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Editorial on the Research Topic 


Glycans: molecules at the interface of immunity and disease


Biomolecules are evolved machines. The chemical properties of proteins, lipids and nucleotides are manifestly suited to their essential functions (1). What, then, is the intrinsic function of glycans? Organisms use sugars in such variety; could there be any one role that optimizes the use of glycans’ inherently diverse structures and chemistry? If nucleotide polymers are ‘for’ information storage and proteins are ‘for’ catalysis, we suggest that glycans are for context - they extend and modify biochemical capability. Glycans enhance life’s patterning systems; their finely regulated and context-dependent functions augment processes that require diversity and precision (2).

This Research Topic collects research on immunity and disease, where glycans’ diverse structures and functions contextualize and enact responses to illness and infection. The articles in this Research Topic illustrate glycans’ many biological functions, fine-tuned localization and regulation, diverse structures and synthesis, and varied evolutionary history. Understanding patterns that glycans enact and how these patterns respond to organismal state is central to a complete and nuanced picture of immunity and to targeted disease interventions.




Origins and diversity

Ultimately, the functions of each glycan and glycan-binding molecule begin with the stories of their evolutionary origin and diversification. Günther and Galuska trace the galectin family of sugar-binding proteins back to its original form, detail the diversification of binding functions, and uncover in jawless vertebrates additional functions lost by other vertebrates. In mammals, galectins regulate immune and inflammatory responses. However, the galectin family originated before the vertebrate immune system. Tracing the early diversification of galectins uncovers some of the functions that existed when the need for immunomodulation arose.





Regulation and recognition

Glycans shape inward aspects of immunity and disease, where their versatility extends the capacity for coordination and self-recognition. Glycans, glycoproteins, and glycan-binding molecules modulate inflammation through various mechanisms. Zhao et al. review the many pro- and anti-inflammatory responses enacted by fibromodulin, a small leucine-rich proteoglycan. They find effects in wound healing, osteoarthritis, tendinopathy, atherosclerosis, and heart failure. Jin and Zong review the direct effects of glycan molecules on immunomodulation, finding that dysregulation of the glycosaminoglycan hyaluronan is a crucial determinant of renal cell carcinoma progression.

The biochemical flexibility of sugars also extends the co-evolutionary interface, allowing hosts and pathogens to counter each other with molecular patterns that manipulate, mislead, outpace, or obscure. When pathogens mimic host patterns, the adaptive immune system can be a final line of defence separating self from non-self. Goodson et al. show that endogenous immunopeptides presented by the major histocompatibility complex (MHC-II) have extensively remodelled glycans. Clues to the source of the immunopeptide (self or non-self) may exist in these patterns of glycan remodelling.





Functions and losses of function

Comparisons of similar but independently evolved patterns can inspire new functional inferences. Dhar evaluates patterns of Siglec-8 and co-receptor expression in the brain and finds that Siglec-8 localizes to an intracellular compartment, a pattern also found in the CD33 allele that protects against Alzheimer’s disease (3). The independent origin of these similar localization patterns suggests that losses of function often have tangible consequences for disease progression.

Several articles in this Research Topic explore the consequences of losing glycan-binding functions experimentally. Wei et al. induce a genetic loss of function to evaluate its effect, finding that B4GALT3 knockout mice have enhanced anti-tumour immune responses. Ahmad et al. develop a chemical loss of function. They describe SHG-8, a small molecule that obstructs the binding pocket of Siglec-15, inducing apoptosis in SW480 colorectal cells via changes in microRNA expression. Cao et al. induce loss of function by glycan removal. Desialylation of ligands on eosinophils and mast cells disrupts cis-binding to Siglec-8, allowing them to undergo apoptosis without cytokine priming.

All three of the above studies describe specific interventions that act only in a particular context, highlighting the importance of glycans in targeting interventions. However, Manni et al. describe the presence of Neu5Gc-containing gangliosides in cancer cells and non-cancerous skin cells. Thus, they caution against using these Neu5Gc-glycolipids as targets for cancer immunotherapy. Glycobiology may be a scalpel that divides body-wide phenomena like inflammation and immunity into individually addressable components. Still, those who would intervene must take care to understand the complete pattern.





Applications

Glycosylation patterns can serve as markers of autoimmune disease because they change in response to physiological state. Lu et al. use a case-control study to show that N-glycosylation of immunoglobulin G (IgG) up-regulates the pro-inflammatory response in lupus nephritis, a disease of chronic inflammation. Wojcik et al. use a longitudinal study to show that patterns of IgG Fc-glycosylation can predict relapses in cases of inflammatory vasculitis.

Glycans in non-immune tissues also change in response to inflammatory disease. Alvarez et al. show that chronic lung inflammation is associated with increased epithelial glycan fucosylation, likely an over-activation of a natural mechanism for recruiting innate immune cells. Pickering et al. use proteomics to discover glycan patterns in blood that can predict whether immune checkpoint inhibitor therapy will be effective in patients with melanoma. In all these cases, glycans are more than just disease markers; their differences intertwine with the causes of the disease. Interpreting such patterns is vital for directing and predicting patient responses to interventions.





The many futures of glycobiology

Glycans create and enhance biological patterns. They have rich biological functions, and researchers are actively discovering new evolutionary relationships, historical origins, structures, synthesis pathways, cellular localizations, expression modes, and activities (4). Their context-dependent nature has made studying glycans challenging - but there has never been a better time to study biological patterns. Machine learning, modern statistical tools, and genome-scale spatial and temporal data will combine to reveal many formerly intractable features of glycans (5). The determinants of assembly and localization, the space of possible forms, and the grammars of glycan recognition may soon be within reach for many sugars and sugar-binding molecules.

The articles in this Research Topic detail the intricate involvement of glycan functions in immunity and disease. Glycans are often the front line of immunity and the best or only markers for immunological diseases, so the fine context-dependent activities of glycans may also be a means to design precisely targeted interventions. Thus, for both fundamental and practical reasons, the world of biological context and the role of glycans in creating its diverse and distinctive patterns deserve comprehensive exploration.
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Renal cell carcinoma (RCC) is associated with high mortality rates worldwide and survival among RCC patients has not improved significantly in the past few years. A better understanding of the pathogenesis of RCC can enable the development of more effective therapeutic strategies against RCC. Hyaluronan (HA) is a glycosaminoglycan located in the extracellular matrix (ECM) that has several roles in biology, medicine, and physiological processes, such as tissue homeostasis and angiogenesis. Dysregulated HA and its receptors play important roles in fundamental cellular and molecular biology processes such as cell signaling, immune modulation, tumor progression and angiogenesis. There is emerging evidence that alterations in the production of HA regulate RCC development, thereby acting as important biomarkers as well as specific therapeutic targets. Therefore, targeting HA or combining it with other therapies are promising therapeutic strategies. In this Review, we summarize the available data on the role of abnormal regulation of HA and speculate on its potential as a therapeutic target against RCC.
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1 Introduction

Kidney cancer represents around 3% of all cancer diagnoses and deaths worldwide, with a higher incidence being reported in developed nations (1, 2). Renal cell carcinoma (RCC) is the most common malignant tumor accounting for 80-85% of all kidney cancers (3). The three main histological subtypes of RCC are clear cell RCC (ccRCC, 70%), papillary RCC (pRCC, 10-15%) and chromophobe RCC (chRCC, 3-5%) (4, 5). Age, gender, race, geographic location (1, 6), obesity (7, 8), smoking (9, 10), and hypertension (11, 12) are associated with development of RCC, while lifestyle and dietary modifications may reduce risk of developing RCC (13). RCC is associated with high mortality rates because its poor sensitivity to therapies, and high recurrence risk after nephrectomy, providing a 60-70% 5−year survival rate (14). Metastasis is present in approximately 30% of RCC cases at initial diagnosis, which lead to poor clinical outcomes (15). Existing targeted immunotherapies and other therapeutic strategies against RCCs have limited efficacy, which has prompted interest in the development of alternative strategies (16).

Hyaluronan (HA) is a ubiquitous polyanionic glycosaminoglycan (GAG) found in the extracellular matrix (ECM) that also forms a pericellular coat surrounding cells. HA plays important roles in a variety of physiological functions, including cell motility and inflammation (17). Research has been conducted on the specific roles of HA in diseases such as cancer, rheumatoid arthritis and infectious diseases (18). Signal transduction and functions of HA depend on its molecular size. High molecular weight HA (HMW-HA; >500 kDa) promotes anti-inflammatory effects in most cases, whereas low molecular weight HA (LMW-HA; <120 kDa) acts as a pro-inflammatory “danger” signal that triggers local inflammation (19).

High levels of HA are associated with unfavorable prognosis in multiple cancers (20, 21). HA has recently emerged as a key player in nephrology and urology that plays a role in inflammation and ECM organization (22). However, there is no clear consensus on the importance of HA in RCC. Emerging evidence suggests that HA accumulation abnormally in RCC may contribute to aggressive malignancies and metastatic carcinomas, and may serve as an essential therapeutic target (23). Herein, we highlight the characteristics of HA and its main receptors in RCC, with specific focus on its abnormal regulation and potential as a therapeutic target.



2 HA biology and kidney

HA was independently identified by Meyer and Palmer in 1934, and was previously named from hyaloid and uronic acid (24). HA is a GAG synthesized by a wide range of living organisms. It consists of repeating disaccharide units of glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc) bound together (25). HA is well known for its water absorption abilities and its capacity to generate higher concentrations of gels (26). Eukaryotic cells use HA synthases (HAS1-3) to synthesize HA on their plasma membranes (
Table 1
, 
Figure 1
). Among them, HAS1 is the least active enzyme, and requires a high concentration of UDP-GlcNAc to function (39), while HAS3 is the most active synthase. HAS1 and HAS2 synthesize HMW-HA, while HAS3 synthesizes LMW-HA (40). HAS2 is the primary HA synthase during development (41). In mammals, expression of HASs varies between normal and pathologic conditions based on tissue and cell types.


Table 1 | 
HA synthases and hyaluronidases in humans.







Figure 1 | 
Simplified schematic diagram of HA synthesis, degradation and signaling pathways. HA is synthesized by HASs using UDP-GlcA and UDP-GlcNAc as substrates, and degraded into LMW-HA by HYALs or free radicals. The HA receptors are activated by LMW-HA and involved in various cellular functions. HA, hyaluronan; LMW-HA, low molecular weight HA; HASs, HA synthases; HYALs, hyaluronidases. Figure adapted from Ref (37, 38).




HA undergoes rapid turnover in the ECM, with a third of the 15g mass in an average adult human undergoing turnover each day. An increase in HA levels may be associated with higher turnover, which may reflect the pathological conditions. HA undergoes turnover and catabolism after internalization by many tissues through receptor-mediated endocytosis. HMW-HA is degraded by hyaluronidases (HYALs) (32), reactive oxygen species (ROS) (42) or ultraviolet (UV) radiation (43) (
Figure 1
). HA is mostly excreted in the liver each day, while only 1-2% of HA is removed in the kidney (44–47). Excretion through the kidney is limited to LMW-HA (< 12 kDa) that can pass through the glomerular barrier. In mammals, the main members of the family of HYALs include HYAL1-4, PH20 and HYALP1 (
Table 1
). HYAL1 cleaves HA of different molecular weights (32), while HYAL2 degrades HMW-HA into approximately 20 kDa fragments (31). HYAL3 is widely expressed, while the expression of HYAL4 is mostly in the placenta and skeletal muscle. In humans, HYALP1 is expressed as a pseudogene, but its function is unclear. PH20 plays a role in fertilization and is almost exclusively expressed in the testes (33). However, PH20 is overexpressed in other malignant tissues, such as breast (48), prostate (49) and laryngeal (50) cancers. Proteins such as TMEM2 (transmembrane protein 2) and CEMIP (cell migration-inducing protein, also called HYBID or KIAA1199), are capable of depolymerizing HA (51, 52). HA degradation products such as LMW-HA and oligosaccharides (<10 kDa) activate signaling cascades that promoting inflammation and angiogenesis and are generally associated with pathological states (
Figure 1
), such as cancer (19).

HA is predominantly produced in the interstitium of the renal papilla (medulla) in normal kidney, while its production in the renal cortex is very low accounting for 1-3% of the production in the medulla (53–57). The gene expression levels are HAS2 > HAS1 > HAS3 (58, 59). It is important to note that RCC mostly originates from the renal cortex. Extracellular HA is degraded by HYAL2 in all kidney regions, whereas intracellular HA is degraded by HYAL1 (60). Normal kidneys have low production of HA, with increased production of HA in the renal interstitium being linked to several renal diseases, such as acute kidney injury (61), chronic kidney diseases (62), allograft rejection (63), diabetic nephropathy (64), obstructive uropathy (65), IgA nephropathy (66), and kidney stones (67). It has been proposed that altered production of HA in papillary interstitial tissues regulates renal water handling through its effects on the matrix’s physiochemical properties and interstitial hydrostatic pressure (55, 68, 69). Ito et al. (70) demonstrated that CD44 in renal proximal tubular epithelial cells (PTCs) modulates HA-mediated regulation of cell function through TGF-β mediated mechanisms. Van den Berg et al. (71) found that glomerular endothelial HA contributes to glomerular structure and function, but whose production is lost in diabetic nephropathy. In addition, immune mediators may induce cortical fibroblasts to produce more HA (54, 72), suggesting that inflammation causes accumulation of HA in the cortex. There is need for further studies to identify the exact nature of the cells responsible for HA synthesis or the factors that contribute to its increased production in kidney diseases like RCC.



3 TME, ECM and immunity

Cancer is a complex systemic disease. The tumor microenvironment (TME) is composed of tumor cells and adjacent noncancer components, such as immune cells, fibroblasts, ECM and many others (73). Constant interactions between tumor cells and other components constitute a highly complex, dynamic and heterogenous network of the TME that supports tumor growth and invasion (74). RCC is associated with high infiltration of several immune cells, making it one of the most immunoreactive tumors (75–78). It also consists of various myofibroblasts and endothelial cells (79). Targeting cancer cells in the TME has become an appealing strategy for treating RCC (80, 81). Better understanding of the RCC may lead to the identification of specific therapeutic targets in the microenvironment, which can be used to improve the prognosis of patients.

The ECM is highly dysregulated in cancer, and may play pro-tumorigenic or anti-tumorigenic roles. During cancer progression, ECM recognizes various cell surface receptors and initiates signaling pathways that promote tumor growth (82). Unlike the ECM in healthy kidneys, RCC ECM represent is composed of a complex network of components such as GAGs, collagen, fibronectin, tenascin C, and laminins (83, 84). GAGs are regulated by altered metabolic pathways in RCC, which are associated with tumor aggressiveness and recurrence (85–87). HA is a widely produced GAG of the ECM that can have tumor promoting or tumor suppressing roles. Meanwhile, HA is mostly produced in tumor cells as well as cancer-associated fibroblasts (CAFs) in the TME (88), with the level of production varying according to the stage of the tumor. Many pro-tumorigenic effects are attributed to HA fragments (89). Under steady-state conditions, HMW-HA (>500 kDa) is the dominant HA size in most tissues and inhibits tumor progression, while LMW-HA (<120 kDa) may regulate tumor growth, invasion and metastasis through HA receptors in TME, such as CD44 and RHAMM (19, 88). Size-specific HA signaling may be related to unique conformational changes in the external receptor•HA complexes (90).

In some tumors, tumoral HA and its degradation products induce tumor angiogenesis and activate both innate and adaptive immune responses (91–93), but this association has not been studied in RCC. Tumoral HA is known to recruit tumor-associated macrophages to promote tumor neovascularization (94). LMW-HA can induce dendritic cells (DCs) activation and maturation, release proangiogenic cytokines and modulate proangiogenic properties in TME (93). Furthermore, HA has frequently been implicated in T cell trafficking and induction of  cell death in activated T cells through CD44 (95, 96). Regulatory T cells (Tregs) are potent immunosuppressive cells that promote tumor angiogenesis (93) with HA binding populations being functionally more suppressive (91). In addition, interaction between natural killer (NK) cell receptor and HA on tumor cells possible to augment NK cell cytotoxicity (97). Thus, it is not surprising that HA plays significant roles in the regulation of tumor immunosuppression.



4 HA in RCC

Increased production of HA in tumor parenchyma, TME or serum is associated with tumor growth and poor outcome in cancer patients, including RCC (23), breast cancer (98), head and neck squamous cell carcinoma (99), lymphomas (100), gliomas (101), melanomas (102), lung carcinomas (103), hepatocellular carcinoma (104), and other cancers. Kaul et al. (22) reported several kidney diseases, including RCC, which are associated with changes in production of HA. Jokelainen et al. (23) revealed that 39.6% of RCC samples were HA positive. Furthermore, high cellular HA was associated with higher tumor grades and was a marker of poor prognosis in RCC patients. Thus, tumoral HA may play a role in the progression of the cancer and may act as a prognostic factor for RCC.

Zoltan-Jones et al. (105) reported that β-catenin regulated HA production in Madin-Darby canine kidney (MDCK) cells and could lead to epithelial-mesenchymal transition (EMT). Rilla et al. (106) found that induction of HAS3 expression in MDCK cells may be related to premalignant phenotypes. Moran et al. (84) reported that HAS1 regulated the migration of renal carcinoma in vitro and found no distant metastasis in mice after implanting HAS1-deficent cells. Recent evidence demonstrates that microRNA-125a may play a role in the progression of RCC through interaction with HAS1 (107), suggesting that the tumor promoting properties of HA can be explained by another mechanism.

Chi et al. (108) used Q-PCR to compare gene expression between tumor tissues and adjacent normal tissue and found that HAS1 levels were increased in ccRCC, pRCC and chRCC tissues. The expression of HYAL4 in ccRCC and pRCC was higher than in oncocytomas, while the expression of HYAL1 was lower in ccRCC than in normal kidney. There was no difference in expression between normal and tumor tissues among other members of the HA family including HAS2, HAS3, HYAL2, HYAL3, PH20, HYALP1 and CD44v. Cai et al. (109) found that the expression of HAS1-3 mRNA in human ccRCC was higher than that in adjacent normal renal samples. However, only the HAS3 protein expression was higher in ccRCC tissues at the protein level. Immunohistochemical staining showed that weak HA staining in human ccRCC tissues compared with normal adjacent samples. Similarly, Ucakturk et al. (87) used UPLC-MS analyses to show that no difference was found in HA production between RCC and normal renal samples. It is putative that HASs transcription or protein expression levels in human RCC might not reflect HA levels. Taken together, reports on the expression patterns of the HA family members in RCC are inconsistent and may be due to different experimental conditions. Also, additional mechanisms could be involved. Thus, the exact role of HA in RCC is uncertain, and further studies that are more sensitive and specific are required.

Kusmartsev et al. (110) observed an increase in HYAL2+PD-L1+ myeloid-derived suppressor cells (MDSCs) in ccRCC tumor tissue and peripheral blood. Furthermore, stroma-associated PD-L1+ myeloid cells showed significant production of HA. HYAL2+ myeloid cells indicate the occurrence of HMW-HA degradation into LMW-HA, suggesting that the relationship between myeloid cells and HA may be involved in the promotion of cancer-related inflammation and immune functions. Similarly, Dominguez-Gutierrez et al. (111) found that LMW-HA was accumulated by HYAL2+ tumor associated myeloid cells in human bladder cancer and associated with elevated production of tumor angiogenic factors. Unfortunately, it is still unclear how HA-immune interactions occur in RCC.



5 HA receptors in RCC

HA also interacts with specific proteins (
Table 2
) called hyaladherins (129) such as TSG-6 (130), and various cell receptors, including CD44 (131), receptor of HA-mediated motility (RHAMM) (113), layilin (132), lymphatic vessel endothelial receptor 1 (LYVE1) (118), intracellular adhesion molecule 1 (ICAM1) (117), toll like receptors (TLRs) (114), and hyaluronic acid receptor for endocytosis (HARE or Stabilin-2) (120). The receptors are activated by LMW-HA and are involved in various cellular functions including tumor metastasis and lymphocyte activation. For example, LMW-HA regulates breast cancer progression through CD44 and TLRs signaling (133). Only a few studies have investigated the cellular mechanisms underlying the role of HA receptors in RCC pathogenesis.


Table 2 | 
The roles of major hyaladherins in cancer.




CD44 proteins are primary HA receptors that promote invasion and metastasis of cancer cells by modulating intracellular signaling through its interaction with RHAMM (131, 134). RHAMM regulates cell proliferation and transformation and is overexpressed in most cancers (113), the expression of RHAMM is an independent prognostic factor for RCC (135). Chi et al. (108) found that RHAMM was significantly higher in ccRCC, chRCC and pRCC than in normal kidneys. Expression of CD44s and RHAMM was also higher in ccRCC and pRCC than in oncocytomas. These findings indicate that RHAMM and CD44s expression levels in RCC tissues are potential predictors of metastasis. Furthermore, HA and proteoglycan link protein 3 (HAPLN3) is overexpressed and may promote tumor progression in ccRCC through immune cells infiltration (136).

Layilin is a HA receptor homologous to C-type lectin that has been reported to regulate cell adhesion and migration through binding to cytoskeletal proteins such as merlin and talin (137). The prognostic value of layilin in hepatocellular carcinoma was reported by Zheng et al. (121), who concluded that layilin is an unfavorable risk factor since it suppresses the functions of the CD8+ T cells in TME. In contrast, Mahuron et al. (138) reported that layilin enhanced the cytotoxic potential of melanoma. Research on mice has shown that layilin is expressed in various organs, including kidney or normal rat kidney cell line (137). Adachi et al. reported that layilin silencing prevented EMT in human ccRCC in vitro (139). These results implied that the exact function of layilin remains unclear.

In the renal papillae, HARE is localized to the endothelial cells that internalize circulating HA (140). Tissues with the highest expression of HARE are the most common targets of metastatic cancer (120). LYVE-1 is another HA-binding receptor that is found in the lymphatic vascular endothelial cells and renal tubular epithelium cells (141, 142). LYVE-1 has been used to map lymphatic vessels within and around tumor tissues to determine patient survival (143). Unfortunately, there are no reports on the roles of LYVE-1 and other hyaladherins in RCC.



6 Potential therapeutic applications of targeting HA in RCC

HA deposition persists in the TME contributes to pathophysiology through induction of high tumor interstitial pressure (tIP) and compression of tumor vessels, which results in tumor hypoxia (144, 145). The ability of HA to cover specific epitopes with enriched pericellular matrix suggests that HA could act as an immune regulator in human diseases, allowing affected cells to evade cellular immune attack (20, 146, 147). For instance, McBride et al. (148) reported that the HA pericellular matrix inhibits the formation of synapses by immune cells and killing malignant cells in vitro. In addition to formation of pericellular coats in vitro, HA can also form cables that may facilitate communication between cells (149). Breaching the HA barrier from the tumor leads to vascular permeability and improved drug delivery, monoclonal antibody (mAb), cytotoxic chemotherapy or immune cell therapeutic efficacy (
Figure 2
).




Figure 2 | 
Simplified schematic diagram of HA depletion in a HA-enriched tumor phenotype. (A) HA swelled the TME, increased tIP, compressed tumor vasculature, caused tumor hypoxia and other effects, then limited the effectiveness of therapeutic molecules. (B) HA depletion in tumor led to vascular permeability, improved drug penetration, inhibited tumor growth and improved therapeutic efficacy. HA, hyaluronan; TME, tumor microenvironment; tIP, tumor interstitial pressure; HYALs, hyaluronidases. Figure adapted from Ref (145).




Research on HA signaling suggests that targeting HA and other members of the HA family could be used to treat cancer (150). For instance, inhibition of HAS1 induced apoptosis in bladder cancer in vitro, thus inhibiting tumor growth and angiogenesis (151). 4-methylumbelliferone (4-MU) is the best characterized chemical inhibitor of HA that inhibits HA synthesis by downregulating HAS2 and HAS3. It has been reported that 4-MU has potent anticancer effects in various tumors, including pancreatic cancer (152), breast cancer (153), esophageal cancer (154), skin cancer (155), bone cancer (156), leukemia (157), ovarian cancer (158), prostate cancer (159) and liver cancer (160). Additionally, HAS2 and HAS3 knockdown mimic the effects of 4-MU in esophageal squamous carcinoma cells (161).

Chemical compounds, such as sulfated HA (sHA), that have the ability to target HA degradation have been shown to inhibit the growth of prostate cancer cells and induce apoptosis (162). Similarly, sHA inhibits proliferation, motility, and invasion of breast cancer models (163). The depletion of HA in TME using HYALs is also being investigated as a potential cancer therapeutic strategy. PEGPH20 is human recombinant HYAL that depletes stromal HA in several animal models, and may induce reduction in tIP, increased penetration of tumors by drug as well as immune cells and inhibit the growth of tumor cells (164, 165). A variety of clinical trials are being conducted for various cancers using a combination of HYALs, chemo or radiotherapy (clinicaltrials.gov). However, whether depletion of HA could be applied to treating RCC is still unknown.

Since CD44 is a key receptor for HA, it has been targeted in different therapeutic strategies against cancer, such as vaccines, anti-CD44 antibodies, and nanoparticles that deliver CD44 siRNA (166). However, several phase I trials investigating CD44-targeted therapies showed limited clinical success in treating cancer, and the occurrence of severe side effects led to the termination of the project (167). Hence, targeting CD44 as a cancer therapeutic target requires careful evaluation. Hirose et al. (168) suggested that inhibition of HARE could be a potential strategy for preventing metastasis of melanoma to the lung in mice. Studies by Gahan et al. and Benitez et al. showed that combination of 4-MU and sorafenib inhibits the growth and motility of RCC cells by targeting RHAMM expression (169, 170), offering a potential pathway for therapeutic intervention in RCC. In combination with 4-MU, sorafenib also targets HAS3 and inhibits the growth of microvessels in RCC (171). Additionally, HA is an attractive candidate for conjugation to antitumor drugs or for use in nanoparticles (172–174). Chemotherapy drugs can be effectively delivered through HA nanomaterials. This may possibly increase the efficacy of chemotherapeutics or other therapies in tumors.



7 Conclusions and future perspectives

HA signaling pathway (HASs, HYALs, and HA receptors) is important in promoting tumor growth, metastasis, angiogenesis, and immune response. Therefore, potential therapeutic methods that can be developed include suppression of HA synthesis, clearance of the existing HA, and conjunction of HYALs and HA receptors with chemotherapy. Further studies are needed to identify the molecular mechanisms underlying the relationship between HA production and the development of cancers like RCC. There is also need to comprehensively profile the genes, proteins and metabolites involved in HA metabolism in RCC, since the whole signaling cascade is crucial to maintaining pro-cancer conditions. If these emerging strategies are clinically effective against RCC, then they could be used as adjuvant therapy in early disease to provide RCC patients with new options for the future treatment.
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Recent studies have shown that SIGLEC8, a member of the CD33-related Siglec receptor family, is highly expressed in brain microglia (Olah et al., 2018; Estus et al., 2019; Gonzalez-Gil et al., 2022). A recent study by Gonzalez-Gil et al. demonstrated that SIGLEC8 binds to large proteoglycans, including the receptor protein tyrosine phosphatase RPTPζ carrying O-linked terminally sialylated keratan sulfate chains. These chains are produced by the sialyltransferase ST3GAL4 and the keratan sulfate sulfotransferase CHST1 (Gonzalez-Gil et al., 2022). By examining the Human Central Nervous System Cell Type Expression Correlates website (Kelley et al., 2018), I confirmed SIGLEC8 expression in microglia and at lower levels in oligodendrocytes (Figure 1A). I was also able to ask where SIGLEC8 was likely to signal by looking at co-expression of the receptor, ligand and glycosylation enzymes in the brain. While the highest level of SIGLEC8 transcript was seen in the frontal cortex, it was also detected in the parietal cortex and the cerebellum. PTPRZ1 was expressed in multiple cortical lobes and in the cerebellum, the sialyltransferase ST3GAL4 followed a similar expression pattern, and CHST1 expression was observed in both the frontal cortex and cerebellum (Figures 1B, C). These data when taken together, suggest SIGLEC8 may primarily signal by interacting with RPTPζ decorated with terminally sialylated keratan sulfate on cerebellar astrocytes.


[image: Figure 1]
FIGURE 1
 (A) SIGLEC8 is expressed by microglia and its expression is highest in the frontal cortex, parietal cortex, and the cerebellum. Genome-wide distributions of expression fidelity for astrocytes (A), oligodendrocytes (O), microglia (M), and neurons (N) over all analyzed samples are shown. The horizontal line denotes the expression fidelity of the query gene for each cell type. The dashed horizontal line denotes the threshold above which all fidelity scores had Confidence = 100. Lower panel shows modeling results for expression levels of the SIGLEC8 as a function of variation in the inferred abundance of individual cell types. Simple linear regression is used to predict gene expression levels as a function of estimated neuron, astrocyte, oligodendrocyte, or microglia abundance in all human CNS regional datasets containing the query gene. Adjusted R2 values and t-values are shown for each cell type (labeled by color, with shapes denoting technology platforms). (B) Expression data of SIGLEC8, PTPRZ1, ST3GAL4, and CHST1 in the frontal cortex. (C) Expression data of SIGLEC8, PTPRZ1, ST3GAL4, and CHST1 in the cerebellum [data for (A–C) obtained from (http://oldhamlab.ctec.ucsf.edu)] (D) SIGLEC8 is localized to the subcellular compartment. Immunofluorescence images of the A-431 cell line stained with the HPA012556 SIGLEC8 antibody (https://www.proteinatlas.org/ENSG00000105366-SIGLEC8/subcellular#img, Human Protein Atlas https://www.proteinatlas.org) (E) Hypothetical effects of intracellular and extracellular expression of SIGLEC-8 Region FCX, frontal cortex; PCX, parietal cortex; TCX, temporal cortex; LIM, limbic cortex; IN, insular cortex; OCX, occipital cortex; BF, basal forebrain; CLA, claustrum; AMY, amygdala; HIP, hippocampus; STR, striatum; GP, globus pallidus; DI, diencephalon; MID, midbrain; PON, pons; MED, medulla; SC, spinal cord; CB, cerebellum; WM, white matter. Some representative images were obtained from smart.servier.com.


Surprisingly, when I investigated SIGLEC8 localization in the cell, I found evidence for intracellular expression (Figure 1D). While this observation warrants detailed molecular studies, it suggests that SIGLEC8 localization might be regulated in a similar fashion as the CD33 form (CD33m) that protects from Late Onset Alzheimer's Disease (LOAD) (Hollingworth et al., 2011) and it corroborates the hypothesis that Siglec receptors might exhibit intracellular functions. In fact, the evidence that the LOAD-protective CD33 allele results in the expression of a protein unable to bind its natural ligand led to the suggestion that protection from disease was driven by a loss-of-function mechanism (Bradshaw et al., 2013; Griciuc et al., 2013). Parallel studies (Saha et al., 2019) have indicated that CD33m retention in intracellular peroxisomes prevented it from signaling (Siddiqui et al., 2017; Saha et al., 2019), adding credit to the loss-of-function hypothesis. However, the recent discovery of a non-functional CD33 allele not associated with LOAD has challenged this view.

There have been very few mechanistic studies exploring Siglec-8 in neurodegeneration. One that stands out mainly utilizes in vivo models of neurodegeneration utilizing Siglec-F—is the mouse paralog of Siglec-8 (Siddiqui et al., 2019)—and human cell line models to elucidate effects of Siglec-8 expression (Morshed et al., 2020). The investigators first identified a common response involving Siglec-F and Inpp5d likely linked to microglia (Morshed et al., 2020). They also explored RNASeq data and showed that aging-associated microglia had higher expression levels of Siglec-8 (Morshed et al., 2020). They also showed by immunofluorescence imaging, that Iba1+/MHC-II+ microglia in patients with LOAD had

the highest level of Siglec-8 expression (Morshed et al., 2020). Similar changes were noted in Siglec-F expression levels in mouse microglia during aging and neurodegeneration (Morshed et al., 2020). Additionally, they show Siglec-F and Siglec-8 induce cell death in a similar ITIM-dependent manner (Morshed et al., 2020). Lastly, the authors investigated the in vitro effects of IFNγ and TGFβ upregulate the expression of Siglec-8 in induced pluripotent stem cell-derived microglia (Morshed et al., 2020). The authors go on to suggest that targeting pathways downstream of Siglec-8/F may reduce neuroinflammation due to chronic receptor activation (Morshed et al., 2020).

It must be noted here that several variants of SIGLEC8 have been identified, and some of these (rs36498, rs10409962, and rs11672925) have been linked to asthma (Gao et al., 2010; Angata, 2014). It remains to be seen what the effect of these variants are on microglial Siglec-8 expression and function and if these are similar to the CD33 variants. Taking all these data together, I opine that intracellular Siglec receptors might instead have distinct roles from cell surface Siglecs, and they might modulate cell activation or protect from disease. Briefly, I suggest two distinct states of Siglec-8 expression exist (Figure 1E). One is an intercellular pool that does not interact with either sialylated β-amyloid proteins/prions (Srivastava et al., 2015) or astrocytes displaying sialylated keratin sulfate chains. These promote normal microglial phagocytic function and astocyte quiescence. On the other hand, Siglec-8 when expressed on the surface of microglia it binds to its ligands on the β-amyloid proteins and astrocytes leading to activation of these cell types, leading down neurodegenerative pathways.

Of course, it may be that Siglec-8 expression is simply modulated by aging processes, and not genetics. In this opinion piece, I also did not consider Siglec-8's other important ligand-−6'-sulfo sialyl Lewis X (O'Sullivan et al., 2018)—and its expression in the brain. It may be that these interactions are all working in concert in promoting neurodegenerative processes! These unaddressed issues are likely to be better understood when additional mechanistic experiments of Siglec-8 and its role in the brain are carried out. Future studies that address the potential roles of Siglecs retained within the cell will be particularly useful in understanding Alzheimer's disease and other cerebellar disorders like age-related cerebellar atrophy.
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Introduction

Asthma is the most common chronic inflammatory disease and it is characterized by leukocyte infiltration and tissue remodeling, with the latter generally referring to collagen deposition and epithelial hyperplasia. Changes in hyaluronin production have also been demonstrated, while mutations in fucosyltransferases reportedly limit asthmatic inflammation.





Methods

Given the importance of glycans in cellular communication and to better characterize tissue glycosylation changes associated with asthma, we performed a comparative glycan analysis of normal and inflamed lungs from a selection of murine asthma models.





Results

We found that among other changes, the most consistent was an increase in fucose-α1,3-N-acetylglucosamine (Fuc-α1,3-GlcNAc) and fucose-α1,2-galactose (Fuc-α1,2-Gal) motifs. Increases in terminal galactose and N-glycan branching were also seen in some cases, whereas no overall change in O-GalNAc glycans was observed. Increased Muc5AC was found in acute but not chronic models, and only the more human-like triple antigen model yielded increased sulfated galactose motifs. We also found that human A549 airway epithelial cells stimulated in culture showed similar increases in Fuc-α1,2-Gal, terminal galactose (Gal), and sulfated Gal, and this matched transcriptional upregulation of the α1,2-fucosyltransferase Fut2 and the α1,3-fucosyltransferases Fut4 and Fut7.





Conclusions

These data suggest that airway epithelial cells directly respond to allergens by increasing glycan fucosylation, a known modification important for the recruitment of eosinophils and neutrophils.
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1 Introduction

Over the past four decades, Western societies have borne witness to a dramatic and troubling trend of increased autoimmunity, allergy, and asthma. Asthma is characterized by periods of airway obstruction resulting from both inflammation and hyperreactivity to a variety of potential triggers such as airborne irritants and allergens. The increase in asthma has been so severe that it has become the most common chronic condition in children, affects nearly 10% of the total US population (1), and is associated with notable impacts on society, significant healthcare expenditures, and considerable burdens on the patient (2).

Asthma patients generally experience wheezing, coughing, and shortness of breath resulting from episodes of airway restriction triggered by a wide variety of stimuli. The underlying lung pathology can vary, but can include inflammation and infiltration of activated leukocytes, bronchial epithelia and goblet cell hyperplasia, tissue remodeling (e.g. collagen deposition), excess mucus production, thickening of the smooth muscle layer, and constrictive hyperresponsiveness to stimuli (3). Another tissue change in asthma is the increase in synthesis and deposition of hyaluronan (HA) (4–6), a polysaccharide component of the extracellular matrix that is composed of a glucuronic acid-β1,4-N-acetylglucosamine-β1,3- (GlcA-β1,4-GlcNAc-β1,3-) repeating unit (7).

Interestingly, the degree of fucosylation is also associated with greater airway disease severity. For example, the H blood group antigen composed of the fucose-α1,2-galactose (Fuc-α1,2-Gal) correlates with susceptibility to asthma exacerbation in multiple human populations (8, 9). Likewise, house dust mite (HDM)-induced asthma in mice has been correlated with increased α1,2-linked fucose residues, while a knockout of α1,2 fucosyltransferase 2 (Fut2) showed reduced disease severity (10). In addition, sulfated sialyl-LewisX antigen (Sulfo-SLeX), which includes Fuc-α1,3-GlcNAc and a sulfate on the Gal and/or GlcNAc, has been reported to be increased on peribronchial venules and capillaries (11). This is particularly important because Sulfo-SLeX is the primary ligand for L-selectin (12, 13) and therefore drives leukocyte recruitment.

Aside from asthma, changes in glycan structure are well documented in association with inflammatory conditions. For example, the loss of sialylation and galactosylation on the conserved N-glycan at N297 on IgG has been reported for autoimmune as well as infectious diseases such as rheumatoid arthritis and tuberculosis respectively (14). At the cell surface, loss of the β1,6-GlcNAc branch on N-glycans through ablation of the Mgat5 locus leads to hyperresponsive T cells and autoimmunity (15), while loss of complex N-glycans through ablation of Mgat2 leads to a loss of commensal-derived polysaccharide antigen presentation to regulatory T cells (16). These and numerous other studies demonstrate the close relationship between glycosylation and the immune system (17, 18), prompting us to explore the changes in tissue glycosylation in multiple models of murine asthma.

Here we report the use of three separate and commonly used murine models of asthma to characterize tissue-localized changes in cellular glycosylation. We found consistent changes in fucosylation and model-specific alterations in terminal β-linked galactose, N-glycan branching, total GlcNAc, sulfated galactose, and poly-N-acetyl-lactosamine (poly-LacNAc). Alignment of these changes with infiltration of activated leukocytes further revealed that difference in glycosylation seemed to precede the majority of cellular recruitment. Finally, using the human lung cell line A549, we found similar but not identical changes in glycosylation when stimulated with the same agonists used with the murine in vivo models. In total, our data demonstrate consistent and model-specific changes in tissue glycans associated with asthma, and that at least some of these changes are likely to assist in the recruitment of leukocytes to the site of inflammation through the formation of selectin ligands.




2 Materials and methods



2.1 Mice

All mice used herein were wild type C57Bl/6 mice (stock #000664) originally obtained from the Jackson Laboratory and bred in specific pathogen free conditions according to the guidelines and protocol established and approved by the Institutional Animal Care and Use Committee of Case Western Reserve University.




2.2 Asthma models



2.2.1 HDM acute model

Age and sex-matched mice were challenged with house dust mite antigen (HDM, D. farinae, GREER, Lenoir, NC) by intranasal delivery of 20 µg HDM/dose in PBS or PBS vehicle control under isoflurane anesthesia on days 0-4 and 7-11 and sacrificed on day 14 unless otherwise indicated (19, 20). A total of 35 negative control and 40 HDM-challenged mice are represented in the presented data unless otherwise specified. No prior sensitization was performed for this model.




2.2.2 TAC acute model

Mice were first sensitized with all three antigens. 20 µg ovalbumin (OVA, albumin from chicken egg white, Millipore Sigma, Darmstadt, Germany), 2.5 µg cockroach antigen (CRA, American, Periplaneta americana, GREER, Lenoir, NC), and 2.5 µg HDM were combined in 100 µl PBS and injected intraperitoneally a total of three times, two weeks apart. Day 0 represents the start of intranasal challenge two weeks after the third sensitizing i.p. dose, performed using alternating dosing of 20 µg each antigen on days 0-4 and 7-11. Harvest and analysis was performed on day 14 unless otherwise indicated. For this model, 5 negative control and 5 TAC-challenged mice are represented in the presented data unless otherwise specified.




2.2.3 TAC chronic model

Using the same sensitization as the TAC acute model, intranasal challenges were performed twice a week, with different antigen alternating each week as previously described (20). For this model, 5 negative control and 5 TAC-challenged mice are represented in the presented data unless otherwise specified. For all models, animals were anesthetized with 3% isoflurane (Baxter, Deerfield, IL) with an anesthesia system (VetEquip, Livermore, CA) for intranasal antigen administration. Phosphate buffered saline (PBS) was used as the vehicle/negative control. Euthanasia, BALf recovery, and lung tissue preparation was performed as previously reported (21, 22). BALf automated differentials were acquired by a HemaVet 950 Hematology Analyzer.





2.3 Histology and microscopy

Harvested lungs were inflated and fixed in 10% formalin (VWR, Radnor, PA) for 24 hours and sent to AML Laboratories (Jacksonville, FL) for paraffin embedding, sectioning and Hematoxylin and Eosin (H&E) staining. Unstained tissue sections were also obtained and stained with FITC-conjugated ConA (Vector Laboratories, Newark, CA) and a panel of biotinylated lectins. Biotinylated lectins were detected using AlexaFluor647-conjugated streptavidin (ThermoFisher Scientific, Waltham, MA). Coverslips were mounted using VECTASHIELD HardSet Antifade mounting medium (Vector Laboratories, Newark, CA), and samples imaged on a Leica SP5 Laser-Scanning Confocal Microscope. Images were quantified using ImageJ Software to determine the mean pixel intensity of each lectin. Each dot on the lectin quantitation graphs generally represents one lung section, with both lungs represented when available, making the number of quantified images larger than the number of mice in some cases.




2.4 Cell culture

Similar to previous studies (23–25), 3.0 x 105 A549 human lung adenocarcinoma cells (ATCC, Manassas, VA) were cultured in 75 cm2 flask at no more than 80% confluency in advanced Dulbecco’s Modified Eagle Medium (Gibco/Fisher Scientific, Waltham, MA) supplemented with 5% Australian-produced heat-inactivated fetal bovine serum, 55 µM β-mercaptoethanol, 100 U/mL and 100 µg/mL Penicillin/Streptomycin, and 0.2 mM L-glutamine (Gibco/Fisher Scientific, Waltham, MA) at 5% CO2, 37°C. Stimulation was performed for 24 hours with the indicated agonists at the indicated concentrations. All agonists were diluted in medium.




2.5 Flow cytometry

A549 cells were harvested after stimulation and stained with SYTOX live/dead stain as well as a panel of FITC-conjugated lectins diluted in Carbohydrate-free blocking solution (Vector Laboratories, Newark, CA). Cells were analyzed using the Attune NxT in the Cytometry and Imaging Microscopy Shared Resource of the Case Comprehensive Cancer Center. Flow data was analyzed using FlowJo Software (BD Biosciences, Franklin Lakes, New Jersey). Cell death was calculated by the ratio of SYTOX positive and negative cells among single cells. Lectin mean fluorescence intensity was determined among the SYTOX negative (i.e. alive) population, thereby excluding dead cells from the analysis.




2.6 Quantitative PCR

mRNA for qPCR was purified using the RNeasy Mini kit (Qiagen, Hilden, Germany) as instructed by the manufacturer. Reverse transcription to cDNA was performed using the High-Capacity cDNA Reverse Transcription kit (ThermoFisher Scientific, Waltham, MA). qPCR was performed using primers for FUT2, FUT4, FUT7, FUT8, and GAPDH with SYBR Green Supermix (Bio-Rad, Hercules, CA) in a CFX96 I-Cycler (Bio-Rad, Hercules, CA). The primer sequences were as follows, and ΔCt, relative to GAPDH, is shown for each case:

	FUT2 forward: 5’-GTGGTGTTTGCTGGCGATGG-3’

	FUT2 reverse: 5’-AAAGATTTTGAGGAAAGGGGAGTCG-3’

	FUT4 forward: 5’-AGAAAGGTGAGGAGGGCAGT-3’

	FUT4 reverse: 5’-CCAAGGACAATCCAGCACTT-3’

	FUT7 forward: 5’-CCTCACCTTGGGCAGAGATA-3’

	FUT7 reverse: 5’-CCAGCATTATTCATCCACAGTC-3’

	FUT8 forward: 5’-ACTGGTGGATGGGAGACTGTAT-3’

	FUT8 reverse: 5’-AGGACGGGGATGAAGACTGT-3’

	GAPDH forward: 5’-GAACATCATCCCTGCCTCTACT-3’

	GAPDH reverse: 5’-CCTGCTTCACCACCTTCTTG-3’






2.7 Data analysis

Data were visualized and statistically evaluated using Prism v9.0 (GraphPad Software, San Diego, CA). Pairwise comparisons with two groups were performed by a Student’s T test and with multiple groups by an ANOVA. Statistical significance was determined at 95% confidence (p<0.05).





3 Results

One of the most commonly used murine asthma models is the acute house dust mite model. Using a two-week stimulation schedule of intranasal HDM or saline control administration (20), we harvested lung tissues at day 14 and compared tissue glycosylation by staining with a panel of lectins with a variety of specificities (Table S1). When normalized to ConA staining, which we found does not change (not shown), we found increased presence of Fuc-α1,3-GlcNAc, Fuc-α1,2-Gal, N-glycan branching, core α1,6-linked fucose, and total GlcNAc motifs as measured by the lectins AAL, UEA-I, PHA-L, LCA, and STL respectively (Figure 1). In general, these increases were seen primarily in the major bronchial epithelial cells rather than among cells lining the alveolar spaces. Conversely, we found significant but modest decreases in α2,6-linked sialic acids, Gal-β1,3-GlcNAc, and the pentasaccharide N-glycan core as measured by SNA, PNA, and GNL respectively (Figure 1). Interestingly, the change in GNL staining was predominantly in the alveolar space. In contrast, we found many glycan features that were unchanged at day 14 (Figure S1). These were LacNAc-containing N-glycans with or without α2,3-linked Neu5Ac (DSL), α-linked galactose (GSL-I), β-linked GlcNAc (LEL), sulfated galactose (MAL-I), GalNAc and α-linked galactose (SBA), GalNAc and β-linked galactose (WFL), and poly-LacNAc (WGA).




Figure 1 | Acute HDM asthma leads to changes in airway glycans. The acute HDM model of murine asthma was used to induce airway inflammation. On day 14, lungs were harvested, inflation fixed, and then stained with a broad panel of fluorescent lectins. Lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.



Terminal β-linked galactose, as measured by ECL, was more variable. In the image shown in Figure S1, it appeared that ECL staining was increased. However, when averaged over many images and regions, no statistical difference was apparent. We hypothesized that there may be time-dependent changes within this model. In order to explore this possibility, we first confirmed that by day 14 lungs in this study were inflamed, as determined by H&E stained tissue pathology (Figure 2A) and bronchoalveolar lavage cell infiltration analysis (Figure 2B). Next, the HDM model was repeated, but tissue harvest was conducted across 12 times points ranging from 1 to 35 days. HDM administration was stopped in the first two weeks as in the standard acute model in order to visualize lung recovery over 3 subsequent weeks. Consistent with our prior data, we found that Fuc-α1,2-Gal (UEA-I) motifs were increased at day 14, with changes already apparent within 24 hours and peaking between days 9 and 12 (Figures 2C, E). For terminal β-linked galactose (ECL), changes were not apparent in the tissue until day 8 and peaked at day 11 (Figures 2D, E). Consistent with the lack of change in ECL staining at day 14 (Figure S1), we found that most of the changes had reverted to baseline at around day 12, suggesting that the variability in ECL reflects slight differences in when each animal returns to baseline. Finally, using cellular differentials in bronchoalveolar lavage samples from the same animals peaked at days 12-14, with granulocytes peaking at day 12 and lymphocytes at day 14, which was later than the glycan changes (Figure 2E). This pattern suggests that glycan changes may be involved with leukocyte recruitment, although these data do not directly demonstrate that relationship.




Figure 2 | Acute HDM changes in fucose and terminal galactose positively correlate with cellular infiltration. The acute HDM model was used, with abatement of HDM challenge on day 11 followed by recovery to day 35. (A) H&E stained lung sections at day 14 of the acute HDM model. (B) Bronchoalveolar lavage infiltrates at day 14. (C) Changes in the Fuc-α1,2-Gal motif as detected by UEA-I (red) over time. (D) Changes in terminal β-linked galactose as detected by ECL (red) over time. (E) Overlay of bronchoalveolar lavage cellular differentials (left axis) and the ratios of both ECL/ConA and UEA-I/ConA (right axis). ****p<0.0001.



