ICAM-1 MAJCAM-1





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Tertiary lymphoid structures in autoimmune diseases

      

        		

          1 Introduction

        



        		

          2 SLOs and TLSs development

        



        		

          3 Composition and function of TLSs

        



        		

          4 Extrinsic factors and intrinsic components in TLSs

        



        		

          5 Characteristics of TLSs in autoimmune diseases

        

          		

            5.1 Rheumatoid arthritis, TLSs in synovial tissue

          



          		

            5.2 Sjögren’s syndrome, TLSs in salivary gland

          



          		

            5.3 Lupus nephritis, TLSs in kidney

          



          		

            5.4 IgG4-related dacryoadenitis and sialadenitis, TLSs in salivary gland

          



          		

            5.5 Idiopathic inflammatory myositis, TLSs in muscle

          



          		

            5.6 Type 1 diabetes, TLSs in the pancreas

          



          		

            5.7 Multiple sclerosis, TLSs in the meninges

          



        



        



        		

          6 Discussion

        



        		

          7 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1322035-g003.jpg
Salivary gland
SS and IgG4-DS Target appropriate cytokmes

Early intervention

According to pathological type

Pancreas
TID Kidney Synovium

. ® o —}K¥ =

Bcell T cell Plasma cell Dendritic cell Stroma cell





OEBPS/Images/table1.jpg
Disease Histological structure molecules Cell types Rate Function RES
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and fibroid type. TLSs only exist IL-17, CXC-L13, CXCL-12, cell, NIK+ ECs, Tfh, Tfr and fibrosis
lymphoid type. VCAM-1, BAFF, IL-27
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the appearance of TLSs. 1L-27
LN Immune complex dep-osition in BAFF, IFN, IL-23, CXCL12, Ductal ECs, About 6% Tissue des-truction (80-91)
mesangial and endothelial cells. CCL20, LTou1B2 T cells, B cells, FDCs, Tth, and fibrosis
Chronic inflammatory cell
infiltration and formation of
TLSs in the interstitium.
1gG4-SD Cell and extracellular matrix IL-21, IL-4, Ductal ECs, About 60% = Mild tissue (92-96)
proliferative disease, lymphocyte IFN-y, LT, Th2, Fibro-blast, B cells, destruction and
accumulation, and TLSs LTPR, IL-7, severe fibrosis
formation in inter-stitium. IL-7R, HLA-DRA
1M A heterogeneous dis-ease, muscle | PNAd, CCL21, FDCs, Low, 20% Not clear, (97-102)
inflame-matory cell infiltration, | TNESF11, B cells, in JDM tissue injury?
and muscle fiber necrosis. TLSs T cells et al.
preferentially perimysial
Localization.
TID Immune-mediated des-truction CXCL13, B cells, T cells, About 50% | Tissue des-truction, (103-108)
of pancreatic beta cells, TLSs LTalp2, FRCs, FDCs and TLSs
formation in the islets. CCL19, gradually
CXCR5 disappeared
MS Inflammatory demyel-inating 1L-17, IL-21, FDCs, Th17, About40% Tissue des-truction (109-119)
lesions in white matter and TLSs | IL-23, LTS, IFN-y Tth, Stromal cell network in SPMS
in meninges.

RA, rheumatoid arthritis; SS, Sjogren’s Syndrome; LN, Lupus nephritis; IgG4-SD, IgGa-related sialadenitis; IIM, idiopathic inflammatory myopathy; T1D, Type 1 Diabetes; MS, Multiple sclerosis;
TLSs, Tertiary lymphoid structures; CXCL13, C-X-C motif chemokine 13; VCAM:-1, Vascular Cell Adhesion Molecule 1; BAFF, B-cell Activating factor of the TNF family; FLS, Fibroblast-like
synoviocytes; NK, natural killer; FDCs, Follicular dendritic cells; ECs, Epithelial cells; Tth, Follicular helper T cells; Tfr, Follicular helper regulatory cells; ILCs, Innate lymphoid cells; IEN,
Interferon; LT, lymphotoxin; TNESF11, Tumor necrosis factor ligand superfamily member 115 ES, Focus score; JDM, juvenile dermatomyositis; FRCs, fibroblastic reticular cell; CCL19, C-C
Motif Chemokine Ligand 9; CXCRS, C-X-C chemokine receptor type 5; SPMS, secondary progressive multiple sclerosis.