In order to determine if similar glycan changes occur in other models of asthma, we employed an alternative and more severe triple antigen cocktail (TAC) acute asthma model in which the antigen exposure alternated between HDM, cockroach antigen (CRA), and ovalbumin (OVA) on a daily basis, though the time course was the same at 14 days as our standard HDM model. We harvested lungs at day 14 and confirmed tissue inflammation by H&E tissue sections (Figure 3A) and bronchoalveolar lavage infiltration differentials (Figure 3B). We then compared the tissue glycans as before. As we found in the acute HDM model, Fuc-α1,3-GlcNAc (AAL) and Fuc-α1,2-Gal (UEA-I) were robustly increased in the major airways (Figure 3C). The change in terminal β-linked galactose (ECL) was much greater in this model compared to the HDM alone model and a significant change in sulfated galactose (MAL-I) was also found, yet no change in N-glycan branching (PHA-L) was apparent (Figure 3C). Between both acute models, the consistent changes were the increases in Fuc-α1,3-GlcNAc and Fuc-α1,2-Gal on bronchial epithelial cells.




Figure 3 | Acute TAC asthma leads to similar fucose changes in the airway. The acute TAC model of murine asthma was used to induce airway inflammation. On day 14, lungs were lavaged, harvested, inflation fixed, and then stained with a panel of fluorescent lectins. (A) H&E stained lung sections at day 14 of the acute TAC model. (B) Bronchoalveolar lavage infiltrates at day 14. (C) Confocal lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. ns=not significant; *p<0.05, ***p<0.001; ****p<0.0001.



Acute murine asthma models, including HDM and TAC, frequently do not induce robust tissue remodeling or airway hyperresponsiveness; however, we have previously employed the TAC model over many weeks to more closely replicate characteristics of human asthma. We have previously reported that this chronic TAC model yields lung inflammation, epithelial hyperplasia, collagen deposition, and airway hyperresponsiveness (20). Using this model, we harvested lungs on the eighth week after the start of disease induction and again confirmed tissue inflammation by H&E pathology (Figure 4A), measured bronchoalveolar lavage infiltration (Figure 4B), and analyzed the tissue glycans. A similar pattern of changes was observed. Fuc-α1,3-GlcNAc (AAL) and especially Fuc-α1,2-Gal (UEA-I) were increased along with terminal β-linked galactose (ECL), sulfated galactose (MAL-I), N-glycan branching (PHA-L), total GlcNAc (STL), and even some poly-LacNAc structures (WGA) (Figure 4C). As before, the majority of these changes were apparent only in the major bronchial epithelium rather than in the alveolar space. No discernable change in O-GalNac glycans (Jacalin; Figure 4), core α1,6-linked fucose (LCA), β-linked GlcNAc (LEL), Gal-β1,3-GlcNAc (PNA), and GalNAc-contained glycans (VVL) (Figure S2).




Figure 4 | Chronic TAC asthma induces strong fucose changes in lung tissue. The chronic TAC model of murine asthma was used to induce airway inflammation. On day 64, lungs were lavaged, harvested, inflation fixed, and then stained with fluorescent lectins. (A) H&E stained lung sections at day 64 of the chronic TAC model. (B) Bronchoalveolar lavage infiltrates at day 64. (C) Confocal lung images from multiple animals were quantified and compared to PBS negative controls as a ratio to ConA in order to normalize across samples. ConA is shown in green and the other lectins in red. ns=not significant; **p<0.01; ***p<0.001; ****p<0.0001.



Finally, with the lack of change seen in O-GalNAc glycans as stained by Jacalin, we quantified mucin production in our samples. While there was a small but significant reduction in Muc1, we found an increase in Muc5AC in acute HDM but not chronic TAC (Figure 5).




Figure 5 | Mucin glycoprotein changes are characteristic of acute HDM asthma. (A) Comparison of Muc1 production in acute HDM mice at day 14. (B) Comparison of Muc5AC production in acute HDM mice at day 14. (C) Comparison of Muc5AC production in chronic TAC mice at day 64. ns, not significant; *p<0.05.



Overall, our in vivo asthma models reveal robust and model-independent changes in fucosylation in the form of Fuc-α1,3-GlcNAc and Fuc-α1,2-Gal within the major airway epithelial cells, suggesting that upon exposure, epithelial cells can directly respond to allergen stimuli. In order to test this hypothesis, we stimulated the human epithelial-like lung adenocarcinoma cell line A549 with varied concentrations of HDM or CRA for 24 hours and measured cell surface glycans by flow cytometry compared to an LPS positive stimulation control. The results were not perfectly concordant with the murine in vivo findings in that Fuc-α1,3-GlcNAc (Figure 6A) and poly-LacNAc structures (Figure 6B) were decreased and α2,6-linked sialic acid (Figure 6C) was increased, but terminal β-linked galactose (Figure 6D), sulfated galactose (Figure 6E), and Fuc-α1,2-Gal (Figure 6F) increased similar to the murine system. These changes were not accompanied by any obvious change in cellular survival (Figure 7A), interferon-γ (Figure 7B), or IL-6 (Figure 7C). Increases in the α1,2-fucosyltransferase Fut2 and the α1,3-fucosyltransferases Fut4 and Fut7 expression as measured by qPCR were seen after stimulation with LPS (Figure 8A), while the α1,6-fucosyltransferase Fut8 was increased by HDM (Figure 8B). No significant change in Fut expression was seen in response to CRA (Figure 8C). These findings suggest that lung epithelial cells can respond directly to the asthma inducing challenges used in vivo, especially through the synthesis of glycans carrying Fuc-α1,2-Gal, but that the full change in glycosylation may also require the presence of activated and inflammatory leukocytes.




Figure 6 | Human A549 cells alter surface glycosylation in response to stimulation. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either LPS, HDM, or CRA and then stained with lectins and analyzed by flow cytometry. Shown is the mean fluorescence intensity (MFI) for (A) AAL, (B) RCA, (C) SNA, (D) ECL, (E) MAL-I, and (F) UEA-I lectins. ns=not significant; *p<0.05; **p<0.01; ***p<0.001; N=3 for all conditions.






Figure 7 | Stimulated A549 cells fail to produce cytokines. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either LPS, HDM, or CRA. Cell viability (A) was determined by Sytox staining quantified by flow cytometry and culture media was harvested and analyzed by ELISA for (B) IFNγ and (C) IL-6. ns, not significant; N=3 for all conditions.






Figure 8 | Stimulated A549 cells transcriptionally upregulate the fucosyltransferases FUT2, FUT4, FUT7, and FUT8. Human lung adenocarcinoma A549 cells were stimulated in culture for 24 hours with the indicated concentration of either (A) LPS, (B) HDM, or (C) CRA. For each concentration and stimulus, cells were harvested and mRNA extracted. Quantitative PCR was used to determine changes in fucosyltransferase transcription. ****p<0.0001; N=3 for all conditions.






4 Discussion

Glycans play myriad roles in biology, ranging from tissue architecture and cell-cell communication to driving key responses in the immune system and minute manipulation of glycoprotein function. In the lung, asthma-associated increases in hyaluronin have been well documented (4–6), while ablation of fucosyltransferases significantly limit murine asthma pathology (8–10). Here, we surveyed lung tissue from multiple murine asthma models for changes in glycan abundance and localization. We found profound time and model-dependent alterations that were predominantly localized to the epithelium of the major bronchial airways and are consistent with the upregulation of selectin glycan ligands that are responsible for attracting leukocytes upon stimulation. Consistent with this notion, time course results show that glycosylation changes precede immune infiltration and human epithelial cell culture experiments show that glycan changes can arise in the absence of immune cells. In total, our data support a model in which the initial pathologic response to asthma-inducing stimulants occurs at the interface of the major airways and not in the alveolar space, and that it is characterized by changes in cellular glycosylation potentially to drive immune infiltration to the bronchi.

The two most significant and consistent signals to change in our study were UEA-I and AAL binding, which predominantly correspond to Fuc-α1,2-Gal and Fuc-α1,3-GlcNAc motifs respectively. By virtue of these specificities, UEA-I binds to H antigen and LewisY antigen (26) and AAL binds to sialyl-LewisX antigen (27). Similarly, MAL-I binds primarily to glycan structures that include sulfated galactose residues. Importantly, this includes sulfo-sialyl-LewisX. These glycans are well-known to serve as selectin ligands that drive leukocyte recruitment and retention to sites of inflammation.

Selectin ligands are most commonly associated with the endothelium. They facilitate leukocyte homing by slowing leukocyte movement, a process called rolling, that enables signaling and movement arrest by integrin binding. However, selectin ligands have been reported in other cells. For example, L-selectin ligands are found in the human endometrium, particularly on the luminal epithelium during blastocyst implantation (28). Sialyl-LewisX has been reported on epithelial cells of salivary glands in Sjögren’s syndrome patients (29), and eosinophils migrate to the apical surface of the intestinal epithelium in an L-selectin-dependent fashion (30). Our discovery that glycan changes characteristic of selectin ligands is predominantly localized to the bronchial epithelium is consistent with these previous findings as well as the fact that most leukocytes are found encircling the airways in our previous asthma studies (21, 22).

It is also important to note that airway epithelial cells have been known to express the pattern recognizing Toll-like receptor family for two decades (31–33) and are generally thought to play key roles in lung immune responses (34, 35). The timing of the changes in glycans and the subsequent increase in leukocyte infiltration reported here suggested to us that the epithelium was responding directly to the HDM, CRA, and OVA stimulations in vivo. Human A549 cell culture experiments further suggest that these immunogens can indeed induce a response in lung epithelial cells in the absence of immune cells. Thus, our data suggests that one role for the changes in cellular glycosylation at the epithelium is to attract activated leukocytes to the region as a direct response to immunogen exposure in the bronchi.

The appearance of selectin ligands was not the only change noted in this study. Of particular interest is the increase in WGA staining, which reports on poly-LacNAc motifs. Galectin-3 (Gal-3) is a glycan binding protein known to bind well to LacNAc and especially poly-LacNAc structures (36). Consistent with our findings, an increase in Gal-3 is documented as being highly pro-inflammatory in murine asthma (37). Ablation of Gal-3 significantly reduces tissue damage, immune infiltration, and even hyper-responsiveness (38). While the role for epithelial Gal-3 ligands is unknown, these data suggest that Gal-3 exerts at least some of its impact directly upon the epithelial barrier of the bronchi.

It is surprising that more consistent and robust change in the mucins was not observed. It is possible that the lung lavage used to harvest immune infiltrates washed away release mucins prior to microscopic analysis. However, mucus over-production is generally clear in periodic acid-Schiff (PAS) staining within goblet cells lining the bronchi, thus secreted mucins should not be strictly necessary for our approach. We conclude that these murine models simply do not show major changes in mucin production, as seen in human lung disease.

In summary, we have found significant changes in the lung glycans associated with asthma. These changes are consistent with but significantly expand previous findings through demonstrating changes to not only fucosylation, but also selectin ligands and galectin ligands directly upon the bronchial epithelium. Moreover, our data suggest that glycan changes likely result in leukocyte infiltration and tissue damage rather than being a result of immune infiltration. Our study promotes the need to better understand the regulation of glycan composition in the airway as a means to identify drugable targets in the epithelium to prevent changes that lead to immune-mediated disease in the lung.
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The clinical success of immune-checkpoint inhibitors (ICI) in both resected and metastatic melanoma has confirmed the validity of therapeutic strategies that boost the immune system to counteract cancer. However, half of patients with metastatic disease treated with even the most aggressive regimen do not derive durable clinical benefit. Thus, there is a critical need for predictive biomarkers that can identify individuals who are unlikely to benefit with high accuracy so that these patients may be spared the toxicity of treatment without the likely benefit of response. Ideally, such an assay would have a fast turnaround time and minimal invasiveness. Here, we utilize a novel platform that combines mass spectrometry with an artificial intelligence-based data processing engine to interrogate the blood glycoproteome in melanoma patients before receiving ICI therapy. We identify 143 biomarkers that demonstrate a difference in expression between the patients who died within six months of starting ICI treatment and those who remained progression-free for three years. We then develop a glycoproteomic classifier that predicts benefit of immunotherapy (HR=2.7; p=0.026) and achieves a significant separation of patients in an independent cohort (HR=5.6; p=0.027). To understand how circulating glycoproteins may affect efficacy of treatment, we analyze the differences in glycosylation structure and discover a fucosylation signature in patients with shorter overall survival (OS). We then develop a fucosylation-based model that effectively stratifies patients (HR=3.5; p=0.0066). Together, our data demonstrate the utility of plasma glycoproteomics for biomarker discovery and prediction of ICI benefit in patients with metastatic melanoma and suggest that protein fucosylation may be a determinant of anti-tumor immunity.
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Introduction

Over the last decade, ICI therapeutics have significantly advanced the clinical management and outcome of patients with a range of malignancies, including metastatic melanoma (1, 2). However, only 30-40% of patients obtain sustained clinical benefit from single agent ICI therapy such as pembrolizumab or nivolumab (3, 4). While combination treatment of nivolumab with ipilimumab has resulted in higher response rates of up to 58% with unprecedented durability (5), it is also associated with an incidence of 59% of grade 3-to-4 immune-related adverse events (6). Therefore, considerable efforts have been made to discover predictive biomarkers for the early identification of patients who are unlikely to benefit from ICI treatment or may experience severe adverse events, and to offer alternative therapies to these patients in a timely manner (7, 8). Assessment of PD-L1 expression in tumor tissue and quantification of tumor mutational burden have found limited utility as indicators of durable clinical benefit in metastatic melanoma and are not approved by the FDA as companion diagnostics (9–13). Likewise, a number of other genomic, transcriptomic and multiomic approaches have been investigated as predictors of response to ICI therapies (14–18). In addition, gene expression signatures including immune-predictive score (IMPRES) and IFN-γ-response genes (TiME) have been proposed as predictors of ICI response in metastatic melanoma (19, 20). While these approaches are promising, they have not yet demonstrated broad applicability as there is debate around their consistency and reproducibility across cohorts (21–24).

The clinical utility of molecular tumor profiling is also limited by the intrinsic heterogeneity of tumor samples (25) and the availability of adequate tissue obtained through invasive procedures. Liquid biopsies have emerged as a desirable alternative for patient stratification as they are minimally invasive, convenient for serial sampling, and can be informative of the functional state of immune cells exposed to ICI therapy (26–29). Whereas peripheral immune cells and plasma factors contribute to antitumor responses modulated by ICI treatment, previous studies focus on only small groups of proteins (30–33). Moreover, the impact of post-translational modifications of circulating proteins on ICI efficacy has not been evaluated in a systematic and scalable way to date.

Here, we interrogate a set of plasma glycoproteins in metastatic melanoma patients before receiving ICI treatment using a novel platform that employs artificial intelligence to analyze data generated by targeted mass spectrometry. We identify glycopeptide markers that show differential expression in patients with short OS as compared to those with favorable OS outcomes and build a classifier predicting the likelihood of benefit from ICI therapy. We also provide insights of the underlying molecular mechanisms by investigating specific patterns of glycosylation observed in the set of biomarkers associated with likelihood of ICI therapy benefit. Altogether our data may inform the development of diagnostic tests to guide treatment decisions.





Materials and methods




Sample collection and clinical data

A cohort of 202 patients with metastatic melanoma treated with first or second-line anti-PD-1 monotherapy or anti-PD-1/anti-CTLA-4 combination therapy (referred to as the “discovery cohort”) was recruited as part of studies conducted at the Massachusetts General Hospital (MGH). Pre-treatment samples (obtained from patients prior to receiving ICI therapy) were collected under MGH Institutional Review Board protocols 12-488 and 11-181. Written informed consent was obtained from each patient. Subject benefit from ICI therapy was assessed using OS. An additional cohort of 27 patients (referred to as the “independent validation cohort”) was recruited as part of studies conducted at Royal Adelaide Hospital in which patients with metastatic melanoma were treated with first or second-line anti-PD-1 monotherapy (pembrolizumab or nivolumab) or anti-PD-1/anti-CTLA-4 combination therapy (nivolumab/ipilimumab). Written informed consent was obtained from each patient, and the study was approved by the Central Adelaide Local Health Network Human Research Ethics Committee (protocol HREC/16/RAH/95). Plasma samples from both cohorts were stored at -80°C and thawed at the time of the glycoproteomic analysis. Available clinical data included age at diagnosis, sex, BRAF mutation status, metastatic stage, lactate dehydrogenase (LDH) levels, Eastern Cooperative Oncology Group (ECOG) performance-status, prescribed ICI regimen, date of death, and date of disease progression. A progression event was defined as at least a 20% increase of the sum of longest diameters of existing lesions compared to the minimum sum of longest diameters during treatment, or manifestation of new lesions, death, or last contact at which time the event is censored, whichever occurred first.





Chemicals and reagents

Pooled human plasma (MilliporeSigma, Burlington, MA) was used for quality control, assay normalization, and calibration. Dithiothreitol (DTT) and iodoacetamide (IAA) were purchased from MilliporeSigma (St. Louis, MO). Mass spectrometry grade trypsin/Lys-C protease mix, formic acid, and acetonitrile were purchased from Thermo Fisher Scientific (Waltham, MA). Stable isotope-labeled peptide internal standards were purchased from Vivitide (Gardner, MA).





Liquid chromatography-mass spectrometry analysis

Plasma samples were heat-denatured at 100°C for five minutes followed by reduction with DTT, alkylation with IAA, quenching with DTT, and digestion with trypsin/Lys-C protease mix in a water bath at 37°C for 18 hours. To quench the digestion, formic acid was added to each sample to a final concentration of 1% (v/v). Digested plasma samples were spiked with stable isotope-labeled peptide internal standards before being injected into a 6495C triple quadrupole mass spectrometer (Agilent, Santa Clara, CA) equipped with a 1290 Infinity ultra-high-pressure liquid chromatography system (Agilent) mounting a Peptide HSS T3 column (2.1 mm internal diameter x 150 mm length, 1.8 µm particle size) (Waters, Milford, MA). Separation of peptides and glycopeptides was performed using a 49-minute binary gradient. The aqueous mobile phase A was 0.1% formic acid in water (v/v), and the organic mobile phase B was 0.1% formic acid in acetonitrile (v/v). The flow rate was set at 0.5 mL/min. Electrospray ionization was used as the ionization source and was operated in positive ion mode. The triple quadrupole MS was operated in dynamic multiple reaction monitoring (dMRM) mode, with modifications and improvements from a previous method (34). Samples were injected in a randomized fashion balanced on clinical attributes, and reference pooled plasma samples were injected interspersed with test samples to allow for correction of within-run drift of baseline signal.





Glycoproteomic data analysis

PB-NET, a peak integration software developed in-house, was used to integrate peaks and obtain raw abundance for peptides and glycopeptides (35). Raw abundance of peptide markers was normalized by using spiked-in heavy isotope-labeled internal peptide standards to determine peptide concentration. Relative abundance was determined for glycopeptides with one or two types of glycans at a site by calculating the quotient of the raw abundance of the glycopeptide and the raw abundance of a selected non-glycosylated peptide from the same protein. Site occupancy was determined for glycopeptides with the same peptide sequence and more than two types of glycans identified at a given glycosylation site, by calculating the fractional abundance of any glycan and the aggregate abundance of all glycan types observed at that site. For each glycopeptide biomarker, the product of its site occupancy or relative abundance and the corresponding peptide concentration was used to calculate approximate glycopeptide concentration, also referred to as normalized abundance. Concentration was determined for 521 glycopeptides, 443 of which are based on site occupancy and 78 on relative abundance, and for 75 peptides, totaling 596 unique concentration-normalized biomarkers. Relative abundance was determined for 532 unique glycopeptides. Univariate age- and sex-adjusted Cox regression with respect to OS was performed using both relative abundance-normalized features and concentration-normalized features to identify statistically significant association of glycopeptides and non-glycosylated peptides with OS, and correction for multiple testing was performed using the false discovery rate (FDR) via the Benjamini and Hochberg method (36). To develop classifiers, five-fold repeated cross-validated LASSO-regularized Cox regression was performed. Resulting risk scores for each patient were dichotomized into “likely to benefit from ICI therapy” and “unlikely to benefit from ICI therapy” groups by a threshold chosen where the concordance index is maximized in the discovery cohort’s training set. The same threshold was used in the discovery cohort’s validation and test set, as well as in the independent validation cohort. The proportional hazards assumption was met for all applications of Cox regression performed in the analysis. All analyses were conducted in R version 4.2.2 (Vienna, Austria) (37).





Glycopeptide marker interpretation

Differentially expressed glycopeptides in relative abundance with respect to OS at p<0.05 were analyzed by type of glycosylation. Asparagine (N)-linked glycans and O-linked glycopeptides were then stratified based on the number of fucose or sialic acid units. GraphPad Prism (GraphPad Software, Boston, MA) was used for data visualization and statistical analysis. A site-specific monomer weight feature for N-glycopeptides was calculated across the entire panel of markers by determining the average number of any one specific monosaccharide at a given glycosylation site, weighted by glycan species site occupancy. Five-fold repeated cross-validated LASSO-regularized Cox regression based only on fucose-dependent monomer weight features that achieved FDR<0.05 in univariate age- and sex-adjusted Cox regression was performed, and a risk score threshold was chosen using the same method as described above. The same training, validation, and test sets of the discovery cohort were used as in the other cross-validated Cox model described above.





Functional pathway analysis

Peptides associated with OS in differential expression analysis were mapped to their cognate Entrez gene identifiers. Pathway enrichment analysis (38) was performed using the enrichPathway routine defined in the ReactomePA package (39, 40). Based on functionally annotated reaction pathways in the Reactome Knowledgebase, the probability of an erroneous prediction using the hypergeometric test was estimated by the enrichPathway function (41). Correction for multiple testing was applied using the Benjamini and Hochberg method (36). Hierarchical clustering of enriched terms that relies on their pairwise similarities was performed to explore similarity between functional modules using Jaccard’s similarity index and the average agglomeration method, and then implemented in the treeplot function of the enrichplot R package. Disease ontology (DO) enrichment analysis was also performed to investigate possible relationships of biomarkers of interest to biomarkers known to be associated with neoplastic disease processes (42). Enrichment against the curated Network of Cancer-causing Genes was performed by analyzing semantic similarities among DO terms and by hypergeometric tests to find the probability of erroneously finding a disease entity to be functionally enriched (43). All analyses were performed using R version 4.2.2. Results were plotted using functions defined in the enrichplot R package (44).






Results




Description of the cohorts

We assessed benefit of ICI therapy using OS. The discovery cohort of 202 patients was composed of 69% males with a median age of 65 years (IQR: 57, 73). Seventy-three percent of patients underwent first-line therapy, with 56% of all patients having a recorded death. Median time to progression for this cohort was 5.5 months (95% CI: 3.0, 9.9), while median time to death was over three years, at 40.1 months (95% CI: 27.3, 59.0) (Figure 1A). Sixty-three percent of patients had cutaneous melanoma, 17% had melanoma of unknown primary, and the remainder were characterized as either mucosal, uveal, or acral subtype. At the start of treatment, 73% of the cohort was staged as either M1c or M1d, 33% of patients carried BRAF mutations, 44% had an LDH (units/L) value that exceeded the upper limit of normal (ULN), and 40% had an ECOG performance status above 0 (Table 1). As expected, patients with non-cutaneous melanoma, higher LDH, and higher ECOG performance status exhibited shorter median time to death, while those carrying BRAF mutations exhibited a longer median time to death (Supplementary Figure 1). The sample set was randomly divided and stratified by immunotherapy regimen, melanoma subtype, and early failure (death within six months of treatment start) or sustained control (progression-free for three years or more since initiation of ICI treatment) status. Forty percent of the cohort was used as a training set, 30% was used as a validation set on which to tune model hyperparameters, and the remaining 30% was used as a testing set. Allocation of samples to the three sets was found to be well-balanced across all demographic and clinical covariables listed in Table 1 (confirmed by Chi-squared, Fisher’s Exact, Student t, or Wilcoxon rank-based tests, as appropriate).




Figure 1 | (A) Occurrence of events in the discovery cohort; (B) OS and censoring distributions in the discovery and independent validation cohorts.




Table 1 | Demographic and clinical covariates in the discovery cohort.



For additional validation of the classifier, we used an independent cohort composed of 70% males with a median age of 71 years (IQR: 66, 81), 85% of whom underwent pembrolizumab monotherapy (Table 2). Median time to death was 18.6 months (95% CI: 15.8, NR). While this cohort has less follow-up events than the discovery cohort, the distributions are comparable (Figure 1B).


Table 2 | Demographic and clinical covariates in the independent validation cohort.







Identification of glycopeptide biomarkers associated with overall survival and early failure

We applied univariate age- and sex-adjusted Cox regression to identify peptides and glycopeptides associated with OS in the discovery cohort. We identified 64 concentration-normalized biomarkers that achieved FDR<0.05, 49 of which were glycopeptides.

We then assigned the label “early failure” (EF) to patients who died within six months of starting ICI treatment (n=40), “sustained control” (SC) to patients who neither progressed nor died in the first three years after ICI treatment start (n=56), and “other” to all patients that did not fit into these two categories (n=106) (Supplementary Figures 2A, B). We found 143 differentially expressed concentration-normalized biomarkers at FDR<0.05, demonstrating a stark difference in the glycoproteome of patients in the EF and SC groups (Supplementary Figure 2C).





Generation of a classifier that predicts ICI benefit

We generated a LASSO-regularized Cox-based classifier for prediction of individuals with extended OS following ICI therapy. Out of all 596 concentration-normalized features, 14 were retained (13 glycopeptides and one peptide) and achieved an unadjusted HR=10.3 (p=4.5×10-9) in the training set, HR=3.9 (p=0.012) in the validation set, and HR=2.7 (p=0.026) in the test set (Table 3, Figures 2A-D). Patients classified as likely to benefit exhibited median OS of 54.3 months (95% CI: 37.9, NR), whereas patients classified as unlikely to benefit had median OS of 3.7 months (95% CI: 2.4, 10.8) in the full discovery cohort; in the test set, median OS reached 30.2 (95% CI: 16.4, NR) and 6.0 months (95% CI: 2.4, NR) for likely and unlikely to benefit groups, respectively. We then applied the classifier to the independent validation cohort. Remarkably, the model achieved comparable separability between the likely and unlikely to benefit classification groups relative to the discovery cohort (HR=5.6; p=0.027) (Figure 2E; Table 3). Although this cohort is small, these data serve as an independent validation of a melanoma-specific signature (Table 3).


Table 3 | Performance of repeated five-fold cross-validated LASSO-regularized Cox regression-based classifier using 14 concentration-normalized biomarkers, stratified by cohort and subsets thereof.






Figure 2 | Performance of the glycoproteomic classifier in subsets of the discovery cohort (A-D) and in the independent validation cohort (E).



Next, we estimated the statistical significance of all demographic and clinical variables with and without adjustment for glycoproteomic classifier prediction. This was ultimately done for variable selection and adjustment in a multivariate Cox regression analysis framework. Age, BRAF status, categorical LDH group, ECOG performance status, metastatic stage, melanoma subtype, and line of therapy all were retained in the model at p<0.15 in both analyses, with and without adjustment for classifier prediction (Supplementary Table 1). We then performed multivariate Cox regression analysis using the classifier prediction group as the primary independent variable and adjusting for the previously listed variables (Table 4). When applied to the combined validation and test sets in the discovery cohort, this model predicted that the risk of death for a patient who is classified as unlikely to benefit from ICI therapy based on their glycoproteomic risk score is about 2.1 times higher than for a patient classified as likely to benefit, adjusting for the demographic and clinical variables (95% CI: 0.9, 4.9). It is worth noting that age, categorical LDH group, ECOG performance status, melanoma subtype, and line of therapy were significant at p<0.05 in multivariate modeling without the inclusion of the classifier prediction variable. However, when the classifier prediction variable is included, the only predictors that remained statistically significant were classifier prediction (p=6.3×10-5), melanoma subtype (p=5.1×10-4), and line of therapy (p=5.9×10-3) (Table 4). Based on a partial likelihood ratio test to compare these two multivariate Cox models, there is sufficient evidence that the model that includes the classifier prediction provides a significantly better fit than the model without it (p=2.0×10-4). Moreover, while high LDH at the start of treatment was associated with increased risk of death, patients classified based on the glycoproteomic predictor as likely to benefit exhibited longer median OS compared to the group categorized as unlikely to benefit, regardless of the LDH category (Supplementary Figure 3A). The same pattern was observed with respect to BRAF mutation status: while carrying a BRAF mutation results in a modest association with lower risk of death, patients classified as likely to benefit are associated with longer median OS, regardless of BRAF mutation status (Supplementary Figure 3C).


Table 4 | Performance of Cox regression-based classifier in the discovery cohort with multivariate adjustments.







Fucosylation of N-glycopeptide markers is associated with reduced clinical benefit of ICI therapy

Glycopeptide markers showing differences in relative abundance at p<0.05 with respect to OS were selected for structural analysis. Of these markers, 91 were N-glycopeptides, all carrying complex-type glycans. Strikingly, when looking at fucose content, these markers separated into two distributions that aligned with benefit from ICI treatment (Figure 3A), with fucosylated glycopeptides prevalent in patients with shorter OS. Next, we analyzed sialic acid content in the same markers, as alterations in sialic acid density in tumor cells have been extensively described in connection with inhibition of immune cell function (45). However, we found little to no correlation between the number of sialic acid units and benefit from ICI treatment (Figure 3A). Instead, we observed a modest inverse correlation between the number of sialic acid units in O-linked glycopeptides and benefit of treatment (Figure 3B). Access to non-glycosylated forms of the peptides allowed us to also evaluate the relevance of site occupancy. As N-glycans are involved in protein folding and can affect interactions with other proteins, changes in site occupancy may dramatically change protein function. Interestingly, alpha-1-antitrypsin and alpha-2-macroglobulin exhibited opposite associations with OS with respect to glycosylation (Figure 3C).




Figure 3 | Fucosylation signatures in peripheral blood N-glycoproteins are associated with reduced clinical benefit of ICI therapy. (A) Differentially expressed glycopeptides (p<0.05), based on relative abundance measurements, in patients who are likely to benefit compared to those unlikely to benefit were classified based on their glycan structure. N-linked glycopeptides are separated into two groups based on the presence or absence of fucose; fucosylation is strongly associated with OS (p<0.0001). The number of sialic acid residues, however, is not associated with OS. HR, hazard ratio. (B) Di-sialylated O-glycopeptides are enriched in samples with reduced OS (p=0.14). (C) Effect of site occupancy on protein function in relation to likelihood to benefit. Lack of a glycan on site N70 of alpha-1-antitrypsin (A1AT_N70 NG) is associated with increased OS, whereas absence of glycosylation at the site N1424 of alpha-2-macroglobulin is associated with reduced OS. The four-digit number describes glycan composition (number of hexoses, N-acetyl-hexosamines, fucoses, and sialic acids, respectively). (D) Hazard ratios of 51 fucose-dependent monomer weight features derived from N-glycopeptides, sorted by age- and sex-adjusted Cox regression FDR. Hazard ratios of features that achieved FDR<0.05 are represented as filled-in diamonds. HR>1 represents association with shorter OS. (E) Kaplan-Meier curves showing performance of repeated five-fold cross-validated LASSO-regularized Cox regression-based classifier using 11 fucose-dependent features derived from N-glycopeptides that achieved FDR<0.05 in age- and sex-adjusted Cox regression analysis.



To test the hypothesis that fucosylated N-glycopeptides are associated with lower likelihood of benefit from ICI therapy, we calculated “site-specific monomer weight features” that represent the average number of specific monosaccharides at a given site, weighted by glycopeptide occupancy. Of 51 fucose-dependent features across our full research assay, 11 were strongly associated with OS based on univariate age- and sex-adjusted Cox regression analysis (Figure 3D). All 11 features were ultimately retained in a LASSO-regularized Cox regression model that yielded a hazard ratio of 2.9 (p=0.016) in the training set of the discovery cohort (Figure 3E, Table 5). When applied to the validation and test sets, the model resulted in a hazard ratios of 3.8 (p=6.7×10-3) and 3.5 (p=6.6×10-3), respectively. Altogether, these data support the notion that the fucosylation status of specific circulating glycoproteins is a critical parameter that stratifies patients with regard to likelihood of benefit from ICI therapy.


Table 5 | Performance of monomer weight model in the discovery cohort using 11 fucose-dependent features derived from N-glycopeptides that achieved FDR<0.05 in age- and sex-adjusted Cox regression analysis.







Functional pathway analysis uncovers a potential role of neutrophil degranulation

We selected glycoproteins significantly associated with OS in concentration-normalized abundance for further analysis. Alpha-1-antitrypsin, alpha-1-antichymotrypsin, beta-2-microglobulin and leucine-rich alpha-2-glycoprotein 1 were found at higher concentration in patients with limited benefit from ICI treatment (Figure 4A). When applying pathway analysis to the corresponding genes, we identified mechanisms related to platelet activity and neutrophil function that included platelet degranulation, response to elevated platelet cytosolic Ca2+, and platelet activation, signaling, and aggregation (Figure 4B and Supplementary Tables 4, 5). The APOA1 gene was found to be involved with the highest number of enriched pathways (16 functional pathways), followed by the TTR gene (8 significantly enriched pathways) (Figures 4C, E). With 11 genes in common, the platelet degranulation and response to elevated platelet cytosolic Ca2+ pathways appeared to cluster most closely (Figure 4D). Other closely related functional modules include the regulation of insulin-like growth factor and uptake and the post-translational protein phosphorylation pathways. To investigate any potential relationship between the significant feature genes and primary disease processes based on prior knowledge curation efforts, we performed disease ontology enrichment analysis, which revealed a weak relationship of the significant feature genes to melanoma (p=0.29).




Figure 4 | Functional pathway analysis of glycoproteins. (A) Differentially expressed plasma glycoproteins with respect to OS (p<0.05). (B) Significant functional pathways. The x-axis represents the number of genes in the respective pathways and the color indicates estimated p-values. (C) Enrichment map of significant functional pathways showing enriched terms organized into a network with edges connecting overlapping gene sets. Mutually overlapping gene sets, such as the platelet-related pathways, cluster together. The neutrophil degranulation pathway appears to bridge these pathways to transport- and metabolism-related pathways. (D) Enrichment treeplot was cut into five subtrees, each labeled with the most highly represented terms. The neutrophil degranulation pathway appears to be in close relationship to the growth-related and the platelet activation pathways. (E) Enrichment heatmap showing the links between genes and significant functional pathways.








Discussion

Glycosylation is an abundant and complex form of post-translational modification of proteins that profoundly affects their structure, conformation, and function (46, 47). Recent advances in glycoproteomics have provided unique structural insights into the human glycoproteome and its regulation in health and disease (48–51). However, the application of glycosylated biomarkers in clinical settings has so far been limited by the technical challenges in generating and interpreting this information at scale. Our analytical platform detected plasma glycoproteomic markers that were differentially expressed in patients with metastatic melanoma treated with immunotherapy, with shorter or longer OS. These markers were used to generate classifiers that identified metastatic melanoma patients unlikely to derive clinical benefit from ICI therapy in two independent cohorts. We also discovered a specific fucosylation signature in plasma N-glycoproteins of patients that do not achieve a durable response to ICI therapy. Interestingly, higher levels of N-glycans containing fucose have been recently reported in association with reduced PFS in a glycomics study investigating responses to ICI (52). Elevated protein fucosylation, potentially resulting from increased expression of fucosyltransferases, has been described in the tumor microenvironment (TME) in melanoma (53). Increased core fucosylation promotes cell invasion and metastatic potential through the modulation of the stability of the L1CAM adhesin at the cell surface (54). Fucosylation also alters TGF-β signaling that drives immune-excluded TME phenotypes (55). Presence of fucose in the N-glycan of IgG1 significantly reduces its binding to FcγR and may be associated with lower efficacy of anti-tumor antibodies (56, 57). Moreover, fucosylation enhances display of PD-1 on the cell surface (58, 59). Fucosylation of the major histocompatibility complex-II HLA-DRB1 enhances CD4+ T cell immunity and enhances anti-PD-1 efficacy in a murine tumor model (60). We hypothesize that the same mechanisms that generate fucosylation signatures in circulating proteins detected in our assay may also lead to increased protein fucosylation in the TME that in turn affect responses to ICI treatment. Future research will address what factors drive changes in glycosylation in circulating proteins and how protein fucosylation modulates mechanisms that are relevant to ICI response in metastatic melanoma. We propose that glycopeptide markers may ultimately be used to distinguish immune-inflamed from immune-excluded or -desert TME phenotypes.

In addition to the fucosylation signature, we make other observations pertaining to mechanisms that may contribute to the efficacy of ICI treatment. Disialylated O-linked glycopeptides exhibited a modest association with shorter OS (Figure 3B); these glycan species likely correspond to disialylated core-1 O-glycan tetrasaccharides that bind to the immune-suppressive receptor Siglec-7 found on natural killer cells (61). A1AT glycosylation modulates binding to IL-8, a cytokine that stimulates neutrophil activation and is found to be elevated in patients with lower responses to ICI therapy (62–64). The leucine-rich alpha-2-glycoprotein 1 destabilizes tumor vessels and restricts immunotherapeutic potency (65). Beta-2-microglobulin imbalance may promote tumor escape from recognition by CD8+ T cells (57) and play a role in neutrophil degranulation (66). The neutrophil degranulation pathway likely facilitates a crosstalk between seemingly unrelated functional pathways (metabolism and transport-related pathways and the platelet activity related pathways).

When key clinical variables were stratified by the classifier prediction in the discovery cohort, a few patterns become clear. LDH, which partially defines prognosis in stage IV disease, is used as a surrogate marker of tumor burden (67). While having high LDH at the initiation of treatment is associated with increased risk of death, patients classified based on the glycoproteomic predictor as likely to benefit exhibited increased median OS compared to the group categorized as unlikely to benefit, regardless of the LDH category of a patient (Supplementary Figure 3). The same pattern is observed with respect to BRAF mutation status: while carrying a BRAF mutation shows a modest association with decreased risk of death, patients classified as likely to benefit are associated with longer median OS, regardless of BRAF mutation status. In contrast, whereas patients classified as unlikely to benefit had comparable median OS regardless of ECOG performance status, patients with ECOG performance status above 1 demonstrated short median OS regardless of glycoproteomic-based classification. These observations are additional evidence that the glycoproteomic classifier provides significant utility in identifying patients who are unlikely to benefit from ICI therapy, regardless of other physiological and clinical characteristics, and represents a substantial advance over current methods.

Whereas this is the largest study associating circulating glycoprotein profiles with benefit of ICI therapy in advanced melanoma to date, we recognize that our study has limitations. First, while the discovery cohort was limited to metastatic and unresectable melanoma, we accepted all such patients without further stratification as to the site of metastases, subtype, or functional status. Despite adjusting for these variables in multivariate analyses, the patient cohorts analyzed here may not perfectly represent the distributions of clinical and physiological characteristics found in larger populations. Secondly, while most patients received first-line single- or double-agent ICI therapy, part of the cohort received ICI therapy during the observation period as second-line therapy, either following a previous course of ICI therapy or chemotherapy, and a small number of patients received first-line ICI along with targeted therapy. While this imparts some level of treatment heterogeneity, the fact that the classifier still performed well is a testimony to its robustness. In addition, while sample sizes used for training, validation, and test were sufficiently large and representative of the full cohort with regard to the balance of demographic and clinical parameters, a larger sample size would be desirable for increased statistical power and potential fine-tuning of the algorithm. Lastly, this retrospective observational study, while showing clinical validity with two independent cohorts, necessitates prospective validation in a larger cohort to fully demonstrate clinical utility.

In conclusion, based on the data presented here, we propose that glycoproteomic profiling of blood provides a promising novel approach to guide clinical use of ICI therapy in patients with metastatic melanoma. Next steps might involve the development of glycoproteomic biomarkers in other tumor indications treated with ICI, or in adjuvant therapy. Analysis of longitudinal samples might also be helpful in segmenting patients that respond to ICI treatment and present with stable disease. The utility of glycoproteomic classifiers might also be explored for optimal treatment selection that accounts for tumor aggressiveness and potential adverse events including, for example, for the identification of patients that may benefit from ipilimumab/nivolumab combination, nivolumab/relatlimab combination, or nivolumab monotherapy.
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Galectins are a family of carbohydrate-binding proteins found in vertebrates in great abundance and diversity in terms of both structure and ligand-binding properties as well as physiological function. Proteins with clear relationships to vertebrate galectins are already found in primitive Bilateria. The increasing amount of accessible well-annotated bilaterian genomes has allowed us to reveal, through synteny analyses, a new hypothesis about the phylogenetic history of the galectin family in this animal group. Thus, we can trace the genomic localization of the putative ancestral Bilateria galectin back to the scallops as a still very primitive slow-evolving bilaterian lineage. Intriguingly, our analyses show that the primordial galectin of the Deuterostomata most likely exhibited galectin-8-like characteristics. This basal standing galectin is characterized by a tandem-repeat type with two carbohydrate recognition domains as well as by a sialic acid binding property of the N-terminal domain, which is typical for galectin-8. With the help of synteny, the amplification of this potential primordial galectin to the broad galectin cosmos of modern jawed vertebrates can be reconstructed. Therefore, it is possible to distinguish between the paralogs resulting from small-scale duplication and the ohnologues generated by whole-genome duplication. Our findings support a substantially new hypothesis about the origin of the various members of the galectin family in vertebrates. This allows us to reveal new theories on the kinship relationships of the galectins of Gnatostomata. In addition, we focus for the first time on the galectines of the Cyclostomata, which as a sister group of jawed vertebrates providing important insights into the evolutionary history of the entire subphylum. Our studies also highlight a previously neglected member of the galectin family, galectin-related protein 2. This protein appears to be a widespread ohnologue of the original tandem-repeat ancestor within Gnathostomata that has not been the focus of galectin research due to its nonclassical galactose binding sequence motif and the fact that it was lost during mammalian evolution.
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1 Introduction

Galectins are small glycan-binding proteins that originally received their name because of their galactose-binding property. These lectins are widespread in the animal kingdom. The Porifera already possess galectin-like proteins (1). However, the formation of a multifaceted galectin family is found only in Bilateria. These proteins share a complex secondary structure composed of β-sheets (named S1-S6 and F1-F5), which form the carbohydrate recognition domain (CDR) (2, 3). Only the S-strands and the loop regions connecting them and form together the glycan binding groove. The galectin cosmos of Gnathostomata is particularly complex. Based on structural features, galectins are assigned to three subgroups. The prototypical galectins possess only a single CRD. The same is true for the chimeric galectins. However, these proteins additionally have a longer N-terminal binding domain, which enables them to form pentamers. Tandem-repeat galectins, on the other hand, have two CRDs connected by a linker region that can vary in size. In addition, galectin-related proteins (GRPs) structurally correspond to prototypical galectins. However, minor amino acid changes in the specific binding motifs resulted in a loss of their galactose-binding capacity (4). Based on the overall similarity of the CRD at the protein and gene structure level, it can be assumed that the GRPs can be readily assigned to the galectin family.

Each galectin or, better, each galectin CRD of Gnathostomata has its own carbohydrate-binding preference. For instance, the N-terminal CRD of galectin-8 preferentially binds sulfated and sialylated carbohydrates (5). The C-terminal domain of this galectin, on the other hand, has a preference for histo-blood group antigen-like and poly-N-acetyllactosamine glycans (6). In addition, many galectins have been shown to interact with a protein-binding partner. Prototypic galectins, for example, form homo or heterodimers with each other but can also form dimers with chemokines (7). Another well-known example is the binding of galectin-8 with the autophagy receptor NDP52. This interaction is a crucial step in galectin-mediated selective autophagocytosis after vesicle damage and critical in defense against intracellular pathogens (8, 9). Galectins can serve diverse functions both intracellularly and extracellularly (10). The role of galectins in the immune system is particularly multifaceted, ranging from pattern-recognition receptor function in pathogen recognition (11) to regulatory functions on specific immune cells (10). Several Gnatostomata galectins (including galectin-1, -3, and -9) have important roles in the regulation of the adaptive immune response. In particular, their relevance in T-cell activation and B-cell differentiation is noteworthy (12). Thus, a correlation between the expanding galectin family and the increased complexity of the immune system during vertebrate evolution might be speculated. The redundancy that occurs after whole genome duplication (WGD) usually results subsequently in massive gene loss (13, 14). The galectin ohnologues ubiquitously retained in the vertebrate genomes and diversified their function. This reflects their importance, probably in particular for the regulation of the immune system.

The various members of the galectin family have been well studied in mammals, especially in humans and mice, as the most prominent model animals. In addition, there are some studies on individual galectins, especially of Tetrapoda [e.g. chicken (15, 16) and Teleostei (17)].

It has long been known that the nomenclature of galectins based on structural similarities does not provide any information about their evolutionary relationship (18). Moreover, the previous hypothesis on the evolution of vertebrate galectins is largely based on the findings of Houzelstein et al. from 2004 (18). It was assumed [reviewed in (19)] that the last common ancestor of Protostomia and Deuterostomia possessed an ancestral galectin with a CRD that corresponds in exon structure to the N-terminal CRD (referred hereafter as CRD1) of modern Gnatostomata tandem-repeat galectins. In chordates, the C-terminal CRD (hereafter CRD2) with its typical exon structure, characterized by a shorter middle exon, is supposed to have evolved by tandem duplication. Thus, the protovertebrate ancestors owned a tandem-repeat galectin with two different CRDs (CRD1 and CRD2), the exon structure of which corresponds to that of modern tandem-repeat Gnatostomata galectins. In the course of the two rounds of WGD that occurred during Gnatostomata evolution, one tandem-repeat galectin became four. So that according to the current hypothesis the tandem-repeat galectins of the jawed vertebrates namely 4, 8, 9 and 12 represent ohnologues. In vertebrates small-scale gene duplication is supposed to have resulted in the formation of the mono-CRD galectins. Another hypothesis suggests that the mono-CRD galectins-1 and -2 are evolved from a prevertebrate mono-CRD galectin (20). The increasing quantity and quality of genomic data now makes it possible to look deeper into the phylogeny and evolution of galectins. These findings may improve our understanding of functional relationships in this protein family. To correctly identify the major galectins of Gnathostomata, we first looked at the genes surrounding individual galectins to identify overlapping syntenies. To understand how this variety of Gnathostomata galectins evolved during the evolution of Bilateria and where the original galectin locus is located, we used microsynteny studies as well as recent results on the reconstruction of the proto-vertebrate genome. Analyses of gene or protein structure also provide insights into the phylogenetic history of galectins. Finally, based on all these analyses, we can generate a model that explains the diversification of the various galectins of modern jawed vertebrates. To our knowledge, these findings allow us to propose the first substantial new hypothesis on the evolution of vertebrate galectins since 2004. This might help future research to develop new theories about the functional relationships of galectins based on their evolutionary context.




2 Material and methods



2.1 Sequences and genomic organization

Sequence information regarding the specific galectins and their syntenic genes, their genomic organization as well as chromosomal localization, and exon−intron structure was obtained from the NCBI gene and genome data viewer databases (https://www.ncbi.nlm.nih.gov/gene/ and https://www.ncbi.nlm.nih.gov/genome/gdv/). To cover the diverse Gnatostomata taxa, we manually screened the NCBI databases for the genomes of at least two representatives of each of the Chondrichthyes, Holostei (Actinopterygii without 3rd WGD, only Lepisosteus oculatus analyzed), Teleostei, Coelacanthidae (only Latimeria chalumnae), Dipnomorpha (only Protopterus annectens), Amphibia, Lepidosauria, Testudines, Aves, Monotremata, Metatheria, and Eutheria. We considered species whose genomes have a good assembly level. Exceptions are species that represent key stages of evolution such as L. chalumnae or Callorhinchus milii. These were used for the analyses despite the relatively low level of annotation.

For the macrosynteny analysis, the publication of Nakatani et al. (21) was used. By manual screening of the galectin localizations in the human genome, their positions could be assigned to the chromosomal regions derived from the respective scallop chromosomes.




2.2 Sequence alignments

Protein sequence alignments were performed using the Tcoffee algorithm implemented in Jalview version 2.11.2.5 (22).




2.3 Sequence-based phylogenetic analyses

Phylogenetic analyses were performed based on sequences of 222 galectin proteins (Supplementary Table 1). Amino acid sequences of CRD1 and CRD2 were aligned with Tcoffee algorithm. Maximum Likelihood phylogenetic tree with 1000 bootstrap replicates were generated using MEGA X (23) and edited by the iTOL tool (interactive tree of life) (24).




2.4 Protein structure analysis and molecular modeling

The structures of LGALS8-like proteins from Petromyzon marinus and Lytechinus variegatus were predicted using the intensive mode of the Phyre2 tool (25). The structure of human LGALS8 was obtained from the AlphaFold database (AF-Q96DT0-F1) (26).

Computation of the electrostatic potential using Adaptive Poisson Boltzmann Solver (APBS) and mapping to the molecular surface were performed using Phyton Molecule Viewer version 1.5.7 (https://ccsb.scripps.edu/mgltools/) (27–29).





3 Results and discussion



3.1 Genomic organization of Gnathostomata galectins

The increasing number of sequenced and well-annotated genomes allowed us to study the genomic distribution of galectins within Gnathostomata. Syntenic analyses helped to address identities of the galectin homologs up to the Chondrichthyes. We have restricted our analysis to the galectin-encoding genes (LGALS) that are present in a majority of the Gnathostomata classes, thus forming the backbone of the galectin family. This excludes, for example, LGALS10, which is found only in primates, or the large number of galectins similar to placenta-galectin, which are found almost exclusively in the Simiiformes. These are located in close proximity to LGALS4, just like LGALS7, which is present in many Amniota. Table 1 shows the genes colocalized with the respective galectin in close proximity. A well-conserved synteny of galectins exists throughout jawed vertebrates. One exception is LGALS8, which exists in a different genomic context in Actinopterygii compared with Chondrichthyes and Sarcopterygii (30). Furthermore, in Chondrichthyes, we find only bloc1s3 in close proximity to galectin-4. Ryr1, actn4, ech1, and hnrnpl are located on the same chromosome, but they are separated by several million nucleotides. Moreover, LGALS12 is only found in Dipnotetrapodomorpha. The GRP LGALSL2, also called LGALSLA, exists in all Gnathostomata, but it has been lost in Mammalia.


Table 1 | Syntenic genes of Gnathostomata galectins.



LGALS1B, which is structurally closely related to LGALS1, is unique to Sauropsida (reptiles and birds). In these animals, it is located on a different chromosome than LGALS1. In Tetrapoda, LGALS1 and LGALS2 are in close genomic proximity to each other. Although galectins are present in the genomic context of LGALS1 or LGALS2 in all gnathostomes, only Telostomi has a galectin, with an amino acid sequence typical of LGALS1 in the glycan-binding groove that spans β-strands S4 and S5 and loop L4 between them (31). A galectin similar in this important glycan-binding region to LGALS2 of tetrapods is already found in west African lungfish, but on Chr 1 part0 (NC_056725.1), the LGALS1-like LOC122794646 and the LGALS2-like LOC122801768 are approximately 700 mio nucleotides apart. In most of the Gnastostomata, LGALSL with LGALS8 and LGALSL2 with LGALS3 are located on one chromosome, although not in close proximity. In Mammalia, LGALS3 and LGALSL are found on different chromosomes, while LGALSL2 appears to be lost.




3.2 Origin of vertebrate galectins since the emergence of bilateria

Scallops are genomically well annotated and exhibit relatively slow genome evolution, making them good model organisms for studying the evolution of bilaterians (32). For this reason, we examined the genomic distribution and structure of galectins from the bivalve Pecten maximus to gain insights into the origin of vertebrate galectins. Six galectin genes are found in the genome of P. maximus, three on chromosome 3, two on chromosome 9, and one on chromosome 15 (Figure 1). Two neighboring galectins on chromosome 3, galectin-4-like (LOC117323441) and LOC117323440, have a typical bivalve galectin structure of four tandem-repeat CRDs. This particular type of galectin has previously been studied in the oyster Crassostrea virginica, which also has two of these proteins, CvGal1 and CvGal2 (33). Synteny, gene structure and amino acid sequence show a close relationship of these galectins between oyster and scallop. In the oyster, CvGal1 and 2 are produced by hemocytes, the phagocytes of the bivalve (34). Galectins bind exogenous glycans, for example, from pathogens, as well as endogenous glycans on the surface of hemocytes via their different CRDs (33). Thus, they can function as phagocytosis-mediating opsonins.




Figure 1 | Comparison of Galectin Gene Organization. (A) Graphical illustration of the protein and gene structure of human galectin-8. Positions of the six S- and five F-strands of the first (magenta) and second (orange) CRD are shown as black bars. The distribution of the individual coding exons is represented as boxes below. The long and short middle exons that distinguish between the two CRDs and encode crucial ligand binding motifs are highlighted in color. (B) Presence of the different CRD subtypes within the galectins of P. maximus, L. variegatus, C intestinalis, P. marinus and the conserved Gnathosthomata proteins. The CRDs of the respective galectins are colored magenta or yellow, depending on whether they are encoded by the large middle exon or the small exon, respectively. For the Gnathostomata galectins, the schematic structure of the individual galectin subtypes is shown to the right of the CRDs. Created with BioRender.com.



If we go evolutionary one step further toward vertebrates and consider Echinodermata as primeval deuterostomes, we found only one galectin locus on one chromosome. The sea urchin Lytechinus variegatus is a good model organism to assess genomic galectin structure, as it has now been completely annotated at the chromosomal level. L. variegatus has a classic tandem-repeat galectin with two CRDs, galectin-8-like (LOC121418813). The homologous galectin-8 (LOC576472) of the purple sea urchin Strongylocentrotus purpuratus could be detected in high amounts in coelomic fluid (35) and is expressed in coelomocytes, the phagocytes of Echinodermata (36). This suggests that in sea urchins, a major function of galectins is also pathogen defense. The sea cucumber Apostichopus japonicus has two galectins arranged in tandem in the genome. Again, these are tandem-repeat galectins with two (QCW05467, galectin-8) or three CRDs [PIK56913, AjGal1 (37)]. AjGal1 is mainly expressed in coelomocytes, binds microorganisms and has antimicrobial activity (37).

The tunicates, as the primitive chordates and closest living relatives of vertebrates, are not a good model to study the phylogenetic evolution of galectins because they are among the fastest evolving metazoans and have poor synteny conservation (38). However, Ciona intestinalis has three tandem-repeat galectins with two CRDs each on chromosomes 4 and 6. The galectin-6 and galectin-6-like genes are arranged in tandem on chromosome 6 and show very high sequence identity. Galectin-9 (CiLgals-a) and galectin-6 (CiLgals-b) are expressed in hemocytes of the pharynx of C. intestinalis. This expression is induced by inflammatory processes (39).

To date, nothing is known about the galectins of Cyclostomata on a functional level. In the genome of the sea lamprey Petromyzon marinus, seven galectins or galectin-related genes are found, one each on chromosomes 17, 29, and 31 and two each on chromosomes 33 and 53. Only two, galectin-8 and galectin-8-like (LOC116948446), are classical tandem-repeat galectins. In addition, a galectin-3-like (LOC116953901) and two galectin-related genes (LOC116943127 and LOC116953921) were detected with only one CRD. The uncharacterized protein LOC116947959 on chromosome 31 has four potential CRDs.




3.3 Exon−intron structure of bilaterian galectins

For the classification of bilaterian galectins, it is instructive to look at exon−intron organization. In Gnathostomata, it is known that each individual CRD is encoded by three exons. In tandem-repeat-type galectins, the large middle exon of the first CRD comprises the codons encoding the amino acids of β-strands S3-F4 (Figure 1A). In the second CRD, the middle exon is smaller and encodes S3-F3 (18). Most Gnathostomata galectins that have only one CDR correspond in their exon−intron structure to the second CRD of tandem-repeat galectins. This is the case for LGALS1, LGALS1B, LGALS2, LGALS3, Grifin, and the galectin-related genes LGALSL and LGALSL2. Only the mono-CRD galectins located in the neighborhood of LGALS4, namely, LGALS7, LGALS10, LGALS13, LGALS14, and LGALS16, correspond from the exon−intron structure to the first CRD of the tandem repeat galectins (Figure 1B).

In Scallop, all galectins have an exon−intron structure with a large S3-F4 coding exon (Figure 1B). A short S3-F3 coding exon does not occur. Exceptions are galectins with four tandem-repeat CRDs. Among these, the first CRD is encoded by only two exons. A small exon comprises the S1 and F2 β-strands, and a larger exon comprises all the others, namely, S3-F1.

Typical for deuterostomes is the appearance of the exon−intron structure characteristic of Gnathostomata galectins with a longer S3-F4 exon in the N-terminal and a shorter S3-F3 exon in the C-terminal CRD. This structure is found in tandem-repeat galectins of echinoderms, Tunicata and Cyclostomata (Figure 1B). Additionally, LOC116947959 of P. marinus encoding four CRDs has both S3-F4 (CRD1 and 3) and S3-F3 exons (CRD2 and 4). Exceptions are LGALS6 and LGALS6-like of C. intestinalis. Both tandem CRDs of these galectin genes have only the longer S3-F4 exon. In Cyclostomata, for the first time, in addition to the tandem-repeat type, galectins or galectin-related genes with a mono-CRD emerge. All three mono-CRD galectins of P. marinus have the short S3-F3 exon.

It should be mentioned that the evolutionarily more ancient Porifera, which form a sister group to Eumetazoa, also possess galectins. Exemplary is the genomically sequenced and annotated sponge Amphimedon queenslandica, which has been used as a model organism to study the evolution of metazoa (40). A. queenslandica has three galectin genes, LOC105313191, LOC109582911, and LOC105315566. All three galectins have only one CRD and are encoded by only one exon. Interestingly, all three have a signal peptide sequence (Sec/SPI) (Supplementary Table 2). It is typical for deuterostomes and for bivalve galectins that they do not have such a classical secretion signal. If bilateria galectins are secreted, they are transported via an unconventional pathway (41).




3.4 Amino acid sequence-based phylogenetic analysis

To estimate the ancestral relationship between the scallop, Echinodermata, Tunicata and Cyclostomata galectins and members of the Gnathosotomata galectin family, we start with a traditional sequence alignment-based phylogenetic analysis. For this, the amino acid sequences of CRD1 and CRD2 were separately subjected to maximum likelihood analysis (Figure 2). As described in earlier studies (18), these analyses clearly show clustering of the individual Gnathostomata galectin groups. However, for some galectins this is only weakly supported by bootstrap (BT) analyses. This is particularly evident for galectins-3, -4 and -9, while galectin-8 and grifin, for example, show strong sequence similarity from cartilaginous fish to mammals. Looking at the individual alignments of the CRDs of galectin-3, -4 and -9, a distinct deviance in the flexible loop regions connecting the β-sheets S3 and S4 as well as S4 and S5 is particularly evident here. It is known that the amino acid residues in these loops are important for the oligosaccharide binding specificity of galectins (42). Therefore, it could be speculated that binding specificities of galectins-3, -4, and -9 are different in the Gnathostomata classes. In contrast, the high sequence homology in galectin-8 let suggest that its oligosaccharide binding specificity is highly conserved across gnathostomes.




Figure 2 | Maximum likelihood phylogenetic tree of the galectin family with 1000 bootstrap (BT) replicates. The dataset includes 107 CRD1 and 193 CRD2 amino acid sequences of 186 Gnatostomata galectins as well as the galectins of P. marinus, C. intestinalis, three Echinodermata species, and P. maximus. The individual galectin family members of the Gnatostomata are indicated by different colors. Names and branches of galectines of P. marinus are highlighted in red, those of C. intestinales in green, of the Echinodermata in blue, and of P. maximus in magenta. Nodes with BT values >75% are indicated by red circles. Those with lower BT values are labeled with the respective values.



With respect to Cyclostomata galectins, it appears that both CRD1 and CRD2 of galectin-8-like from P. marinus cluster to that of galectin-4 of cartilaginous fish, albeit with low BT support of 60% and 39%, respectively. In contrast, the CRD1 of lamprey galectin-8 clusters to galectin-4 of bony vertebrates, as do the two CRD1s of LOC116947959. Again, this clustering is only very weakly supported by the BT test. The CRD of galectin-3-like on chromosome 53 of P. marinus clusters into the galectin-3 group of Gnathostomata. The most remarkable result of this phylogenetic analysis is that both galectin-related protein-like proteins of the sea lamprey cluster with a high BT support of 99% to the galectin-related protein and galectin-related protein 2 of the jawed vertebrates (Supplementary Figure 1). This could be an indication that these previously understudied members of the galectin family evolved very early in the evolution of vertebrates, even before the gnathostome-cyclostome split.

However, the sequence-based phylogenetic analysis does not allow valid statements concerning a possible evolutionary ancestry of the vertebrate galectines from the more basal deuterostomes and scallops. The CRD1 of Echinodermata, C. intestinalis and the scallop P. maximus outgroup to the vertebrate galectins without a clear ancestral relationship among them. Furthermore, the CRD2 of the galectin-8 proteins of the Echinodermata cluster only very weakly to the galectin-8 proteins of the Gnathostomata.

Due to the well-known limitations of sequence-based analyses (43), we characterize the path of galectin genes through evolution by considering synteny.




3.5 Syntenic analyses

To investigate the origin of galectins in higher vertebrates, we looked at the chromosomal distribution of genes conserved in Gnathostomata colocalized with each galectin in the more primitive bilaterian species. Interestingly, almost all of the genes colocalized with the galectins LGALS3, LGALS8, LGALS12, LGALSL, and LGALSL2 in Gnathostomata were found on chromosome 3 in P. maximus (Supplementary Figure 2A). Three galectin genes are located on this chromosome in the scallop. The Gnathostomata genes colocalized with Griffin and LGALS1 and LGALS2 are on chromosome 1 in P. maximus, and those of LGALS9 are on chromosome 8. There is no galectin gene on any of these P. maximus chromosomes. The only galectin of the echinoderm L. variegatus is located on chromosome 7, and all galectin synteny genes of P. maximus chromosome 3 are also found on this chromosome (Supplementary Figure 2B). This suggests that this L. variegatus chromosome 7 has its origin in chromosome 3 of P. maximus and that the galectin-8 of the sea urchin can be traced back to one of the three bivalve galectins located there. Both the scallop and the sea urchin have 19 chromosomes. Apparently, the other P. maximus galectins on chromosomes 9 and 15 were not inherited to the deuterosomes. Synteny analyses in the ancestral chordates, the tunicates, are unfortunately not useful for our analyses because these organisms underwent extensive genomic rearrangements compared to the other chordate subphyla.

In vertebrates, the analysis of galectine genes in the genome becomes more complex due to ancient polyploidization events. During the evolution from invertebrate chordates to gnathostomes, two rounds of WGDs occurred, which tremendously increased the complexity of the genomes. It is suggested that the gnathostome-cyclostome split occurred most likely soon after the 1st WGD, followed by cyclostome-specific genome triplication (21). Interestingly, the genomes of modern lampreys seem to indicate remarkably low rates of interchromosomal rearrangement following hexaploidization (21). The sea lamprey P. marinus has a total of seven galectins on five chromosomes (Supplementary Figure 2C). Since the colocalized genes known from the scallop and sea urchin are also found on these chromosomes, it can be concluded that these genomic regions can be referred back to chromosomes 3 of P. maximus and 7 of L. variegatus, respectively (Figure 3). This suggests that the lamprey galectins represent paralogs of a protovertebrate galectin that is likely related to the Echinodermata galectin. The paralogs probably arose from both polyploidy events and small-scale duplication (44).




Figure 3 | Macrosynteny Conservation of Galectin Gene-Containing Chromosomes or Chromosomal Regions of Selected Bilaterian Species. The relevant chromosomes of the scallop P. maximus are colored to show the homology with the chromosomes or chromosomal regions of the green sea urchin L. variegatus, the sea lamprey P. marinus and humans (stripes indicate homologies to multiple scallop chromosomes). The exact localization of the respective galectins on the chromosomes is marked with a black line. The visualization of the homologies of the chromosomal regions was adapted from Nakatani et al. (21). Created with BioRender.com.



Among the gnathostomes, there are nine galectins or galectin-related proteins widely distributed across the different classes, which we have examined in more detail. These are the tandem-repeat galectins LGALS4, 8, 9 and 12, the prototypical galectins LGALS1/2 and Grifin, LGALS3 as the only representative of the chimera and the galectin-related proteins LGALSL and LGALSL2 (also referred to as LGALSLA). We further consider LGALS1 and LGALS2 as one locus, since they emerged in tandem late from Dipnotetrapodomorpha onward. In addition, a number of other galectins have arisen in the individual Gnathostomata classes by small-scale duplication. One example is LGALS7, which arose in the Amniota probably by tandem duplication of the N-terminal CRD of LGALS4.

Since Gnatosthomta have undergone two tetraploidization events during their evolution, theoretically four ohnologues should have arisen from the single ancestral galectin locus. In addition, after each of the two genome duplications, extensive chromosome rearrangements (fusions, fissions and translocations) have occurred, which complicates the identification of the ohnologues or can also lead to the loss of ohnologues. Nakatani et al. (21) were able to assign chromosomal regions of modern gnathostomes, such as the 22 chromosomes of humans, to the proto-invertebrate chromosomes they reconstructed, and these in turn to homologies to the chromosomes of the scallop genome. In this study, however, reference is made not to the P. maximus but to the Chlamys farreri genome. Both scallops belong to the order Pectinida, but the C. farreri genome is not available at the chromosome level in the NCBI database. However, both scallop genomes are highly homologous and readily comparable. We mapped the location of the individual human galectins against the chromosomal regions found by Nakatani and colleagues that correspond to proto-invertebrate and scallop chromosomes, respectively. Consistent with our gene-level synteny studies, we recognized that LGALS8 (Chr. 1), LGALSL (Chr. 2), LGALS12 (Chr. 11), as well as LGALS3 (Chr. 14) are located in regions corresponding to P. maximus and C. farreri chromosome 3, respectively (Figure 3). Human LGALS4 on chromosome 19 is located in a region that has homologies to chromosome 3 as well as to chromosomes 1 and 6 of P. maximus and C. farreri, respectively. Grifin (Chr. 7) and LGALS1 and 2 (Chr. 22) of humans are also located in regions with homologies to chromosomes 1 and 6 of P. maximus and C. farreri, respectively. LGALS9 of humans, in turn, is located on chromosome 17 in a region with macrosynteny to chromosome 8 of P. maximus and 9 of C. farreri. Moreover, most of the nearest co-localized synteny genes of LGALS9 are located on chromosome 38 of P. marinus [LOC116950292 (wsb1), LOC116950294 (ksr1), LOC116950297 (nos2), LYRM9] or chromosome 2 of L. variegatus [LOC121408157 (nf1), LOC121408172 (wsb1), LOC121408977 (ksr1), LOC121409155 (nos2), LOC121409211 (lyrm9)]. No galectin gene was found on any of these chromosomes. It should be noted that in most Gnathostomata classes, LGALS8 is associated with LGALSL, and LGALSL2 is associated with LGALS3 on one chromosomal segment. During mammalian evolution lineage-specific rearrangements, chromosome fission and fusion are known to have occurred. Thus, in this Gnathostomata class, LGALS8 and LGALSL are localized on different chromosomes, while LGALSL2 has been lost. In this respect, however, mammalian genomes are an exception.




3.6 The sialic acid binding domain of Galectin-8 is typical for Deuterostomia

In terms of its amino acid sequence, tandem-repeat galectin-8 is one of the most conserved galectins within gnathostomes. It is essential for the vertebrate lineage and is found in all classes of jawed vertebrates. LGALS8 plays a critical role in intracellular pathogen defense as well as autophagy (9) and thus shows ubiquitinated tissue expression. This suggests that LGALS8 also appears to be one of the most primordial galectins, if not the true “proto-type” galectin of the Deuterostomata. The N-terminal CRD (CRD1) of LGALS8 is also unique with respect to its glycan-binding specificity. It has a strong affinity for sialylated glycans, whereas in the case of most other galectins, sialylation counteracts glycan-galectin binding (45). This is due to a positively charged subsite of LGALS8 CRD1. Relevant for this sialic acid binding in human LGALS8 is Arg45 and Gln47 in the S3-sheet as well as Arg59 in a long loop between the S3 and S4-sheets. Here, Arg59 is the crucial amino acid for the binding of the acidic sugar (5, 46). To determine whether this binding motif is also present in the tandem-repeat galectins of Cyclostomata and Echinodermata and in the galectins localized to chromosome 3 of P. maximus, we compared the CRDs of P. marinus LGALS8-like (LOC116948446) and LGALS8, L. variegatus LGALS8-like, and P. maximus LGALS4-like, LOC117323440, and LGALS9-like with those of human LGALS8 (Figure 4A). To include a rather primordial Gnathostomata LGALS8 in the comparison, we used LOC121848525 (LGALS8-like) from Callorhinchus milii, a representative of the Chondrichthyes subclass Holocephali (chimaera). As expected, C. milii LGALS8-like shows very high sequence homology to the human protein. The two crucial arginines as well as glutamine are found at the corresponding positions. In addition, the corresponding amino acids to Tyr141 in the S2-strand as well as Asp49 and Gln51 in the S3-strand, which are crucial for the binding of longer oligosaccharides in human LGALS8 (5), are also found in C. milii. The tyrosine in the S2-strand is particularly important because it establishes van der Waals interactions with the galactose ring. P. marinus LGALS8-like also possesses the arginine residues relevant for sialic acid binding as well as the corresponding glutamine. The amino acids of the S3-strand, which are necessary for the formation of the subsite for the binding of longer oligosaccharides, are also present. However, the crucial tyrosine is missing in the S2-strand. The LGALS8-like protein of L. variegatus also has these essential arginine residues for sialic acid binding. However, the glutamine in the S3 strand, which is also known to be involved in sialic acid binding of human galectin-8, is replaced by histidine. Interestingly, in this galectin, the relevant amino acid residues are also present in CRD2. Compared to the other studied deuterostomata LGALS8 proteins, only the CRD2 of L. variegatus possesses a long loop between S3 and S4 that is characteristic only of the N-terminal CRD of LGALS8. Since the arginine in the long loop is particularly important for the interaction with acidic carbohydrates, it could be speculated that this galectin can form a sialic acid binding subsite in both CRD1 and CRD2. The relevant amino acids for the formation of the subsite for binding longer oligosaccharides are not present in the L. variegatus galectin. In none of the P. maximus galectins are the conserved amino acids necessary for sialic acid binding or binding of longer oligosaccharides found. This galectin property does not yet appear to be present in this protostomes.




Figure 4 | Comparison of the Primary and Tertiary Structure of Human Galectin-8 with Selected Deuterostomata and Scallop Galectins. (A) Sequence alignment of CRDs of galectin-8 and 8-like proteins from H sapiens, C milli, P. marinus and L. variegatus as well as the P. maximus galectins localized on chromosome 3. The intensity of the blue shades with which the amino acids are labeled illustrates the degree of conservation. Amino acids relevant for the binding of sulfated and sialylated oligosaccharides and for the binding of extended carbohydrates are marked in green and yellow, respectively. The arginine of the long S3-S4 loop, which is critical for the sialic acid interaction, is highlighted in red. The positions of β-strands S2-S6 involved in carbohydrate ligand binding are indicated as black bars above the alignment. (B) 3D models of the CRDs of human galectin-8 and the galectin-8-like proteins of P. marinus and L. variegatus. The electrostatic potential of the protein surface is indicated by red (negative) and blue (positive) colors. Regions corresponding to the known subsites of the ligand binding grooves of human galectin-8 are indicated by dashed circles. The positions of amino acids relevant for binding are indicated by arrows. Subsite and amino acids relevant for lactose recognition marked in dark blue, for sialylated and sulfated oligosaccharides in green (red, critical arginine for strong affinity to sialic acid of human galectin-8 CRD1), and those for extended oligosaccharides in yellow.



Sialic acids are found prominently expressed in deuterostomes and almost absent in the protostome lineage (47). In accordance with this, sialyltransferases, the enzymes that add sialic acid resides to nascent glycans, are only present as a large gene family in deuterostomes (48). It is speculated that the sialylation machinery evolved in the last common ancestor of metazoa before the separation of protostomes and deuterostomes. Subsequently, it appears to have been largely lost in protostomes (49). The wide expansion of this gene family in deuterostomes seems to indicate the importance of sialoglycoconjugates in this lineage. This could also explain the evolution of sialic acid-binding galectins in deuterostomes, most likely as part of the self-recognition machinery of the initially still primitive immune system. This could be of particular relevance since Siglecs (sialic acis-binding immunoglobulin-type lectins), as the most prominent group of sialic acid-binding proteins, probably first evolved in Gnatostomata (50).

Considering the predicted 3D structure of the CRDs of the galectin-8 proteins from humans, P. marinus and L. variegatus, a positively charged carbohydrate binding groove can be identified in the N-terminal CRDs (Figure 4B). Additionally, clearly visible are three subsite pockets, which mediate the binding of lactose (blue site), sialylated and sulfated oligosaccharides (green site) and extended carbohydrates of longer oligosaccharides (yellow site) in human galectin-8 (5). Furthermore, the arginine residue of the long S3-S4 loop (red arrow), which is critical for sialic acid binding, is found at the N-terminal CRDs of all three galectins in close proximity to the highly conserved tryptophan residue in the S6-strand, whose aromatic ring is important in stacking interactions with galactose. Interestingly, the 3D model of the C-terminal CRD of the L. variegatus galectin-8-like protein shows that arginine R227 of the long S3-S4 loop (Figure 4B, red arrow) is not located near the tryptophan of the S6-strand. This indicates that the sialic acid binding property of this CRD2, which was assumed based on the amino acid sequence, is obviously a misinterpretation.




3.7 Hypothetical model of the evolution of gnathostomata galectin cosmos

Based on the assumption that the proto-invertebrate ancestor, similar to Echinodermata, possessed only one galectin locus in the genome, we have attempted to elicit the evolutionary complexity of the galectin family of modern Gnathostomata via synteny comparisons (Figure 5). The tandem-repeat galectin typical of Deuterostomia, with an N-terminal CRD characterized by a large S3-F4 exon and a C-terminal CRD possessing a smaller S3-F3 exon, should also have been present in the proto-vertebrate ancestor. During the 1st round of WGD, this tandem-repeat galectin was duplicated together with the whole chromosome. Thereafter, the proto-cyclosostomes split off. Chromosomal rearrangements and fusions subsequently occurred in the proto-gnastostomata lineage (21). The C-terminal domain of one of the duplicated tandem-repeat galectins was duplicated in tandem. Furthermore, another C-terminal CRD was duplicated and translocated to a chromosomal region that has synteny to chromosome 1 of P. maximus. The chromosomal region in which human LGALS4 is located appears to have synteny with both chromosome 3 and chromosome 1 of P. maximus. This could be due to chromosome fusions that may have occurred after the 1st round of WGD. If so, this would explain a subsequent translocation of a duplicated CRD into chromosomal regions corresponding to scallop chromosome 1. At the end of chromosomal remodeling after the 1st WGD, a locus with a tandem-repeat galectin together with a prototype galectin consisting of only the C-terminal CRD should be present. Furthermore, a locus with only a single tandem-repeat galectin and another locus with a prototype galectin on a different chromosome should also have existed. In the subsequent 2nd WGD round, these three loci were again duplicated. Two double-galectin loci consisting of LGALS8 and LGALSL or LGALSL2 and LGALS3, which have the same origin, can be detected in most Gnathostomata classes via synteny. This fact has been overlooked in previous studies because LGALSL2 has been lost in Mammalia and, thus, has never been the focus of galectin research. In LGALSL2, the N-terminal CRD has been lost. A common origin can also be identified for the LGALS1/LGALS2 and Grifin loci via synteny. However, these genes are located in a genomic region unrelated to that of the proto-invertebrate, Echinodermata and bivalve galectin. This aspect of the close evolutionary relationship between LGALS1/2 and Grifin has also hardly been considered. The lens-specifc Grifin has lost the crucial galactose binding motif in mammals. This loss of galectin-typical carbohydrate-binding property makes Grifin of little interest for galectin research. However, Caballero et al., 2018 inferred a relationship between Grifin and LGALS1, LGALS2 and LGALS3 in rats by analyzing amino acid sequence similarities (51). In contrast, the syntenic genes of LGALS4 and LGALS12 clearly indicate a close relationship with the two tandem-repeat galectins of the double loci. At first glance, the origin of LGALS12 is problematic because this galectin is only found in the Dipnotetrapodomorpha, i.e., only from the lungfish onward. However, if we look at the syntenic genes of this galectin in the more primitive, chromosome-level annotated Gnathostomata genomes, we observed that they are often localized on microchromosomes. Microchromosomes have the characteristic that they combine a very high gene density with a high GC content and repeat richness. These properties pose a major problem in whole genome sequencing. Only recently, a new genome analysis conducted by the “Vertebrate Genomes Project” (https://vertebrategenomesproject.org/), which uses high-resolution genome sequencing methods and a more elaborate analysis pipeline, found that these newer methods can be used to identify a tremendous number of genes and genome regions that were missed in previous assemblies (52). For example, it was shown that eight new microchromosomes and 400 previously missed genes could be identified in zebra finch compared to old assemblies. Of particular note, these missing genes account for up to 50% of the genes in the microchromosomes. The reason for this is that GC-rich and repetitive regions are a major problem in classical genome sequencing since they initiate secondary structures. Thus, previous assemblies often miss or misrepresent genes and sometimes even whole chromosomes. Therefore, it could be assumed that LGALS12 might exist in Chondrichthyes or, for instance, Lepisosteus oculatus but could not yet be identified. Furthermore, there is also the possibility that LGALS12 has actually been lost in the course of the individual evolution of these animal classes.




Figure 5 | Schematic Representation of the Hypothesis of Gnathostomata Galectin Genesis from the Protovertebrate Ancestor. The color of the arrows indicates the homology of chromosomal regions with P. maximus chromosomes 3 (red), 1 (green) and 8 (blue). Syntenic genes that, based on their ohnology and position, allow predictions about the origin of the respective galectins during the two rounds of WGD as well as their evolutionary relationship are presented in boxes below. Created with BioRender.com.



LGALS9 is the last of the nine major galectins of Gnathosomata. This galectin is located in a chromosomal region corresponding to chromosome 8 of P. maximus and differs from all other nine galectins with respect to its localization. It is very likely that it arose by duplication and subsequent translocation of one of the tandem-repeat galectins after the completed 2nd WGD. Based on the sequence similarity, it can be assumed that LGALS8 represents the donor gene. In most previous studies, LGALS9, based on its structure, is classified as one of the four ohnologues of a proto-vertebrate tandem-repeat galectin, together with LGALS4, 8, and 12. Based on the more recent macrosynteny data, we conclude that this is not the case.





4 Conclusion

Galectins have evolved within Bilateria from proteins originally functioning as opsonins to a large family of regulatory factors of diverse physiological processes. In Molluska and in the invertebrate Deuterostomata, the main function of galectins seems to be the initiation of phagocytosis of pathogens. For this mechanism of innate immune defense, galectins bind both pathogens and primitive immune cells. It can be assumed that in vertebrates, together with the formation of a more complex immune system and the development of the adaptive immune response with very different cell types, the immunoregulatory roles of galectins have become more important. We were able to infer how this vertebrate galectin cosmos fanned out using various approaches, particularly synteny analyses. Notably, we also included previously neglected galectins, such as the galectin-related protein LGALSL2. This galectin deserves further analysis in the future, including functional analysis, as it may have broader relevance in all other jawed vertebrates except Mammalia. Furthermore, we hope that the results of our study will direct the attention of future research not only to the classical galectins, but also to the galectin-related proteins, which have so far been rather neglected. These proteins seem to have evolved early in vertebrate evolution and therefore probably belong to the basic set of vertebrate galectins. However, little is known about their physiological function. Moreover, a closer look at the galectins of Cyclostomata as a sister group of gnathostomes could provide interesting insights into the function of the immune system. Cyclostomata, similar to Gnathostomata, have convergently evolved an adaptive immune system (53). This is strikingly different from that of jawed vertebrates. How galectins interact here could reveal interesting new aspects of the regulatory function of this important protein family.
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Supplementary Figure 1 | Multiple sequence alignment of the CRD of the galectin-related protein and galectin-related protein 2 of Gnatostomata and the two galectin-related protein-like proteins of P. marinus. Amino acids are colored according to the Clustral color scheme.

Supplementary Figure 2 | Schematic Overview of Chromosomal Localization of Galectins and Their Syntenic Genes of Scallop, Green Sea Urchin and Sea Lamprey. (A) P. maximus chromosome 3 (NC_047017.1), (B) L. variegatus chromosome 7 (NC_054746.1), and (C) P. marinus chromosomes 17 (NC_046085.1), 29 (NC_046097.1), 31 (NC_046099.1), 33 (NC_046101.1), and 53 (NC_046121.1). Red, galectin genes.

Supplementary Table 1 | List of galectins used in the phylogenetic analyses.

Supplementary Table 2 | Signal peptide prediction of galectins using SignalP-5.0 (Eukarya) (https://services.healthtech.dtu.dk/service.php?SignalP-5.0) (54).
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Inflammation is an immune response that the host organism eliminates threats from foreign objects or endogenous signals. It plays a key role in the progression, prognosis as well as therapy of diseases. Chronic inflammatory diseases have been regarded as the main cause of death worldwide at present, which greatly affect a vast number of individuals, producing economic and social burdens. Thus, developing drugs targeting inflammation has become necessary and attractive in the world. Currently, accumulating evidence suggests that small leucine-rich proteoglycans (SLRPs) exhibit essential roles in various inflammatory responses by acting as an anti-inflammatory or pro-inflammatory role in different scenarios of diseases. Of particular interest was a well-studied member, termed fibromodulin (FMOD), which has been largely explored in the role of inflammatory responses in inflammatory-related diseases. In this review, particular focus is given to the role of FMOD in inflammatory response including the relationship of FMOD with the complement system and immune cells, as well as the role of FMOD in the diseases associated with inflammation, such as skin wounding healing, osteoarthritis (OA), tendinopathy, atherosclerosis, and heart failure (HF). By conducting this review, we intend to gain insight into the role of FMOD in inflammation, which may open the way for the development of new anti-inflammation drugs in the scenarios of different inflammatory-related diseases.
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1 Introduction

Inflammation is a tightly regulated immune response that an organism defends itself against invading pathogens and responds to tissue injury under aseptic or sterile conditions. Pathogen-associated molecular patterns (PAMPs), expressed by foreign intruders such as viruses and bacteria, are recognized by pattern recognition receptors (PRRs), leading to an inflammatory response activation (1). In contrast, the inflammatory responses without pathogen infection are termed sterile inflammation, while tissue damage leads to the release of endogenous molecules, including intra- or extracellular origin, which are referred to as damage-associated molecular patterns (DAMPs) (2, 3). Both PAMPs and DAMPs could initiate immune responses by activating classical PRRs, including Toll-like receptors (TLRs) and multiple germ-line-encoded receptors (2, 4). Moreover, DAMPs can be sensed by non-PRR DAMP receptors, such as the receptor of advanced glycation end products (RAGE), triggering receptors expressed on myeloid cells (TREMs), several G-protein-coupled receptors (GPCRs), and ion channels (2). Traditionally, the process of inflammation can be divided into three phases, including inflammation, normal resolution, and post-resolution (5). If the process is uncontrolled, it will result in organ pathology or chronic inflammation including cancers, osteoarthritis, and cardiovascular (6–8). Indeed, chronic inflammatory diseases have been the major cause of death in almost all countries, which greatly affects a large group of the quality of life of individuals, creating a substantial burden on society, psychology, and the economy (9–11). Consequently, developing more effective and specific drugs targeting inflammation and resolution of inflammation in various inflammatory diseases has become an urgent demand for doctors and scientists.

Small Leucine-Rich Proteoglycans (SLRPs) belong to a diverse family of proteoglycans that are one of the major components of the extracellular matrix (ECM) and ubiquitously distributed in connective tissues, which are involved in the matrix organization and regulation of various cell growth and signaling (12–16). It is becoming increasingly clear that the SLRPs play critical roles in inflammatory responses by exhibiting pro-inflammatory or anti-inflammatory effects, as well as participating in the resolution of inflammation (17–20). For instance, biglycan-CD44 interaction could induce autophagy of M1 macrophages, thus increasing anti-inflammatory M2 macrophage depositions to influence the inflammatory response in the kidney (21). Additionally, in the cornea, lumican stimulated the recruitment of macrophages and polymorphonuclear neutrophils (PMN), accompanied by the elevated production of the pro-inflammatory cytokines tumor necrosis factor-α (TNF-α) and Interleukin-1β (IL-1β), which finally triggered the inflammation and corneal injuries healing (22). Similarly, another important SLRPs member, FMOD, has been shown to play a significant role during the inflammatory stage of diseases, such as the alteration of inflammatory cell infiltration during skin wound healing, and affecting the macrophage content and function in atherosclerotic (23, 24).

In this review, we mainly focused on the role of FMOD in inflammatory responses and diseases associated with inflammation, which may deepen our knowledge of inflammation during various inflammatory diseases and provide a new direction for anti-inflammatory therapies.




2 The molecular and structural hallmarks of FMOD

SLRPs are a large family of extracellular proteoglycans characterized by a core protein consisting of homologous amino acid residues and variable glycosaminoglycan (GAG) chains attached to core proteins that is often larger than a trisaccharide. SLRPs can be classified into five classes based on sequence homology at both the protein and genomic level, as well as the chromosomal organization (12, 14). FMOD belongs to the class II and four asparagine residues in its core protein could serve as acceptor sequences that can be attached with N-linked keratan sulfate chains (25, 26), which was originally isolated from bovine articular cartilage containing 376 amino acid residues with a core molecular mass of 42 kDa and flanked on both sides by domains lacking the repeat structure (25). FMOD was expressed in a variety of connective tissues such as tendons, sclera, serum, skin, etc (27). The name of FMOD was derived from its function to bind to the fibrillar types I and II collagens, which results in delayed and reduced collagen fibrils and modulates the mechanical properties of these fibrils (28). As a secreted protein, it can be secreted by various cells, such as fibroblasts, chondrocytes, keratinocytes, and melanocytes (29–33).

Genetically, FMOD is localized at chromosome 1 (1q32) in humans, which has a syntenic region in mouse chromosome 1 (34). The encoded regions of FMOD are composed of three exons, with a major central exon encoding nearly all LRRs, which shares overall homology of 90% in bovine FMOD (35). Previous studies have shown that sequence variations in the FMOD gene may be related to the pathogenesis of high myopia in humans (36). Structurally, FMOD protein can be divided into three main domains, including the N-terminal, C-terminal, and central domains. Except for the first 18 amino acids of a signal peptide that would be cleaved after protein secretion, the remaining N-terminal domain is the least conserved, which contains a tertiary structure with two loops formed by disulfide bridges between the four cysteine residues (25). The C-terminal domain is less conserved, which has a single loop containing two cysteine residues forming an intrachain disulfide bond (25). The central domain is the leucine-rich repeat (LRR) region with repeats of 20–30 amino acids with high homologous to decorin (25, 37). Besides, FMOD undergoes several post-translational modifications. For example, nine of ten N-terminal tyrosines are O-sulfated (38), and Asn127, Asn166, Asn201, and Asn291 are N-linked glycosylated with four sugar molecules (NAG-NAG-BMA-FUC) observed in each glycan chain at the electron density, while whether these glycans would be extended by keratan sulfate could not be determined from the electron density (39), which influence the half-life of proteins secreted into circulation and enhance the rate of secretion of proteins from cells (40). The crystal structure of FMOD was first obtained in 2017 (39). Like other LRR proteins, FMOD shows several hallmarks of the curved solenoid structure: 1) the N-terminal cap (LRRNT, 79-106) contains two conserved disulfide bonds (Cys76-Cys82, Cys80-Cys92) and seals the hydrophobic core of the LRR region, which is also associated with the strand to the curved parallel β-sheet that dominates the concave face of FMOD (39); 2) Following LRRNT, there are 11 LRRs with 20 to 27 residues in FMOD, which share the consensus sequence LxxLxLxxNxL and display a long-long-short pattern, as previously seen in decorin (39); 3) Residues 3–6 of each LRR form one β-strand to the concave face of the curved solenoid and the convex face consists of loops and turns (37); 4) FMOD also show the characteristic of SLRP classes I, II or III, termed ‘ear repeat’, which spans from Cys334 in LRR XI to the β-strand of LRR XII (39) (Figure 1). Interestingly, unlike that class I SLRPs, such as decorin, forms stable dimers, FMOD was mainly in monomeric in physiological solution (37). However, the current crystal structure of FMOD did not contain the disordered N-terminal structure, which displays a pivotal role in the biological function of FMOD, such as binding to the collagen (39, 41). It seems that the disordered N-terminal structure of FMOD is flexible and variable based on its specific function, which needs to be further confirmed.




Figure 1 | The crystal structure of the FMOD with lacking the disordered N-terminal structure. The structure was retrieved from Protein Data Bank (PDB), ID: 5mx0. FMOD displays typical SLRP structure features with 11 LRR motifs following LRRNT (also could be called LRR I). Three disulfide bonds locate at Cys76-Cys82, Cys80-Cys92, and Cys334-Cys367. Four potential N-linked glycosylation sites lie on the Asn127, Asn166, Asn201, and Asn291.



Functionally, FMOD has been shown to interact with collagen and regulate collagen fibril growth, both in vivo and in vitro (28). Previous studies have shown that it is bound to collagen fibers through three proven binding sites, two of which were in the leucine-rich repeat core structural domain located at LRR7 and LRR11 (42–44), which inhibited the fibril formation rate (45). The remaining one was in the tyrosine sulfate domain links to the N-terminal, which has a high affinity for binding to collagen, contributing to shortening the fibrinogenesis lag phase and influencing the arrangement of collagen molecules in the early fibrillogenesis stage (45). Additionally, FMOD was shown to form a complex with lysyl oxidase to increase its activity and influence its site-specific cross-linking with collagen (46, 47). Since inflammation often results in the degradation of collagen in the ECM and improving ECM may be a potential therapeutic strategy for inflammation disease (48–50), whether FMOD could be a therapeutic agent for anti-inflammation via regulating collagen fibrillogenesis remains elusive and needs to be further studied. Furthermore, FMOD shows the ability to bind to mammal transforming growth factor β (TGF-β) isoforms with two binding sites and could slightly bind to latent recombinant TGF-β1 (51). Considering that TGF-β exerts multi-faceted effects in inflammation based on various cellular and environmental contexts, whether FMOD could regulate inflammation in various inflammatory diseases via regulating TGF-β signaling remains unclear. Also, the specific binding mode between FMOD and TGF-β, as well as the molecular mechanism of FMOD regulating TGF-β signaling in inflammation need to be largely explored. Interestingly, FMOD was shown to bind to the complement element C1q, which is important for the regulation of inflammation, and it will be detailly discussed in the following part.




3 FMOD in inflammatory response



3.1 FMOD and the complement system

The complement system, comprising the soluble and cell membrane proteins, plays a crucial role in the innate immune response to defend against pathogens and maintain host homeostasis (52). Complement proteins act as a recognizer and transmitter of exogenous and endogenous related danger signals during immune responses (53, 54), which help microbial recognition and initiation of phagocytosis and inflammation by activating the classical, alternative, and lectin pathways (55). The activation of complement can be divided into four main steps, including initiation of complement activation (classical, lectin, or alternative), C3 convertases activation and amplification in which C3 is cleaved to C3a (pro-inflammation) and, C3b (eliminating microorganisms in a non-inflammatory manner), C5 convertases activation in which C5 is cleaved to C5a (pro-inflammation) and C5b (initiating the terminal pathway), and the membrane attack complex (MAC; C5b–9) formation, finally resulting in cytolysis or cell activation. These activation fragments bind to their respective complement receptors to cause various biological responses, including phagocytosis, immune adherence and removal, cell migration, tissue regeneration, cell activation, and modulation of pattern recognition receptor-induced responses (52, 55–57). Notably, the complement system is tightly regulated by proteins such as factor H (FH) and factor I (FI) to decay the C3 convertases or mediate the cleavage of activation fragments (52, 58), thereby avoiding unexpected complement overactivation. Previous studies have identified that the complement system plays a key role in the inflammation of various diseases. For example, targeting C3a-C3aR/C5a-C5aR axis could control maladaptive immune-inflammatory consequences of the complement pathways in severe coronavirus infectious disease 2019 (COVID-19) (59). Moreover, a previous study showed that MAC-induced chondrocytes produced more inflammatory and degradative molecules, which were colocalized with matrix metalloprotease 13 (MMP-13) and activated extracellular signal-regulated kinase (ERK) around chondrocytes in human osteoarthritic cartilage, which plays a critical role in OA synovial fluid in the pathogenesis of osteoarthritis (60).

During the initiation of the complement system, the classical pathway can be activated in either an immune complex-dependent or independent manner, while the alternative pathway is in a constant state of low-level activation (“Tick-over”), allowing for immediate response upon microbial challenge (61). Tick-over is the spontaneous hydrolysis of a labile thioester bond, which converts C3 to a bioactive form of C3(H2O) in the fluid phase. Then, C3(H2O) is bound to factor B (FB) (62) and cleaved by factor D (FD) to form a fluid phase C3 convertases complex, termed C3(H2O)Bb, which could interact and cleave native C3 molecules to C3a and C3b (61). FMOD was shown to hold the ability to participate in both the classical and alternative pathways of complement to regulate the inflammatory response (Figure 2). For example, FMOD can cause the deposition of C1q, which is a recognition molecule of the classical pathway and is mainly produced by immature dendritic cells, monocytes, and macrophages (63) to recognize immune complexes or other structures. The N-terminal of FMOD can directly bind to the globular heads of C1q to activate C1, which subsequently results in the deposition of C4b and C3b to initiate the early steps of the classical pathway (64). Moreover, C3b and C9 deposition were also observed in C1q-deficient serum and factor B-deficient serum with FMOD administration, which suggests that FMOD could also activate the alternative complement pathway (64). In the specific disease setting, the N-terminal fragment of FMOD was cleaved by inflammatory cytokine or matrix metalloproteinases (MMPs) and these cleaved fragments could bind with C1q, leading to the activation of classical pathways to aggravate the inflammatory response of osteoarthritis (discussed below) (65–67).




Figure 2 | 
FMOD and the complement system. (A) C1q recognizes immune complexes or FMOD and binds with them; complement inhibitor proteins FH and C4BP bind with FMOD; FMOD could be cleaved by MMP-13, IL-1, ADAMTS-4, ADAMTS-5, and its fragment binds with C1q. (B) FMOD binds to C1q resulting in the deposition of C4b and C3b to activate the classical pathway; FMOD activates the alternative pathway; FH acts as a cofactor for FI to prevent the formation of the C3 and C5 convertases and acceleration of C3b decay; C4BP acts as a cofactor for FI to prevent the formation of the classical C3 and C5 convertases; FMOD binds with C4BP to avoid the immune evasion of the pathogen and not influence the C4bP function; FMOD binds with FH to inhibit C5a and C9 depositions but increase iC3b. Created with BioRender.com.



On the other hand, FMOD was found to bind with FH at the sixth to eighth complement control protein (CCP) domain of FH (68), while the deglycosylated FMOD showed a higher affinity to bind to FH than the keratan sulfate-containing form, which suggests that the binding site for FH on FMOD is localized to the polypeptide chain and the keratan sulfate causes steric hindrance for the interaction (64, 68). Interestingly, the binding of FMOD with FH further inhibited the alternative pathway, causing the lower release of C5a to directly repress neutrophil adhesion on the joint endothelium igniting inflammation (69, 70). Increased iC3b release that can bind with complement receptors to mediate phagocytosis and inhibit alternative pathway activation (71), and lower deposition of C9 to prevent excessive host cell damage (64). Moreover, the FH-related (FHR) proteins like FHR1 and FHR5 could compete with FH for binding to C3b, and support the assembly of the alternative pathway C3 convertases, thereby enhancing alternative pathway activation (72, 73). Interestingly, FHR proteins could disturb the binding between FMOD and FH, which resulted in the decreased FH cofactor activity and the increased deposition of C3-fragments, factor B and C5b-9 to enhance local complement activation and promote inflammation under pathological conditions (74). Additionally, FMOD was shown to bind to C4b binding protein (C4BP) at the central core including CCP8, which is a complement inhibitor that represses the formation of the classical pathway C3 and C5 convertases (61, 75), as well as serves as a cofactor for FI, participating in the proteolytic degradation of C4b and C3b (76), which does not inhibit the activity of C4BP (77). However, deleting C4BP from serum significantly enhanced complement activation initiated by FMOD with higher deposition of C9 (77). Notably, C1q, FH, or C4BP binds to FMOD at different binding sites, and FMOD is capable of binding and activating C1q, as well as simultaneously binding to FH and C4BP (64, 77). Several pathogens like Moraxella catarrhalis, which caused acute otitis media in children, as well as stimulated acute exacerbations in chronic obstructive pulmonary disease patients, could recruit C4BP from the host to immune evasion (78–80). A recent study revealed that FMOD could competitively bind to C4BP to inhibit its binding to the surface of Moraxella catarrhalis, resulting in increased C3b/iC3b deposition, MAC formation, and subsequently avoided the immune evasion of the pathogen and decreased survival of bacterial (81).

Collectively, the multifaced effects of FMOD on the complement system may suggest its critical role in the delicate regulation of complement activation under physiological conditions. When the balance is destroyed in the pathological state, FMOD may exert pro or anti-inflammatory effects in the different scenarios of diseases, and the interaction of FMOD and complement may prevent the immune evasion of the pathogen, which is worth being deeply explored in the future.




3.2 FMOD and immune cell

The acute inflammatory response is a complex but highly coordinated process involving molecular, cellular, and physiological alterations (5). After an injury, the necrotic cells initiate DAMPs and PAMPs which are recognized by innate receptors on tissue-resident cells to produce various inflammatory mediators such as complement, chemokines, and cytokines, then recruiting leukocytes including neutrophils, macrophages, and dendritic cells (DCs) to trigger inflammatory responses at the injury site (5, 82).

Within 24 hours of the injury, neutrophils are quickly attracted to the wound site and fight off invasive pathogens through a variety of antimicrobial reactions, such as phagocytosis, toxic granules, oxidative burst, and neutrophil extracellular traps (83–85). However, the consistent existence of neutrophils at the injury site was detrimental to proper tissue repair by secreting proteases including MMPs to degrade ECM components, resulting in excessive inflammatory responses, finally causing impaired healing and chronic wound formation (86).

After 48-72 hours, the number of macrophages reaches a peak at the injury site (87), which plays critical roles in pro-inflammation, resolution of inflammation, and tissue reorganization (88). Naive macrophages can be differentiated in response to external stimulation to M1 or M2 macrophages, each of which has distinct functions that M1- phenotype macrophages induce pro-inflammatory cytokines and chemokines to eliminate pathogens, while the M2-phenotype macrophages diminish the inflammatory response, and promote tissue repair and healing by producing anti-inflammatory molecules, collagen, and elastin precursors (89, 90). Recently, FMOD has been shown to involve in macrophage differentiation and polarization via regulating the TGFβ signal pathway. FMOD was found to be cleaved by MMP-8 to increase the bioavailability of TGF-β1 to induce the M2-phenotype macrophages differentiation and polarization (91). Furthermore, the expression and activation of FMOD could be regulated by Notch1 haploinsufficiency, which repressed the expression of TGF-β2 to reduce the expression of various genes associated with M2 polarization (92). Moreover, FMOD was associated with macrophage content and function in the apolipoprotein E (ApoE)/FMOD-null mice with atherosclerosis, which influences the content of macrophage in different areas and the ability of macrophage uptaking lipid or secreting anti-inflammation factors in plaque (discussed below) (93).

With cytokine or chemokine production, monocyte precursors upon infection or injury differentiate into dendritic cells (DCs) which are professional antigen-presenting cells (APCs) that are critical for the initiation of immune response and act as a bridge between innate and adaptive immunity (94). Plasmacytoid DCs (pDCs), a subset of DCs, has been shown to orchestrate the beneficial immunoregulatory interaction among commensal microbial molecules to regulate T cell to produce IL-10 through innate and adaptive immune (95). A recent study found that the absence of FMOD led to the increases of pDCs to produce more type I IFN and activate the effector T cells, which induced a stronger inflammatory response and destroyed the epithelial barrier in a mouse model of dextran sodium sulfate (DSS) -induced acute colitis (96). Additionally, FMOD has been found to affect the function of immune cells to influence inflammatory reactions in several autoimmune diseases like systemic lupus erythematosus. In the study of induced lupus erythematosus in mice with different pigments, compared with white fmod +/+ mice, the black fmod+/+ produced low levels of FMOD, while white fmod -/- mice developed more severe inflammation accompanied by increased numbers of DCs (97), which indicate that FMOD may be involved in the inflammation of lupus erythematosus by regulating the expansion of inflammatory DCs.

Together, the above results indicate that FMOD may affect the functions of multiple immune cells such as DCs and macrophages during inflammation in various diseases. However, whether and how FMOD is engaged in the regulation of other immune cells’ activities remains unclear. On the other hand, it seems that the hallmark of FMOD regulating TGFβ1 signaling is mostly the key factor that decides the effects of FMOD on the activities of the immune cells during inflammatory responses, while the specific mechanisms need to be elucidated in various immune cells and inflammatory processes in the future.





4 FMOD and diseases associated with inflammation



4.1 FMOD and skin wound healing

Cutaneous wound healing is a complex process comprising various immune and structural cells, which secret various cytokines, chemokines, and growth factors to orchestrate the phases of healing (98). The classical physiological process of wound healing can be divided into four steps: hemostasis, inflammation, proliferation, and remolding (99). In normal skin wound healing, the inflammation responses usually continue for 2–5 days and gradually resolve once the harmful stimuli have been removed (100). However, over-inflammation always leads to a persistent inflammation phase and delaying wound healing, finally resulting in chronic inflammation wounds or hypertrophic scars formation (101). The over-inflammation is accompanied by the prolonged infiltration of pro-inflammatory immune cells such as neutrophils and monocytes, as well as the failed phenotypic conversion of macrophage from a proinflammatory to an anti-inflammatory (98, 99). Besides, the ability of macrophages to clear dead neutrophils is limited, thus producing many inflammatory mediators to trigger inflammation responses (102). Therefore, adjusting the polarization of macrophages, inhibiting pro-inflammatory factors, and anti-inflammatory cytokines treatment, have been thought to be promising therapies for skin wound management (98).

Although FMOD knock-out mice did not exhibit apparent defects in the skin (103), a wider distribution of collagen fibril diameters and enlarged interfibrillar spaces between collagen fibrils was observed (104). Importantly, previous studies have identified FMOD as a biologically significant mediator of skin wound healing, including regulating various fibroblast activities, angiogenesis, and inflammation, which is associated with scarless skin wound healing and skin fibrosis (15, 105–109). For example, loss of FMOD delayed skin wound healing, and led to scar formation in the fetal wounds, while restoration of FMOD could rescue the phenotype with scarless wound healing (107). Furthermore, FMOD acts as an activity regulator precisely regulating TGFβ activity to elicit fetal-like cellular and molecular phenotypes during adult skin wound healing (109). Furthermore, recombinant FMOD administration could promote cutaneous wound healing in various preclinical animal models, such as mice, rats, and pigs (15). Excitedly, a synthesized FMOD-derived peptide did not raise any safety concerns in a human phase I clinical trial, and it is now being tested in a phase II clinical trial for managing skin wound healing (Clinicaltrials.gov: NCT03880058).

FMOD may have the biological effect of alleviating inflammatory responses in the process of skin wound healing. Previous studies showed that the wound healing with FMOD-null mice exhibited delayed wound closure and increased scar size (23, 110). Notably, During the inflammatory stage of wound healing, FMOD-null mice exhibited more inflammatory cells in the wounds, including neutrophils, monocytes, and macrophages, which were characterized by the earlier appearance of macrophages after injury. Moreover, the level of type I TGF-β receptor was increased in the single inflammatory cell during the inflammatory phase and FMOD-null wounds exhibited higher sensitivity to TGF-β (23). Furthermore, the increased TGFβ1 signals were detected in migrating epidermis and granulation tissue of FMOD-null wounds at the early stage, which is consistent with the appearance of macrophages, while the Peak TGFβ1 expression of ECM was associated with fibroblasts density rather than inflammatory cells in FMOD-null wounds (23). Importantly, macrophages have been shown to induce granulation tissue and myofibroblast differentiation during the early stage of the repair response, and early-stage macrophage depletion significantly reduced granulation tissue formation, impaired epithelialization, and scar formation (111), which suggests FMOD may regulate macrophages function to influence the progress of inflammation stage and the transition from inflammation to reconstruction during skin wound healing. On the other hand, TGF-β1 was mainly secreted by macrophages during wound healing (112), while FMOD could regulate macrophage polarization in vitro, which was found to delicately regulate TGFβ activity to elicit fetal-like skin wound healing (109). Consequently, a tight relationship may exist among FMOD, macrophages, and TGFβ1 during skin wound healing, while the specific mechanism of how these elements collaborate or restrict each other to participate in the regulation of the inflammation process during skin wound healing needs to be further explored.




4.2 FMOD and osteoarthritis

Osteoarthritis (OA) is the most common form of arthritis which exhibits typical structural changes including cartilage degradation, subchondral bone remodeling, osteophyte formation, and changes in the synovium and joint capsule (113). With the continuous deepening of the understanding of OA, it has been regarded as an inflammatory disorder but not only a degenerative illness (114, 115). In OA, chondrocytes, synoviocytes, and synovial fibroblasts are the source of pro-inflammatory cytokines and matrix-degrading enzymes, while infrapatellar fat pad (IFP) is a site of inflammatory mediators to contain considerable amounts of immune cells such as macrophages and T cells (116), which causes a persistent inflammatory response to change the anatomical and physiological functions of the joint by affecting cell signaling pathways, gene expression, and joint tissue (117, 118). Currently, therapies for osteoarthritis are limited to symptom-relieving drugs and total knee arthroplasty for severe cases, while drugs targeting the underlying biological causes of osteoarthritis are not available in the market (117). Therefore, it is important to identify the development and progression of osteoarthritis, which may benefit further developing a novel OA therapy.

Recent studies have identified that FMOD plays a vital role in the progression of osteoarthritis. FMOD-null mice exhibited a higher incidence of osteoarthritis in knee joints, which occurred at 36 weeks in the articular cartilage, subchondral bone, ligaments, and menisci (119), while the ECM and type II fibrils were not altered in the articular cartilage (119). Since biglycan (BGN) and FMOD display a complementary role in various physiological and pathological processes, the mice with the absence of Bgn and Fmod successively developed gait impairment, ectopic tendon ossification, and severe premature osteoarthritis including cartilage degeneration and damage at an early stage (between 1 and 2 months), and its progression was very rapid (complete erosion of the articular cartilage between 3 and 6 months) (120). Notably, the collagen fibrils in the articular cartilage of the FMOD-deficient mice were also not different from those observed in the WT cartilage (120), which suggests that the osteoarthritis was not caused by collagen defects in the articular cartilage of FMOD null mice. A similar phenomenon was detected in the temporomandibular joint (TMJ) of Fmod and Bgn double-knockout mice, which developed OA in the TMJ after 6 months and TMJ was extremely destroyed after 18 months (121). Interestingly, the cell proliferation observed in chondrocyte clusters was increased at an early stage. However, cell proliferation was decreased at the onset of OA (121). In addition, in bgn-/-; fmod-/- mandibular condylar chondrocyte(MCCs), TGF-β1 signal transduction was increased to enhance chondrogenesis, collagen II and aggrecan at an early age (122). With aging, the overactive TGFβ1 increases MMPs and degrades ECM, resulting in collagen II and cartilage degradation (122). This suggests a more delicate and complicated regulatory network that FMOD is involved in during the pathogenesis of OA, and there needs more research to identify the relationship between FMOD, TGFβ1 and chondrocytes during the progression of OA.

Additionally, FMOD was thought to act as a barrier preventing cell adhesion and protecting the joint. Neutrophil has been shown to secret pro-inflammatory mediators and elastase, which regulates the transport of other leukocyte subsets, increases the collagen II binding with the antibody on the articular cartilage, and cleaves cartilage surface matrix including FMOD to promote cartilage damage (115, 123, 124). On the contrary, the complete FMOD can inhibit polymorphous-clear neutrophil (PMN) adhesion (125), and partially reconstruct the surface of elastase-digested cartilage to prevent sustainable cartilage damage (126).

Moreover, the fragmentation of FMOD may affect the ability of its binding with collagen and active complement which are both involved in the progression of osteoarthritis. The MMPs have been shown to participate in the balance between anabolism and catabolism in articular cartilage (127), while MMP-13 is the key enzyme in the cleavage of collagen II and plays an essential role in cartilage destruction in OA (128). It has been demonstrated that MMPs including MMP-13, a disintegrin and metalloproteinase with thrombospondin motif-4 (ADAMTS-4), and ADAMTS-5 can cleave FMOD (67), and the cleaved N-terminus of FMOD is similar to the fragment obtained by interleukin-1 (IL-1) treatment (65, 66). However, the purified intact FMOD could not be cleaved by IL-1 and MMP-13 (65). This suggests that cleavage of fibromodulin occurred at the site where the molecule is bound to collagen fibrils, while following FMOD cleaved, the fibrillar network was altered to lead to the exposure of sites which was subsequently confirmed by the cleaved type II collagen fibers (65, 66).On the other hand, complements have been found in significantly increased abundance in OA synovial fluid (129) and play a key role in OA synovial fluid in the pathogenesis of osteoarthritis (60). Notably, the pulverized osteoarthritic cartilage from human has higher expression of FMOD and higher deposition of MAC, while FMOD was present at higher concentrations in osteoarthritic compared to healthy synovial fluid (60). In addition, sublytic MAC increased the multiple gene expression of chondrocytes implicated in osteoarthritis including MMPs, ADAMTSs, and inflammatory cytokines, and it was colocalized with MMP-13 and activated extracellular signal-regulated kinase (ERK) (60). However, at present, there is no further research to explore the relationship among FMOD, chondrocytes, MAC, and MMPs in OA. Furthermore, The site of FMOD binding with C1q can be competitively bound to the NC4 domain of cartilage-specific collagen type IX collagen to inhibit complement activation to reduce the degradation of collagen II and the excessive inflammatory response (130). Since FMOD can directly bind with C1q, FH, and C4BP at different binding sites to regulate the complement system, whether FMOD could regulate the progression of OA by mediating complement system needs to be further elucidated.

In conclusion, the FMOD and its fragment may exhibit multiple functions such as collagen binding, complement activation, and TGF-β1 signaling regulation to influence the progression of OA. However, more research is needed to explore the specific mechanism of FMOD and its fragments in the regulation of inflammation during OA progression, especially the specific relationship among FMOD, collagen II, and MMPs in OA, which may pave the way to develop an FMOD-related agent for OA management or a new diagnostic biomarker in the progress of osteoarthritis.




4.3 FMOD and tendinopathy

Tendon is composed of highly arranged collagen fibers and other ECM components, including oligomeric matrix protein, elastin fibrils, and SLRPs (131). Once tendon injury occurs, the natural healing ability of tendons is rather limited due to hypocellularity and hypovascularity (132). Similar to skin wound healing, tendon healing processes can be divided into three phases, including inflammation, proliferation, and remodeling phases (133). The inflammation in tendinopathy contains three distinct cellular compartments (stromal, immune-sensing, and infiltrating compartments), each contributing to a complex condition of inflammatory responses affecting tendon homeostasis (134, 135). The failed resolution of an inflammatory response in tendons leads to chronic persistent disease that is one of the hallmarks of tendinopathy (136). Thus, the balance of immune-stromal and cell-matrix interactions may play an important role in the resolution of tendon inflammation (134).

FMOD, as a key regulator of tendon strength and fibril maturation, has been shown to participate in tendinopathy pathogenesis (137). FMOD deficiency mice exhibited an altered morphological phenotype in the tail tendon with fewer and abnormal collagen fiber bundles, despite it could be partly rescued by an increase of lumican (LUM) (138). Furthermore, compared with WT mice, the absence of Lum and Fmod led to extreme tendon weakness, while the deficiency of FMOD alone resulted in a significant reduction in tendon stiffness (139). Similar phenotypes were observed in the deficiency of BGN and FMOD mice, including alteration of collagen fibrils and weak tendons (120). Importantly, overexpression of FMOD could enhance tendon healing in vivo and in vitro (140). In addition, FMOD/gHA‐hydrogel was shown to significantly promote tendon healing histologically, mechanically, and functionally (141). However, the specific role of FMOD in the regulation of inflammation during tendon wound healing remains unclear.

Tendon stem/progenitor cells(TSPCs) were identified in 2007 (142). It has been shown to have the ability of multi-differentiation potency to differentiate into tenocytes as well as non-tenocytes, including adipocytes, chondrocytes, and osteocytes (143, 144). Besides, TSPCs participate in the regulation of inflammation during the healing of acute tendon injuries (145). TSPCs seeded in knitted silk-collagen sponge scaffolds promoted regeneration of the rotator cuff in a rabbit model by inducing tenogenic differentiation and secreting anti-inflammatory cytokines that prevented immunological rejection (146). Notably, FMOD and BGN are two critical components in the TSPCs niche, which controls the self-renewal and differentiation of TSPCs (142). Furthermore, In double -knockout of Bgn and Fmod mice, TSPCs proliferated faster, formed larger colonies, and formed bone-like tissues in addition to tendon-like tissues compared with wild-type mice which formed only tendon-like tissues. This difference may be mediated by modulating bone morphogenic protein (BMP) activity, which is a part of the large TGFb signaling pathway (142, 147, 148). A recent study found that in the early inflammatory process of tendon repair, the increased inflammatory cytokines, including IL-6, IL-10, and IL-1β that promoted the proliferation and migration of tendon cells, were observed accompanied by reduced FMOD and lumican expression, which resulted in the inhibition of TSPCs differentiation to influence the healing in the tendon (149–151), but whether the reduced FMOD and lumican expression are related to the excessive inflammatory responses needs to be further studied. Interestingly, both in vitro and in vivo studies showed that FMOD can improve tenocytes migration and collagen matrix organization by modulating TGFβ (51, 140) and connective tissue growth factor (CTGF), while a recent study has shown that CTGF-enriched CD146+ TPSCs reduced pro-inflammatory M1 macrophages in the early healing phase and expressed anti-inflammatory IL-10 and TIMP-3 via JNK/signal transducer and activator of transcription 3 (STAT3) signal (152). Whether FMOD participates in this process by regulating CTGF signaling during the inflammation phase in tendon healing needs to be further studied.

In conclusion, FMOD not only influences the ECM remodeling during tendon reconstruction by regulating the arrangement and maturation of fibers but also may influence the activity of TSPCs during the inflammatory phase of tendon healing, thereby affecting tendon injury healing. However, there needs to confirm the molecular mechanisms of FMOD in the inflammatory phase and the ECM remodeling phase during tendon wound healing, e.g. whether FMOD regulates TSPCs activity during the inflammatory phase through TGFβ1, thus allowing a better transition from the inflammatory phase to the tendon remodeling phase, finally promoting poor tendon healing.




4.4 FMOD and atherosclerosis

Atherosclerosis is a well-coordinated pathological process involving the entering and accumulation of atherogenic lipoproteins in the sub-endothelium and subsequent deposition of extracellular matrix, inflammatory cells, smooth muscle cells, necrotic cellular debris, and neo-vasculature with intraplaque hemorrhage, leading to the formation of an atherosclerotic plaque (153, 154). Advanced atherosclerotic plaque can encroach upon the arterial lumen and impede blood flow. Once the plaque disrupts and provokes the formation of a thrombus, it will occlude the lumen leading to tissue ischemia (155). Lipids and the inflammatory response play an important role in the initiation, progression, and destabilization of atherosclerotic plaques (154). Plaque rupture is generally attributed to collagen depletion in the fibrous cap of the plaque resulting from matrix degradation by MMPs, which are secreted by inflammatory cells, predominantly macrophages, in the plaque (156). Consequently, anti-inflammatory interventions have been thought to be able to forestall atherosclerotic complications. Particularly, the NLRP3 inflammasome as well as the downstream cytokines IL-1β, IL-18, and IL-6 are attractive candidate targets to be interfered with (8). However, interfering with the inflammatory pathways may also damage the host defenses. Due to this fact, promoting the resolution of inflammation without impairing defenses may be one possible avenue, such as reducing leukocyte infiltration and the production of pro-inflammatory mediators, or increasing the containment and phagocytosis of cellular debris and apoptotic cells (8).

Recently, FMOD has been found to act as a risk factor for atherosclerosis. FMOD expression was upregulated and localized at the area of macrophage-like cells in atherosclerotic aortas of ApoE/LDL deficient mice (157). Moreover, FMOD was detected in carotid atherosclerotic plaques from symptomatic and asymptomatic patients, while FMOD expression was significantly higher in plaques obtained from patients with diabetes and in those with an increased incidence of postoperative neurological events (24). Furthermore, the expression of FMOD was found to be positively correlated with the expression of the pro-inflammatory cytokines including macrophage inflammatory protein 1β (MIP-1β) and soluble CD40 Ligand (s-CD40L), as well as the expression of vascular endothelial growth factor (VEGF), while FMOD expression had an inverse association with IL-10 expression in human plaques (24). Moreover, in ApoE-null/FMOD-null mice, plaque size was decreased accompanied by reduced lipid accumulation and macrophage content in plaque (93), while the RAW264.7 macrophages have less lipid accumulation, as well as increased IL-6 and IL-10 production on FMOD-deficient ECM (93). Notably, the proliferation of smooth muscle cells (SMCs) and macrophages were detected in low and oscillatory shear stress carotid lesions (93), while the SMCs could contribute to arterial inflammation by being transformed into macrophage-like or fibroblast-like cells in plaque (8). Consequently, it is indicated that FMOD may influence atherosclerotic plaque development by regulating the function of macrophages and SMCs, which suggests that FMOD may be a potential target for atherosclerosis treatment. However, more research is needed to further confirm the role of FMOD in the regulation of inflammation during atherosclerosis development.




4.5 FMOD and heart failure

Heart failure (HF) is a disorder associated with low-grade immune activation and inflammation, which progresses accompanied by pressure overload of the heart to lead to cardiac remodeling (158). Cardiac remodeling comprises cardiomyocyte hypertrophic growth, extracellular matrix alterations, and inflammatory responses (159). After myocardium injury, the inflammatory response induced by the innate immune system upregulates a portfolio of cytoprotective responses that provide the heart with a short-term adaptation to increased stress (physiological inflammation) (160, 161). Pro-inflammatory cytokines (such as IL-1β and IL-6), chemokines, DAMPs, complement systems, and immune cells such as macrophages play important roles in this process (162, 163). Once the inflammatory response becomes dysregulated and results in chronic inflammation, it will lead to left ventricular (LV) dysfunction and LV remodeling, gradually causing HF (164). Currently, approaches targeting inflammation in patients with HF can be broadly divided into targeted anti-cytokine therapies, anti-inflammatory therapies, immunomodulatory therapies, and strategies targeting autoimmune responses (165).

However, the poor understanding of the biology of persistent inflammation during chronic LV remodeling emphasizes the compelling need to conduct advanced translational efforts in this field to benefit the development of biological drugs (164). Emerging evidence shows that inflammation is essential in HF pathogenesis and leads to ECM remolding, in which FMOD may play a critical role. the chemokine CXCL13 was found to be involved in cardiac remodeling during HF via activating CXCR5 on myocardial fibroblasts and inducing the expression of SLRPs through the ERK1/2 pathway (166). In the CXCR5 knockout mice, a CXCL13 receptor (167), the mortality and severe left ventricles dilatation were increased during a follow-up of 80 days after aortic banding accompanied by decreased SLRPs expression, including FMOD and lumican (166). Besides, in clinical and experimental heart failure studies, compared with normal patients and mice, FMOD expression was 3-10-fold upregulated in the hearts of heart failure patients and mice, while increased FMOD expression was found in both cardiomyocytes and cardiac fibroblasts by NF-κB stimulation (168). Moreover, upon aortic banding, the left ventricles of FMOD-KO mice altered the infiltration of leukocytes, which may lead to increased cardiomyocyte size and hypertrophic phenotype (168).

In conclusion, previous studies have suggested that FMOD may play an important role in the inflammatory response and ECM remodeling during heart failure. Accordingly, it may be a potential biomarker as L. Adamo (164) suggested that more biomarkers were used to identify a population of patients with heart failure who would benefit from targeted anti-inflammatory strategies. However, the specific role of FMOD in the inflammation of heart failure needs to be further clarified.





5 Conclusion

FMOD has been extensively studied to participate in a variety of disease processes including angiogenesis, fibrosis, and tumors. In this review, we focus on the role of FMOD in inflammatory responses and diseases associated with inflammation, which aims to convince the reader that FMOD not only exhibits expression variations in the inflammatory response of diseases but more importantly, it plays a causal or maker role in the regulation of inflammation during various disease processes (Table 1). For example, it can activate inner immunity by binding with the complement system. In addition, it may influence the activity of immune cells such as macrophages by interacting with the TGFβ signal pathway during the progression of diseases like wound healing. Moreover, it may be a biomarker in the chronic inflammation of heart failure. Current studies strongly suggest that FMOD exhibits the potential ability as the treatment agent for skin or tendon wound healing, and OA management, However, there still lacking the deeply explored studies on the specific role of FMOD in other inflammation-associated diseases, such as atherosclerosis. Also, the specific mechanisms of FMOD involved in the regulation of inflammation during the pathogenesis of these diseases need to be further clarified, such as whether it influences the activity of cells in the inflammatory phase to affect extracellular matrix reconstitution in skin wound and tendon healing, which may benefit doctors and scientists to develop a new generation of therapeutic strategies for inflammatory diseases.


Table 1 | The role of FMOD in the various inflammatory diseases.
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Background

Lupus nephritis (LN) is a crucial complication of systemic lupus erythematosus (SLE) and has important clinical implications in guiding treatment. N-glycosylation of immunoglobulin G (IgG) plays a key role in the development of SLE by affecting the balance of anti-inflammatory and proinflammatory responses. This study aimed to evaluate the performance of IgG N-glycosylation for diagnosing LN in a sample of female SLE patients.





Methods

This case-control study recruited 188 women with SLE, including 94 patients with LN and 94 age-matched patients without LN. The profiles of plasma IgG N-glycans were detected by hydrophilic interaction chromatography with ultra-performance liquid chromatography (HILIC-UPLC). A multivariate logistic regression model was used to explore the associations between IgG N-glycans and LN. A diagnostic model was developed using the significant glycans as well as demographic factors. The performance of IgG N-glycans in the diagnosis of LN was evaluated by receiver operating characteristic (ROC) curve analysis, and the area under the curve (AUC) and its 95% confidence interval (CI) were calculated.





Results

There were significant differences in 9 initial glycans (GP2, GP4, GP6, GP8, GP10, GP14, GP16, GP18 and GP23) between women with SLE with and without LN (P < 0.05). The levels of sialylated, galactosylated and fucosylated glycans were significantly lower in the LN patients than in the control group, while bisected N-acetylglucosamine (GlcNAc) glycans were increased in LN patients (P < 0.05). GP8, GP10, GP18, and anemia were included in our diagnostic model, which performed well in differentiating female SLE patients with LN from those without LN (AUC = 0.792, 95% CI: 0.727 to 0.858).





Conclusion

Our findings indicate that decreased sialylation, galactosylation, and core fucosylation and increased bisecting GlcNAc might play a role in the development of LN by upregulating the proinflammatory response of IgG. IgG N-glycans can serve as potential biomarkers to differentiate individuals with LN among SLE patients.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic inflammatory disease that occurs more frequently in women than in men (1). SLE induces severe disorders in the skin, mucous membranes, kidneys, brain, and skeletal system, among which the kidneys are primarily affected (2). Approximately 50%-70% of SLE patients are expected to develop lupus nephritis (LN) within 5 years (3, 4). Although the mechanism underlying LN pathogenesis remains unclear, it is closely related to autoantibodies and the formation and deposition of immune complexes and is impacted by the interaction of multiple factors, including the environment, genetics and estrogen (5).

In patients with impaired immune functions, both exogenous and endogenous antigens trigger the proliferation and activation of B lymphocytes (B cells), leading to the production of various autoantibodies against organ and tissue components (6). These autoantibodies bind to their corresponding antigens, forming circulating immune complexes or in situ immune complexes that ultimately deposit in the glomeruli (7). Immune complexes can activate complement, triggering an inflammatory response involving multiple inflammatory factors and cells, resulting in renal damage (8, 9). Currently, renal biopsy is the gold standard for LN diagnosis; however, it has limitations in terms of invasiveness, high cost, complexity in disease histopathological grading, and inability to continuously monitor disease progression (10). Because early diagnosis and treatment of LN patients lead to a better prognosis (11), reliable noninvasive biomarkers are needed to improve early diagnosis and outcome prediction of LN (12).

Glycosylation, a crucial posttranslational modification, participates in almost all vital physiological and biochemical activities, including cell communication, adhesion, differentiation, and proliferation (13). Immunoglobulin G (IgG), one of most important glycoproteins, is the predominant antibody in the blood, accounting for approximately 75% of the total peripheral blood immunoglobulins (14). The IgG molecule contains a conserved N-glycosylation site at the asparagine (Asn) 297 position on each of its two fragment crystallizable heavy (Fc) chains (15). Fc N-glycosylation stabilizes the structure of the Fc fragment and regulates the anti-inflammatory and proinflammatory functions of IgG (16) through the following pathways: antibody-dependent cell cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), antibody-dependent cellular phagocytosis (ADCP), and other types of receptor-mediated immune regulation (17, 18). Increased core fucosylated and sialylated glycans promote the binding affinity of IgG with the activated receptor FcγRIIIa, which mediates ADCC, thus initiating activation signals and upregulating inflammatory responses (19). In addition, galactosylated glycans promote downstream CDC reactions by binding to complement 1q (C1q) (20). Proinflammatory changes in the IgG N-glycome are associated with increased levels of bisecting N-acetylglucosamine (GlcNAc) (21, 22). IgG N-glycosylation has been identified as a potential biomarker of a variety of diseases, including chronic diseases, inflammatory diseases, neurodegenerative diseases, autoimmune diseases, and cancer, offering great research potential (23–25). On the basis of our findings in the association between the IgG N-glycome and SLE patients (26, 27), we hypothesize that IgG N-glycosylation has potential value in the early diagnosis of LN among SLE patients.





Materials and methods




Study sample

This case-control study recruited 188 SLE patients (94 patients with LN and 94 age-matched patients without LN) from the Liaocheng People’s Hospital between July 2020 and September 2021. The inclusion criteria were as follows: (1) Chinese Han ethnicity; (2) female; (3) diagnosis of SLE and (4) SLE patients with LN who met the diagnostic criteria for LN. The exclusion criteria were (1) the coexistence of other autoimmune diseases; (2) primary glomerular diseases or secondary renal diseases; (3) severe trauma, malignant tumors, and severe infections; (4) People who have taken glucocorticoids or immunosuppressants within a month and (5) incomplete patient clinical data. A total of 94 age-matched SLE patients without LN were included in the control group, who newly diagnosed SLE and have not received corresponding treatment. The study was conducted under the supervision of the Ethics Committee of Shandong First Medical University (approval number: 201712). The study was conducted with the written informed consent of all participants.





Diagnosis of systemic lupus erythematosus

The current diagnosis of SLE was based on the “American College of Rheumatology (ACR) in 2019” guidelines, which requires a patient to present with 4 out of 11 symptoms/disorders (28), including malar rash, discoid erythema, photic hypersensitiveness, mouth ulcer, joint inflammation, pericarditis or pleurisy, urinary protein > 0.5 g/24 h or +++, seizures or psychosis, hematological diseases, anti-Sm antibody and dsDNA antibody positivity, and antinuclear antibody positivity.





Diagnosis of lupus nephritis

The diagnosis of LN in this study was based on the “Guidelines for the Diagnosis and Treatment of Lupus Nephritis in China” (29). The diagnosis of LN mainly included three criteria: ① persistent urine protein >0.5 g/24 hours, random urine protein +++ or a urine protein-to-creatinine ratio >50 mg/mmol; ② active urinary sediment (excluding urinary tract infection) with >5 white blood cells per high-power field, >5 red blood cells per high-power field, red blood cell casts, or white blood cell casts; ③ cellular casts including red blood cell casts, granular casts, hemoglobin casts, tubular casts, or mixed casts. When SLE patients exhibit any of the above clinical and laboratory abnormalities, a diagnosis of LN was made.





Immunoglobulin G N-glycan analysis

We detected plasma IgG N-glycan profiles using hydrophilic interaction chromatography (HILIC)-ultra-performance liquid chromatography (UPLC) (Waters Corporation, Milford, MA, United States), which was described in a previous study (30). Briefly, the method involved the following steps: (1) plasma IgG was separated with a 96-well Protein G extraction plate (CIM® r-Protein G 0.2 ml Monolithic 96-well Plate, BIA Separations); (2) IgG Fc N-linked glycans were released by PNGase F enzyme (150 units, Roche); (3) the released IgG N-glycans were labeled with the fluorescent dye 2-aminobenzamide (2-AB, Sigma); and (4) fluorescently labeled N-glycans were detected and analyzed by HILIC-UPLC. The HILIC-UPLC approach initially obtained 24 glycan peaks (GP1-GP24) corresponding to a distinct glycan structure. Composition and structure of IgG initial glycans are available in the Supplementary Table S1 (31). An effective method for normalizing glycan measurements across samples is to divide the peak areas of each glycan by the total areas of the respective chromatograms (32).Typical chromatograms for LN and non-LN samples are provided in the Supplementary Figure S1 (33). From the 24 initial GPs, 17 derived traits were calculated and the calculation formulas can be found in the Supplementary Table S2 (34), which represented the relative abundances of four glycosylation features: core fucosylated, sialylated, bisected GlcNAc, and galactosylated IgG N-glycans (35). Among them, the level of aGal/Gal ratio was calculated from the relative intensity of agalactosylated (G0) vs. monogalactosylated (G1) and digalactosylated (G2) fucosylated biantennary glycans according to the formula of G0/(G1 + G2×2) as we previously described.





Assessment of covariates

A blood sample was obtained from the large antecubital vein of each participant through venipuncture in the morning after an overnight fast. The collected sample was divided into two tubes for further analysis. The sample collected in a vacuum tube containing ethylenediaminetetraacetic acid (EDTA) underwent plasma separation to detect IgG N-glycans, while the sample collected in a tube without EDTA underwent serum separation to determine inflammatory factors and blood biochemical indices.

Face-to-face interviews, a series of clinical examinations and laboratory tests were used to collect basic patient information. Demographic characteristics such as age, sex, and the participants’ history of hypertension, diabetes, and dyslipidemia were collected. Body mass index (BMI) was calculated using measurements of height and weight, with the formula weight (kg)/height2 (m2). Hypertension was defined as the use of antihypertensive medication, a self-report of a history of hypertension, and diastolic blood pressure (DBP) ≥ 90 mmHg or systolic blood pressure (SBP) ≥ 140 mmHg. Diabetes was defined as the current use of insulin or oral hypoglycemic agents, a history of diabetes, or a fasting blood glucose level ≥ 7.0 mmol/L (126 mg/dL). Dyslipidemia was defined as the current use of lipid-lowering therapy; a self-report of a history of dyslipidemia; or serum triglycerides (TGs) ≥ 1.7 mmol/L, total cholesterol (TC) ≥ 5.18 mmol/L, high-density lipoprotein cholesterol (HDL-C) < 1.04 mmol/L, or low-density lipoprotein cholesterol (LDL-C) ≥ 3.37 mmol/L, according to the guidelines for the prevention and control of dyslipidemia in adults in China (36).





Statistical analyses

Continuous variables with normal distributions are expressed as the mean ± standard deviation (SD) and were compared using Student’s t test. Nonnormally distributed data are presented as the median and interquartile range (IQR) and were compared with the Kruskal-Wallis rank-sum test. Categorical variables are presented as n (%) and were evaluated with the chi-square test or Fisher’s exact test. A multivariate logistic regression model was used to evaluate the association of influencing factors with LN, by which the odds ratio (OR) and its 95% confidence interval (CI) were calculated. In logistic regression analysis, the IgG N-glycan measurements were categorized into four groups: Q1 (values ≤ P25), Q2 (P25 < values ≤ P50), Q3 (P50 < values ≤ P75), and Q4 (values > P75). Receiver operating characteristic (ROC) curve analysis was employed to evaluate the performance of the diagnostic models.

The statistical analyses were performed using SPSS 25.0 (IBM, Armonk, NY, United States) and R software (version 3.4.3, R Core Team). All statistical tests were two-sided, and the significance level was set as P < 0.05.






Results




Baseline characteristics of the study participants

This study included 94 SLE women with LN (mean age 40.10 ± 12.86 years) and 94 age-matched non-LN patients (mean age 41.06 ± 11.83 years). As shown in Table 1, no statistically significant difference in age was detected between the LN group and the control group. Compared with the control group, LN patients had significantly lower serum white blood cell (WBC) counts and significantly higher levels of C3. In addition, the prevalence of anemia was significantly higher in LN patients than in controls.


Table 1 | Characteristics of the study participants.



A total of 24 initial glycan peaks (GP1 - GP24) were obtained from all the chromatograms of UPLC. The distribution of the initial glycans between the LN group and the control group was listed in Figure S2.





Galactosylation of IgG

The median GP10 level was 3.83 (IQR = 3.27 to 4.68) in the LN group, which was significantly higher than that in the control group (M = 3.37, IQR = 2.87 to 4.07). The level of GP8 containing a galactose in the LN group was 15.66 (IQR = 14.14 to 17.09), which was significantly lower than that in the control group (M = 16.55, IQR = 15.17 to 17.68). The level of GP14 with 2 galactoses decreased significantly when compared to the controls (Table S3; Figures 1, S2). Then, the calculated aGal/Gal ratio, G0 and G2 in the derivatized glycans showed statistically significant differences, and the aGal/Gal ratio and the content of G0 in the LN group were greater than those in the control group; in contrast, the content of G2 in the LN group was less than that in the control group (Table S4).




Figure 1 | Differences in IgG initial glycans between the LN group and non-LN group Statistically significant, *P < 0.05; **P < 0.01; ***P < 0.001. IgG N-glycosylation levels of 94 patients with lupus nephritis (LN+) and 94 nonlupus nephritis (LN-) patients were analyzed using hydrophilic interaction chromatography (HILIC)-ultra-performance liquid chromatography (UPLC). Significant differences between LN+ and LN- patients in the directly measured glycan structures were observed. Data are shown as box plots. Each box represents the 25th to 75th percentile. The lines inside the box indicate the median. The lines outside the box indicate the 10th and 90th percentiles. Circles indicate outliers. GP, glycan peak; IgG, immunoglobulin G; LN, lupus nephritis.







Sialylation of IgG

In the LN group, we observed a statistically significant decrease in all sialylated glycans (Stotal) and in derived trait S1 (Table S4). The level of GP18 in the LN group was 10.29 (IQR = 8.58 to 12.48), which was significantly lower than that in the control group (M = 12.11, IQR= 10.02 to 14.25). The level of GP23 with 2 sialic acids decreased significantly compared with the control group (Table S3; Figures 1, S2).





Core fucosylation and bisecting GlcNAc

The differences in glycans that contained core fucosylation were as follows. The levels of GP4, GP6 and GP10 in the LN group were significantly higher than those in the control group. In contrast, the levels of GP8, GP14, GP18 and GP23 in the LN group were significantly lower than those in the control group (Table S3; Figure 1). The decrease was expressed in derived traits related to core fucosylation (F, FS, FG1 and FG2). The derivatized glycan FG0 showed a statistically significant increase compared with the control group (Table S4). At the same time, major glycans that contained bisecting GlcNAc (GP6 and GP10) increased significantly, and the increase was more pronounced in derived traits (B, BN and BS) that measured bisecting GlcNAc between patients and controls (Tables S3, S4; Figures 1, S2).





Association of IgG N-glycans with the presence of lupus nephritis

To further confirm the association between the initial glycans and LN, a multivariable logistic regression analysis was performed. As shown in Figure 2, after adjusting for age, BMI, hypertension, diabetes and dyslipidemia, the relative abundance of GP2, GP4, GP6, and GP10 of LN among SLE women were higher, while the relative abundance of GP8, GP14, GP16, GP18, and GP23 were reduced. In addition, the relative abundance of sialic acid glycans (Stotal, OR = 0.676, 95% CI: 0.515-0.888; S1, OR = 0.666, 95% CI: 0.506-0.875) was decreased in the LN group. In the LN group, the relative abundance of galactosylated glycans (G2, OR = 0.700, 95% CI: 0.534-0.919; FG1, OR = 0.748, 95% CI: 0.572-0.978; FG2, OR = 0.643, 95% CI: 0.488-0.846) was decreased, while the relative abundance of nongalactosylated glycans (G0, OR = 1.525, 95% CI: 1.158-2.007; FG0, OR = 1.475, 95% CI: 1.122-1.941, aGal/Gal ratio, OR = 1.628, 95% CI: 1.232-2.152) was increased. The relative abundance of fucosylated glycans (F, OR = 0.501, 95% CI: 0.373-0.674; FS, OR = 0.642, 95% CI: 0.485-0.849) was decreased, and the relative abundance of bisected GlcNAc glycans (B, OR = 1.480, 95% CI: 1.126-1.947; BN, OR = 1.461, 95% CI: 1.107-1.927; BS, OR = 1.700, 95% CI: 1.280-2.257) was increased (Figure 3).




Figure 2 | Associations of the normalized initial glycans and LN as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically significant using logistic regression analysis. Multivariate logistic regression analyses were performed after adjusting for age, BMI, hypertension, diabetes mellitus, and hyperlipidemia. BMI, body mass index; CI, confidence interval; GP, glycan peak; LN, lupus nephritis; OR, odds ratio.






Figure 3 | Associations of the derived traits and LN as determined by multivariate logistic regression analyses. P < 0.05 was considered statistically significant using logistic regression analysis. Multivariate logistic regression analyses were performed after adjusting for age, BMI, hypertension, diabetes mellitus, and hyperlipidemia. B, bisecting GlcNAc; BMI, body mass index; CI, confidence interval; F, core fucose; G, galactose; GP, glycan peak; LN, lupus nephritis; N, neutral glycans; OR, odds ratio; S, sialic acid.







Identification of lupus nephritis using IgG N-glycan markers

After adjusting for confounding factors, 9 initial glycans (GP2, GP4, GP6, GP8, GP10, GP14, GP16, GP18, and GP23) showed a significant association with LN (Figure 2). An internal correlation analysis was conducted among these 9 initial glycans, by which significant correlations were observed (P < 0.05) (Figure S3). To address multicollinearity issues, a stepwise logistic regression model was used for variable selection, and three diagnostic models were established: 1) Model 1: GP8, GP10, and GP18 were significant and were selected to develop a identification model for LN; 2) Model 2: anemia and the WBC count, which showed significant differences, were included in the identification model; 3) Model 3: GP8, GP10, GP18, and anemia were included in the identification model (Table S5). We then employed a multiple-factor logistic regression to establish an LN diagnostic model based on the two indicators, uCRE and eGFR: 4) Model 4: GP8, GP10, GP18, uCRE and eGFR; and 5) Model 5: uCRE and eGFR (Table S6). ROC curves were plotted to evaluate the determination performance of the five models (Figures 4, S4). The discriminatory performance, sensitivity, and specificity of the five models in distinguishing between the case group and control group are shown in Table S7. The AUC value of Model 3 was 0.792 (95% CI: 0.727-0.858), which was significantly higher than those of Model 1 (AUC = 0.647, 95% CI: 0.568-0.726), Model 2 (AUC = 0.769, 95% CI: 0.702-0.837), Model 4 (AUC = 0.761, 95% CI: 0.691-0.830), Model 5 (AUC = 0.514, 95% CI: 0.430-0.597).




Figure 4 | ROC curve analysis of the binary logistic regression model for the prediction of LN. Model 1 consists of GP8, GP10, and GP18. Model 2 consists of anemia and WBC count. Model 3 consists of anemia, GP8, GP10, and GP18. GP, glycan peak; LN, lupus nephritis; ROC, receiver operator characteristic, WBC, white blood cell.








Discussion

This study observed a decreased level of sialylation, galactosylation, and core fucosylation, as well as increased bisecting GlcNAc branching, among LN patients when compared to the control group. There is an association between aberrant IgG-N glycosylation and the presence of LN. Additionally, the determination model using IgG N-glycans (GP8, GP10, and GP18) offers potential to improve non-invasive diagnosis of LN among female SLE patients.

Immune-mediated inflammation is the main triggering factor for the development of LN, with mechanisms regulated by both acute and chronic inflammation (37). Inflammatory cytokine alterations in the bodies of SLE patients lead to immune cell abnormalities and renal cell damage. The deposition of autoantibodies or immune complexes exacerbates renal inflammation progression, resulting in the manifestation of LN (38, 39). A study identified various inflammatory mediators associated with LN, including cytokines, chemokines, and glycosaminoglycans, such as interferons (IFNs), IL-6, and TNF-α (40–42). These findings emphasize the significance of inflammatory responses in the occurrence and progression of LN. The abnormal IgG-N glycosylation has the capacity to modulate inflammatory responses through multiple pathways. Moreover, we further discuss potential mechanisms of IgG-N glycosylation in the development of LN.

Sialylation refers to an N-glycosylation modification that is involved in the regulation of the ADCC pathway (43). The reduction in sialylated glycan levels changes the function of IgG, causing a shift from an anti-inflammatory to a proinflammatory state (44–46). Studies have identified decreased levels of sialylated glycans in renal disease patients (47). In another study, a decrease in GP16 and GP18 levels was found in CKD patients (48), aligning with our research findings. Galactosylation, a precursor of sialylation, frequently shows a similar directional alteration (32). Our study revealed a declining trend in both the galactosylation and sialylation of IgG N-glycans. The galactosylation level of the IgG N-glycome is linked to the activation of the lectin pathway of complement activation (49). Decreased terminal galactosylation of IgG N-glycans (50, 51) leads to a reduced binding affinity between antibodies and FcγRIIB, the activation of C1q, the upregulation of the CDC effect, and the promotion of the occurrence and development of inflammation, all of which may contribute to the pathogenesis of LN (52). Previous research indicates that complement system activation occurs in LN patients during disease onset, resulting in immune complex deposition and subsequent renal inflammation and damage (53, 54). Increased levels of agalactosylated glycans are linked to numerous diseases, including idiopathic membranous nephropathy (IMN), where a reduction in the galactosylation of IgG N-glycans has been observed (55). In inflammatory bowel disease, with its proinflammatory potential of IgG, the elevation in agalactosylated glycans in the N-glycome was revealed, which has been reported in multiple inflammatory conditions (56, 57). A study also identified a reduction in the levels of galactosylated glycans and sialylated glycans among female SLE patients, which is consistent with our research findings (49).

The core fucosylated glycans of IgG Fc fragments, through their association with the Fc gamma receptor IIIa (FcgRIIIa) receptor on NK cells, macrophages, and neutrophils, activate the ADCC pathway, thereby upregulating proinflammatory cytokines and triggering an inflammatory response in the body (20, 33). Similar to our findings, a decrease in the level of core fucosylation of IgG N-glycans was discovered in immune thrombocytopenia (ITP) patients, with most patients exhibiting lower levels of core fucosylation being more prone to severe thrombocytopenia (58). Another study also found a significant reduction in the level of core fucosylation of IgG N-glycans in the blood of multiple sclerosis (MS) patients compared to the control group (33). These findings strongly indicate a correlation between the level of core fucosylated glycans and autoimmune diseases. Bisected GlcNAc glycans have been shown to enhance the ADCC pathway mediated by the binding of IgG Fc fragments to the FcγRIII receptor, thus exerting the proinflammatory functions of IgG (59). A study demonstrated that the addition of bisected GlcNAc glycans significantly increased the ADCC effect mediated by noncore fucosylated glycans by several tens of times (60). In a Mendelian randomization study, the causal relationship between the development of SLE and abnormal IgG N-glycosylation modifications was explored, and the findings suggested that the increased risk of SLE is associated with an increase in the relative abundance of N-glycan structures with bisecting GlcNAc in the total IgG N-glycome (61). Elevated bisection of glycans appears to be downstream from autoimmune disease, leading to the conclusion that IgG N-glycosylation traits could serve as biomarkers of SLE (62). All these findings emphasize the regulatory role of IgG N-glycosylation in modulating inflammatory responses in LN patients.

To our knowledge, this study represents the first investigation into the correlation between IgG N-glycans and LN specifically in female SLE patients. These findings offer novel insights into the pathogenesis of LN. However, several limitations must be acknowledged. First, due to the nature of this case-control study, establishing a temporal and causal relationship between IgG N-glycosylation and LN is challenging. Second, the sample size is relatively small, which restricts the generalizability of our findings. Third, we did not classify the degree of LN, such as minimal mesangial LN, mesangial proliferative LN, focal LN, diffuse LN, membranous LN and advanced sclerosing LN, due to the lack of relevant clinical data. And this study did not discuss the effect of creatinine ratio as well as histological parameters due to lack of relevant data. Notwithstanding these limitations, we have conducted an analysis of IgG N-glycosylation profiles in female SLE patients with concurrent LN, contributing to the comprehension of the regulatory role of IgG N-glycosylation in LN development and the identification of potential glycan biomarkers. These findings provide scientific evidence for the early diagnosis of LN. However, further validation in a larger sample of LN patients is necessary. In the future, high-throughput profiling of IgG N-glycans shows promise for the clinical diagnosis of LN.





Conclusion

This study provides novel insights into the pathogenesis of LN by highlighting a potential association between IgG N-glycans and the observed inflammatory response in SLE patients with concurrent LN. Our findings suggest that alterations in IgG sialylation, galactosylation, core fucosylation and bisecting GlcNAc levels may play important roles in modulating the functional activity of IgG and contribute to the development of LN. Furthermore, IgG N-glycans hold promise as potential biomarkers for differentiating LN patients among female SLE individuals, and the combination of IgG N-glycans with population baseline characteristic indicators enhances the diagnostic efficacy for LN.
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Introduction

Immunoglobulin G (IgG) contains a conserved N-glycan in the fragment crystallizable (Fc), modulating its structure and effector functions. In anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) alterations of IgG Fc-glycosylation have been observed to correlate with the disease course. Here, we examined longitudinal changes in N-linked Fc glycans of IgG in an AAV patient cohort and their relationship with disease flares.





Methods

Using liquid chromatography coupled with mass spectrometry, we analysed IgG Fc-glycosylation in 410 longitudinal samples from 96 individuals with AAV.





Results

Analysis of the cross-sectional differences as well as longitudinal changes demonstrated that IgGs of relapsing PR3-ANCA patients have higher ΔFc-bisection at diagnosis (P = 0.004) and exhibit a decrease in Fc-sialylation prior to the relapse (P = 0.0004), discriminating them from non-relapsing patients. Most importantly, PR3-ANCA patients who experienced an ANCA rise and relapsed shortly thereafter, exhibit lower IgG Fc-fucosylation levels compared to non-relapsing patients already 9 months before relapse (P = 0.02).





Discussion

Our data indicate that IgG Fc-bisection correlates with long-term treatment outcome, while lower IgG Fc-fucosylation and sialylation associate with impending relapse. Overall, our study replicated the previously published reduction in total IgG Fc-sialylation at the time of relapse, but showed additionally that its onset precedes relapse. Furthermore, our findings on IgG fucosylation and bisection are entirely new. All these IgG Fc-glycosylation features may have the potential to predict a relapse either independently or in combination with known risk factors, such as a rise in ANCA titre.
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1 Introduction

Anti-neutrophil cytoplasmic antibody (ANCA) – associated vasculitis (AAV) is a group of autoimmune inflammatory diseases comprising microscopic polyangiitis (MPA), eosinophilic granulomatosis with polyangiitis (EGPA) and granulomatosis with polyangiitis (GPA). AAV is characterized by necrotizing vasculitis of small to medium-sized vessels (1). The worldwide annual incidence rate of these diseases is estimated at 10-30 per million, with a prevalence of 50-420 per million (2). AAV is a disease that shifts between phases of remission and relapse. Active AAV can be brought into remission with strong-acting immunosuppressive medication. Once remission is achieved, medication is tapered, and maintenance therapy is started to prevent disease relapse. In general, maintenance therapy is stopped after 1-2 years. Disease relapses occur in 50% of patients within 5 years after the original diagnosis. Disease remission is defined by the absence of active disease manifestations. In contrast, patients are considered to relapse when symptoms of active vasculitis reoccur or new onset of the disease appears (3).

A hallmark of this vascular disease is the presence of pathogenic ANCAs targeting cytoplasmic antigens expressed in the primary granules of neutrophils, either proteinase 3 (PR3) or myeloperoxidase (MPO). PR3-ANCAs are strongly associated with GPA, while MPO-ANCAs coincide strongly with MPA (4, 5). ANCAs are mainly of the IgG isotype, predominantly of the IgG1 and IgG4 subclass, and the pathogenic potential of ANCAs has been repeatedly demonstrated in various animal models (6, 7). Autoantibodies contribute to the development of AAV through the excessive activation of cytokine-primed neutrophils, accompanied by the release of reactive oxygen species, proteolytic enzymes, and neutrophil extracellular trap formation, leading to endothelial damage (8). ANCAs activate by co-ligating antigens and Fc gamma receptors (FcγRs). The Fab portion of ANCAs binds PR3 or MPO antigens, translocated from the cytoplasmic granules to the cell surface, and the crystallizable fragment (Fc) portion binds FcγRs, FcγRIIa, and/or FcγIIIb (9). IgG subclass or a post-translational modification could potentially influence the activation of the inflammatory mechanism, as they strongly modulate Fc-FcγR interaction.

Human IgG carries a pair of oligosaccharides attached to Asn297 in CH2 domain of the Fc portion. Typical IgG Fc N-glycans consist of a heptasaccharide N-glycan core (four N-acetylglucosamine and three mannose residues), which can be elongated with various monosaccharides, such as galactose, sialic acid, fucose, and bisecting N-acetylglucosamine (see Figure 1). Glycosylation of the Fc region, along with IgG subclass, has been found to modulate IgG effector functions (11). Altered IgG Fc-glycosylation has been demonstrated in various autoimmune diseases, including AAV (12, 13). Moreover, IgG Fc-glycosylation has been observed to reflect the inflammation status of the body, correlate with disease activity and predict clinical outcomes in many of them (13).




Figure 1 | LC-MS analysis of total IgG Fc-glycopeptides. (A) Schematic representation of IgG N-glycosylation. The left side depicts IgG with the heavy γ chains (H) and light chains (L) composed of constant (CH1, CH2, CH3, CL) and variable domains (VH, VL). The right side depicts the glycan features covalently attached to Asparagine 297 (Asn 297) and their implications on subsequent cellular effector functions mediated by binding to Fc receptors. (B) Schematic workflow with a representative LC-MS summed mass spectrum of IgG1 tryptic glycopeptides obtained from a 60 year-old female at the point of relapse. (C) Timeline of the study cohort. The analysed time points and number of samples analysed at each time point are specified. The major treatment regime applied in the current study is shown (10).



Early diagnosis and accurate disease relapse prediction can greatly contribute to the prevention of disease-related organ damage and mortality in patients with AAV. Patient stratification aims to identify patients with a low and high risk of relapse to guide maintenance therapy, thereby reducing incidences of relapses, while minimizing treatment-related side effects (14). Nowadays, diagnosis and relapse prediction are based on clinical manifestations, histology, and the serial measurements of ANCA titre (15). The detection of a rise in ANCA titre during remission may predict future disease flares. However, many relapses may occur without a preceding ANCA rise and in some cases, a rise in ANCA titre is not followed by a relapse. On top of that, many differences in the definition of a rise in ANCA exist, influencing the usefulness of serial ANCA measurement and making comparisons between studies difficult (16). Thus, while the pathogenic potential of ANCAs to activate the innate immune system, leading to vasculitic damage in AAV, is undisputable, an ANCA rise by itself has a modest value for predicting relapses (17). Therefore, it is important to study other factors involved in the final autoimmune response to arrive at a multi-marker panel with a higher predictive value. IgG Fc-glycosylation status of the antibodies is a promising candidate because of its crucial impact on the key IgG effector functions.

Previous studies have investigated the glycosylation pattern of IgG and demonstrated significantly lower levels of IgG galactosylation in patients with PR3-ANCA or MPO-ANCA compared to healthy individuals (18–20). Moreover, in GPA patients, total IgG galactosylation has been shown to negatively correlate with the disease activity (12). Kemna et al. have revealed that a low level of galactosylation and sialylation in total IgG predicts relapse (21). Interestingly, glycosylation of the total serum antibody pool was a more powerful predictor than that of the ANCA antibodies themselves. These results suggest a potential for the total IgG Fc-glycosylation pattern as a prognostic marker to identify patients more prone to future relapse. Targeting such patients with more aggressive therapy could lead to a better disease prognosis while avoiding over-treatment of patients with a lower risk. Though previous studies indicated time-dependent and intra-individual differences, the longitudinal IgG Fc-glycosylation changes and their clinical relevance are insufficiently mapped, limiting the evaluation as a prognostic marker. Thus, the present work aimed to extensively characterise longitudinal changes of IgG Fc-glycosylation in a single-center AAV patient cohort by profiling changes in N-linked Fc glycans of total IgG in individual AAV patients by mass spectrometry.




2 Materials and methods



2.1 Patients classification

For this study, 96 patients diagnosed with ANCA-AAV between 2003 and 2016 at the University Medical Groningen, were considered for inclusion. Patients were diagnosed with GPA or MPA according to the Chapel Hill Consensus Conference criteria (1), and categorized as PR3-ANCA or MPO-ANCA based on ANCA-specificity determined using antigen specific enzyme-linked immunosorbent analysis. Disease activity states were characterized in accordance with the European League Against Rheumatism definitions. Clinical remission of the disease was defined as the absence of active vasculitic disease manifestations, with or without taking immunosuppressive therapy. In contrast, relapse was defined as the re-occurrence of symptoms or new onset of disease activity requiring augmentation of immunosuppressive therapy (3). The severity of symptoms during the onset or reoccurrence of the disease was classified as “moderate” or “severe” based on the potential threat to organs or life (3). Persistent positive or negative patients are defined as individuals who consistently maintain positive or negative status for ANCAs. Those initially positive, but transitioning to ANCA negativity following treatment and maintaining this negative status thereafter are classified as ANCA negative to positive patients.

All information on demographics, disease characteristics, treatment, as well as clinical outcome were collected into patient’s records according to the Dutch law on Medical Treatment Act (WGBO), the Persona Data Protection Act (Wbp), and the Code of Conduct for Health Research (Federa). Ethical approval for the study was obtained from the local Medical Ethical Committee of the University of Medical Center Groningen.




2.2 Measurement of ANCA and detection of an ANCA rise

ANCA-associated vasculitis patients were generally seen every 3 months for 2 to 3 years. At every follow-up visit, symptoms were evaluated and blood was drawn. After conversion to serum, PR3-ANCA or MPO-ANCA titres were quantified by fluorescent-enzyme immune assay on a Phadia ImmunoCAP 250 analyzer using EliA PR3S and EliA MPOS wells (Thermo Fisher Scientific, Waltham, MA) (22). A rise in ANCA titre was ascertained if the PR3- or MPO-ANCA level increased by at least 125% over a period of six months preceding a clinical relapse or time-matched remission.




2.3 Antibody affinity enrichment and protease treatment

Total IgG (IgG1, IgG2, IgG3, and IgG4) was affinity-purified and digested with trypsin in 96-well filter plates (0.7 mL wells, PE frit, Orochem, Naperville, IL) as described before (23). Briefly, plasma samples (2 µL) were diluted with 1xPBS (1:20 v/v) and applied on Protein G affinity beads (2 µL; GE Healthcare, Uppsala, Sweden) for 1 hour with agitation. Captured IgGs were washed with 1xPBS and water (3 x 200 µL), eluted with 100 mM FA (100 µL) and dried in a centrifugal vacuum concentrator (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) at 50°C for approximately 2.5 h. Next, dried total IgG was dissolved by adding 0.25 mg/mL TPCK-treated trypsin (40 µL) in 25 mM ammonium bicarbonate buffer (pH 8.0) and digested for 18 h at 37°C. Obtained IgG glycopeptides were stored at -20°C until the measurement.




2.4 Liquid chromatography - mass spectrometry of immunoglobulin G glycopeptides

The tryptic IgG glycopeptide separation was performed by an Ultimate 3000 HPLC nano-LC system (Thermo Fisher Scientific) as described previously (23). (Glyco-)peptides (0.25 µL) were concentrated on the trapping column (Acclaim PepMap100 C18, 5 mm x 300 µm i.d., Thermo Fisher Scientific) and separated on the analytical column (nanoEase M/Z Peptide BEH C18, 100 mm x 75 µm i.d., 1.7 µm, 130 Å, 1/PK, Waters) in a linear gradient from 3% to 50% solvent B (95% acetonitrile) in 5.5 min. The separation system was coupled online by electrospray ionization (ESI) to a Maxis Impact HD quadrupole time-of-flight MS instrument (Bruker Daltonics, Bremen, Germany). The sample was nebulized and ionized in ion positive mode in a CaptiveSpray ESI source assisted by ACN-doped nitrogen gas from the nanoBooster (Bruker Daltonics). Mass spectra were acquired within a mass range m/z 550-1800 at a frequency of 1 Hz.




2.5 Data analysis

The raw glycoproteomic LC-MS data were first manually inspected with Data Analysis (version 5.0; Bruker Daltonics). The separation method resulted in three subclass-specific IgG N-glycopeptide moieties that were assigned based on well-established migration orders of tryptic Fc-glycopeptides in reversed phase liquid chromatography, such as IgG1, IgG4 and indistinguishable IgG2 and IgG3 (IgG1: EEQYNSTYR, IgG2/3: EEQFNSTFR, IgG4: EEQFNSTYR) (24, 25). Next, the LC-MS datasets were converted into the mzXML file format using MSConvert (ProteoWizard 3.0 suite). Each dataset was then automatically aligned, calibrated, and extracted using the software package LaCyTools as described previously (26), with minor modifications in processing parameters (see Table S1 for details). For targeted data extraction, a list of pre-defined analytes with theoretical m/z values was compiled on the basis of the literature (27) and completed by the manual annotation of summed spectra per patient group. After signal extraction, low-quality spectra with a total intensity or number of glycopeptides below a lower or above an upper threshold were discarded per subclass from further analysis. Lastly, analytes were selected based on quality control parameters provided by LaCyTools, including mass accuracy (within a ± 20 ppm range), signal to noise ratio (> 9), and isotopic pattern quality score (<0.2). For all 37 glycopeptide species passing the analyte inclusion criteria (Table S2, 18 IgG1 glycoforms, 11 IgG2 glycoforms, 8 IgG4 glycoforms), relative intensities within each IgG subclass were obtained by integrating and summing signal intensities of doubly- and triply-protonated glycan species followed by normalization to the total signal intensity per IgG subclass. From the individual glycopeptides, four glycosylation traits were calculated (Table S3): galactosylation, fucosylation, bisection, and sialylation. Due to the overlap of m/z values of the minor afucosylated IgG4 glycopeptides with tailing and more abundant IgG1 fucosylated glycopeptide peaks, fucosylation levels for IgG4 were not quantified.




2.6 Statistical analysis

All statistical analysis and data visualization were performed using R Statistical Software (version 4.1.3; R Core Team 2022) and RStudio (version 1.4.1717; RStudio, Boston, MA). Both age and sex have been shown to influence IgG glycosylation (28). To focus on longitudinal changes and reduce the impact of such inter-individual differences, glycosylation was normalized within each individual to the final timepoint, being relapse or time-matched remission. Delta (Δ) values were calculated by subtracting IgG glycosylation levels at the time of relapse or time-matched remission – T(Rel) – from each time point of follow-up – Tx –, according to Formula 1. Pairwise comparison with a non-parametric Wilcoxon rank-sum test between relapsing and non-relapsing patients was used to determine differences in Δglycosylation traits and in relative intensities of the glycosylation traits in patients with an ANCA rise across all time points. A two-sided p-value was considered significant when below 0.05. For multiple testing correction, a 5% false discovery rate was applied throughout using the Benjamini-Hochberg method. An ANOVA F-test, comparing glm models with and without ANCA positivity, was used to assess confounding effects of this feature. The Wilcoxon sign-ranked test was used to test changes within Δglycosylation over time. Longitudinal glycosylation trait data were evaluated by means of Restricted Maximum Likelihood with the post-hoc Tukey test. Spearman’s correlation was used to explore the association between IgG1, IgG2/3, and IgG4 glycosylation. The average coefficient of variation (CV) of the relative intensities was calculated in 94 replicate measurements of a pooled sample to further assess the quality of the data (Figure S1). A spread was measured by means of the interquartile range and the Kolmogorov-Smirnov test was used to determine differences in the distribution of the data.







3 Results

In this study, we explored changes in total serum IgG Fc-glycosylation over the course of AAV treatment (see Figure 1). To this end, IgG was affinity-purified from 410 longitudinal samples collected from 89 individual patients. Of these 89 patients, 63 were PR3-positive and 26 were MPO-positive. The patient demographics and comprehensive cohort characteristics are presented in Table 1. IgG Fc-glycosylation profiles were determined by LC-MS glycopeptide analysis individually for IgG1 and IgG4 (tryptic peptides IgG1: EEQYNSTYR, IgG4: EEQFNSTYR), as well as collectively for IgG2 and IgG3 (shared peptide sequence EEQFNSTFR). LC-MS analysis allowed the identification of 18, 11, and 8 Fc-glycopeptides for IgG1, IgG2/3, and IgG4, respectively (Table S2). 94 replicates of a patient plasma pool demonstrated low technical variability. Average coefficient of variation (CV) was 6.5%, 7.2%, and 6.4% for IgG1, IgG2/3, and IgG4 glycopeptides, respectively (Figure S1). To reflect the various enzymatic steps involved in glycosylation, derived glycosylation traits, including galactosylation, sialylation, fucosylation and bisection, were calculated from individual glycoforms (Table S3). There was a strong correlation between derived traits of IgG1 and IgG2/3, as well as IgG4 in the study patients (Figure S2), indicating that all IgG subclasses follow the same general trend in glycosylation changes. Therefore, IgG2/3 and IgG4 data are shown in the Supplemental data.


Table 1 | Patient characteristics of the study group.





3.1 Changes in IgG Fc-glycosylation

Differences in total IgG Fc-glycosylation relative to the timepoint of relapse or time-matched remission (Δ values) were observed between relapsing patients and patients in remission in GPA with PR3-ANCA or MPA with MPO-ANCA. At the time of diagnosis in GPA-PR3-ANCA patients, ΔIgG1 bisection of relapsing patients was higher than in non-relapsing patients (IgG1 0.8% vs. -3.9%; P = 0.004, Table S4; Figure 2A). A similar trend in medians was also found to a lower extent 9 to 12 months before relapse. These differences were not confounded by ANCA positivity as no significant differences between the glm models were observed. Bisection increased by 4.7% upon initial treatment in non-relapsing PR3-ANCA patients (Figure S3D). For these patients, the spread in Δbisection ([IQR = Q3 – Q1] 4.42 vs. 1.53, P = 0.0003) appeared to be higher at diagnosis (Td) when compared to an early treatment phase, 3 to 12 months after diagnosis (Td+(3-12m)) (Table S5). Glycosylation data on IgG2/3 and IgG4 data are shown in the Figure S4.




Figure 2 | Cross-sectional differences in IgG1 glycosylation features for GPA-PR3-ANCA patients. Differences compared to the point of relapse or time-matched remission are displayed as Δ values, separately for patients who either relapsed (orange) or stayed in remission (green). The shapes represent patients who are persistently ANCA negative (circle), persistently ANCA positive (triangle), or show inconclusive results (square). Time points range from disease diagnosis (Td AAV onset), and 3-12 months after diagnosis (Td+(3-12m)), to 9-12 months (T-(9-12m)), 6 months (T-6m), and 3 months (T-3m) before relapse or time-matched during remission.Panels show the four investigated glycosylation features, namely (A) Bisection, (B) Fucosylation, (C) Galactosylation, and (D) Sialylation.  Median values are indicated by black horizontal bars. A Wilcoxon signed-rank test was used to compare IgG1 glycosylation traits. Findings are indicated by two asterisks **, (p< 0.005); ns, not significant (see also Table S4). An ANOVA F-test showed that these findings were independent of ANCA positivity.



ΔIgG1 sialyation of the GPA-PR3-ANCA relapsing patients was increased in the year leading up to the relapse and differed from non-relapsing patients at 6 months (and potentially at 3 months) before relapse (IgG1 0.6% vs. 0.0%; P = 0.002, 0.4% vs. -0.1%; P = 0.044, Table S4; Figure 2D). Also, these findings were not confounded by ANCA positivity. Moreover, the longitudinal analysis revealed a decrease in ΔIgG1 sialylation over 6 months preceding relapse (P = 0.0004, Figure S3A), whereas ΔIgG1 sialylation in non-relapsing patients remained constant. No differences between relapsing and non-relapsing GPA-PR3-ANCA patients were observed for Δfucosylation and Δgalactosylation (Figures 2B, C).

Sialylation and galactosylation of both IgG1 and IgG2/3 showed a negative correlation with the level of PR3-ANCAs (IU/mL) in plasma of relapsing patients (Figures S5A, B, E, F). In contrast, the levels of bisection of both IgG1 and IgG2/3 showed a positive relationship with the PR3-ANCA concentration in relapsing GPA patients (Figures S5D, H). Regression analysis of IgG4 galactosylation as well as the sialylation versus PR3-ANCA titre did not show an ANCA titre dependence (Figures S5I, J).

Conversely, relapsing MPA-MPO-ANCA patients showed a trend towards a more pronounced lowering in Δbisection at diagnosis compared to non-relapsing patients (IgG1 -3.5% vs.-1.05% Table S6; Figure S6A). Subsequently, relapsing MPA-MPO-ANCA patients experienced an increase in Δbisection by 3.9% up to the second follow-up (Figure S7; P = 0.002). Notably, the Δsialylation effects are not observed for the MPA-MPO-ANCA group (Figures S6D). Δfucosylation, as well as Δgalactosylation of the IgG Fc glycoforms, did not differ during the course of disease treatment between relapsing and non-relapsing MPA-MPO-ANCA patients (Figures S6B, C).

There were no correlations between IgG1, IgG2/3, and IgG4 glycosylation traits and MPO-ANCA titre MPA-MPO-ANCA patients (Figure S8).




3.2 IgG Fc-glycosylation changes associate with an ANCA rise

We separately analysed a subset of GPA-PR3-ANCA patients who experienced an ANCA rise that was defined as at least 125% elevation in ANCA level relative to the previous titre measurement (see Figure 3). Only in the subset of GPA-PR3-ANCA patients with an ANCA rise, relapsing patients showed a lower fucosylation compared to patients in remission in the year before relapse (T-9 months 91.6% vs. 94.6%, P = 0.02; T-6 months 91.6% vs. 94.2%, P = 0.01; T-3 months 91.7% vs. 95.0%, P = 0.02) and at the point of relapse or time-matched during remission (91.9% vs. 94.4% P = 0.02) (Figure 4; Table S7). Neither bisection, galactosylation, nor sialylation differed between patients relapsing or in remission (Figures S9A–C). Longitudinal changes were not appreciated at all (Figure S10).




Figure 3 | Figure layout of the IgG glycosylation analyses for GPA-PR3-ANCA and MPA-MPO-ANCA patients with and without an ANCA rise. Cells are colored based on the IgG glycosylation values (Blue rectangles correspond to the analysis based on relative levels of IgG glycosylation, while green rectangles correspond to Δ values). Dark colors indicate figures with statistically significant findings, longitudinally (Figures S3, 7, 10), or between relapsing and non-relapsing patients (other figures).






Figure 4 | Cross-sectional differences in IgG1 Fc-fucosylation for GPA-PR3-ANCA patients with an ANCA rise. Total serum IgG1 fucosylation of GPA-PR3-ANCA patients who either relapse (brown) or stayed in remission (green), was compared at 9 months, 6 months before, 3 month before and at the time of relapse or time-matched point during remission. A Wilcoxon signed-rank test was used to compare IgG1 glycopeptide traits. * T-6m is a finding after multiple testing correction (p=0.011; see Table S7). However, since there is an according trend in all timepoints (p=0.02), the probability of the trends being false negative findings (should they be excluded) is more than 99.99%.



Interestingly, the IgG fucosylation difference in GPA-PR3-ANCA patients between relapsing patients and patients in remission was limited to patients with an ANCA rise. It did not emerge in patients without an ANCA rise (Figure S11B) nor when looking at the whole GPA-PR3-ANCA patient group (Figure 2B), even though patients experiencing an ANCA rise were in the majority.





4 Discussion

GPA and MPA are distinct disease subtypes, but are highly associated with PR3- and MPO-ANCA, respectively. Previous studies additionally indicated that PR3-ANCA and MPO-ANCA-associated diseases are significantly different (29–31). Consequently, we analysed data from GPA-PR3-ANCA and MPA-MPO-ANCA patients separately throughout this investigation. Our study indicates distinct cross-sectional differences in IgG Fc-glycosylation between GPA-PR3-ANCA and MPA-MPO-ANCA patients. Unfortunately, we are not able to determine whether disease subtype or ANCA-type is dominant in these differences. Comparing relapsing with non-relapsing patients, GPA-PR3-ANCA patients exhibited a higher degree of ΔIgG1 bisection at diagnosis, while MPA-MPO-ANCA patients showed a trend towards a lower degree of ΔIgG1 bisection if they would relapse (Figures 2, S6). The trend in MPA-MPO-ANCA patients is confirmed by an increase in ΔIgG1 bisection from diagnosis to 9 to 12-month follow-up in relapsing patients which is not observed in non-relapsing patients (Figure S7). ΔIgG1 sialylation only associated with relapse in GPA-PR3-ANCA, but not in MPA-MPO-ANCA patients (Figures 2, S6).

In our study, the focus on total serum IgG Fc-glycosylation is justified by the stronger associations with relapse, as compared to ANCA glycosylation, demonstrated previously (21). A cross-sectional comparison revealed that ΔIgG1 bisection and ΔIgG1 sialylation of total serum IgG Fc N-glycans differed between GPA-PR3-ANCA patients who relapsed and those who stayed in remission (Figure 2). Interestingly, while bisection differed mainly at the time of diagnosis, sialylation only differed in the year leading up to relapse. Accordingly, longitudinal analysis showed that a decrease in sialylation precedes relapse in GPA-PR3-ANCA patients, while there are no changes in sialylation for non-relapsing patients. (Figure S3). Similarly, Kemna et al. showed a reduction in sialylation at relapse compared to an ANCA-rise time point, whereas patients who stayed in remission had unchanged sialylation levels (21). Our analysis replicates this finding, but additionally demonstrates that the reduction starts before the reoccurrence of symptoms. Moreover, sialylation negatively correlated with the level of pathogenic PR3-ANCA titre in relapsing GPA patients (Figure S5). Reduced sialylation indicates a general inflammatory environment which may be the cause and/or effect of enhanced antibody production (32). Thus, a longitudinal reduction in total IgG Fc-sialylation may be a potential clinical marker of relapse risk. Sialylation on IgG has been reported to have anti-inflammatory potential through a shift in IgG conformation, preventing the antibody from binding to activating type I Fc receptors and C1q protein and enabling interaction with type II Fc receptors DC-SIGN and CD23, which in turn induces the loss of the cytotoxic capability and FcγR-mediated anti-inflammatory activities, respectively (33–35). Lower amounts of sialylated IgGs during inflammation have further been correlated with enhanced activity of autoimmune diseases, including GPA (12, 21). Intriguingly, this potential marker may thus be directly involved in the disease mechanism. It has been suggested that a higher sialylation could counterbalance the autoimmune cascade induced by ANCA, and a subsequent shift towards a lower degree of sialylated IgGs would reduce its protective anti-inflammatory effect, possibly contributing to disease reactivation (21). Therefore, we speculate that IgG Fc-sialylation could be used for monitoring relapse risk in patients with GPA-PR3-AAV. Longitudinal monitoring of the patient’s level of IgG Fc-sialylation and detecting its drop, could aid in initiating appropriate treatment to prevent disease recurrence. Such clinical marker guided preemptive therapy could prevent further damage to the patient’s vasculature. However, more data – ideally with an even higher time-resolution – would be needed to conclude whether sialylation changes occur sufficiently early prior to relapse to be of diagnostic value. We did not observe any differences in IgG Fc-galactosylation, which contradicts previous reports (18, 21). For example, Lardinois et al. showed that terminal galactose was reduced in GPA-PR3-ANCA patients with active disease compared to patients in remission (18). Moreover, Kemna et al. revealed a reduced galactosylation and sialylation in total IgG Fc of relapsing patients compared to non-relapsing patients (21). However, their cohort was focused exclusively on GPA patients with PR3-ANCA experiencing an ANCA rise, which means that our study is likely underpowered regarding this very specific finding. Due to the complexity of AAV, for example in antigen specificity, definitions of an ANCA rise and disease phenotype, differences between studies in terms of study design, clinical cohort characteristics, and the definition of the relapse and an ANCA rise, have to be carefully considered when comparing them and may explain observed differences.

This study identified, for the first time, a persistently lowered IgG Fc-fucosylation as a feature of relapsing GPA-PR3-ANCA patients experiencing an ANCA rise, discriminating them from non-relapsing ones (Figure 4). Interestingly, no differences in IgG1 fucosylation were observed for relapsing patients without a preceding rise in the ANCA titre (Figure S11). This may indicate differences in pathological mechanisms between AAV patients with and without an ANCA rise. These observations lead us to speculate on the potential utility of differences in IgG Fc-fucosylation as an orthogonal biomarker, enhancing the specificity of ANCA rise in clinical practice for predicting relapse. Importantly, differences in IgG Fc-fucosylation between relapsing and non-relapsing patients can be detected as early as nine months prior relapse if a rise in ANCA titer was also observed. Consequently, an ANCA rise and IgG Fc-fucosylation could potentially be integrated into a multiplex biomarker platform. Due to the limited number of MPA-MPO-ANCA patients, the study was underpowered to detect differences within the MPA-MPO-ANCA vasculitis patient population who experienced an ANCA rise. A predominantly afucosylated IgG response may occur naturally during the B-cell immune responses and has been mostly found for antigen-specific IgG1 against enveloped viruses and intracellular parasites, as well as for IgG1 alloantibodies causing fetal and neonatal alloimmune thrombocytopenia and hemolytic disease of the fetus and newborn (36–38). Since afucosylated IgG1 seem to be specific for membrane-bound antigens (37) and PR3-/MPO-antigens are found on neutrophil plasma membranes in AAV (9, 39), afucosylated IgG responses could be present in AAV. Though other factors will likely contribute to the observed differences in afucosylation, the association with an ANCA rise would suggest that such afucosylated autoantibody responses may be a relevant risk factor for relapse. However, Kemna et al. observed high fucosylation of PR3-ANCA antibodies (21). Thus, the observed afucosylation differences are more likely due to changes in IgGs of other specificities (non-autoantigen specific IgG). The same immune activation, which leads to increased production of PR3-ANCA, could specifically stimulate B cells with a low fucosylation programming to differentiate and produce predominantly afucosylated antibodies. Such preferential co-activation of afucosylated antibody producing cells could, for example, result from the co-localization of antibody producing cells in the spleen (40). Another explanation would be a globally altered regulation of Fc-fucosylation, for example changes in cytokine composition in the B cell microenvironment (41, 42), initiated by an increased activity of inflammatory processes. Non-autoantigen specific IgG might be more affected by these changes, as it already has a higher propensity for afucosylated responses than PR3-ANCA.

IgG Fc-fucosylation has been shown to have a significant impact on IgG effector functions by sterically disturbing the interaction between the Fc region and FcγRIIIa/b, a receptor expressed on various effector cells. Thus, fucosylation may act as a safety switch hampering potentially harmful cellular immune functions (43, 44). It has been shown that ANCAs bind to and activate neutrophils and monocytes by initial Fab binding to MPO or PR3 expressed on the cell surface and subsequent Fc binding to FcγRs (FcγRIIa and FcγRIIIb), which induces neutrophil and monocyte activation leading to endothelial cell death and inflammation (45, 46). The complete removal of the Fc N-glycans has been shown to attenuate FcγR-mediated neutrophil respiratory burst and degranulation whilst reducing the disease progression (47). The importance of the IgG Fc-FcγRIIIb interaction for the disease progression of AAV has also been evidenced by the association of the FcγRIIIb-NA1 allele with the development of severe renal disease (48). Moreover, as reported in studies involving therapeutic antibodies, decreased levels of IgG Fc-fucosylation induced a more rapid inflammatory cytokine release and cell activation (49). As opposed to afucosylation of ANCA IgG, afucosylation of IgG with other specificities (aspecific IgG) will also have anti-inflammatory effects. Monomeric, afucosylated, aspecific IgG will compete with the ANCA immune complexes for FcγRIII-binding. Since monomeric IgG will not activate receptor signaling, this competition should reduce FcγRIII-dependent pro-inflammatory signaling (50). While the lower fucosylation of aspecific IgG could be a bystander effect of differences in general inflammation, it may also affect the disease mechanism of ANCA-AAV by reducing the interaction between PR3-ANCA and activating FcγRs on neutrophils.

We revealed a markedly lower bisection for non-relapsing GPA-PR3-ANCA patients at diagnosis (Figure 1). Moreover, the longitudinal analysis demonstrated a 4.7% increase in bisection between diagnosis and first follow-up for non-relapsing GPA-PR3-ANCA patients (Figure S3). This is likely due to treatment effects. Interestingly, we found that the cross-sectional differences, as well as longitudinal changes, reversed for MPA-MPO-ANCA patients, where relapsing patients showed a trend towards lower bisection at diagnosis followed by an significant increase in bisection up to the second follow-up (Figures S6, S7). We hypothesize that the treatment effect observed for bisection could be useful to screen patients for their risk of relapse. However, due to the limited number of available samples for GPA-PR3-ANCA patients at early time points, the discriminative potential of bisection needs further justification. The current understanding of the functional relevance of IgG Fc-bisection is limited. At least for the complement activation and FcγR-mediated effector functions, no significant impact of the observed differences would be expected (51). However, IgG Fc-bisection plays a role in other aspects, such as higher-order protein structure and stability (52).

IgG Fc-glycosylation trades of IgG2/3 subclasses showed a high correlation with IgG1 and consistent effects to those observed for IgG1. This indicates that alteration of IgG Fc-glycosylation is most likely a common event in all IgG subclasses, perhaps as a result of an identical stimulation of IgG-secreting plasma cells.

The limitations of this study include the absence of glycosylation analysis of anti-PR3 and anti-MPO specific antibodies. Ultimately, only a direct analysis of autoantibody glycosylation would confirm or exclude afucosylated ANCA responses in AAV. Importantly, this does not limit the clincal relevance of our study, as total serum IgG Fc-glycosylation has demonstrated superior performance as potential clinical marker (21). Another limitation of the study is the sample collection, where not all 89 AAV patients were sampled on six occasions from diagnosis to relapse or time-matched remission, leading to missing time points and temporal spread of the time points. The statistical analysis of relatively small groups of patients constitutes another limitation of the study. However, this is strongly mitigated by the longitudinal setup of the cohort. The possibility to partially correct for inter-individual differences in the longitudinal analyses and the repeated observation of the same cross-sectional differences at different time points greatly enhance the statistical confidence in our findings. Nonetheless, for novel findings, which are not a validation or extension of previous studies, external validation with a larger cohort would be prudent to evaluate if these glycosylation differences also enable relapse risk stratification.

In conclusion, our study confirmed several IgG Fc-glycosylation features that may have the potential to predict relapse either independently or in combination with known risk factors. We were able to replicate the reduced IgG Fc-sialylation at relapse reported by Kemna et al. Importantly, we have additionally demonstrated that this gradual decrease in IgG Fc-sialylation happens over a period of six months and could be detected before relapse occurs, irrespective of the rise in ANCA titre. Our study has revealed previously unreported associations with IgG Fc-fucosylation and IgG Fc-bisection as well. Namely, increased afucosylation in combination with an ANCA rise correlated with relapse risk. This correlation might originate from and/or contribute to enhanced inflammation in the wake of a rise in ANCA titre which ultimately leads to relapse. Moreover, our results have indicated changes in IgG Fc-bisection that accompany treatment. Bisection thus correlates with long-term treatment outcomes, while fucosylation and sialylation associate with impending relapse. Consequently, all these features might be used to develop novel predictors of relapse risk.
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Siglecs are well known immunotherapeutic targets in cancer. Current checkpoint inhibitors have exhibited limited efficacy, prompting a need for novel therapeutics for targets such as Siglec-15. Presently, small molecule inhibitors targeting Siglec-15 are not explored alongside characterised regulatory mechanisms involving microRNAs in CRC progression. Therefore, a small molecule inhibitor to target Siglec-15 was elucidated in vitro and microRNA mediated inhibitor effects were investigated. Our research findings demonstrated that the SHG-8 molecule exerted significant cytotoxicity on cell viability, migration, and colony formation, with an IC50 value of approximately 20µM. SHG-8 exposure induced late apoptosis in vitro in SW480 CRC cells. Notably, miR-6715b-3p was the most upregulated miRNA in high-throughput sequencing, which was also validated via RT-qPCR. MiR-6715b-3p may regulate PTTG1IP, a potential oncogene which was validated via RT-qPCR and in silico analysis. Additionally, molecular docking studies revealed SHG-8 interactions with the Siglec-15 binding pocket with the binding affinity of -5.4 kcal/mol, highlighting its role as a small molecule inhibitor. Importantly, Siglec-15 and PD-L1 are expressed on mutually exclusive cancer cell populations, suggesting the potential for combination therapies with PD-L1 antagonists.
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1 Background

Colorectal cancer (CRC) has been referred to as the fourth most diagnosed cancer worldwide and the third leading cause of patient mortality in humans (1). Approximately, 1,931,590 new cases of CRC were reported with 935,137 patient deaths worldwide in 2020 (1). CRC has become increasingly prevalent worldwide as well, with statistical trends indicated cancer-related deaths could reach as high as 71.5% by 2035 (2). Currently, conventional treatments for CRC patients have fallen short as successful therapeutic strategies, due to lacking in patient response, severe side effects and modest specificity consequently resulting in patient mortality and/or tumour recurrence (3). The recent trend of immunotherapy in solid cancers such as melanoma have shown success with blocking antibodies including Nivolumab and Pembrolizumab (4).

The blocking antibodies have also been approved for the treatment of CRC that have a high number of mutations with high microsatellite instability type (MSI-H) tumours (5). However, immunotherapy treatment has some limitations such as effectiveness in limited patient numbers, with acquired resistance to treatment a likely possibility (3). Therefore, a necessity to develop a novel approach to proficiently treat CRC has emerged.

Sialic acid-binding immunoglobulin-type of lectin 15 (Siglec-15) is a recently emerging immune checkpoint protein involved in suppressing the immune system and inducing cancer progression (6). An overexpression of Siglec-15 is commonly observed in various cell types. Most notably, it is upregulated on the surface of tumour cells. Pan-cancer analysis identified that this included various cancers such as CRC, non-small cell lung cancer (NSCLC), lung squamous cell carcinoma (SCC), ovarian cancer (OV), and others (7). Additionally, high Siglec-15 expression has been shown to correlate with increased MSI-H type tumours of CRC patients (8). Interestingly, the expression of both PDL-1 and Siglec-15 are mutually exclusive on cancer cell populations. Therefore, further treatments targeting Siglec-15 are required for Siglec-15 positive tumours.

MicroRNAs (miRNAs) are small non-coding RNA molecules approximately 20-25 nucleotides long capable of binding to the 3’ untranslated region (UTR) of mRNA target molecules and regulating gene expression post-transcriptionally (9). Several miRNAs have shown differential expression profiles in CRC malignancies indicating oncogenic/tumour suppressive roles within CRC development and progression (10). The identification of specific miRNAs that is explicitly involved in CRC progression remains largely unclear. Interestingly, this study has given insights into the possible interactions between miRNAs and oncogenes for considerable strategies for the treatment of SIGLEC15 positive CRC tumours.

The class of compounds, β-amino ketones, bearing an amino group at the beta carbon to ketone functional group is an important pharmacophoric feature employed in the synthesis of numerous natural products, drugs, and bioactive molecules (11). These compounds are biologically active scaffolds that exhibit a wide range of activities including anticancer, anti-inflammatory, antibacterial, antiviral, and antidiabetic etc. (12). In addition, several β-amino derived drugs are currently available for the treatment of various diseases and disorders (13).

Small drug-like molecules that modulate the immune system by targeting defined pathways or cells can improve the effectiveness of cancer immunotherapy (14). As far as our understanding with the literature, small molecules have not been explored for the treatment of Siglec-15 positive tumours by targeting Siglec-15. Considering the β-amino ketone’s biological significance, we synthesised 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one (SHG-8) through a one-step catalytic route using an environmentally benign solid acid nano-catalyst. We believed that the molecule SHG-8 being a small molecule in nature could possibly interact with the therapeutic target Siglec-15 and this could be our leading point towards the development of strategies for CRC treatment. Furthermore, the β-amino ketones affecting miRNA expression and subsequent interactions with genes and pathways in CRC development remains largely unknown. Therefore, it may be possible to identify miRNAs as targets for therapeutic treatment by elucidating their role in CRC development and their association to SIGLEC15 regulation.




2 Materials and methods



2.1 Reagents and instruments

All the starting materials, reagents, and solvents were obtained from Merck and Spectrochem. The synthesis and characterization data of the sulfonic acid-functionalized silica nanospheres (SAFSNS), an environmentally benign solid acid nano-catalyst is available in our recent publication (15). The progress of the synthesis reaction of the SHG-8 molecule was monitored by using thin-layer chromatography (TLC) on silica gel plates and the spots were visualized under ultraviolet light (UV, λ254 nm). Infrared spectra were recorded on a PerkinElmer FTIR spectrophotometer. Mass spectra were measured with an electrospray (ESI-MS) on Shimadzu LCMS-spectrophotometer. 1H and 13C NMR spectra of the SHG-8 molecule were recorded using the Bruker AV-400 NMR spectrometer with tetramethylsilane as an internal standard. High Resolution Mass Spectrum (HRMS) was recorded on an Agilent 6540 HD Accurate Mass QTOF/LC/MS with electrospray ionization (ESI) technique.



2.1.1 Synthesis of 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one

The SHG-8 molecule was prepared in a one-step catalytic reaction by a stirring mixture of acetophenone (1.1 mmol), 4-Bromo benzaldehyde (1 mmol), and aniline (1 mmol) in 1mL of ethanol at room temperature (RT), the sulfonic acid functionalized silica nano spheres (SAFSNS) nano-catalyst (0.03 g) was added. The reaction mixture was stirred at RT for 4h. After completion of the reaction as indicated by Thin Layer Chromatography (TLC), the reaction mixture was placed at ambient temperature to evaporate ethanol and water to obtain a yellow solid. The solid was dissolved in dichloromethane (5mL) at 35°C and filtered to remove the catalyst. The crude product was purified by the recrystallization technique, using an ethanol solvent to afford compound SHG-8 as a light-yellow solid: yield 85%.





2.2 Cell culture and treatments

Human CRC SW480 and GBM cell line U87MG were obtained from ATCC (ATCC, Virginia, USA). Human monocytic cell lines THP-1 and U937 were obtained from ATCC (ATCC, Virginia, USA). Additionally, the human normal colon tissue HcoEPiC cell line was obtained from iXcells Biotechnologies (iXcells Biotechnologies, San Diego, USA). The adherent cell lines SW480 and U87MG were grown using DMEM (Gibco, Bleiswijk, Netherlands) and MEM (Gibco, Bleiswijk, Netherlands) media respectively, and supplemented with 10% FBS (Gibco, Bleiswijk, Netherlands) and 1% penicillin/streptomycin (Gibco, Bleiswijk, Netherlands). Both THP-1 and U937 suspension cell lines were grown using DMEM (Gibco, Bleiswijk, Netherlands) media respectively, and supplemented with 10% FBS (Gibco, Bleiswijk, Netherlands) and 1% penicillin/streptomycin (Gibco, Bleiswijk, Netherlands). Both cell lines were also differentiated into macrophages 48h post- phorbol 12-myristate 13-acetate (PMA) treatment (50ng/mL) for determining cytokine expression. The HcoEPiC cell line was grown using epithelial cell growth media (iXcells Biotechnologies, San Diego, USA) supplemented with 1% antibiotic-antimycotics (iXcells Biotechnologies, San Diego, USA). All cell lines were incubated at 37°C, 5% CO2 and further experimental work was conducted upon reaching a minimum confluency of 80%. SHG-8 was solubilised in DMSO at a stock concentration of 10mM and further diluted for various assay experiments.




2.3 MTT assay

SW480 CRC cells (1.5x104 cells/well) and HcoEPiC cells were seeded at a cellular density of 2.5x104 cells/well onto a 96 well-plate and left to incubate at 37°C, 5% CO2 overnight. Following cell adherence, all wells were treated with varying SHG-8 concentrations: 20µM, 40µM, 60µM, 80µM, 100µM and were incubated for 24h at 37°C, 5% CO2. Following overnight incubation, all wells were treated with 20µL MTT (0.5mg/mL) and were left to incubate for a further 2h at 37°C. The MTT was then removed, and the remaining crystals were treated and solubilised with isopropanol for 30 min on a shaker. Absorbance was then recorded at 540nm using a CLARIOstar plus multi-mode microplate reader (BMG LABTECH, Aylesbury, UK). Average percentage cell viability was calculated.




2.4 Migration assay

In total, 4x105 cells/well were seeded onto a 12-well plate and left to incubate overnight at 37°C, 5% CO2. Following cell adherence, vertical and horizontal scratches were made for each well using a 2µL pipette tip. The wells were then washed with PBS twice. All wells were treated with SHG-8 at 10µM and 40µM concentrations alongside control treatments. Images of the wound area were taken at 0h, 24h, 48h using an Olympus CKX41 inverted microscope (Olympus Life Science Solutions, Stansted, UK) at 4x magnification. All images taken relating to the wound area were then analysed using ImageJ analysis. Plugins for wound healing analysis were obtained from a previous study (16).




2.5 Colony formation assay

In total, 1x103 cells/well were seeded onto a 12-well plate and left to incubate overnight at 37°C, 5% CO2. Following cell adherence, the cells were then treated in triplicate with SHG-8 concentrations at 10µM and 40µM and were placed into the incubator for 24h. Following the 24h treatment period, the treatment was replaced with fresh media and left to incubate at 37°C, 5% CO2 for a period of 7 days. The incubation period was determined by the total number of colonies formed in the DMSO control (colonies were determined as a cluster of cells totalling larger >30 cells). Following the 7-day incubation period, all wells were fixed with 4% PFA for total of 20 min. After fixation, all wells were washed with PBS three times for 5 min each before being stained with 0.1% crystal violet (Pro-Lab Diagnostics, Wirral, UK) for 45 min on a rocker. Following staining, all wells were washed with PBS for 3 min and images of all colonies were taken at 4x and 10x magnifications using an Olympus CKX41 inverted microscope (Olympus Life Science Solutions, Stansted, UK).




2.6 Nuclear fragmentation assay

SW480 cells (4x105 cells/well) were seeded onto coverslips within a 12 well-plate and left to adhere overnight at 37°C, 5% CO2. The cells were treated with: DMSO, 10µM and 40µM SHG-8 as well as 100µM cisplatin for 24h. After the incubation period, all wells were washed with PBS. The cells were then fixed with 4% PFA for a period of 15-20 minutes and kept at RT. The fixation was removed and washed again with PBS. The coverslips were removed and placed onto slides with DAPI Antifade Mounting Medium (2Bscientific, Hatfield, UK). Fluorescent images were taken with an EVOS XL Core Imaging system (Fisher Scientific, Hemel Hempstead, UK) at 40x magnification with the DAPI filter.




2.7 Annexin-V/propidium iodide staining

To determine the stage of apoptosis induction post SHG-8 treatment, a total of 3x106 cells/well were seeded onto a 6 well plate and left to adhere overnight. Following cellular adherence, all wells were treated with control conditions and SHG-8 at 10μM and 40μM conditions for a period of 24h. Following treatment, all wells were washed with ice-cold PBS and 1x106 cells were harvested to 100μL suspensions. The SW480 cells were treated with 1μL of RNase A (10mg/mL) before being labelled with Annexin-V FITC (5μL) and propidium iodide (100μg/mL). Using the dead cell apoptosis kit with Annexin-V FITC and propidium iodide for flow cytometry (Invitrogen, Inchinnan, UK) to each 100μL cell suspension following the manufacturer’s instructions. The cell suspensions were left to incubate at RT for a period of 15 min. Following incubation, 400μL of 1x binding buffer was added to each sample and left on ice before analysing via the Guavasoft 3.1.1 software and guava easyCyte HT system (Merck Millipore, Watford, UK).




2.8 Cell cycle arrest via flow cytometry method

Cell cycle analysis of SW480 cells at sub-G0/G1/S/G2/M phases post SHG-8 treatment was performed via PI staining using the dead cell apoptosis kit with Annexin-V FITC and propidium iodide (Invitrogen, Inchinnan, UK) as per the manufacturer’s instructions. The cells were harvested and treated with 100µg/mL PI and left to incubate for 15 min at RT. The cell suspensions were analysed using the Guavasoft 3.1.1 software and guava easyCyte HT system (Merck Millipore, Watford, UK).




2.9 ROS assay

To determine ROS production, SW480 (1.5x104 cells/well) cells were seeded onto a 96 well-plate and left to incubate overnight at 37°C, 5% CO2. ROS production was determined using the Reactive Oxygen Species (ROS) Detection Assay Kit (Abcam, Cambridge, UK). Following cell adherence, 20µL ROS red dye was added to each of the wells and left to incubate at 37°C, 5% CO2 for 1 hour. After the incubation period, 20µL of each sample treatment was added to each of the wells following manufacturer’s instructions. Fluorescence readings were obtained at 15-, 30-, 45-, 60- and 75-minute intervals at Ex/Em = 520/605 nm using a CLARIOstar plus multi-mode microplate reader (BMG LABTECH, Aylesbury, UK).




2.10 Molecular docking study methods

A model of the Siglec-15 structure was downloaded from the AlphaFold Protein Structure Database with the corresponding UniProt entry Q6ZMC9, as there was no experimental structure available in the Protein Data Bank (17). The COACH server was used to predict protein-ligand binding sites on the AlphaFold model (18). The chemical structure of SHG-8 was obtained in SDF format. Molecular docking was carried out using the web app Webina 1.0.3 which runs Autodock Vina entirely in the web browser (19). The Siglec-15 AlphaFold model was uploaded as the receptor and the SHG-8 SDF file was uploaded as the ligand, both files were automatically converted to the PDBQT format for docking. The grid box was centred around the ARG143 binding site, and the parameters were set as follows: centre_x = -23, center_y = 6, center_z = 13.272 and size_x = 28, size_y =21, size_z = 22. The default settings of 2 CPUs and exhaustiveness of the global search set as 8 were used for docking.




2.11 IF staining

SW480 and U87MG cells (3x105 cells/well) were seeded onto coverslips onto a 12-well plate and left to incubate overnight. Following cell adherence, all wells were washed with PBS three times for 5 min each and then fixed with 4% PFA for a total of 15 min. With the fixation removed and washed with PBS, all wells were treated with a 1% BSA/PBS blocking buffer for 1h before incubating the primary Siglec-15 antibody (Life Technologies Limited, Renfrewshire, UK) at a dilution of 1:500 at 4°C overnight. Following this, the antibody is removed and washed with PBS before treating with an anti-rabbit Alexa-488 secondary antibody (Life Technologies Limited, Renfrewshire, UK) at a dilution of 1:500 for 1h at RT. The coverslips were then placed onto microscope slides and visualised with an EVOS XL Core Imaging system (Fisher Scientific, Hemel Hempstead, UK) at 40x magnification with the DAPI and GFP filter.




2.12 Siglec-15 expression via flow cytometry method

SW480 cells were seeded at a density of 3x106 cells/well onto a 6 well plate and left to adhere overnight. Following cell adherence, the cells were treated with varying SHG-8 concentrations and controls for 24h. Post-treatment, the cells were washed with ice-cold PBS and harvested with 10mM EDTA at a cellular density of 1x106 cells and resuspended in 2% BSA : PBS (fluorescence activated cell sorting buffer- FACS buffer). The cells were washed with ice-cold PBS and centrifuged at 200xg for 5 min twice. The cell samples were then resuspended in FACS buffer alongside the addition of a monoclonal Siglec-15 primary antibody (R&D Systems, Minneapolis, USA) (0.25µg) raised in mouse and left to incubate on ice for a period of 45 min. Following incubation, the cells were washed with ice-cold PBS and centrifuged at 200xg for 5 min twice before being resuspended in FACS buffer. Each cell suspension was treated with an anti-mouse Alexa- 488 secondary antibody (Life Technologies Limited, Renfrewshire, UK) and left to incubate on ice for a period of 30 min in the dark. After the secondary antibody incubation, the cells were washed once more with ice-cold PBS and centrifuged before being resuspended in FACS buffer for analysis via the guava easyCyte HT system (Merck Millipore, Watford, UK) and Guavasoft 3.1.1 software.




2.13 Cytokine expression via enzyme-linked immunosorbent assay method

The secretion of pro-inflammatory cytokines TNF-α and IL-1β were evaluated in THP-1 and U937 differentiated macrophages following SHG-8 treatment. Both cell lines were differentiated into macrophages with PMA (50ng/mL) for 48h prior to 40µM SHG-8 treatment and LPS (50ng/mL) stimulation for 24h. The supernatant was harvested and were placed as duplicates onto microwell strips alongside standards using the respective cytokine human ELISA kit (Life Technologies Limited, Renfrewshire, UK) after several wash steps as per the manufacturer’s instructions. 50µL of biotin-conjugate were added to all the strips and were left to incubate at RT for 2h on a microplate shaker. Following the incubation period, the strips were washed and 100µL of streptavidin-HRP were added to all the strips for 1h. The strips were then washed again following the incubation period. After consecutive wash steps, 100µL of TMB substrate solution were added to all wells and left to incubate at RT for 10 min or until a noticeable colour change was observed. Following colour development, 100µL of stop solution were added to each of the strips and was then measured at 620nm using a CLARIOstar microplate reader (BMG LABTECH, Aylesbury, UK).




2.14 RNA extraction and RT-qPCR methods

Total RNA was extracted from SW480 cultured cells 24hrs post-treatment under the following conditions: DMSO, SHG-8 10μM and 40μM as well as 100μM cisplatin using the TRIzol method (Life Technologies Limited, Renfrewshire, UK). RNA quality and quantity of all treated samples for gene and miRNA expression analyses were evaluated using a Nanodrop ND-1000 spectrophotometer UV-Vis Nanogen Inc. (Marshall Scientific, Hampton, USA). Following quantification, expression measurement analysis of treated samples had undergone Dnase treatment with the Rnase-free Dnase set respectively (Qiagen, Hilden, Germany). In brief, the mRNA samples for gene analysis were directly subjected to cDNA synthesis and subsequent RT-qPCR was performed using the High-Capacity cDNA reverse transcription kit (Applied Biosystems, Massachusetts, USA) followed by the Taqman Fast Advanced Mastermix, no UNG (Applied Biosystems, Massachusetts, USA) and PowerUp SYBR Green Mastermix (Applied Biosystems, Massachusetts, USA for probe-based and SYBR green qPCR analyses. SYBR green primer sequences involved in analysis are as follows: GAPDH forward (GGAGCGAGATCCCTCCAAAAT) and reverse (GGCTGTTGTCATACTTCTCATGG) and PTTG1IP forward (GTCTGGACTACCCAGTTACAAGC) and reverse (CGCCTCAAAGTTCACCCAA). All treated samples collected for miRNA expression analysis were further purified and subjected to miRNA enrichment with the miRvana miRNA Isolation Kit (Life Technologies Limited, Renfrewshire, UK). Following this, miRNA samples were further quantified for their RNA quality and quantity prior to reverse transcription with the TaqMan MicroRNA Reverse Transcription kit (Applied Biosystems, Massachusetts, USA). RT-qPCR of individual Taqman miRNA assays (Applied Biosystems, Massachusetts, USA) were performed using the TaqMan Universal Mastermix II, no UNG (Applied Biosystems, Massachusetts, USA) following manufacturer’s instructions. All samples were performed in triplicate using the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems, Massachusetts, USA). GAPDH and U47 used as housekeeping controls respectively. Relative expression of SIGLEC15 and candidate miRNAs and genes were performed using the 2–ΔΔCt method.




2.15 Small-RNA sequencing

To determine the differential expression of miRNAs treated with SHG-8, sRNA-seq was outsourced to Biomarker Technologies (Biomarker Technologies, Inc., CA, USA). SW480 cells were subjected to 24hrs SHG-8 treatment prior to total RNA extraction via TRIzol reagent method. The purity and quantity of each RNA sample was processed using a Nanodrop ND-1000 spectrophotometer UV-Vis Nanogen Inc. (Marshall Scientific, Hampton, USA) and 4150 TapeStation System (Agilent Technologies, California, USA). All samples were recorded with RIN numbers >7.0. The resulting data was subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene Set Enrichment Analysis (GSEA) and Gene Ontology (GO) to identify enriched pathways, biological processes, molecular function, and cellular components in relation to CRC.




2.16 UALCAN datamining

The UALCAN database (http://ualcan.path.uab.edu, accessed on 9 May 2023) was utilised for TCGA cancer genomic analysis and is presented as a tool for cancer transcriptomics. Utilising TCGA genomic data, the expression of selected miRNAs was compared among both tumour and normal subgroups. PTTG1IP expression in normal and tumour subgroups were also compared at the protein level.




2.17 Statistical analysis

MTT assays for both SW480 and HcoEPiC cell lines and colony formation assays evaluating the effect of SHG-8 on cancer cells and cytokine secretion of SHG-8 treated THP-1 and U937 differentiated macrophages were compared using the one-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test to identify any statistical significance. The migration assay compared all treatment conditions with Welch’s one-way ANOVA followed by Dunnett’s multiple comparison post-hoc test. Additionally, determining the effect of ROS production in the induction of apoptosis used the two-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. RT-qPCR expression analyses of SIGLEC15, gene targets and candidate miRNAs were compared with the one-way ANOVA statistical test and Dunnett’s multiple comparison test. Genomic and proteomic data of candidate miRNAs and gene targets between normal and tumour subgroups were compared with an unpaired student’s t-test. Statistical analysis was performed using GraphPad prism 8. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001 were considered as statistically significant.





3 Results



3.1 Synthesis and characterisation of β-amino ketones

The 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one SHG-8 molecule was synthesised efficiently using our in-house developed environmentally benign solid acid nano-catalyst (SAFSNS) at ambient temperature and in good yield. The compound SHG-8 was characterized by spectroscopic techniques including IR, Mass, 1HNMR and 13C NMR and melting point that accurately matches with the literature data (20). The observed melting point of compound SHG-8 was 122-126°C that corresponds to the literature melting point (123–127°C). The sharp peak at 3391 (medium) and 1667 (strong) cm-1 in IR spectrum indicated the presence of -NH and C=O group respectively (Figure 1A). In the 1H NMR spectrum of compound SHG-8 (Figure 1B), the two COCH2 protons appeared as multiplet at δ 3.41-3.45 and the one NH proton appeared as singlet at δ 4.56. The one CH proton next to NH group appeared as a triplet at δ 4.96. The fourteen aromatic protons were observed in the downfield region, including a doublet at δ 6.53 (J = 8 Hz) for two protons, triplet at δ 6.68 for one proton, multiplet at δ 7.07-7.11 for two protons, doublet at δ 7.31 (J = 8Hz) for two protons, multiplet at δ 7.42-7.57 for four protons, multiplet at δ 7.55-7.57 for one proton and a doublet at δ 7.79 (J = 8 Hz) for two protons. The 13C NMR spectrum of compound SHG-8 (Figure 1C) was also in full agreement with the assigned structures showing fifteen peaks at δ 45.9, 54.1, 113.8, 118.6, 121.3, 128.2, 128.3, 128.8, 129.4, 132.0, 133.7, 136.7, 142.3, 146.3, 197.9. The MS (ESI) spectra showed M++H peak at m/z 380 (Figure 1D) and in the HRMS (ESI) spectra (Figure 1E) the m/z peak is found at 380.0639 matching with the calculated m/z for C21H19BrNO [M+H]+ which is 380.0645, showing the delta value 0.0006.




Figure 1 | Spectra of compound 4 (SHG-8). (A) FTIR spectrum. (B) 1H NMR spectrum in CDCl3. (C) 13C NMR spectrum CDCl3. (D) ESI-MS spectrum. (E) High-resolution mass spectrum (HRMS).






3.2 Cytotoxic ability of SHG-8 on CRC cells

The cytotoxic effect of SHG-8 was evaluated in vitro on the SW480 CRC cell line via MTT, wound healing and colony formation assays (Figure 2). Using cisplatin as a positive control, SHG-8 has demonstrated a significant dose-dependent cytotoxic effect on the SW480 cell line with an IC50 value of ~20μM, and significant cell death of ~90% upon reaching 80-100μM concentrations (p<0.0001) (Figure 2B). Wound healing has also shown an anti-tumour effect on cellular migration with the SHG-8 40μM concentration showing significant reduction of 15.37% at 24 hours (p<0.05) (Figure 2C). Additionally, both SHG-8 10µM and 40µM concentrations have shown similar reductions for 48 hours at 13.22% and 13.28% respectively in comparison to the DMSO control, possibly only effective in the early time points. SHG-8 has also shown a significant negative effect on colonisation of cancer cells (Figures 2E-G). Both 10µM and 40µM SHG-8 concentrations produced no colonies on the plate as also observed with the cisplatin control (p<0.0001) (Figure 2G).




Figure 2 | The anti-tumorigenic effect of the β-amino ketone SHG-8 against SW480 CRC cancer cells in vitro. (A) The molecular structure of compound SHG-8. (B) MTT assay was conducted to determine the IC50 of SHG-8 24 h post-treatment and to evaluate its cytotoxic effects in vitro (N=5). Data is presented as mean ± SEM. One-Way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001. (C) Migration assay was conducted to evaluate the effect of SHG-8 on cellular migration following 48h post-treatment (N=3). Data is presented as mean ± SEM. Welch’s One-Way ANOVA followed by Dunnett’s multiple comparison post-hoc test. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. (D) 4x microscopic images taken of the wound area across all treatment conditions over the 48h treatment period. Images were analysed via ImageJ with inserted plugins outlined by Suarez-Arnedo et al., 2020. (E) Visual image outlining the 12-well plate utilised for the colony formation assay 7-days post-treatment. (F) 4x and 10x microscopic images taken of SW480 cellular colonies of the DMSO condition 7-days post-treatment. Colonies were counted as clusters of cells >30. (G) Colony formation assay outlining the effect of SHG-8 on SW480 colony formation and cell proliferation 7 days post-treatment (N=3). Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. **** P<0.0001 were considered as statistically significant.






3.3 SHG-8 induced apoptosis in SW480

SHG-8 was evaluated on whether it could induce apoptotic cell death to produce its cytotoxic effect (Figure 3). DAPI staining was performed to see cell fragmentation as a marker of apoptosis. Initially, SHG-8 induced apoptosis in a dose-dependent manner with nuclear fragmentation occurring at both 10μM and 40μM concentrations (Figure 3A). Morphological changes of the cancer cells were also apparent; with irregular structural changes indicating a consequential effect of nuclear fragmentation; shown with white arrows. Furthermore, dual staining with Annexin-V and PI has shown significant apoptosis induction in cisplatin 100μM, SHG-8 10μM and 40μM conditions in comparison to the DMSO control (Figure 3B). The cisplatin condition had a larger percentage of cells within early apoptosis at 13.88% (lower right quadrant) whilst both SHG-8 10μM and 40μM conditions had a larger percentage of cells exhibiting late apoptosis induction (upper right quadrant) at 15.74% and 17.75% respectively when compared to DMSO. All conditions have shown a minimal number of cells exhibiting necrotic like features (upper left quadrant). Moreover, cell cycle arrest analysis of SHG-8 treated SW480 cells have shown an increased presence in the G2/M phase with SHG-8 at 10μM (13.314%) and 40μM (16.168%) which demonstrated the greatest increase in comparison to the DMSO control condition (10.968%) (Figure 3C). Cisplatin shows the greatest number of cells present in the S phase (12.802%) of the cell cycle in comparison to SHG-8 treatments of 10μM and 40μM at 5.954% and 5.975% respectively. Further to this, there are minimal cell populations present in the sub-G0 phase in all treatment conditions. Additionally, a ROS assay was performed to investigate the role of ROS production on the likelihood of apoptosis induction (Figure 3D). From this, it can be inferred that ROS production seemingly exhibited no effect on cell death.




Figure 3 | SHG-8 induced concentration-dependant apoptosis however the mechanism of action is not ROS-mediated. (A) Nuclear fragmentation assay determined if SHG-8 could induce apoptosis at various treatment concentrations, white arrows indicate nuclear fragments and irregular cellular morphology 24 h post-treatment at all treated conditions (N=3). (B) Annexin-V/propidium iodide (PI) staining of SW480 cells treated with SHG-8 at 10µM and 40µM conditions via flow cytometry to determine apoptosis induction post-treatment, dot plots are divided into four quadrants. FITC negative and PI positive (upper left quadrant) represents cells undergoing necrosis. FITC positive and PI positive (upper right quadrant) represents cells undergoing late apoptosis. FITC negative and PI negative (lower left quadrant) represents live viable cells. FITC positive and PI negative (lower right quadrant) represents cells undergoing early apoptosis. (C) Cell cycle arrest analysis of SW480 cells at sub-G0/G1/S/G2/M phases of the cell cycle when treated with DMSO control (green), cisplatin 100µM (light blue), SHG-8 10µM (dark blue) and SHG-8 40µM (pink) conditions. (D) ROS assay was utilised to determine if SHG8 could induce ROS production to infer a mechanism of action to promote apoptosis. Fluorescence intensity was measured at 520/605nm over a 2-hour period at 15 min intervals (N=4). Data is presented as mean ± SD. Two-way ANOVA followed by Dunnett’s multiple comparison post-hoc test was conducted. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001 were considered as statistically significant.






3.4 Molecular docking of Siglec-15 and expression analysis

The top ranked binding site predicted by the COACH server included the amino acid residues of Siglec-15 at positions: 44, 70, 143,152,153,154,155 and 157 (Supplementary Figure 1) and the region selected as the target site for docking was predicted with very high confidence by AlphaFold. The highest predicted binding affinity between SHG-8 and Siglec-15 was -5.4 kcal/mol and the docking pose revealed that SHG-8 binds around a narrow cleft on the surface of the protein. The amino acid residues that form the cleft and are within 5.0 Å of SHG-8 include: Arg153, Glu145, Ala147, Phe146, Pro76, Ala97, Ala96, Ala98, Arg94 and Ala107 (Figure 4A). The binding affinity for mode two was -5.2 kcal/mol. The amino acid residues with atoms within 5.0 Å of SHG-8 mode 2 include: Trp44, Tyr87, Tyr154, Arg143, Asp152, Arg153. Later investigations looked at Siglec-15 expression in vitro which tested positive for expression with a highly expressed Siglec-15 positive cell line (U87MG) for comparison via fluorescence staining methods (Figure 4B). RT-qPCR methods were used to determine the expression of SIGLEC15 when treated with SHG-8. RT-qPCR methods have shown that SHG-8 regulates SIGLEC15 expression. We have identified a downregulation of SIGLEC15 respectively at both SHG-8 10µM and 40µM treated conditions (p<0.5, p<0.01, p<0.0001) (Figure 4C). However, Siglec-15 protein expression via flow cytometry methods highlighted no significant difference in expression level when treated with SHG-8 at 10μM and 40μM conditions in comparison to the DMSO control (Figure 4D).




Figure 4 | The effect of SHG8 treatment on SIGLEC15 expression. (A) Docking study for SHG-8 binding on the Siglec-15 protein structure. (B) Positive Siglec-15 protein expression validated in vitro on SW480 CRC cancer cells in comparison to the U87MG Siglec-15 positive cell line (N=3). (C) SIGLEC15 expression across various treated SHG-8 conditions 24h post- treatment via RT-qPCR methods (N=3). SHG-8 was shown to reduce SIGLEC15 expression in vitro. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test, *P<0.05, **P<0.01. (D) Flow cytometry analysis of Siglec-15 protein expression of SW480 cells when treated with DMSO control (light blue), cisplatin 100µM (dark blue), SHG-8 10µM (pink) and SHG-8 40µM (red). There was no significant difference in the level of protein expression upon SHG-8 treatment exposure.






3.5 SHG-8 toxicity is reduced in colon epithelial cells and inhibits pro-inflammatory cytokine secretion in stimulated macrophages

To determine if SHG-8 poses a cytotoxic effect on normal colon epithelial cells, an MTT assay was conducted using HCoEPiC cells at varying SHG-8 concentrations (Figure 5A). SHG-8 has shown no significant difference in cell viability at 20µM which was the determined IC50 value in SW480 cells. However, increasing SHG-8 concentrations affect cell viability ranging from 77.18% at 40µM to 45.26% at 100µM concentration in comparison to 32.97% at 40µM to 5.41% at 100µM at the same concentration range in SW480 cells. Moreover, the IC50 value for HCoEPiC treated cells was found around 90µM, which is significantly higher than SW480 cells highlighting lower toxicity. In addition to this, to determine the effect of pro-inflammatory cytokine secretion in immune cells in the presence of SHG-8, the cytokine levels of TNF-α and IL-1β were determined 24h post SHG-8 treatment and LPS (50ng/mL) stimulation (Figures 5B-E). LPS stimulation significantly enhanced pro-inflammatory cytokine secretion of TNF-α and IL-1β in both differentiated macrophage cell lines in comparison to the control group (p<0.0001). In addition to this, SHG-8 treatment at 40µM reduced the LPS-triggered pro-inflammatory cytokine release from differentiated macrophages in all variable conditions. Furthermore, upon exposure to SHG-8 only at 24h, there is a significant reduction in inflammatory cytokine secretion with lower TNF-α secreted in U937 (7.731ng/mL) and IL-1β in THP-1 cells (11.52ng/mL).




Figure 5 | SHG-8 toxicity is reduced in colon epithelial cells and inhibits pro-inflammatory cytokine secretion in stimulated macrophages (A) MTT assay was conducted on normal colon epithelial HCoEPiC cells to determine the IC50 of SHG-8 24h post-treatment and to evaluate its cytotoxic effects in vitro. Data is presented as mean ± SEM. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001. (B) TNF-α cytokine secretion in LPS stimulated THP-1 differentiated macrophages post SHG-8 exposure. SHG-8 normalises TNF-α secretion following LPS stimulation. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001. (C) TNF-α cytokine secretion in LPS stimulated U937 differentiated macrophages post SHG-8 exposure. SHG-8 normalises TNF-α secretion in stimulated macrophages and inhibited the presence of the pro-inflammatory cytokine at the 40μM only condition. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, ** 0.01. (D) IL-1β cytokine secretion in LPS stimulated THP-1 differentiated macrophages post SHG-8 exposure. SHG-8 reduced IL-1β secretion and inhibited the presence of the pro-inflammatory cytokine at 40μM only condition in comparison to the control group. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, *** 0.001, **0.01. (E) IL-1β cytokine secretion in LPS stimulated U937 differentiated macrophages post SHG-8 exposure. SHG-8 reduced IL-1β secretion following LPS stimulation. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, **0.01.






3.6 sRNA-seq revealed dysregulation of miRNAs by the treatment of SHG-8 on CRC cells

SRNA-seq analysis of mRNA SHG-8 treated samples identified clear differential miRNA expression between SHG-8 treatment and control conditions via constructed heat map (Figure 6A). Analysis also identified 185 differentially expressed miRNAs via volcano plot (Figure 6B). Of those, 106 genes were identified as significantly downregulated, and 79 genes were significantly upregulated having shown a two-fold change in expression. The top 5 most significantly downregulated miRNAs were identified as novel miR-1031/1130/503/993 whilst the top 5 most significantly upregulated miRNAs were listed as novel miR-1401/1065/233/1431 and hsa-miR-6715b-3p. Differential expression also classified COG functions which were correlated largely with signal transduction mechanisms and functions related to translation, ribosomal structure, and biogenesis (Figure 6C). KEGG pathway analysis depicted that signalling pathways related to autophagy and senescence were all enriched (Figure 6D). GO classification identified several biological processes were elevated including regulation of cellular components, cellular response, and regulation of immune cell apoptotic processes (Figure 6E). Additionally, cellular components relating to lysosomes and vesicles were enriched (Figure 6F). Furthermore, nucleic acid binding displayed the most enriched molecular function followed by GTP binding and specific protein domain binding (Figure 6G).




Figure 6 | SHG-8 induces differential expression of miRNAs in CRC cells. (A) A constructed heat map illustrating differential miRNA expression in the SHG-8 treated and untreated group. (B) A volcano plot was constructed to illustrate the top 5 upregulated and downregulated miRNAs between the SHG-8 treated and untreated groups. (C) COG functional analysis was conducted to determine the differential expression of miRNAs and associated enriched pathways. (D) KEGG pathway analysis identifying enriched signalling pathways between SHG-8 treated and untreated groups. (E) GO classification determining enriched biological processes relating to differentially expressed miRNAs. (F) GO classification for enriched cellular components relating to differentially expressed miRNAs. (G) GO classification for molecular function relating to differentially expressed miRNAs.






3.6 RT-qPCR and in silico analysis of miR-6715b-3p and PTTG1IP in SW480 cells

To investigate the expression profile of miR-6715b-3p in CRC, UALCAN TCGA genomic data was used to confirm sRNA-seq findings (Figure 7) and analysed its expression in the CRC tumour group compared to a normal subgroup (Figure 7A). The mean expression level of miR-6715b-3p in the tumour group was 0.655 while in the normal tissue subgroup, the mean expression level was 6.949, indicating a significant substantial dysregulation (p<0.05) of miR-6715b-3p in CRC. To confirm the validity of miR-6715b-3p expression in CRC outlined via in silico analysis, RT-qPCR analysis determined the relative expression of miR-6715b-3p in vitro between SHG-8 treated and untreated conditions (Figure 7B). The resulting data demonstrated a significant increase in the expression of miR-6715b-3p (p<0.01) following SHG-8 treatment at both 10µM and 40µM concentrations in comparison to the untreated control. Therefore, confirming the observed increase in miR-6715b-3p expression identified by high-throughput sequencing. Furthermore, sRNA-seq analysis identified that miR-6715b-3p is involved in regulating PTTG1IP, a possible oncogene in CRC. To investigate the differential expression of the PTTG1IP protein between normal and tumour subgroups, in silico analysis was performed using proteomics data (Figure 7C). In silico analysis revealed significant upregulation of PTTG1IP protein expression in the CRC tumour subgroup with a mean expression of 0.00 compared to their corresponding normal tissue subgroup with a mean expression of -0.554 (p<0.05). To assess the expression profile of PTTG1IP at the gene level in CRC cells, RT-qPCR analysis on SHG-8 treated and control subgroups was conducted to evaluate its relevance in CRC (Figure 7D). The RT-qPCR results revealed that PTTG1IP expression was significantly downregulated in both 10µM and 40µM SHG-8 treated conditions with a relative expression of 0.525 and 0.449 respectively compared to the control group (p<0.01, p<0.001). The mean relative expression of PTTG1IP in treated SW480 cells were 1.12-fold lower than in untreated cells, indicating an SHG8-treatment induced effect on PTTG1IP regulation in SW480 cells.




Figure 7 | In silico analysis and RT-qPCR validation of sRNA-seq analysis. (A) TCGA genomic data for miR-6715b-3p expression in normal (clear) and CRC tumour groups (red) box plots. Unpaired student’s t-test *P<0.05. (B) Relative expression of miR-6715b-3p in SHG-8 treated and untreated conditions in vitro. One way ANOVA followed by Dunnett’s multiple comparison post-hoc test **P<0.01. (N=3). (C) TCGA proteomics data for PTTG1IP expression in normal (clear) and CRC tumour groups (red) box plots. Unpaired student’s t-test *P<0.05. (D) Relative expression of PTTG1IP in SHG-8 treated and untreated conditions in vitro. One way ANOVA followed by Dunnett’s multiple comparison post-hoc test ***P<0.001, ****P<0.0001. (N=3).







4 Discussion

To treat CRC cases, conventional front-line treatments would involve the usage of chemotherapy, surgery and radiotherapy or a combination of each to improve patient response (21). Despite several advances in CRC diagnosis, prognosis, and disease management and even development of new treatment strategies, ultimately it has fallen short (22). In last few decades, the targeted anticancer drugs including small molecules and macromolecules, have gained much attention due to their ability to specifically target cancer cells and spare normal cells and thus they possess high potency and low toxicity. In comparison to macromolecular targeted drugs, the small molecule targeted drugs have several advantages such as low cost, better pharmacokinetic properties, patient compliance, and easy storage and transportation and therefore considered favourable for anti-cancer drug development (23).

In recent years, small molecule targeted therapies have emerged as a promising approach for the treatment of various cancers including CRC preventing metastasis and cancer progression (24). Bearing in mind the significance of small molecules for CRC, we decided to explore the efficacy of the β-amino ketone (SHG-8) for CRC by targeting the Siglec-15/Sia axis.

The SHG-8 compound is a small molecule that contains three aromatic rings connected by a β-amino ketone. A halogen group is introduced to an aromatic ring to enhance lipophilicity and hydrophobicity. The efficient synthesis of β-amino ketones can be achieved through a one-step three-component Mannich reaction involving an amine, aldehyde, ketone, and a catalyst (25). Various catalytic systems have been explored, however, they suffer from drawbacks such as long reaction times, high temperatures, cost, low recyclability, and challenges in product separation and purification (26). Moreover, some catalysts pose environmental risks due to their corrosiveness and toxicity. In line with the United Nations Sustainable Goals (SDGs), a suitable and recyclable heterogenous catalyst for the Mannich reaction was developed. The heterogenous nano-catalyst SAFSNS, was synthesised and characterized by our reported procedure (15).

This study presents the development of an efficient, environmentally friendly catalytic process using a solid acid nano-catalyst (SAFSNS) for the one-pot condensation of aromatic ketones, aldehydes, and amines to yield the β-amino carbonyl compound (SHG-8). Further investigations are underway to explore the synthesis of a range of β-amino carbonyl compounds using the SAFSNS nano-catalyst.

It’s evident from the experimental results that the β-amino ketone compound SHG-8 has significant cytotoxicity in vitro. At an IC50 of approximately 20µM, SHG-8 has shown a higher treatment efficacy in comparison to current available treatments such as cisplatin. It has been reported that cisplatin displayed an IC50 of 23.61µM in CRC cells (27). Similar to what was observed in this study. This suggests the use of SHG-8 as a small molecule inhibitor as more effective at displaying anti-tumorigenic properties in comparison to cisplatin. Similarly, combination therapies were required to increase the efficacy of cisplatin drug treatment due to cancer cells developing resistance (28). In addition, wound healing assays demonstrated that cisplatin and the 40μM SHG-8 treated condition significantly reduced cellular migration across 24 hours. However, at the 48-hour time point, only cisplatin was able to achieve this effect. Moreover, all treated conditions displayed significant inhibition on cell proliferation as no colonies were formed. This also correlated similarly with other treatments including combination therapies and small molecule inhibitors inhibiting the proliferation of CRC cells in vitro (29).

The nuclear fragmentation assay inferred the occurrence of apoptotic cell death at increasing SHG-8 concentrations. This observation correlated with several other compounds including conventional and non-conventional treatment methods such as cisplatin which are also capable of modulating apoptosis in multiple cancer types (30). These images corresponded with cellular features commonly associated with apoptosis including nucleus fragmentation, irregular morphology, and cell shrinkage via caspase functional activity cleaving peptide bonds of nuclear proteins (31). In contrast, induced cell cycle arrest at the G2/M phase post-treatment observed via PI staining suggests prolonged generation of double stranded breaks within the DNA helical structure, hence the possibility of apoptosis induction (32). However, the rate of apoptosis induced by SHG-8 treatment was rather low, thus suggesting that other types of cell death pathways may be triggered by SHG-8.

The transition from G2 to M phase is highly regulated via several proteins including p53. Cellular exposure to SHG-8 might enhance the activity of p53 prompting p53-dependant G2 cell cycle arrest thereby inhibiting cancer proliferation (33). It could further propose specific mechanistic action of SHG-8 to inhibit tumour proliferation. Furthermore, SHG-8 exhibits similar apoptotic induction to other small molecule inhibitors including DMOCPTL, MLN4924 and RGX-202 used in several cancer types including triple negative breast cancer (TNBC), lung cancer and CRC (34–36). Additionally, there are previous reports stating that cisplatin significantly enhanced the presence of cells within the S phase of the cell cycle, this is in agreement with our findings (37). Another possible mechanistic explanation may involve ROS production and could be the underlying cause for which apoptosis occurs. Overstimulated ROS production within a tumour microenvironment could cause severe damage to various proteins and metabolites inducing the activation of apoptosis and related signalling pathways (38). However, this is not the case of SHG-8 as ROS production remained consistent throughout with only the positive control showing significant ROS generation. This suggested that apoptosis induction is modulated via a similar yet distinct signalling pathway, although the exact mechanism of activation remains unclear up to this point (39).

There is also growing evidence associating SIGLEC15 upregulation with the development of cancer and its role in the progression of various types of tumours comprising of head and neck squamous cell carcinomas (HNSCC), liver hepatocellular carcinomas (LIHC), lung adenocarcinoma (LUAD), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), thyroid carcinoma (THCA) and many others including colorectal adenocarcinomas (COAD) tumours (7, 8, 40). Simultaneously, immune checkpoint proteins including Siglec-15 and PD-L1 have specified key roles in the proliferation of cancer cells and are able to modulate cancer progression (41, 42). In particular, Siglec-15 is also expressed on mutually exclusive populations of cancer cells with respect to PD-L1 (43). Therefore, this could pave the way for combination therapies with PD-L1 and Siglec-15 antagonists. Thus, in this study, elucidating candidate miRNAs as therapeutic targets for CRC progression could provide insights to treating Siglec-15 positive tumours and PD-L1 negative tumour patients.

Notably, it is understood that Siglec-15 functional activity requires canonical glycan binding. It has been reported that interactions with essential arginine amino acid residues were necessary for the formation of salt bridges with sialic acid carboxylates (44). Our docking studies aimed to elucidate potential binding sites of the Siglec-15 protein structure. The docking study located amino acid residues within 5.0 Å of SHG-8 including ARG143, an amino acid residue that has been previously reported for glycan ligand binding (45). Thereby suggesting SHG-8’s role as a small molecule inhibitor.

To determine the role of SHG-8 on CRC, Siglec-15 was shown to have positive expression in vitro. With SHG-8 treatment, RT-qPCR methods indicated SIGLEC15 expression was significantly reduced. Several mechanisms maybe involved in the regulation of SIGLEC15 expression. A previous report identified hsa-miR-582-5p/TUG1 axis to be involved in pancreatic adenocarcinomas (PAAD) (46). Similarly, the LINC02432/hsa-miR-98–5p/HK2 axis also correlated with SIGLEC15 regulation in hepatocellular carcinomas (HCC) (47). Therefore, it may be possible that SIGLEC15 is regulated through a similar mechanism. However, we have found no significant difference in Siglec-15 protein expression upon SHG-8 treatment. It may be possible that Siglec-15 binding and regulation at the gene level could in fact regulate apoptosis induction and subsequent pathways resulting in cancer cell death. It was previously reported that Siglec-15 knockdown could reduce STAT3 signalling thus inhibiting cellular proliferation and inducing apoptosis in osteosarcomas (48).

The effect of SHG-8 on HCoEPiC cells has demonstrated that the IC50 value at 90μM shares significantly lower potency in epithelial cells in comparison to the IC50 value at 20μM in SW480 cells. Similarly, a previous study highlighted Actein, a triterpene glycoside, significantly inhibited SW480 and HT-29 cells in vitro whilst exhibiting reduced anti-proliferation effects in HCoEPiC cells (49). Furthermore, MOG13 a selective inhibitor for CRC treatment, witnessed a concentration-dependant reduction in cellular viability when exposed to drug treatment (50). This could suggest that significantly higher concentrations from 40μM onwards could sensitise HCoEPiC cells towards SHG-8 treatment. Although, there was cell death at higher SHG-8 concentrations, the toxicity that was observed emphasises the effectiveness of SHG-8 as a treatment alternative and suggests reduced adverse effects in comparison to cisplatin treatment.

Chronic inflammation can play a crucial role in cancer development and progression (51). Secretion of pro-inflammatory cytokines including TNF-α and IL-1β can intrinsically contribute to the formation of the TME and systemic immunosuppression could be stimulated by cell populations including TAMs (52). Consequently, resulting in chronic inflammation and cancer progression. SHG-8 exposure has indicated a suppressive effect on the secretion of both TNF-α and IL-1β in the presence of LPS stimulated macrophages highlighting a possibility in preventing the occurrence of inflammation and the TME. In addition to this, reduced inflammatory cytokine secretion could also correlate with negligible ROS production as was seen in the ROS assay for SW480 cells.

The constructed heat map identified several clusters of miRNAs that were differentially expressed between the SHG-8 treated and untreated groups. Mir-1303 is one such differentially expressed miRNA which showed downregulated expression in the treatment group. This miRNA has typically shown upregulated expression and was capable of inducing tumour cell proliferation and invasion in various cancer types including CRC (53). Likewise, miR-940 has shown differential expression displaying downregulated expression in the treatment group. MiR-940 upregulation has consistently been shown to contribute to tumour progression in cancer types such as PAAD and cervical carcinomas (CC) (54). Moreover, miR-543 was shown to be downregulated in several tumour types including CRC by exhibiting a tumour suppressive role and inhibiting tumorigenesis (55). In the treatment group, miR-543 has shown increased expression supporting the conclusion in its role as a tumour suppressor. In addition to this, there have also been several reports of anti-tumorigenic drug compounds capable of affecting miRNA expression (56–58). Therefore, it is highly likely that SHG-8 could is involved in modulating miRNA expression profiles in order to inhibit cancer progression.

The differential expression for many miRNAs has shown that SHG-8 is compatible as a small molecule inhibitor and is capable of inducing changes to miRNA expression to inhibit cancer proliferation. To answer the question of whether the downregulation of SIGLEC15 is mediated by miRNAs, sRNA-seq analysis was performed between SHG-8 treated and untreated conditions. Several miRNAs were shown to be differentially expressed with the SHG-8 treatment; however, we did not find miRNAs that significantly affect SIGLEC15 expression with the treatment. The downregulation of Siglec-15 could be an effect of DNA methylation and/or by an effect of transcriptional regulation. Nevertheless, we found miR-6715b-3p to be the most upregulated miRNA. With minimal evidence in the literature for the novel miRNAs, miR-6715b-3p has been previously identified as integral in the modulation of autophagy through SESN1 targeting in Huntington’s disease and was also found to be downregulated in prostate adenocarcinomas (59, 60). In this study, in silico analysis and RT-qPCR methods confirmed miR-6715b-3p expression in vitro in SHG-8 treated conditions. It is possible that miR-6715b-3p acts as a tumour suppressor miRNA and could regulate oncogenes in regard to CRC progression. It has been reported that miR-6715b-3p could work in conjunction with other miRNAs to display superior anti-proliferative activity such as miR-34a (61). Supporting the likelihood that miR-6715b-3p could possess an important role in regulating key gene targets associated with CRC progression and improve on current therapeutics.

sRNA analysis has shown gene targets to be involved in multiple pathways and biological/molecular functions. KEGG pathway analysis detailed enriched signalling pathways related to autophagy and senescence when subjected to SHG-8 treatment. It is possible that miRNAs can regulate these pathways to inhibit tumorigenesis. Several miRNAs including miR-145 have been reported to promote autophagy via various signalling pathways (62–64). Likewise, several miRNAs including miR-15/17/19/21/24/29/34/101 have shown signs of modulating senescence in cancer development (65). MiRNA’s have also shown involvement in tumorigenic signalling regulation as well.

Several biological processes that were enriched included the regulation of immune cell apoptosis and cellular response. It is possible that miRNAs can regulate apoptotic processes in cancer. Mir-448 and miR-148a-3p were both reported to regulate immune cell apoptosis which inhibited cancer progression (66, 67).

Based on differentially expressed miRNAs induced via SHG-8 treatment; miR-6715b-3p was predicted to interact and significantly regulate PTTG1IP, a possible oncogene in CRC. Proteomics data outlined higher levels of PTTG1IP expression in COAD tumours with significant downregulation in the SHG-8 treated conditions confirming sequencing analysis. The expression of PTTG1IP has been reported in other malignant cancers including, CRC breast and thyroid cancers supporting its role as an oncogene (68–70). However, PTTG1IP has also shown low expression in malignancies which correlated with poor survival (71). It was also highlighted that the overexpression of PTTG1IP in malignant tumours are the main driving force for tumour progression whilst genetic mutations are likely to establish minimal effects on PTTG1IP function (72). Although, there are conflicting reports for the expression of PTTG1IP in malignant tumours, further assessment of the mechanistic action of the miR-6715b-3p/PTTG1IP axis in correlation with the Siglec-15/Sia axis could shed some light on CRC progression and maybe a promising approach for treatment.

Subsequent studies to decipher further mechanistic action of SHG-8 on cancer survival could elaborate on key intrinsic pathways particularly regarding the induction of apoptosis. Caspases and their cleaved counterparts including cleaved caspase-3 and cleaved caspase-9 maybe involved in the induction of apoptosis as a possible method for cancer death to exert SHG-8’s therapeutic potential (73). Furthermore, the expression of SIGLEC15 at the gene level demonstrated reduced expression from SHG-8 treatment, knockdown studies may provide further mechanistic insights in SHG-8’s therapeutic potential. Similarly, we hypothesise that the role of SHG-8 as a Siglec-15 antagonist will have no effect on the expression of PD-L1. However, due to the mutual exclusivity in the expression of both inhibitory checkpoints, SHG-8 targeting of Siglec-15 in combination with PD-L1 antagonists may share synergistic effects. Further experimental analysis could underline and discern their role in cancer progression. Moreover, it may offer a more complete and robust approach in CRC treatment.




5 Conclusion

To conclude the small molecule SHG-8 has shown significant anti-tumour properties against SW480 cancer cells. Although indications do identify that SHG-8 does induce late apoptosis at higher concentrations with elevated cell cycle arrest at the G2/M phase of the cell cycle, further mechanistic studies are needed to gain insights as to how this phenomenon is generated. The molecule SHG-8 binding to ARG143 confirms its role as a novel small molecule inhibitor in Siglec-15 positive tumours. Moreover, it outlines the tumorigenic role of the Siglec-15/Sia and miR-6715b-3p/PTTG1IP axes in the progression of CRC. It is worth noting that Siglec-15 expression is exclusively expressed on distinct subpopulations of cancer cells with respect to PDL-1. Therefore, our study indicates the possibility of combination therapies utilising both PDL-1 and Siglec-15 antagonists to induce a successful patient response and prevent tumour recurrence. These findings offer a promising avenue for future investigations for CRC treatment. Notably, SHG-8 is the first known inhibitor to target Siglec-15, with current clinical trials so far has only focused on the development of blocking antibodies to inhibit the Siglec-15/Sia axis. SHG-8 could be a gamechanger in the way CRC and other Siglec-15 positive cancers will be treated in the future.
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Background

Beta-1,4-galactosyltransferase-3 (B4GALT3) belongs to the family of beta-1,4-galactosyltransferases (B4GALTs) and is responsible for the transfer of UDP-galactose to terminal N-acetylglucosamine. B4GALT3 is differentially expressed in tumors and adjacent normal tissues, and is correlated with clinical prognosis in several cancers, including neuroblastoma, cervical cancer, and bladder cancer. However, the exact role of B4GALT3 in the tumor immune microenvironment (TIME) remains unclear. Here, we aimed to elucidate the function of B4GALT3 in the TIME.





Methods

To study the functions of B4GALT3 in cancer immunity, either weakly or strongly immunogenic tumor cells were subcutaneously transplanted into wild-type (WT) and B4galt3 knockout (KO) mice. Bone marrow transplantation and CD8+ T cell depletion experiments were conducted to elucidate the role of immune cells in suppressing tumor growth in B4galt3 KO mice. The cell types and gene expression in the tumor region and infiltrating CD8+ T cells were analyzed using flow cytometry and RNA sequencing. N-glycosylated proteins from WT and B4galt3 KO mice were compared using the liquid chromatography tandem mass spectrometry (LC-MS/MS)-based glycoproteomic approach.





Results

B4galt3 KO mice exhibited suppressed growth of strongly immunogenic tumors with a notable increase in CD8+ T cell infiltration within tumors. Notably, B4galt3 deficiency led to changes in N-glycan modification of several proteins, including integrin alpha L (ITGAL), involved in T cell activity and proliferation. In vitro experiments suggested that B4galt3 KO CD8+ T cells were more susceptible to activation and displayed increased downstream phosphorylation of FAK linked to ITGAL.





Conclusion

Our study demonstrates that B4galt3 deficiency can potentially boost anti-tumor immune responses, largely through enhancing the influx of CD8+ T cells. B4GALT3 might be suppressing cancer immunity by synthesizing the glycan structure of molecules on the CD8+ T cell surface, as evidenced by the changes in the glycan structure of ITGAL in immune cells. Importantly, B4galt3 KO mice showed no adverse effects on growth, development, or reproduction, underscoring the potential of B4GALT3 as a promising and safe therapeutic target for cancer treatment.





Keywords: galactosyltransferase, tumor immune microenvironment, N-glycosylation, glycoproteomics, immunogenicity




1 Introduction

Glycosylation is a common form of post-translational modification of proteins in eukaryotes; it is estimated that more than 50% of all proteins are glycosylated (1), and mammalian glycan structures are estimated to be present in hundreds of species. The primary types of protein glycosylation are N-glycosylation and O-glycosylation. N-glycosylation occurs on residues of asparagine-X-serine/threonine (Asn-X-Ser/Thr). O-glycosylation is usually shorter but more structurally complex than N-glycosylation, and is initiated by the addition of N-acetylgalactosamine (GalNAc) to the serine/threonine (Ser/Thr) residues of the protein backbone.

N-glycosylation of glycoproteins plays an important role in the stability, degradation, solubility, and activity of proteins and has important cellular functions such as inflammatory response, immune escape, cell adhesion, protein clearance, receptor activation, endocytosis, and signal transduction (2–4). Growing evidence shows that glycosylation regulates the development, spread, invasion, metastasis, and angiogenesis of tumors (5, 6). Altered glycosylation patterns have been observed in numerous cancer cell types. A common change is the increased expression of sialylated glycan structures (7). These structures play a role in the invasion and metastasis of cancer cells by promoting adhesion to endothelial cells and inhibiting cytotoxicity mediated by immune cells (8–12). Another common change is increased expression of truncated O-glycosylation, which is associated with increased tumor invasion and poor prognosis (13, 14). These findings suggest that glycosylation is involved in many aspects of tumorigenesis, and studies on glycosylation are essential to elucidate disease mechanisms.

Beta-1,4-galactosyltransferase (B4GALT), a family that is majorly associated with galactosylation, transfers UDP-galactose to terminal N-acetylglucosamine. Numerous studies have identified associations between B4GALT family members and the proliferation, metastasis, and prognosis of various tumors. B4GALT1 is highly expressed in human glioblastoma, and its knockdown controls the growth of this cancer and affects apoptosis and autophagy (15). High expression of B4GALT4 is associated with poor prognosis in hepatocellular carcinoma (HCC). B4GALT4 knockdown downregulates lumican secretion and suppresses the expression of microtubule and spindle assembly-associated oncogenes PLK1 and RHAMM (16). B4GALT5 modulates the stemness of breast cancer cells by stabilizing FZD1 and activating Wnt/β-catenin signaling (17). A past study found that B4GALT5 was overexpressed in human HCC tissues, which was associated with poor prognosis and tumor progression. B4GALT5 knockdown significantly reduced HCC cell proliferation, migration, and invasion (18). B4GALT1 and B4GALT5 control the activity of hedgehog signaling and proportionally mutative expression of p-glycoprotein and MRP1 in the development of multidrug resistance in human leukemia cells (19). However, reports on the glycosylation of immune cells in the tumor microenvironment are rare. Moreover, B4GALTs and galactose-containing carbohydrates in the tumor immune microenvironment (TIME) have not been studied.

B4GALT3 is associated with prognosis and proliferation in various cancers. Chang et al. reported that high expression of B4GALT3 promotes tumor growth and migration in neuroblastoma, resulting in poor prognosis for patients (20). However, Chen et al. reported that in colorectal cancer, high expression of B4GALT3 inhibits cell migration, invasion, and adhesion, and is negatively correlated with poorly differentiated histology, advanced stages, regional lymph node metastasis, and distant metastasis (21). Recent studies have shown that the knockdown of B4GALT3 promotes fibroblast motility and leads to the activation of integrin beta 1 (ITGB1) via NF-κB signaling in fibroblasts, which promotes the development of lung metastases from HCC through the secretion of IL-6 and IL-8 (22). B4GALT3 is associated with various tumors; however, its role in the TIME is unclear. We examined the growth of various strongly or weakly immunogenic tumor cell lines transplanted into B4galt1, B4galt3, and B4galt4 knockout (KO) mice. This investigation aimed to elucidate the function of B4GALT3 in the TIME, and determine its potential clinical implications for cancer therapy.




2 Materials and methods



2.1 Mice

All the mice used in this study were housed in a specific pathogen-free environment at the Institute of Laboratory Animals, Graduate School of Medicine, Kyoto University. They were maintained at 22–24°C and 50–60% humidity with a 14-h light (07:00-21:00)/10-h dark cycle. For anesthesia, a combination of three drugs was administered: medetomidine (Domitor; Meiji Seika Pharma, Tokyo, Japan) at 0.3 mg/kg body weight, midazolam (Dormicum; Astellas, Tokyo, Japan) at 4 mg/kg body weight, and butorphanol (Betolfal; Meiji Seika Pharma, Tokyo, Japan) at 5 mg/kg body weight. The final volume was adjusted using physiological saline at a dosage of 10 ml/Kg. When euthanasia was deemed necessary, it was carried out using the cervical dislocation method by technically skilled personnel to ensure a humane and ethical procedure, in line with the guidelines set by the Institute of Laboratory Animals.




2.2 Generation of B4galt3 and B4galt4 KO mice by CRISPR/Cas9 genome editing

Four-week-old female C57BL/6 mice (Japan SLC Inc, Shizuoka, Japan) were superovulated by 0.1 ml of HyperOva (KYUDO, Saga, Japan), followed by 5 IU of human chorionic gonadotropin (hCG; GONATROPIN, ASKA Pharmaceutical, Tokyo, Japan) 48 h later. The following morning, the ovum was collected for in vitro fertilization with the sperm of more than 12-week-old male C57BL/6 mice (Japan SLC Inc). One-cell-stage fertilized eggs were collected by washing with M2 medium (ARK Resource, Kumamoto, Japan) and maintained in KSOM medium (ARK Resource).

The target sequences of the gRNA were designed using the online tool, Konezumi (Tsukuba University). Target-specific Alt-RTM CRISPR crRNA (IDT, Iowa, USA), tracrRNA (IDT), and Cas9 enzyme (IDT) were mixed and electroporated into zygotes using an electroporator (NEPA21; Nepagene, Tokyo, Japan) according to the manufacturer’s instructions. The gRNA sequences are listed in Supplementary Table 1. Zygotes were then transferred into the oviducts of pseudopregnant ICR female mice (Japan SLC Inc) 0.5 days post copulation. The desired mutant mice were backcrossed with C57BL/6 mice prior to the experiments.




2.3 Mice genotyping

Tail tips were cut from the mice and genotyped using genomic DNA PCR. The PCR products were purified using the NucleoSpin Gel and PCR Clean-up kit (Takara Bio Inc, Shiga, Japan) and analyzed by Sanger sequencing (Macrogen Japan, Tokyo, Japan). Primer sequences are presented in Supplementary Table 1. Heterozygous F1 mice were bred to generate homozygous F2 mice.




2.4 Cell lines and transplantation

Tumor cells were injected subcutaneously into 2-3 month-old anesthetized female mice using syringes fitted with 23G needles (Terumo, Tokyo, Japan), except that EO771 cells were injected into the fourth mammary fat pad. Tumor size was measured every two to three days using a digital caliper. The tumor volume was calculated as follows: volume = (length of longer axis) × (length of shorter axis)2 × 0.52 (23, 24). The tumor transplantation experiment had three endpoints: a tumor size of 2,000 mm3, weight loss of ≥ 20% from the start of the experiment, and debilitation. Details of the cell culture conditions and number of transplants are shown in Supplementary Table 2. All cells were cultured in a humidified incubator at 37°C with 5% CO2.




2.5 Transplantation of bone marrow cells into mice

Bone marrow cells (BMCs) were collected from thigh bones of wild-type (WT) and B4galt3 KO donor mice post-euthanasia. The erythrocytes were lysed in RBC lysis buffer (140 mM NH4Cl in 17 mM Tris-HCl, pH7.2) for 5 min and the cells were washed thoroughly with Hanks’ balanced salt solution (HBSS) buffer. The recipient mice were irradiated with 9.5 Gy gamma radiation (Nordion, Ontario, Canada), and consequently died without the transplantation of BMCs. Subsequently, 2 × 106 BMCs were resuspended in 100 µL HBSS buffer and transplanted from the orbital plexus into anesthetized C57BL/6 recipient mice. MC38 and EO771 cells were transplanted into recipient mice 30 days after the transplantation of BMCs.




2.6 CD8+ T cell depletion

Relative to the tumor injection day (day 0), mice were intraperitoneally injected three times with CD8+ T cell depleting antibody (A2102, Selleck, Houston, USA) or isotype control antibody (A2116, Selleck) on days -2 (100 µg), -1 (100 µg), and 7 (250 µg). On day 21, tail vein blood was collected and CD8+ T cell depletion efficiency determined using flow cytometry.




2.7 Preparation of splenocytes and T cell activation

To prepare splenocytes from euthanized mice, spleens were cut with scissors and crushed using a plunger in a 3.5 mm dish containing 1 mL RPMI 1640 medium, then passed through a 70 µm cell strainer to form a single-cell suspension. The erythrocytes were lysed in RBC lysis buffer for 5 min, and the cells were washed thoroughly with PBS-BSA buffer. After adjusting the cell numbers, the cells were cultured in RPMI 1640 medium supplemented with 10% FBS, GlutaMAX, and penicillin-streptomycin. T cells (1 × 106) in splenocytes were activated with 1 × 106 Dynabeads Mouse T-Activator CD3/CD28 (Invitrogen). Membrane proteins were isolated using a Minute Plasma Membrane Protein Isolation Kit (Invent, Plymouth, USA) according to the manufacturer’s instructions. After separation, the proteins were stored at –80°C for future glycosylation analysis.

For focal adhesion kinase (FAK) phosphorylation, CD8+ T cells were isolated from splenocytes using the EasySep Mouse CD8+ T Cell Isolation Kit (STEMCELL Technologies, Vancouver, Canada). The cells were then divided into groups and, as needed, 20 µM BIRT 377, an inhibitor for LFA-1 (FUJIFILM Wako, Tokyo, Japan) was added. CD8+ T cells were activated using Dynabeads Mouse T-Activator CD3/CD28 (Invitrogen). After 6-h of stimulation, cells were subjected to flow cytometry to analyze protein phosphorylation. The preparation involved staining the cell membrane with a suitable marker followed by washing the cells with PBS. In accordance with the manufacturer’s instructions, the Cyto Fast Fix/Perm buffer set (BioLegend, San Diego, USA) was used to fix and permeabilize the cells. Subsequently, the cells were stained at room temperature for 30 min and rinsed with CSB buffer solution prior to fluorescence-activated cell sorting (FACS) analysis.




2.8 Fluorescence-activated cell sorting

Tumor tissues from the TIME with transplanted EO771 cells were dissected from the mammary fat pad and cut into pieces with a diameter of less than 1 mm in a culture dish containing 5 ml of Dulbecco’s modified Eagle medium (DMEM). Tumor tissues were dissociated using Tissue Dissociation Reagent (BD Bioscience, New Jersey, USA) according to the manufacturer’s instructions. Summarily, the excised tissues in DMEM were transferred to a 50-mL tube containing 2X TTDR and stirred gently and frequently at 37°C for 30 min. Then, 25 mL of 1% BSA/PBS/2mM EDTA was added to stop the digestion reaction. The erythrocytes were then lysed with 1X BD Pharm Lyse (BD Biosciences) for 15 min at room temperature. Finally, cells were collected through a 70 µm filter, counted, and adjusted to a density of 1 x 107/ml using cell staining buffer (PBS containing 2% FBS and 2 mM EDTA). Cells were stained using the LIVE/DEAD Fixable Far Red dead cell stain (Invitrogen), and non-specific binding was blocked with anti-mouse CD16/32 (BioLegend). The cells underwent immunostaining with the use of antibodies, as shown in Supplementary Table 3. The cells were analyzed using a FACSAria IIIu (BD Bioscience). Flow cytometry data were analyzed using the FlowJo software (FlowJo, Ashland, USA).




2.9 Tumor tissue RNA sequencing and data analysis

Tumor tissues were removed from the mice on day 23 after tumor cell transplantation and total RNA was extracted using the RNAiso Plus kit (Takara Bio Inc). cDNA library building and RNA sequencing (RNA-seq) were performed using a commercially available service (BGI, Kobe, Japan). Data analysis and visualization were performed using BGI’s in-house customized data-mining system, Dr. Tom.




2.10 Tumor-infiltrating CD8+ T cell RNA sequencing and data analysis

On day 23, after tumor transplantation, CD8+ T cells were isolated from EO771 tumor-bearing mice by flow cytometry. CD8+ T cells were suspended at 200 cells/µL in 1% PBS-BSA buffer, and 1 µL of the cell suspension was added to a specially prepared lysis buffer containing 10 mM dNTP, RNase inhibitor, and 10% Triton X-100. The samples were then centrifuged gently at 4°C and stored at –80°C. RNA extraction, cDNA library construction, and RNA-seq were performed using a commercially available service (BGI). Data analysis and visualization were performed using the Dr. Tom Data Visualization Solution.




2.11 Trypsin/Lys-C digestion and glycopeptide enrichment

Glycoproteins underwent a precipitation process initiated by the addition of a triple volume of cold acetone, followed by a 16-h incubation period. Centrifugation ensued at 12,000 ×g for a 10-minute duration at 4°C. The resulting precipitate was then subject to reduction with 10 mM dithiothreitol at 56°C for 30 min and subsequent alkylation using 20 mM iodoacetamide at room temperature (25°C) in dark conditions for 40 minutes. N-glycoproteins were broken down with 1.8 µg of a trypsin/Lys-C mixture (Promega, Wisconsin, USA) for 16-h at a steady 37°C in a continuously agitating thermomixer set at 800 rpm. The glycopeptides precipitated through the addition of a quintuple volume of cold acetone, followed by a 16-h incubation period and centrifugation at 12,000 ×g for 10 minutes (25). The precipitate that formed was desalted using a GL-Tip SDB (GL Science, Tokyo, Japan) and subsequently dried utilizing a SpeedVac concentrator.




2.12 LC/MS/MS and identification of the N-glycopeptides

The dried glycopeptides were reconstituted in 12 µL of 0.1% v/v formic acid, and a 4 µL aliquot of this sample was subjected to separation using an EASY-nLC 1000 system (Thermo Fisher Scientific). The separation occurred on an Acclaim PepMap100 C18 LC column (75 µm × 20 mm, 3 µm, Thermo Fisher Scientific), paired with a nano HPLC capillary column (75 µm × 120 mm, 3 µm, C18; Nikkyo Technos, Tokyo, Japan). The elution system comprised 0.1% v/v formic acid (pump A) and acetonitrile with 0.1% v/v formic acid (pump B). With a flow rate of 0.3 µL/min, glycopeptides were eluted utilizing a linear gradient from 0 to 35% B across 120 minutes.

Subsequent mass spectra were collected on a Q Exactive mass spectrometer (Thermo Fisher Scientific), with the addition of a Nanospray Flex Ion Source (Thermo Fisher Scientific), operating in positive ion mode. An Xcalibur 4.4 workstation (Thermo Fisher Scientific) facilitated the control and acquisition of MS data. We operated with a spray voltage of 1.8 kV, maintaining the capillary temperature at 250°C, and setting the S-lens RF level at 50. Full mass spectra were gathered with an m/z range of 350–2000 at a 70,000 resolution. We used a data-dependent acquisition method to acquire product ion mass spectra against the 20 most intense ions, working with a resolution of 17,500, normalized collision energy (NCE) of 27 and 35, and an exclusion duration of 30s. All samples underwent one analytical replicate.

The Byonic search engine version 3.11 (Protein Metrics, CA, USA), incorporated into Proteome Discoverer version 2.4 (Thermo Fisher Scientific), was employed to process raw data files. For the database search, we utilized the UniProtKB database for humans (status/2022/02) and the N-glycan database (mammalian; 309 entries). Search conditions included trypsin with a maximum number of missed cleavages set at 2, static modification of carbamidomethylation (C), dynamic modifications of Gln > pyroGlu (N-term Q) and oxidation (M), precursor mass tolerance of 10 ppm, fragment mass tolerance of 20 ppm, and a maximum of 2 N-glycosylations per peptide. Following this, all identified peptides were filtered at a false discovery rate threshold of 1% through the use of a target/decoy search strategy. The reliability of the identified peptides was evaluated using the percolator node, and only high-confidence N-glycoforms were processed with Microsoft Excel version 2209 (Microsoft, Washington, USA).

For the label-free quantification of N-glycoforms, we applied a combination of the Minora Feature Detector, Feature Mapper, and Precursor Ions Quantifier nodes in Proteome Discoverer 2.4 (Thermo Fisher Scientific). The analytical conditions included selecting unique peptides for use and the area for Precursor Quantification. The normalization mode was set according to the total peptide amount.




2.13 Graphical illustrations

All graphical illustrations were created using BioRender.com.




2.14 Statistics

Statistical analyses were performed using Prism 8 for Mac (GraphPad Software Inc, San Diego, USA). Data comparison between two conditions was performed utilizing the Student’s t-test. Unless otherwise stated, data are displayed as the mean ± standard error of the mean (SEM). All figures indicate statistical significance using these designations: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns for non-significance.





3 Results



3.1 Messenger RNA expression levels of B4GALT3 in human pan-cancer

Recent studies have shown that B4GALT3 is associated with tumor proliferation and metastasis. We analyzed B4GALT3 mRNA expression levels across all tumors in The Cancer Genome Atlas (TCGA) using the TIMER2.0 database (Supplementary Figure 1A). The results showed that B4GALT3 was highly expressed in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell (LUSC), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), uterine corpus endometrial carcinoma (UCEC), and lowly expressed in kidney chromophobe (KICH) and kidney renal papillary cell carcinoma (KIRP) compared with adjacent normal tissues. B4GALT3 expression was higher in metastatic skin cutaneous melanoma (SKCM-metastasis) than in primary skin cutaneous melanoma (SKCM-Primary).

High expression of B4GALT3 was associated with poor prognosis of overall survival in adenoid cystic carcinoma (ACC) (p = 0.003), CESC (p = 0.014), liver hepatocellular carcinoma (LIHC) (p = 0.0059), MESO (mesothelioma) (p = 0.02), sarcoma (SARC) (p = 0.044), and HNSC (p = 0.04) cancers based on the GEPIA2 web tool analysis (Supplementary Figures 1B–G). These findings reveal that high B4GALT3 mRNA expression is associated with poor clinical survival, which merits further investigation.




3.2 Suppression of strongly immunogenic tumor growth in B4galt3 KO mice

To explore the role of B4GALT3 in the TIME, we first investigated the growth of four C57BL/6 strain tumor models with varying immunogenicity: breast adenocarcinoma E0771, colon carcinoma MC38, melanoma B16F10, and bladder carcinoma MB49. Strongly immunogenic E0771 and MC38 tumors grew more slowly in B4galt3 KO mice (Figures 1A, B), whereas the growth rate of weakly immunogenic B16F0 and MB49 tumors was not changed by B4galt3 deficiency (Figures 1C, D). To investigate how immunogenicity influences growth kinetics, we monitored the growth of weakly immunogenic B16F10 tumors and B16F10 tumors expressing the immunogenic model antigen ovalbumin (strongly immunogenic B16F10-OVA). B4galt3 KO mice exhibited growth suppression of B16F10-OVA tumors but not B16F10 tumors (Figures 1E, F).




Figure 1 | Tumor growth curves in WT (blue circles) or B4galt3 KO mice (red squares). (A) EO771 cells, WT, n = 6; KO, n = 5. (B) MC38 cells, WT, n = 7; KO, n = 8. (C) B16F0 cells, WT, n = 7; KO, n = 9. (D) MB49 cells, WT, n = 8; KO, n = 9. (E) B16F10 cells, WT, n = 7; KO, n = 8. (F) B16F10-OVA cells, WT, n = 7; KO, n = 6. (G) Tumor growth curves of WT (blue circles) or B4galt4 KO mice (red squares) inoculated with EO771 cells. WT, n = 8; KO, n = 7. (H) Tumor growth curves of WT (blue circles) or B4galt1 KO mice (red squares) inoculated with MC38 cells. WT, n = 6; KO, n = 7. Mean ± SEM, *p < 0.05, **p < 0.01.



We also examined tumor growth in B4galt1 or B4galt4 KO mice. B4galt4 is most homologous to the B4galt3 gene, and the growth of the strongly immunogenic E0771 breast cancer cell line in B4galt4 KO mice was unaffected (Figure 1G). B4galt1 is a widely studied gene in the B4galt gene family; however, its function in tumor immunity is unknown. We observed no difference in the growth rate of strongly immunogenic MC38 tumor cells between B4galt1 KO and WT mice (Figure 1H). These findings show that only B4galt3 deficiency can suppress the growth of strongly immunogenic tumors, whereas B4galt1 and B4galt4 deficiency cannot.




3.3 Enhancement of antitumor activity by B4galt3 deficiency through CD8+ T cells

We further investigated whether B4GALT3 controls tumor growth by modulating the immune system. We performed tumor-bearing experiments using a bone marrow (BM) transplantation mouse model (Figure 2A). WT mice engrafted with B4galt3 KO BM cells showed suppressed growth of strongly immunogenic MC38 tumors compared with WT mice engrafted with WT BM cells (Figure 2B). Therefore, B4GALT3 controls tumor growth through the immune system. Given the pivotal role of CD8+ T cells in anti-tumor activity, we sought to determine whether the tumor suppression observed in B4galt3 KO is dependent on CD8+ T cells. To this end, we conducted experiments to deplete CD8+ T cells (Figure 2C). The CD8+ T cell frequency in the peripheral blood of mice injected with the CD8+ T cell depletion antibody was below 1%, but that of mice injected with the isotype antibody exceeded 15% (Figure 2D). In mice with CD8+ T cell depletion, there was no change in the tumor growth rate between B4galt3 KO and WT mice (Figure 2E), although the tumor growth rate was suppressed in B4galt3 KO mice with isotype antibody. These data suggest that the deletion of B4galt3 suppresses the growth of strongly immunogenic tumors by controlling the antitumor activity of CD8+ T cells.




Figure 2 | B4galt3 deficiency suppressed tumor growth by CD8+ T cells. (A) Schematic of BMCs transplantation and MC38 cell inoculation. (B) Tumor growth curves in WT mice with WT BMCs transplants (n = 7, blue circles) or B4galt3 KO BMCs (n = 8, red squares) inoculated with MC38 tumor cells. Mean ± SEM, *p < 0.05. (C) Schematic of CD8+ T cell depletion. (D) FACS plots of relative abundance of CD8+ T cells on day 21 treated with anti-CD8 antibody or isotype control antibody to deplete CD8+ T cells. (E) Tumor growth curves in WT (n = 6, blue circles) or B4galt3 KO mice (n = 6, red squares) inoculated with EO771 tumor cells treated with anti-CD8 antibody or isotype control antibody. Mean ± SEM, *p < 0.05.






3.4 Characterization of gene expression in the TIME

To further characterize the TIME of B4galt3 deficiency, changes in gene expression were measured using RNA-seq analysis. Based on the analysis of 4 WT and 4 KO mice, 110 upregulated, and 15 downregulated differentially expressed genes (DEGs) (|log2FC| ≥ 1 and FDR ≤ 0.05) were detected (Figure 3A). The heat map shows the expression levels of the DEGs in each sample (Figure 3B). The upregulated and downregulated genes showed similar tendencies in WT and KO mice. Gene ontology (GO) analysis revealed that the DEGs were enriched in biological processes such as positive regulation of T cell differentiation and positive regulation of interferon-gamma production (Figure 3C). The functional classification of upregulated DEGs based on GO analysis is listed (Supplementary Table 4). B4galt3 KO was found to significantly change the gene expression related to the immune system process in the TIME. To explore the mechanism of B4GALT3 function in the TIME, we analyzed our RNA-seq data using Gene Set Enrichment Analysis (GSEA) from KEGG database (Supplementary Table 5). B4galt3 KO was positively correlated with cell adhesion molecules (FDRq = 0), the T cell receptor signaling pathway (FDRq = 0.001), the C-type lectin receptor signaling pathway (FDRq = 0.019), and the NF-κB signaling pathway (FDRq = 0.011) (Figure 3D).




Figure 3 | Changes in gene expression in the TIME measured by RNA-seq analysis. (A) Differentially expressed genes (DEGs) in B4galt3 KO mice compared to WT mice were defined as the genes with log2 (fold change) ≥ 1 and FDR < 0.05. Red dots represent up-regulated genes, and blue dots represent down-regulated genes compared to WT mice. WT, n = 4; KO, n = 4. (B) Heat map of DEGs in WT mice (left side 4 rows) and B4galt3 KO mice (right side 4 rows). (C) GO enrichment of up-regulated genes in B4galt3 KO mice compared to WT mice. (D) GSEA of the genes associated with cell adhesion molecules, T cell receptor signaling pathway, C-type lectin receptor signaling pathway, and NF-κB signaling pathway. NES, normalized enrichment score; FDR, false discovery rate. All analyses were performed by comparing the B4galt3 KO against WT counterparts, which served as the control group.






3.5 Gene expression characteristics of tumor-infiltrating CD8+ T cells

To further investigate the features of B4galt3 deficiency in the gene expression characteristics of CD8+ T cells in the TIME, FACS was used to sort CD8+ T cells from EO771 tumor-bearing mice for RNA-seq analysis (Supplementary Figure 3A). We identified 186 upregulated DEGs and 101 downregulated DEGs (|log2FC| ≥ 1 and FDR ≤ 0.05) (Supplementary Figure 3B). GO analysis revealed that the upregulated DEGs were enriched in biological processes such as regulation of cell proliferation, inflammatory response, and T cell differentiation involved in immune response (Supplementary Figure 3C, Supplementary Table 6). Interestingly, GSEA from the Wikipaths database showed that B4galt3 deficiency was positively associated with integrin-mediated cell adhesion; however, this association was not statistically significant (Supplementary Figure 3D, Supplementary Table 7).




3.6 B4galt3 deficiency enhances CD8+ T cell infiltration and cytotoxic activity in the TIME

To elucidate the characteristics of infiltrating immune cells, we used FACS to analyze the tumor tissues (Supplementary Figures 4A–G). The results showed that the TIME in the KO mice had more infiltration of CD8+ T cells compared to the TIME in the WT mice (Figure 4A) but there was no difference in CD4+ T cell infiltration (Figure 4B). The TIME of B4galt3 KO mice showed lower levels of regulatory T cells (Tregs) (Figure 4C). CD8+ T cells expressed more interferon (IFN)-γ and granzyme B in KO mice (Figures 4D, E). In contrast, we did not observe significant changes in the infiltration of myeloid-derived suppressor cells (MDSC), macrophages, NK cells, or dendritic cells (Figures 4F–I). These results showed that B4galt3 deficiency enhanced the infiltration and cytotoxic activity of CD8+ T cells in the TIME.




Figure 4 | Quantification of the percentage of infiltrating immune cells in the TIME. (A) CD3+CD8+ T cells as a percentage of live cells in the TIME (B) CD3+CD4+ T cells as a percentage of live cells in the TIME. (C) CD3+CD4+Foxp3+ Tregs as a percentage of CD4+ T cells. (D) CD8+IFN-γ+ cells as a percentage of CD8+ T cells. (E) CD8+Granzyme B+ cells as a percentage of CD8+ T cells. (F) CD11b+Gr1+ (MDSC) cells as a percentage of live cells in the TIME. (G) CD11b+F4/80+ (macrophages) cells as a percentage of live cells in the TIME. (H) CD45+CD3-Nk1.1+ (NK cells) cells as a percentage of live cells in the TIME. (I) CD11c+ IA/IE+ (dendritic cells) as a percentage of live cells in the TIME. Representative data of experiments with n = 3 or 4 mice per experiment and group. Mean ± SEM, *p < 0.05, **p < 0.01, and ****p < 0.0001; ns = not significant.






3.7 N-glycoproteomic analysis of B4galt3 KO and WT immune cells

To investigate the effect of B4galt3 deficiency on protein glycosylation, protein samples were collected from the splenocytes of WT and KO mice (five mice per genotype) after activation by CD3/CD28 dynamic beads. Because the amount of protein obtained from CD8+ T cells infiltrated in the TIME was insufficient for glycoprotein analyses, we used stimulated spleen cells instead. Protein samples were digested with trypsin and Lys-C, and N-glycopeptides were enriched by acetone precipitation. A comprehensive label-free quantitative analysis was performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) at two different NCE of 27 and 35 (Figure 5A). Overall, 6,671 N-glycoforms were identified in 1,281 proteins. Among them, 2,685 N-glycoforms were found in the WT, 2,048 glycoforms in the B4galt3 KO, and 1,938 N-glycoforms were commonly found in both groups (Figure 5B). Our analysis yielded the first N-glycoproteomic dataset of immune cells from C57BL/6 mice.




Figure 5 | Glycoproteomic analysis of B4galt3 KO and WT splenocytes. (A) Schematic of glycoproteomic analysis. (B) Venn diagram representation of N-glycoforms between WT and B4galt3 KO splenocytes. (C) Volcano plot of individual N-glycopeptide abundance fold changes with |log2FC| ≥ 2 and p < 0.05 in WT and B4galt3 KO splenocytes. Red dots represent up-regulated N-glycopeptides, and blue dots represent down-regulated N-glycopeptides in B4galt3 KO mice compared to WT mice. (D) GO enrichment biological process analysis of relative abundance of N-glycoproteins. (E) Amounts of N-glycoforms of ITGAL-1 (aa183-200) and ITGAL-2 (aa925-938) in WT and B4galt3 KO splenocytes. (F) Left panel: Representative histograms of ITGAL protein expression on the surface of CD8+CD69+ T cells. Right panel: Quantification of the mean fluorescence intensity (MFI) for ITGAL. Mean ± SEM, n = 3 mice per experiment and group. *p < 0.05 and ****p < 0.0001; ns = not significant.



Subsequently, we performed differential glycoform abundance analysis, and 180 N-glycoforms showed significant changes (|log2FC| ≥ 2, p < 0.05) in KO samples compared to WT samples; of these, 32 N-glycoforms (from 25 glycoproteins) increased in abundance and 148 N-glycoforms (from 104 glycoproteins) decreased in abundance (Figure 5C). As CD8+ T cell depletion experiments (Figure 2) suggested that the suppression of tumor growth in B4galt3 KO mice may be caused by CD8+ T cells, we picked up T cell-associated GO entries and identified 14 proteins (PSAP, MMP9, MPO, HP, ITGAL, CTSZ, CD86, ITGA4, RPN2, PLD4, H2-AA, PIK3R1, ATP1B3, NGP) after GO analysis of the proteins corresponding to these glycoforms (Figure 5D, Supplementary Table 8). And because in the RNA-seq analysis of tumor-infiltrating CD8+ T cells, B4galt3 deficiency was positively associated with integrin-mediated cell adhesion (Supplementary Figure 3D). Therefore, we focused on integrin alpha-L (ITGAL), which is expressed on the T cell surface and influences T cell activity within the TIME. We noted a considerable decrease in ITGAL-1 (aa183-200) and ITGAL-2 (aa925-938) glycoforms in B4galt3 KO mice compared to their WT counterparts (Figure 5E). Both N-glycoforms of ITGAL were robustly corroborated by product ion spectra (Supplementary Figures 5A, B). Characteristic oxonium ions were annotated on the spectra, encompassing m/z values at 204.09 (HexNAc), 274.09 (NeuAc) and 290.09 (NeuGc), 366.14 (HexNAc + Hex), and 528.19 (Man + HexNAc + Hex). The ions corresponding to the peptides and peptide-associated fragments that were accurately interpreted constituted a substantial proportion of the total spectral intensity.

We used FACS to measure ITGAL protein expression on the surface of activated CD8+ T cells and confirmed that there was no change in ITGAL protein expression between KO and WT CD8+ T cells (Figure 5F), indicating that ITGAL glycoforms decreased because of glycosylation changes rather than total protein changes.




3.8 B4galt3 KO enhances downstream phospho-FAK in ITGAL

To elucidate the impact of decreased ITGAL glycoforms in CD8+ T cells on downstream signaling, we isolated CD8+ T cells from mouse spleens and stimulated them for 6-h. FACS analysis revealed that compared to WT CD8+ T cells, B4galt3 KO CD8+ T cells displayed elevated levels of FAK phosphorylation. This difference in FAK phosphorylation was negated by the LFA-1-specific inhibitor BIRT377 (Figure 6A). Concurrently, KO CD8+ T cells expressed significantly higher levels of the T-cell activation marker CD69 (Figure 6B), suggesting increased ease of activation in B4galt3 deficient CD8+ T cells.




Figure 6 | B4galt3 KO enhances downstream pFAK in ITGAL. (A) Phosphorylated FAK of MFI, (B) CD69 MFI after 6-h stimulation with Dynabeads Mouse T-Activator CD3/CD28. Representative data from two independent experiments with 3 mice per experiment and group. Mean ± SEM, *p < 0.05, **p < 0.01, and ***p < 0.001; ns = not significant.







4 Discussion

Over the past few decades, we have resolutely performed functional analysis of the B4GALT family (26). We generated KO mice deficient in B4galt1, B4galt2, B4galt5, and both B4galt5 and B4galt6 genes (27–30). This study primarily focused on the protein galactosyltransferase genes B4galt1, B4galt3, and B4galt4, rather than B4galt5 and B4galt6 involved in glycolipid synthesis. Our results showed that the growth of strongly immunogenic tumors was suppressed in B4galt3 KO mice but not in B4galt1 or B4galt4 KO mice. To the best of our knowledge, this phenotype has not been reported in any other galactosyltransferase-KO mice. Notably, neither B4galt1 nor B4gal4 KO mice exhibited such phenotypes. This is likely due to the specificity of each galactosyltransferase in the glycosylation of different proteins, which could result in distinct physiological impacts. Each B4GALT member may influence distinct pathways involved in tumor progression or the immune response, resulting in different phenotypes. Furthermore, the expression level, activity as a galactosyltransferase, and tissue distribution of B4GALT3 may differ from those of B4GALT1 and B4GALT4, further contributing to the observed variations. To understand these differences, more comprehensive studies are required to investigate the molecular mechanisms and roles of B4GALT in tumor development and immunity.

Recent studies have shown that B4GALT3 is associated with glioblastoma, colorectal cancer, cervical cancer, bladder cancer, and lung metastasis with liver cancer (21, 22, 31–33). Furthermore, analysis of the expression of human B4GALT3 mRNA in TCGA database revealed that B4GALT3 was differentially expressed between tumor tissues and normal tissues, and the expression of B4GALT3 was related to the prognosis of ACC, CESC, LIHC, MESO, SARC, and HNSC. Therefore, B4GALT3 plays an important role in tumorigenesis in humans. However, whether B4GALT3 is important in cancer or immune cells cannot be determined from these findings.

Owing to the selective suppression of growth in the highly immunogenic tumors observed in B4galt3 KO mice, we explored the role of immune cells. We performed BM transplantation experiments to examine whether immune cells from the BM played a role in tumor growth suppression in B4galt3 KO mice. WT mice transplanted with B4galt3 KO BM cells, but not WT BM cells, showed suppressed tumor growth, indicating that immune cells are crucial. The TIME has various kinds of immune cells, among which CD8+ T cells play a key role in the anti-tumor function. After CD8+ T cells in mice were depleted using an anti-CD8 antibody, B4galt3 KO mice did not respond to the growth inhibition of tumors with strong immunogenicity, demonstrating that CD8+ T cells are essential for suppressing tumor growth by B4galt3 deficiency. Concurrently, the upregulation of genes associated with immune system processes, T cell differentiation, and interferon-gamma production were observed. Additionally, pathways associated with cell adhesion, T-cell receptor signaling, C-type lectin receptor signaling, and NF-κB were positively correlated with B4galt3 deficiency.

We observed decreased infiltration of Tregs in the B4galt3 KO TIME. An elevated number of CD8+ T cells in the TIME is typically associated with a favorable prognosis, whereas a high presence of Tregs is associated with a poor prognosis across numerous cancer types (34–37). CD8+ T cells inhibit tumor growth by secreting cytokines, such as interferon (IFN)-γ, granzyme B, and tumor necrosis factor-α (TNFα) (38). Our findings revealed that the TIME of B4galt3 KO mice had a higher infiltration of IFN-γ+ and granzyme B+ CD8+ T cells than that of WT mice. IFN-γ and granzyme B are effective mechanisms through which CD8+ T cells kill tumor cells, which could directly contribute to the suppression of highly immunogenic tumor growth. These findings suggest the formation of a tumor-suppressive microenvironment in B4galt3 KO mice.

To characterize WT and B4galt3 KO CD8+ T cells in the TIME, we used FACS to isolate CD8+ T cells and performed RNA sequencing. GO analyses showed that the regulation of cell proliferation and inflammatory response-related genes increased. The inflammatory responses of T cells are associated with an increase in their anti-tumor effects. By increasing the inflammatory response of T cells, the immune system is better able to recognize and attack cancer cells. Recent studies report that B4GALT3 regulates the ITGB1 (20–22). Although not statistically significant, we found that B4galt3 deficiency was positively correlated with the integrin-mediated cell adhesion pathway.

Through glycoproteomic analyses, we specifically identified the ITGAL, which is part of the integrin family and associated with T cell activation. Integrins are among the family of molecules whose functions change owing to glycosylation. Integrin family members are key adhesion molecules for recruiting immune cells to the site where an immune response is taking place. Particularly, ITGAL binds to ITGB2 to generate LFA-1. LFA-1 is a mechanosensitive adhesion receptor that uses mechanical forces to regulate T cell migration, differentiation, and effector functions (39). Activating LFA-1 on tumor-infiltrating T cells to boost its binding to ICAM-1 could potentially increase tumor-specific T cell recruitment to the TIME (40). The elevated FAK phosphorylation and increased expression of T cell activation marker CD69 in B4galt3 KO CD8+ T cells suggests that B4GALT3 may play a role in regulating T cell activation. FAK is a key player in integrin-mediated signal transduction pathways and its phosphorylation is an indicator of cell activation. The increase in FAK phosphorylation in B4galt3 KO T cells could therefore reflect enhanced T cell activation, potentially contributing to the increased anti-tumor activity in B4galt3 KO mice. Certain research findings have demonstrated that the conformation of LFA-1 plays a crucial role in modulating T cell activity and cytotoxicity (41, 42). Changes in the glycosylation of ITGAL could potentially alter the extension of LFA-1 conformation. Altered conformations may enhance ITGAL’s interactions with ligands or other molecules, amplifying downstream signaling pathways like FAK phosphorylation. This could enhance the migratory and infiltrative capabilities of T cells, facilitating greater CD8+ T cell infiltration into tumors and inhibiting tumor growth. While it’s possible that altered glycosylation affects ITGAL stability, our data suggest that the changes more likely influence ITGAL-mediated signaling, as ITGAL expression levels were comparable between WT and KO after in vitro stimulation (Figure 5F). However, direct evidence supporting this hypothesis is currently lacking, underscoring the need for further research.

The elevated expression of B4GALT3 in multiple tumor types, including ACC, CESC, LIHC, MESO, SARC, and HNSC, underscores its potential as a biomarker for these cancers. Building on this, our study with B4galt3 KO mice has revealed new opportunities for therapeutic interventions. Specifically, the use of siRNA to inhibit B4GALT3 expression emerges as a promising strategy for modulating glycosylation pathways. Our research has particularly highlighted the role of ITGAL in modulating CD8+ T cell activity through glycosylation, opening avenues for the development of targeted therapies to enhance anti-tumor immunity. Importantly, our B4galt3 KO mice showed no observable health defects over a year-long observation period, supporting the idea that targeting B4GALT3 could be a therapeutic approach with a favorable safety profile.

In conclusion, our study provides new insights into the role of B4GALT3 in mediating tumor-immune interactions. We demonstrated that B4galt3 deficiency affects the TIME, leading to increased infiltration of CD8+ T cells, thereby inhibiting the growth of strongly immunogenic tumors. Interestingly, our glycoproteomic analysis suggests a potential association between B4galt3 deficiency and alterations in glycosylation of the ITGAL protein on the surface of T cells. Nevertheless, our findings present new therapeutic possibilities, particularly for tumors with high immunogenicity. Furthermore, the B4galt3 KO mouse generated in our study offers a valuable tool for future research on the complex interactions between glycosylation and immune responses in cancer.
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Sialic acid-binding immunoglobulin-like lectin (Siglec)-8 is a sialoside-binding receptor expressed by eosinophils and mast cells that exhibits priming status- and cell type-dependent inhibitory activity. On eosinophils that have been primed with IL-5, GM-CSF, or IL-33, antibody ligation of Siglec-8 induces cell death through a pathway involving the β2 integrin-dependent generation of reactive oxygen species (ROS) via NADPH oxidase. In contrast, Siglec-8 engagement on mast cells inhibits cellular activation and mediator release but reportedly does not impact cell viability. The differences in responses between cytokine-primed and unprimed eosinophils, and between eosinophils and mast cells, to Siglec-8 ligation are not understood. We previously found that Siglec-8 binds to sialylated ligands present on the surface of the same cell (so-called cis ligands), preventing Siglec-8 ligand binding in trans. However, the functional relevance of these cis ligands has not been elucidated. We therefore explored the potential influence of cis ligands of Siglec-8 on both eosinophils and mast cells. De-sialylation using exogenous sialidase profoundly altered the consequences of Siglec-8 antibody engagement on both cell types, eliminating the need for cytokine priming of eosinophils to facilitate cell death and enabling Siglec-8–dependent mast cell death without impacting anti–Siglec-8 antibody binding. The cell death process licensed by de-sialylation resembled that characterized in IL-5–primed eosinophils, including CD11b upregulation, ROS production, and the activities of Syk, PI3K, and PLC. These results implicate cis ligands in restraining Siglec-8 function on eosinophils and mast cells and reveal a promising approach to the selective depletion of mast cells in patients with mast cell-mediated diseases.
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1 Introduction

Eosinophils and mast cells (MCs) are innate immune effector cells that, jointly or independently, through their inappropriate expansion, accumulation, and activation, contribute to a range of diseases, including allergy, asthma, chronic spontaneous urticaria, eosinophilic granulomatosis with polyangiitis, hypereosinophilic syndromes, systemic mastocytosis, and others (1–6). There is a clinical need for disease-modifying therapies for these diseases and, given the cooperativity between eosinophils and MCs and the difficulty of blocking cellular activation or the activities of released mediators, the ability to deplete both cell types would be widely beneficial in such diseases.

Sialic acid-binding immunoglobulin-like lectin (Siglec)-8 is a glycan-binding receptor highly and selectively expressed by eosinophils and MCs (7, 8). Like many other Siglecs, Siglec-8 possesses in its cytoplasmic domain an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an ITIM-like motif that are thought to be critical for downstream signaling and function. Antibody engagement of Siglec-8 on cytokine (i.e., interleukin (IL)-5, granulocyte-macrophage colony-stimulating factor (GM-CSF), or IL-33)-primed eosinophils induces cell death through a pathway involving CD11b/CD18 integrin–mediated adhesion and reactive oxygen species (ROS) production (9–12); however, in the absence of cytokine priming or extensive crosslinking, no consistent effect of Siglec-8 engagement on eosinophils has been observed (10). In contrast, antibody ligation of Siglec-8 on MCs has been described to cause functional inhibition but not cell death (13–15). The reasons underlying these discrepant outcomes of Siglec-8 engagement have thus far not been elucidated.

While antibodies are often used to target or study Siglecs, the physiological ligands of these receptors are putative glycan structures that terminate with the negatively charged sugar sialic acid. These ligands may be found on soluble structures or on the surfaces of other cells (trans ligands) or on the surface of the same cell expressing the Siglec (cis ligands). Cis ligands may hinder Siglecs from interacting with trans ligands and thereby create an affinity/avidity threshold for such interactions (“masking” the Siglec), and cis interactions are commonly discovered by observing enhanced trans ligand binding upon cleaving cell-surface sialic acid from the Siglec-expressing cell using sialidase (16–21). Cis ligands may also play a more direct functional role by sequestering the Siglec and preventing interactions with a target of inhibition. For example, CD22 (Siglec-2) on B cells is isolated away from the B cell receptor (BCR) by interactions with cis ligands, including sialic acid–dependent interactions with other molecules of CD22, which prevents CD22-mediated inhibition of BCR signaling (22–27). Alternatively, cis ligand interactions may promote inhibition by bringing inhibitory targets into close proximity with the Siglec. In mice, interactions of Siglec-G and Siglec-E with the BCR and TLR4, respectively, are dependent on sialic acid, and disruption of these interactions release Siglec-mediated inhibition of these pathways (28–30).

We have previously found that Siglec-8 interacts with sialylated cis ligands on human eosinophils and that this interaction reduces binding of a high-avidity synthetic Siglec-8 ligand in trans (31). However, the functional relevance of this interaction has not been explored. In the present study, we examine the role of sialylated cis ligands of Siglec-8 on human eosinophils and MCs and demonstrate that these ligands are responsible for restraining Siglec-8–induced cell death on both cell types. Specifically, the enzymatic removal of α2,3-linked sialic acid from the surface of these cells licenses Siglec-8 to cause cell death upon receptor ligation via a pathway that resembles that described for IL-5–licensed eosinophil death induction. This effect is dependent on the enzymatic activity of the sialidase, and no enhancement of antibody binding of Siglec-8 is observed following incubation with sialidase. These findings highlight the importance of cis ligand interactions in fundamentally altering the consequences of Siglec engagement and provide a potential pathway to deplete both eosinophils and MCs through Siglec-8.




2 Materials and methods



2.1 Human eosinophil and mast cell isolation and culture

Written informed consent for blood donation (up to 180 mL) was obtained using an institutional review board–approved protocol at the Northwestern University Feinberg School of Medicine. Eosinophils from both allergic and non-allergic donors were purified from peripheral blood using density gradient centrifugation, erythrocyte hypotonic lysis, and CD16 immunomagnetic negative selection (Miltenyi Biotec, San Diego, CA) as described (32). Purity and viability were consistently greater than 95% as determined by Siglec-8 staining and DAPI (ThermoFisher Scientific, Waltham, MA) exclusion (33). Purified eosinophils were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium with 10% fetal calf serum (FCS) and antibiotics (all from ThermoFisher Scientific) as well as with or without 30 ng/mL recombinant human (rh)IL-5 (R&D Systems, Minneapolis, MN) for 18–24 hr as indicated.

Primary human MCs were isolated via enzymatic digestion from de-identified normal human skin specimens obtained through the Cooperative Human Tissue Network (CHTN) as previously described (34). Following enzymatic digestion, digested tissue was filtered through a wire mesh and collected cells were washed twice. The resulting cell pellet was resuspended in wash buffer and kept on ice. Collected cells were then processed through a Percoll (Sigma-Aldrich, St. Louis, MO) gradient. Cells were collected, washed, and plated at a concentration of 5×105 cells/mL in serum-free X-VIVO medium (Lonza, Basel, Switzerland) supplemented with 100 ng/mL recombinant human stem cell factor (rhSCF) (Peprotech, Cranbury, NJ, USA). Cells were fed weekly and maintained at a concentration of 5×105 cells/mL. Skin-derived MCs were used in experiments after 8-12 weeks in culture when MC purity exceeded 95%.




2.2 Enzymatic and pharmacologic treatments of eosinophils and MCs

Eosinophils and MCs were incubated with V. cholerae sialidase generously provided by Dr. Ronald Schnaar (Johns Hopkins University School of Medicine, Baltimore, MD) at the indicated activities. To determine the necessity of sialidase enzymatic activity or the activities of various signaling molecules, eosinophils were pre-incubated with pharmacologic inhibitors. In some experiments, eosinophils were pre-incubated with the sialidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA) (Sigma-Aldrich) at a final concentration of 250 μM 30 min prior to the addition of sialidase. Pre-incubation with inhibitors of spleen tyrosine kinase (Syk) (OXSI-2, 667 nM; Cayman Chemical, Ann Arbor, MI), phosphoinositide 3-kinase (PI3K) (LY294002, 5 μM; Selleckchem, Houston, TX), or phospholipase C (PLC) (U73122, 100 nM; Tocris Biosciences, Bristol, UK) was initiated 30 min prior to antibody ligation of Siglec-8 at 37°C, with each pharmacologic agent remaining in the medium for the duration of the incubation period. Skin-derived MCs were incubated with sialidase at 300 mU/mL for 2 hrs to cleave cell-surface sialic acid prior to the addition of antibodies.




2.3 Assessment of CD11b upregulation, ROS production, and cell death following Siglec-8 engagement

Eosinophils (2×105 cells in 200 µL medium per condition) were cultured for 18–24 h at 37°C with or without 30 ng/mL rhIL-5, then anti–Siglec-8 mAb (monoclonal antibody) (clone 2C4, generated as previously described (8)) or mouse IgG1 isotype control mAb (clone MOPC-21; Tonbo Biosciences, San Diego, CA) was added to a final concentration of 2.5 µg/mL. All treatment antibodies and controls were azide-free. Levels of cell-surface CD11b expression were assessed as previously described (11). Briefly, eosinophils were cultured for 2 h after stimulation prior to washing, staining for CD11b surface expression (clone ICRF44; BD Biosciences, San Jose, CA) in conjunction with the viability stain DAPI, and collecting data on a BD LSR II or Beckman Coulter CytoFLEX (Brea, CA) flow cytometer. To assess cell death induction as a result of Siglec-8 engagement, human eosinophils or skin-derived MCs (also at 2×105 cells in 200 µL medium per condition) were incubated with antibody for 18–24 h as previously described (10, 11), and cell death was assessed by flow cytometry after fluorophore-labeled annexin V (BioLegend, San Diego, CA) and DAPI staining. MCs were additionally incubated with anti-Siglec-6 mAb (clone 767329; R&D Systems) or mouse IgG2a isotype control mAb (BioLegend) at 2.5 µg/mL. ROS levels were detected as previously described (11, 35). Briefly, eosinophils were loaded at 37°C with dihydrorhodamine 123 (DHR 123; ThermoFisher Scientific) for 15 min prior to the addition of the indicated mAb at a final concentration of 2.5 µg/mL. After 120 min, the cells were washed, stained with DAPI, and analyzed by flow cytometry. Flow cytometric data were analyzed using FlowJo software v10 (TreeStar, Ashland, OR).




2.4 Lectin staining

To detect cell-surface sialic acid, eosinophils (2×105 cells per condition) were incubated with biotinylated Maackia amurensis lectin (MAL)-II or Sambucus nigra agglutinin (SNA) (both from Vector Laboratories, Newark, CA) at 10 μg/mL for 30 min. After washing, cell surface-bound lectin was stained with DyLight488-conjugated streptavidin (Vector Laboratories) at 10 μg/mL for 30 min and detected by flow cytometry. MAL-II and SNA signals were normalized to stained, untreated samples within each experiment. Eosinophils were stained for cell-surface sialic acid following 18-24 h of priming with 30 ng/mL IL-5 or treatment with V. cholerae sialidase at the indicated enzymatic activity level for 1 h. Eosinophils were washed prior to staining. Data were collected on a BD LSR II or Beckman Coulter CytoFLEX flow cytometer and analyzed using FlowJo software v10 as described above.




2.5 Statistical analysis

Data are presented as mean ± standard deviation unless otherwise indicated. Statistical significance was determined by one-way or two-way ANOVA and Tukey, Dunnett, or Šídák corrections for multiple comparisons as indicated using GraphPad Prism 6.0e. Statistical differences were considered significant at p < 0.05.





3 Results



3.1 Characterization of Siglec-8 cis ligands on human eosinophils

Several studies have demonstrated preferential binding of Siglec-8 to α2,3-sialylated, 6′-sulfated glycan structures, namely 6′-O-sulfo-sialyl-LewisX or 6′-O-sulfo-3′-sialyl-LacNAc (36–40). We have also shown that sialidase treatment of eosinophils enhances synthetic polymeric ligand binding (31), suggesting that sialylated cis ligands mask Siglec-8 and prevent binding of ligands in trans. However, these cis ligands have not been further characterized. Because of this, experiments were carried out to assess sialic acid levels at the cell surface on eosinophils at baseline and after treatment with sialidase. Sialic acid is typically found at the non-reducing ends of glycans connected to the rest of the glycan structure via α2,3 or α2,6 glycosidic linkages. Thus, we measured levels of sialic acid at the cell surface in these two different linkages using the lectins Maackia amurensis lectin (MAL)-II and Sambucus nigra agglutinin (SNA), which bind to α2,3-linked and α2,6-linked sialic acid, respectively. We first confirmed that treatment of human peripheral blood eosinophils with V. cholerae sialidase enhanced synthetic Siglec-8 ligand binding (Figure 1A). Using the same sialidase, we demonstrated that it dose-dependently diminished α2,3-linked sialic acid levels (Figure 1B) but had no detectable effect on levels of α2,6-linked sialic acid (Figure 1C), consistent with a previous report of linkage selectivity of V. cholerae sialidase at these levels of enzyme activity (41). Together, these data indicate that, similar to identified higher-affinity glycan ligands of Siglec-8, these masking cis ligands bear α2,3-linked sialic acid that is essential for interaction with Siglec-8.




Figure 1 | Treatment of human eosinophils with sialidase from V. cholerae selectively cleaves α2,3-linked sialic acids from the cell surface. (A) Human eosinophils isolated from peripheral blood were incubated with biotinylated 1-MDa polyacrylamide decorated with the Siglec-8 glycan ligand 6′-sulfo-3′-sialyl-LacNAc for 20 min at 4°C prior to detection of surface-bound ligand with fluorophore-conjugated streptavidin. Sialidase (Sia) from V. cholerae was used at 50 mU/mL for 1 hr at 37°C to cleave sialic acid from the ligand or from the eosinophils prior to ligand binding. Data are representative (top) or show the quantified normalized Siglec-8 binding to eosinophils relative to control untreated cells as well as overall mean and standard deviations of seven independent experiments (bottom). **, p<0.01; ***, p<0.001; ****, p<0.0001 by one-way ANOVA and Tukey multiple comparisons test. (B, C) Eosinophils were incubated with or without 30 ng/mL rhIL-5 for 18–24 hr. Unprimed cells were then treated with sialidase at the indicated activities for 1 hr prior to detection of cell-surface sialic acids by lectin binding. Surface-bound biotinylated MAL-II (B) or SNA (C) lectin was detected using fluorophore-conjugated streptavidin by flow cytometry. Similarly treated eosinophils incubated without lectin (No Lectin) were analyzed for background streptavidin binding. Data are representative (top) or show quantified normalized lectin binding from three independent experiments (bottom). **, p<0.01; ****, p<0.0001 vs. untreated control sample by two-way ANOVA and Dunnett multiple comparisons test.






3.2 Sialylated cis ligands restrain Siglec-8–induced eosinophil death

Interactions of other Siglecs with sialylated cis ligands can play important functional roles, sequestering the Siglec from targets of inhibitory activity or bringing targets of such activity into close proximity (42). Beyond the ability to limit Siglec-8 interactions with trans ligands, however, the functional impact of the cis ligands of Siglec-8 is unknown. Because the signaling pathway initiated by Siglec-8 antibody engagement is atypical for an ITIM-bearing receptor (11, 35), we hypothesized that Siglec-8 associates in a sialic acid–dependent manner with another receptor that is directly responsible for the observed signaling and cell death. To test this hypothesis, IL-5–primed eosinophils were pre-incubated with sialidase prior to antibody engagement of Siglec-8 and assessment of cell death. In the presence of IL-5 priming, sialidase treatment not only failed to prevent Siglec-8–induced cell death but further promoted it (Supplementary Figure 1). Surprisingly, we also discovered that sialidase treatment could overcome the requirement for cytokine priming and license Siglec-8 to cause cell death upon antibody engagement in a dose-dependent manner (Figures 2A, B). Eosinophil death following surface sialic acid cleavage and Siglec-8 engagement reached levels similar to those observed in IL-5–primed eosinophils, despite the fact that IL-5 priming did not significantly impact cell-surface sialic acid levels (Figures 1B, C). To ensure that this effect was due to the enzymatic activity of the sialidase, the sialidase inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA) was used. Sialidase inhibition significantly reduced Siglec-8–induced cell death (Figures 2A, B), consistent with its ability to impede removal of α2,3-linked sialic acid (Supplementary Figure 2).




Figure 2 | Sialidase treatment of eosinophils licenses Siglec-8 engagement–induced cell death without cytokine priming. Eosinophils were incubated with sialidase at the indicated activities (1 h) or cultured with or without IL-5 (30 ng/mL, 18–24 h) as indicated. Some eosinophils were also pre-incubated with the sialidase inhibitor DANA (250 μM). Eosinophils were then incubated with either anti–Siglec-8 mAb or an isotype control mAb (18–24 h). Cell viability was then assessed by annexin V–DAPI staining by flow cytometry. (A) Representative contour plots of annexin V–DAPI viability staining is shown. (B) The normalized proportion of viable (annexin V− DAPI−) and necrotic (annexin V+ DAPI+) cells is shown. Each dot represents the results of an independent experiment. Statistical analysis was done by two-way ANOVA with Dunnett’s multiple comparisons test: relative to within-group samples without sialidase treatment or cytokine priming: ns, not statistically significant; *, p<0.05; **, p<0.01; ****, p<0.0001; relative to similarly treated samples in the absence of DANA inhibitor (same antibody and sialidase activity): #, p<0.05; ####, p<0.0001.






3.3 The sialidase-licensed Siglec-8 cell death pathway in eosinophils resembles that licensed by cytokine priming

One possible explanation for the potentiation of Siglec-8 function by sialidase is that disruption of these cis interactions enables greater antibody engagement of Siglec-8 due to reduction of steric hindrance or greater epitope accessibility via conformational changes of Siglec-8. However, no enhancement of anti–Siglec-8 mAb binding was observed upon sialidase treatment of eosinophils (Supplementary Figures 3A, B). In contrast, there was a slight increase in Siglec-8 antibody binding following IL-5 priming, consistent with previously reported results (43).

Another possibility is that sialidase treatment of eosinophils facilitates the activation of CD11b/CD18 integrin rather than intrinsic Siglec-8 signaling, as sialylation has been reported to regulate CD11b/CD18 function on neutrophils and microglia (44–46). It is also possible that sialidase-licensed Siglec-8–induced cell death occurs through a distinct pathway that does not mirror the pathway licensed by IL-5 priming. In order to examine these possibilities, we measured cell-surface upregulation of CD11b and production of reactive oxygen species (ROS) and determined the necessity of the signaling molecules PI3K and PLC for these cellular events and cell death after Siglec-8 antibody engagement. No CD11b upregulation or ROS production was observed in isotype control mAb–treated cells following sialidase removal of cell-surface sialic acid (Figures 3A, B). Likewise, no significant increases in CD11b expression or ROS were observed in eosinophils upon Siglec-8 antibody engagement without sialidase treatment or IL-5 priming. Both eosinophils that were sialidase-treated and those primed with IL-5 responded to anti–Siglec-8 mAb by augmenting cell-surface CD11b levels and generating ROS. Furthermore, the activities of PI3K and PLC were required for these effects, consistent with our previous findings regarding Siglec-8 signaling (35), although PLC inhibition failed to statistically significantly block ROS production in sialidase-treated eosinophils. Our prior work found that, like PI3K and PLC, Syk was necessary for Siglec-8–induced upregulation of CD11b as well as cell death. Using pharmacologic inhibition of Syk in conjunction with sialidase treatment, we find that Syk is likewise necessary for sialidase-licensed Siglec-8–induced cell death (Supplementary Figures 4A, B). Together, these data indicate that the relevant effect of sialidase treatment in this cell death pathway is on Siglec-8 function directly rather than on CD11b/CD18 activation. Finally, and notably, while little cell death is typically observed after just 2 hours of Siglec-8 engagement, sialidase-treated eosinophils were found to have undergone substantial levels of cell death at this time point (Figure 3C). Only modest levels of cell death were observed with IL-5 priming at such an early timepoint (Figure 3C), indicating that the kinetics of Siglec-8–mediated eosinophil death are more rapid following sialidase treatment.




Figure 3 | Cell death pathway induced by Siglec-8 engagement following sialidase licensing resembles that observed in cytokine-primed eosinophils. Eosinophils were incubated with sialidase (500 mU/mL, 1 h), IL-5 (30 ng/mL, 18–24 h), in medium without enzyme or cytokine supplementation (Control). Cells were then incubated with the PI3K inhibitor LY294002 (5 μM), the phospholipase C inhibitor U73122 (100 nM), or diluent prior to the addition of anti–Siglec-8 or isotype control mAb. Following 4 h of antibody exposure, levels of cell-surface CD11b (A), intracellular ROS measured by DHR123 MFI (B), and cell viability determined by DAPI exclusion (C) were assessed by flow cytometry. Data are representative (top) or normalized to levels observed in untreated samples incubated with isotype control mAb (bottom) and represent the means and individual values of four (A, C) or three (B) independent experiments. Statistical analysis was done by two-way ANOVA with Dunnett’s multiple comparisons test: ns, not statistically significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.






3.4 Sialidase treatment of human MCs facilitates Siglec-8 engagement–induced cell death

Engagement of Siglec-8 on human MCs, unlike on eosinophils, has been reported to have no impact on cell viability (15). Instead, Siglec-8 recruits protein tyrosine phosphatases that participate in inhibitory signaling that diminishes MC activation (13–15). The reason for these disparate functions of Siglec-8 in different cell types is unclear. Similarly, antibody ligation of a related receptor, Siglec-6, on MCs inhibits stimulatory signaling and reduces MC activation but does not cause cell death (34, 47). However, Siglec-6 has a binding preference for α2,6-linked sialic acid, at least through its canonical sialoglycan binding pocket (48–50). We therefore hypothesized that removal of α2,3-linked sialic acid from the surface of human skin-derived MCs would sensitize these cells to cell death induced by Siglec-8 but not Siglec-6. Following sialidase treatment, MCs were incubated with antibody against Siglec-8, Siglec-6, or both. Consistent with our hypothesis, Siglec-8–mediated MC death was quite modest at baseline but greatly enhanced following pre-exposure to sialidase (Figures 4A, B). In contrast, engagement of Siglec-6 did not result in a significant effect on viability under either condition, and exposure to both anti–Siglec-6 and anti–Siglec-8 antibody resulted in effects like those of Siglec-8 antibody alone. These experiments have uncovered a previously unknown and important contribution of Siglec-8 cis ligands on MCs for constraining Siglec-8–mediated cell death.




Figure 4 | Mast cells are susceptible to Siglec-8 engagement–induced cell death that is potentiated by sialidase treatment. Primary human skin-derived mast cells were pre-incubated with 300 mU/mL V. cholerae sialidase for 1 (h) Mast cells were then washed and incubated with anti–Siglec-6 (mouse IgG2a), anti–Siglec-8 (mouse IgG1), and/or their respective isotype control mAbs as indicated for 18–24 h before assessing cell viability by annexin V–DAPI staining and flow cytometry. Data are representative (A) or normalized to cell viabilities of the isotype control–treated samples and represent the overall means and individual values of three independent experiments (B). Statistical analysis was done by two-way ANOVA with Tukey’s multiple comparisons test: *, p<0.05; **, p<0.01; ***, p<0.001 relative to indicated within-group samples; or Šídák’s multiple comparisons test: #, p<0.05 relative to the same antibody treatment without sialidase pretreatment.







4 Discussion

Siglec-8 antibody engagement on cytokine (i.e., IL-5, GM-CSF, or IL-33)-primed eosinophils has long been known to induce cell death (9, 10). This pathway is dependent on CD11b/CD18 integrin–mediated adhesion and ROS production by NADPH oxidase and occurs through a signaling pathway involving Syk, PI3K, and PLC, among other signaling molecules (11, 12, 35). However, no apparent effects are observed on eosinophils in response to antibody engagement of Siglec-8 in the absence of cytokine priming or secondary antibody crosslinking, and the necessity for these factors has not been explained. Furthermore, Siglec-8 antibody engagement has not been found to impact MC viability in the presence or absence of SCF or secondary antibody crosslinking (15). We have previously shown that Siglec-8 is partially masked by interactions in cis with sialylated ligands on human eosinophils (31). We demonstrate here that these masking cis ligands bear α2,3-linked sialic acid by using a sialidase that exhibits linkage specificity at the enzyme activities used in this study (41). Given that all sialoside ligands identified for Siglec-8 contain α2,3-linked sialic acid and no α2,6-linked sialic acid–containing glycans have been found to interact with Siglec-8, this result is not surprising (36–40).

Cis interactions of Siglec family members play a number of important roles, such as setting an affinity/avidity threshold for interactions with ligands in trans, sequestering the Siglec from targets of inhibitory signaling, or bringing the Siglec into proximity with a target of inhibition (23, 42). We show here that Siglec-8 interactions with cis sialylated ligands restrain cell death induction and that the need for cytokine priming can be overcome by enzymatically removing α2,3-linked sialic acids from the cell surface. The pathway initiated by Siglec-8 engagement in sialidase-treated eosinophils mimics that characterized in IL-5–primed eosinophils, including a requirement for Syk activity and the cell-surface upregulation of CD11b and the generation of ROS, both of which are dependent on PI3K and PLC activities (11, 12, 35). This raises the possibility that cytokine priming of eosinophils achieves its effects on Siglec-8 function by disrupting these cis interactions. Although no generalized effects of cytokine priming on the cell-surface sialic acid profile are seen, it remains possible that cytokine priming disrupts Siglec-8 cis interactions through other means, such as the conformational alteration of the specific glycoconjugates that engage Siglec-8 or their movement to a different membrane microdomain such that the glycans remain accessible to MAL-II but inaccessible to Siglec-8. Alternatively, priming may cause the endocytosis of the Siglec-8 cis ligands that may represent a minor component of the pool of cell-surface glycans recognized by MAL-II. Indeed, the identities of the cell-surface glycoconjugates that interact with Siglec-8 are currently unknown, and further study will be needed to characterize them. While the global removal of cell-surface α2,3-linked sialic acid is effective, it may be beneficial to target the relevant glycoconjugates that bind to Siglec-8 to deplete eosinophils and MCs. Our results also indicate that direct disruption of cis ligand interactions may accelerate Siglec-8–induced cell death.

Previous reports have indicated that cell-surface sialylation regulates CD11b/CD18 integrin function on neutrophils and microglia. Feng et al. demonstrated that human neutrophils mobilize endogenous sialidase to the cell surface upon activation and that desialylation of either neutrophils or the CD11b/CD18 ligand ICAM-1 enhanced binding and adhesion (46). A subsequent study found that human neutrophils remove α2,3-linked (but not α2,6-linked) sialic acid from their cell surface during transepithelial migration (TEpM) and that sialidase inhibition reduced TEpM as well as fMLF-induced CD11b conformational activation, degranulation, ROS production, and signaling (45). Likewise, activation of murine microglia leads to enhanced cell-surface sialidase activity, and desialylation of microglia using sialidase or a sialyltransferase inhibitor increases phagocytosis and neuronal loss in co-culture in a CD11b-dependent manner (44). The precise mechanisms underlying these effects of sialylation on CD11b/CD18 integrin have not been elucidated, but it is notable that these cells express Siglecs that, similar to Siglec-8, recognize α2,3-linked sialylated ligands, including Siglec-9 and its murine ortholog, Siglec-E (reviewed in (51)) that may restrain integrin activity. Indeed, mice lacking functional Siglec-E reveal a role for Siglec-E in the regulation of CD11b/CD18 integrin–mediated function in mouse neutrophils, although the effects are complex, with apparent roles for Siglec-E in dampening CD11b-dependent neutrophil recruitment and Syk and p38 phosphorylation but promoting CD11b-dependent ROS production and Akt phosphorylation (52, 53). Impaired ROS production was observed in functionally Siglec-E–deficient neutrophils in response to either LPS administration or fibrinogen (53). In our study, no endogenous sialidase activity was apparent, there were no global alterations of the cell-surface sialic acid profile in response to IL-5 priming, and the sialidase inhibitor DANA exerted no effect in the absence of exogenous sialidase, suggesting that eosinophils may alter cell-surface sialylation or sialoside ligands via a distinct pathway from those employed by neutrophils and microglia. Importantly, there was also no effect of sialidase treatment on CD11b upregulation, ROS production, or cell death in the absence of Siglec-8 ligation, and downstream effects of engagement were mediated by signaling similar to the pathway we have previously described for Siglec-8 engagement in IL-5–primed eosinophils (35), indicating that de-sialylation does not promote CD11b/CD18 integrin function directly in this system.

The consequences of antibody engagement of Siglec-8 on primed eosinophils and MCs are disparate, despite the fact that there are no known changes in the structure of the receptor between these two cell types. These distinct outcomes could be explained by differences in the sets of downstream signaling molecules or in the propensity of these cell types to produce ROS or engage a particular cell death pathway. An alternative explanation, supported by this work, is that cis interactions govern the functional consequences of Siglec-8 engagement. We show that antibody ligation of Siglec-8 on primary human MCs produces a low level of cell death at baseline but that antibody engagement following sialidase treatment reduces MC viability by about half within 24 hours. This result is consistent with the relatively high abundance of sialic acid on the surface of human MCs compared to human eosinophils (54), which suggests that, while Siglec-8 is capable of inducing cell death in both cell types, characteristic outcomes are dictated by cell surface glycosylation. Further study will be necessary to determine whether Siglec-8 on MCs utilizes a similar cell death pathway to that characterized in eosinophils and whether this pathway is engaged under physiological conditions. It is interesting that Siglec-8 engagement–induced cell death requires a preliminary step, whether it be cytokine priming or sialic acid removal, that appears to release Siglec-8 from a constrained state. Given that cytokine priming is the more physiologic signal for this in vivo, it is logical to hypothesize that the natural role of Siglec-8 is to clear activated eosinophils, and perhaps MCs, during the resolution of type 2 inflammation. However, the physiologic signals that license Siglec-8 to achieve this effect in MCs, if any, have not been identified. Nevertheless, whether this pathways is engaged naturally to clear MCs or not, it could be exploited therapeutically to deplete MCs in disease states.

Currently, while there are several therapeutic options to block the activities of mediators released from MCs, there are few options to more globally address MC-mediated inflammation. Siglecs and other inhibitory receptors present on MCs are good therapeutic targets to inhibit MC activation more generally. Indeed, both Siglec-8 and Siglec-6 inhibit MC activation through a variety of different pathways to some degree (14, 34). However, antibody targeting of Siglec-8 is unable to deplete MCs by antibody-dependent cellular cytotoxicity in the same way as eosinophils, presumably due to a lack of cytotoxic NK cells in tissues in which MCs are found (55, 56). MC depletion strategies have largely focused on KIT, but small-molecule inhibitors of KIT often have substantial off-target effects and neither small-molecule inhibitors nor biologics are capable of distinguishing MCs from other KIT+ cells types, including hematopoietic stem cells, megakaryocytes, spermatogonia, primed CD8+ T cells, interstitial cells of Cajal, melanocytes, and T1R3+ taste cells (57–63), raising concerns about potentially deleterious on-target effects. Our results demonstrate that rapid MC depletion can be achieved in vitro by ligating Siglec-8 after removing cell-surface sialic acid. Because Siglec-8 is selectively expressed on eosinophils, MCs, and at low levels on basophils (8), this approach offers promise as a means to selectively and effectively deplete MCs in patients with MC-mediated diseases.
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Immunopeptidomics, the study of peptide antigens presented on the cell surface by the major histocompatibility complex (MHC), offers insights into how our immune system recognises self/non-self in health and disease. We recently discovered that hyper-processed (remodelled) N-glycans are dominant features decorating viral spike immunopeptides presented via MHC-class II (MHC-II) molecules by dendritic cells pulsed with SARS-CoV-2 spike protein, but it remains unknown if endogenous immunopeptides also undergo N-glycan remodelling. Taking a multi-omics approach, we here interrogate published MHC-II immunopeptidomics datasets of cultured monocyte-like (THP-1) and breast cancer-derived (MDA-MB-231) cell lines for overlooked N-glycosylated peptide antigens, which we compare to their source proteins in the cellular glycoproteome using proteomics and N-glycomics data from matching cell lines. Hyper-processed chitobiose core and paucimannosidic N-glycans alongside under-processed oligomannosidic N-glycans were found to prevalently modify MHC-II-bound immunopeptides isolated from both THP-1 and MDA-MB-231, while complex/hybrid-type N-glycans were (near-)absent in the immunopeptidome as supported further by new N-glycomics data generated from isolated MHC-II-bound peptides derived from MDA-MB-231 cells. Contrastingly, the cellular proteomics and N-glycomics data from both cell lines revealed conventional N-glycosylation rich in complex/hybrid-type N-glycans, which, together with the identification of key lysosomal glycosidases, suggest that MHC-II peptide antigen processing is accompanied by extensive N-glycan trimming. N-glycan remodelling appeared particularly dramatic for cell surface-located glycoproteins while less remodelling was observed for lysosomal-resident glycoproteins. Collectively, our findings indicate that both under- and hyper-processed N-glycans are prevalent features of endogenous MHC-II immunopeptides, an observation that demands further investigation to enable a better molecular-level understanding of immune surveillance.
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Introduction

Immune surveillance is a critical mechanism employed by our immune system to monitor for and protect against foreign agents posing health threats. The major histocompatibility complex (MHC) class I (MHC-I) and class II (MHC-II) molecules present repertoires of immunopeptides on the surface of cells, the immunopeptidome, by which T-cells can recognise abnormal or foreign peptide antigens, such as those of pathogen origin (1). The MHC molecules are encoded by highly polymorphic genes, giving rise to a wide spectrum of MHC variants (in humans referred to as human leukocyte antigen [HLA] allotypes) each displaying different peptide binding specificities leading to highly diverse populations of immunopeptides.

In addition to the inherent genetic variability of the MHC molecules, non-coded post-translational modifications (PTMs) of proteins greatly expand the molecular and functional diversity of the immunopeptidome (2, 3). PTMs are known to impact the chemical structure, presentation and, ultimately, the function of immunopeptides thereby playing key roles in shaping the immune response to pathogenic and other health-detrimental insults (4, 5).

Facilitated by advances in mass spectrometry (MS), the immunopeptidome can now be comprehensively profiled with high sensitivity and precision using established liquid chromatography-tandem MS (LC-MS/MS) methods (6). However, the existing LC-MS/MS-based immunopeptidomics protocols for sample preparation and data acquisition/analysis are still focused largely on identifying unmodified immunopeptides, leaving, in most cases, their modified counterparts unrecognised.

Asparagine- (Asn-, N-) linked glycosylation is a common and complex PTM known to impact the structural and functional diversity of the cellular proteome (7, 8). While to date there have only been relatively few studies reporting on N-glycosylation of MHC-bound immunopeptides, building evidence supports that in particular the MHC-II immunopeptidome contains a significant proportion of peptide antigens bearing N-glycans. In an early report, remnants of the N-glycan trimannosylchitobiose core were identified from naturally processed MHC-II immunopeptides bound to HLA-DR alleles (9). Several years later, HLA-DR-bound MHC-II immunopeptides were again reported to carry unusually short N-glycans including a paucimannose-type N-glycan with an intact trimannosylchitobiose core (Man3GlcNA2Fuc1) (10). In further support, Malaker and co-workers explored the N-glycosylation of MHC-II-bound immunopeptides presented by cultured melanoma and matched EBV-transformed B lymphoblastoid cells and found that a variety of N-glycan structures including paucimannosidic-, oligomannosidic- and complex/hybrid-type N-glycans decorate MHC-II-bound immunopeptides presented on those cell lines (11). Finally, enabled by new data analysis software tailored for glycopeptide identification, Nesvizhskii and colleagues recently reported on the N-glycosylation of immunopeptides from a variety of cell lines by re-interpreting previously published immunopeptidomics data (12). These efforts led to a valuable library (the ‘HLA-Glyco database’) containing over 3,400 N-glycosylated MHC-II-bound immunopeptides across 1,049 glycosylation sites providing robust evidence to support that N-glycosylation is wide-spread within the MHC-II immunopeptidome.

Notably, glycosylation of immunopeptides has also been shown to be important for the specificity of some human MHC-II-restricted T-cells (13–15). Forming a foundation of this present study, we have recently found that dendritic cells (DCs) phagocytose and process the highly N-glycosylated SARS-CoV-2 spike protein and prevalently present MHC-II-bound immunopeptides carrying both under- and hyper-processed (remodelled) spike N-glycans on their surfaces including oligomannosidic (Man5-9GlcNAc2) and paucimannosidic (Man1-3GlcNAc2Fuc0-1) N-glycans for T-cell recognition, starkly contrasting the glycophenotype of the native spike protein that was shown to be rich in elongated complex-type N-glycans (16). While the unusual glycosylation features of these immunopeptides provide clues regarding how glycans decorating exogenous viral glycoproteins are perceived and altered by our immune system, it remains unknown if endogenous (human) immunopeptides also carry remodelled N-glycans that differ from their native cellular glycoproteins, details that are important to enable a better understanding of the glycobiology underpinning immunopeptide presentation and recognition.

Taking a multi-omics approach, we here explore the N-glycosylation of endogenous immunopeptides by interrogating published MHC-II immunopeptidomics datasets and matching N-glycomics and proteomics data of cell lysates from cultured monocyte-like (THP-1) and breast cancer-derived (MDA-MB-231) cells. We find evidence to support the notion that both under-processed and extensively remodelled N-glycans prevalently modify endogenous MHC-II immunopeptides.





Methods

The experimental approach has been summarised in Supplementary Figure S1A.




Data origin and selection criteria

Publicly available MHC-II immunopeptidomics LC-MS/MS datasets with matching LC-MS/MS-based proteomics and PGC-LC-MS/MS-based N-glycomics datasets of the cellular (lysate) fraction were identified by, firstly, searching the PRIDE repository against the keywords “immunopeptidomics” and “MHC-II” (17), and, secondly, by searching the literature for matching high-quality proteomics and glycomics data of the same biological systems, Supplementary Figure S1B. Glycopeptide enrichment was neither performed for the selected immunopeptidome nor for the used proteome data to avoid any analytical bias that glycopeptide enrichment may cause. The retrieved immunopeptidomics and proteomics datasets were manually inspected and only studies with high-quality LC-MS/MS data (robust chromatography, high fragmentation efficiency and with acceptable spectral signal-to-noise) generated using HCD-MS/MS fragmentation acquired on high-resolution mass spectrometers were selected. HCD-MS/MS spectra of glycopeptides are namely known to contain 1) diagnostic oxonium ions (e.g. m/z 204.0867 for HexNAc) specifically reporting on the presence of glycopeptides and other fragment ions including 2) peptide b-/y-ions, 3) glycopeptide Y-ions, and 4) glycan B-ions, required for confident glycopeptide identification. MHC-II immunopeptidomics datasets from a monocyte-like cell line [THP-1, i.e. PXD015646 and PXD005169 (18, 19)] and a triple negative breast cancer cell line [MDA-MB-231, i.e. PXD023044, PXD023038 and MSV000083727 (20, 21)] each comprising technical replicates generated across different culture conditions met these criteria. For the THP-1 immunopeptidomics data (18), all experimental conditions were used to validate that the identified glycosylated and non-glycosylated immunopeptides conformed to the expected MHC-II characteristics, while only the phorbol myristate acetate (PMA)-treated condition was used for the glycoprofiling to enable a fair comparison between the glycosylation of immunopeptides and the cellular glycoproteome. Raw data (immunopeptidomics, N-glycomics, proteomics) for the two investigated systems meeting the above conditions and of an acceptable data quality were downloaded and searched as described below.





Interrogation of published immunopeptidomics and cellular proteomics data

All immunopeptidomics and proteomics LC-MS/MS raw data were searched for N-glycopeptides using Byonic v3.9.4 (Protein Metrics) operated using identical search settings with the exception of the enzyme specificity (Supplementary Figure S1C). The proteomics datasets were searched against fully specific tryptic peptides with up to two missed cleavages permitted while the immunopeptidomics datasets were searched using non-specific R/K digestion settings with up to two missed cleavages allowed per peptide to speed up the search by limiting the peptide search space without biasing towards tryptic cleavage patterns (see below). The generated HCD-MS/MS spectra were searched using the following search settings: precursor/product ions were permitted to deviate up to 10/20 ppm from the expected (theoretical) values, up to one N-glycan per peptide was allowed as a variable ‘common’ modification, and up to one Met oxidation (+15.994 Da) or one Asn deamidation (+0.984 Da) was permitted per peptide as a variable ‘common’ modification. Monoisotopic correction (error check equals +/- floor, mass in Da/4,000) was used. For the glycan search space, a glycomics-guided N-glycan database containing all N-glycans identified from the available N-glycomics data of THP-1 and MDA-MB-231 lysates (see below) was generated for each of the two biological systems. Importantly, ultra-truncated N-glycans known to go undetected in our glycomics approach were manually added to the N-glycan search space in both biological systems. All data were searched against the entire human proteome (UniProt ID: 9606) using a decoy database and a list of common contaminants available in Byonic to enable FDR control.

From the Byonic search output, all glycopeptide candidates were firstly filtered to PEP 2D < 0.01 and any glycopeptides from the reverse and contaminant proteins manually deleted. To improve confidence further, the immunopeptidomics datasets were additionally filtered by peptide length, only including the expected MHC-II peptide length (12-25 amino acid residues). Finally, the filtered glycopeptides were assessed for nested sets and the biosynthetic relatedness of the observed glycoforms. For the proteomics datasets, the Byonic search output was further filtered by excluding the bottom 10% least confident glycoPSMs in both the MDA-MB-231 and THP-1 datasets for increased confidence in the reported tryptic glycopeptides. The quantitation of observed glycopeptides in both the immunopeptidomics and cellular proteomics data was based on spectral counting of the glycopeptide-to-spectrum matches (glycoPSMs). To determine glycopeptide prevalence in the immunopeptidomics raw data, the MS/MS spectra and glycosylated MS/MS spectra in the LC-MS/MS files were counted using in-house software that searches for the presence of oxonium ions (m/z 204.0867 ± 10 ppm with an intensity threshold of 10% of maximum intensity, and a minimum of five fragment ions per spectrum) as diagnostic reporters of glycopeptides.





Reinterrogation of published cellular N-glycomics data

The LC-MS/MS-based N-glycomics raw data files of MDA-MB-231 and THP-1 were browsed and inspected using ESI-Compass Data Analysis 4.0 software v1.1 (Bruker Daltonics). N-glycans were identified based on their monoisotopic precursor mass, absolute and relative PGC-LC retention time and MS/MS fragmentation pattern as described (22, 23). The relative abundances of the individual N-glycans were determined based on area-under-the-curve measurements from extracted ion chromatograms of the monoisotopic precursor ions using Skyline v22.2 and QuantAnalysis v2.1 (Bruker Daltonics). Glycans were depicted using the latest symbol nomenclature for graphical representation of glycans (24). Glycan depiction and spectral annotation were assisted by the GlycoWorkBench v2.1 software.





Generation of new N-glycomics data of isolated MDA-MB-231 immunopeptides

Isolated MHC-II-bound immunopeptides from the MDA-MB-231 cell line were available from our previous study (20). These immunopeptides were subjected to N-glycome profiling using an established glycomics method with minor modifications (25). In short, the MHC-II immunopeptides were in-solution de-N-glycosylated using 20 U recombinant peptide:N-glycosidase F (PNGase F, Elizabethkingia miricola, Promega) in 20 µl 10 mM ammonium bicarbonate for 14 h at 37°C. The detached N-glycans and the formerly N-glycosylated immunopeptides were then applied to primed Oligo R3 reversed phase solid phase extraction (SPE) micro-columns. The N-glycans, which were found in the flowthrough/wash fractions, were reduced to alditols using sodium borohydride and desalted using custom-made porous graphitised carbon (PGC) SPE micro-columns. The N-glycans were detected using an established PGC-LC–MS/MS method (26). In short, the N-glycans were injected on a heated (50°C) Hypercarb KAPPA PGC HPLC column (1 mm internal diameter, 30 mm length, 3 μm particle size, 250 Å pore size, Thermo Fisher Scientific). The N-glycans were separated over a 60 min multi-step gradient of solvent B containing 70% ACN in 10 mM aqueous ammonium bicarbonate (solvent A). The gradient started at 0% B (0-3 min), increased to 14% B (3-4 min), 40% B (4-40 min), 56% B (40-48 min), 100% B (48-50 min), kept at 100% B (50-54 min), dropped to 0% B (54-56 min) and then stayed at 0% B (56-60 min). A constant flow rate of 20 µL/min was maintained with a post-column make-up flow supplying 70% ACN delivered by a Dionex Ultimate-3000 HPLC system (Thermo Fisher Scientific). The separated N-glycans were ionised using electrospray ionisation and detected in negative ion polarity mode using a linear trap quadrupole Velos Pro ion trap mass spectrometer (Thermo Fisher Scientific) with a full scan acquisition range of m/z 660–2,000 and a source voltage of +2.75 kV. The automatic gain control for the MS1 scans was set to 3 × 104 with a maximum accumulation time of 100 ms. For MS/MS, the automatic gain control was 2 × 104 and the maximum accumulation time was 300 ms. The N-glycans were manually identified based on their molecular mass and PGC-LC retention time as well as CID-MS/MS fragmentation pattern of several key glycan structures as detailed above. RawMeat v2.1 (Vast Scientific), GlycoMod (Expasy), Xcalibur Qual Browser v2.2 (Thermo Fisher Scientific) and GlycoWorkBench v2.1 aided the identification process.





Prediction of MHC-II binding cores and sequon position mapping

All immunopeptide sequences were searched against their specific DR, DQ and DP allotype (MDA-MB-231: DRB1*0701, DRB1*1305, DQA10201-DQB10202, DQA10505-DQB10301, DPA10103-DPB10201, DPA10201-DPB11701 and THP-1: DRB1*0101, DRB1*1501, DQA10101-DQB10501, DQA10102-DQB10602, DPA10103-DPB10201, DPA10202-DPB10402) using NetMHCIIpan 4.1 to predict the MHC-II binding cores of the identified immunopeptides (27). The sequences with the most confident MHC-II binding core predictions from all alleles were compiled. The sequon positions were determined for both the glycosylated immunopeptides and sequon-containing non-glycosylated immunopeptides relative to the binding core. For example, the immunopeptide NSTFVQALVEHVKEE contained the predicted DRB1*0101 binding core FVQALVEHV and displayed an N-glycosylation site at position -3 relative to the start of the predicted binding core.






Results and discussion

Taking a multi-omics system glycobiology approach (Supplementary Figure S1), we explored N-glycosylation events of endogenous MHC-II-bound immunopeptides by interrogating immunopeptidomics datasets from monocyte-like (THP-1) (18) and triple negative breast cancer-derived (MDA-MB-231) (20) cell lines relative to the cellular N-glycoproteome from these biological systems enabled by the availability of matching N-glycomics and proteomics data of lysates of THP-1 (19) and MDA-MB-231 (20, 28) cells.

Given the recognised analytical challenges associated with the large-scale identification of glycosylated peptides (29, 30), let alone glycosylated immunopeptides (12), we used a glycomics-guided approach to define a bespoke glycan search space to accelerate the data analysis search and lower the mis-identification rate of glycosylated immunopeptides (25, 31). To this end, we firstly mined the available PGC-LC-MS/MS-based glycomics data of the cellular N-glycome of MDA-MB-231 and THP-1 from which 29 and 41 N-glycan structures spanning 22 and 29 monosaccharide compositions, respectively, were confidently identified (Supplementary Tables S1, S2). Hyper-truncated chitobiose core N-glycans (GlcNAc1-2Fuc0-1) play recognised roles in innate immunity and cancer (32, 33) and have been reported on MHC-II immunopeptides (9) yet are ineffectively profiled by PGC-LC-MS/MS-based glycomics; thus, these short N-glycans were manually added to the glycan search space.

Utilising the glycomics-guided approach to search the available immunopeptidomics data for N-glycosylated immunopeptides, we identified a total of 665 and 353 N-glycoPSMs across 145 and 73 unique N-glycopeptides mapping to 63 and 31 glycoproteins from MDA-MB-231 and THP-1, respectively (Supplementary Tables S3, 
S4). Given that glycopeptide enrichment was not applied to the investigated immunopeptide samples, non-glycosylated immunopeptides were, as expected, more prevalent; in total, 49,806 and 12,109 non-glycosylated PSMs belonging to 10,297 and 4,502 unique non-glycosylated peptides that mapped to 1,768 and 1,129 proteins were detected from the investigated MDA-MB-231 and THP-1 datasets, respectively (Supplementary Tables S5, S6). Thus, the estimated N-glycosylation rate in the investigated MHC-II immunopeptidomics datasets was 1.3% (MDA-MB-231) and 2.8% (THP-1). Another method to estimate the global level of glycosylation in LC-MS/MS datasets is to quantify the presence of a diagnostic HexNAc fragment ion (m/z 204.0867) in HCD-MS/MS data (30). As expected, this method produced higher estimates of the N-glycosylation level i.e. 9.4% (MDA-MB-231) and 4.5% (THP-1) (Supplementary Table S7, Supplementary Figure S2), indicating that only a relatively minor fraction of the glycopeptide MS/MS spectra was identified using our search strategy and that the actual rate of N-glycosylation may be higher than the 1-3% levels estimated in the two investigated systems.

Adding confidence in the identified MDA-MB-231 immunopeptides, both the glycosylated and non-glycosylated immunopeptides were found to conform to the expected MHC-II peptide length profile (34, 35) with most identified immunopeptides being between 15-17 amino acid residues (Figure 1Ai). Strengthening further the confidence in the reported immunopeptides, a considerable proportion of the glycosylated and non-glycosylated MDA-MB-231 immunopeptides were deemed likely MHC-II binders using allotype-specific (HLA-DR, DP, DQ) HLA-binding prediction software (37) (Figure 1Aii). Moreover, most of the glycosylated and non-glycosylated MDA-MB-231 immunopeptides showed the expected non-tryptic cleavage pattern (Supplementary Figure S3A). Finally, the MDA-MB-231 immunopeptides were found to carry biosynthetically-related glycoforms and formed nested sets, a typical feature of MHC-II immunopeptides (16), generating an additional level of confidence in our findings (Supplementary Figure S4A). In total, 23 N-glycan structures (compositions) were found to decorate the MDA-MB-231 immunopeptides spanning four distinct glycan classes including chitobiose core (GlcNAc1-2Fuc0-1), paucimannose (Man1-3GlcNAc2Fuc0-1), oligomannose/oligomannose-like (Glc0-1Man4-9GlcNAc2) and hybrid/complex-type N-glycans (Figure 1Aiii).




Figure 1 | The N-glycosylation of MHC-II-bound immunopeptides differs from the cellular glycoproteome in MDA-MB-231 and THP-1. (A) MDA-MB-231 immunopeptide length distribution (i), allotype binding specificity (ii) and N-glycans (isomer-condensed) identified in available MHC-II immunopeptidomics data (iii) (20). (B) MDA-MB-231 cellular N-glycans identified using available proteomics data (20). *Structures confirmed from either newly generated N-glycomics data of MHC-II immunopeptides isolated from MDA-MB-231 (A) or from available MDA-MB-231 N-glycomics data (lysate, B) (28). (C) THP-1 immunopeptide length distribution (i) allotype binding specificity (ii) and N-glycans identified in available MHC-II immunopeptidomics data (iii) (18). (D) THP-1 cellular N-glycans identified using available proteomics data (19). *Structures confirmed with available THP-1 N-glycomics data (lysate) (19). See Supplementary Figure S5 for a quantitative distribution of all glycan compositions identified by the glycopeptide profiling. See insert for key to the binding prediction, N-glycan classes and N-glycan structures. N-glycans were drawn using the symbol nomenclature for glycomics (36).



Next, we orthogonally confirmed and further detailed the immunopeptide glycosylation features, by generating new PGC-LC-MS/MS-based N-glycomics data of isolated MDA-MB-231 immunopeptides. Despite considerable challenges owing to low sample amounts, the glycomics analyses of the immunopeptides confirmed the presence of 12 of the 23 N-glycan structures already observed in the MDA-MB-231 immunopeptidome (Supplementary Table S8, Figure 1, see asterisks). Due to limited sample amounts, our glycomics analysis did not allow for quantitation of the N-glycans decorating the isolated MDA-MB-231 immunopeptides, but we observed a qualitative fit to the proteomics-based glycoprofile of the MDA-MB-231 immunopeptidome. Our data demonstrate, for the first time, that PGC-LC-MS/MS-based glycomics of isolated immunopeptides indeed is feasible opening exciting avenues to obtain structural insight into the glycosylation of peptide antigens.

In stark contrast, a similar glycomics-guided search for intact tryptic N-glycopeptides in the proteomics data of the cellular fraction (lysate) of MDA-MB-231 revealed with 2,367 N-glycoPSMs across 714 unique N-glycopeptides mapping to 207 glycoproteins, a cellular glycoproteome rich in oligomannosidic- and complex-type N-glycans (Figure 1B, Supplementary Table S9). Importantly, the dominant oligomannosylation and complex-type N-glycosylation of the MDA-MB-231 lysate was confirmed by quantitative glycomics, which also validated most of the N-glycan structures observed in the proteomics data (i.e. 29 of 33 N-glycans, Supplementary Table S1). Given the abundance of oligomannosylation in this data, we cannot rule out that a fraction of the glycoproteins profiled in the lysate was misfolded in the protein quality control or awaiting processing in the secretory machinery; however, the relatively low level (i.e. 4.3% by glycomics, 1.7% by glycopeptide analysis) of an immature N-glycan precursor (Glc1Man9GlcNAc2) indicates that this may account for a minor fraction. Despite arising from the same cell lines grown under similar conditions, another limitation of this study is that the multiple -omics datasets were not obtained from the same batch of cultured cells. While some of the observed differences in glycosylation between the immunopeptides and cellular fraction therefore potentially may be attributed to differences in culture conditions and/or passage number, we estimate that such factors account for a relative minor proportion of the prominent differences in glycophenotype of the immunopeptidome and the cellular proteome, aspects that should be systematically explored and further expanded on in the future using cell lines as well as primary cells and tissues.

Reassuringly, both the glycosylated and non-glycosylated immunopeptides identified from the THP-1 cells also conformed to the expected MHC-II peptide profile (Figure 1Ci). Furthermore, most immunopeptides were predicted MHC-II binders (Figure 1Cii), displayed the expected non-tryptic cleavage pattern (Supplementary Figure S3B) and contained nested sets (Supplementary Figure S4B). With only five N-glycan compositions observed, the N-glycosylation of the THP-1 immunopeptides appeared relatively homogenous comprising only under-processed (oligomannose, Man5-6GlcNAc2) and hyper-processed (paucimannose, Man2GlcNAc2Fuc0-1 and chitobiose core, GlcNAc2Fuc0-1) N-glycans (Figure 1Ciii). Thus, the N-glycans observed in the MHC-II immunopeptidome of both THP-1 and MDA-MB-231 were largely in line with the few previous studies that have reported on the N-glycosylation of MHC-II-bound immunopeptides (11, 12, 16). Importantly, our findings are also in agreement with the allele-specific findings by Nesvizhskii and colleagues as our predicted MHC-II binders for the DRB1*07:01 and DRB1*01:01 allotypes from MDA-MB-231 and THP-1, respectively, showed similar N-glycan type distribution as data retrieved from the HLA-Glyco database (Supplementary Figure S5).

Dramatically varying from the simple glycophenotype of the THP-1 immunopeptidome, analysis of the THP-1 lysate revealed with 281 N-glycoPSMs across 132 unique N-glycopeptides mapping to 44 glycoproteins, a heterogeneous cellular N-glycoproteome rich in oligomannosidic- and complex-type N-glycans (Figure 1D, Supplementary Table S10). Importantly, the prevalence of oligomannosylation and complex-type N-glycosylation of the THP-1 lysate (the latter being totally absent in the immunopeptidome) was confirmed by quantitative glycomics, which also validated most of the N-glycan structures observed in the proteomics data (i.e. 32 of 38 N-glycans, Supplementary Table S2). Adding yet another level of confidence in the notably different glycophenotypes of the immunopeptidome and the cell lysate across the two investigated systems, structurally related (thus biosynthetically-linked) N-glycans were, as expected, identified within both the immunopeptidome and lysates of MDA-MB-231 and THP-1, see Supplementary Figure S6 for the quantitative distribution of glycans across the two biological systems.

The finding of N-glycosylation events of the MHC-II immunopeptidome from MDA-MB-231 and THP-1 prompted us to explore if any patterns or preferences in sequon position within the immunopeptides exist relative to the MHC-II binding core region (Supplementary Figure S7). For this purpose, we interrogated both the N-glycosylated and non-glycosylated (but sequon-containing, NxS/T, x ≠ P) immunopeptides. Interestingly, the analysis of the glycosylated immunopeptides revealed a preference for sequons flanking both sides of the MHC binding core with the three residues immediately outside the predicted core region being enriched (Supplementary Figures S7A, C), a finding supported by the recent work of Bedran et al. (12). These observations indicate that an N-glycan installed within the binding core may impede MHC-II immunopeptide processing, loading and/or presentation. However, further studies are required to confirm such speculations and detail how N-glycans potentially may hinder, in a position-specific manner, MHC-II presentation processes. As a comparison, we also determined the sequon position of non-glycosylated immunopeptides that contained an unoccupied N-linked sequon. Within these non-glycosylated sequon-containing immunopeptides, sequons appeared more prevalent within the predicted binding core (Supplementary Figures S7B, D).

We also searched the THP-1 and MDA-MB-231 immunopeptidomics datasets for de-N-glycosylation events to assess the prevalence of formerly N-glycosylated MHC-II immunopeptides relative to the spontaneous Asn deamidation rate as determined using immunopeptides not carrying a sequon for N-glycosylation (Supplementary Table S11). Since the de-N-glycosylation rate (MDA-MB-231: 3.1%; THP-1: 5.1%) appeared similar to and only mildly above the spontaneous Asn deamidation rate (MDA-MB-231: 1.3%; THP-1: 3.2%), this analysis indicates that de-N-glycosylation is an infrequent event of MHC-II-bound immunopeptides within the two investigated biological systems. The insignificant de-N-glycosylation of the MHC-II-bound immunopeptides is in agreement with our previous work that suggests that de-N-glycosylation events by the cytosolic de-N-glycosylation enzymes instead is more common for the MHC-I-bound immunopeptides known to traffic the cytosol during the peptide antigen presentation process (38).

To document further the glycan remodelling of the MHC-II immunopeptidome, we next profiled the glycosylation of specific cellular glycoproteins and contrasted their glycoprofiles to the glycosylation of the MHC-II-bound immunopeptides arising from the same proteins. To enable a comprehensive analysis, we selected three cell surface glycoproteins i.e. integrin alpha-2, transferrin receptor-1 and protocadherin FAT1 all detected in MDA-MB-231 cells and two lysosomal glycoproteins i.e. lysosome associated membrane protein 1 (LAMP-1) and prosaposin detected in MDA-MB-231 and THP-1 cells, respectively.

Integrin alpha-2 is a key adhesin on the cell surface of cancer cells and other tissues (39). In line with a recent study that site-specifically profiled the N-glycans of integrin alpha-2 from human ovarian cancer cell lines (40), our cellular proteomics data revealed that this glycoprotein carries complex/hybrid-type (68.4%) and oligomannose-type (31.6%) N-glycans across the five profiled sites (Figure 2Ai). In sharp contrast, the MHC-II-bound immunopeptides originating from integrin alpha-2 were devoid of complex/hybrid-type N-glycans and instead overwhelmingly carried oligomannose (92.0%) and low levels of paucimannose (4.0%) and chitobiose core (4.0%). At the site-specific level, dramatic remodelling was demonstrated for Asn343 of integrin alpha-2 that was covered by both the proteomics and immunopeptidomics data; this comparative analysis clearly illustrated the transformation of an elongated biantennary sialo-N-glycan on a tryptic peptide to a paucimannosidic N-glycan on an MHC-II-bound immunopeptide (Figure 2Aii). Similar glycan remodelling was demonstrated for transferrin receptor-1 and protocadherin FAT1, two other important cell surface glycoproteins, documenting further the (near-)absence of complex-type N-glycosylation on the MHC-II-bound immunopeptides (Figures 2B, C, Supplementary Figure S8). These protein-centric findings of glycan remodelling are in line with and expand on similar observations made by Nesvizhskii and colleagues for the cell surface-resident protein prolow-density lipoprotein receptor-related protein 1 (12). To support further the abundance of complex- and oligomannosidic-type N-glycosylation of the cell surface proteins, we also used a gene ontology approach to glycoprofile (indirectly) the global cell surface glycoproteome of the MDA-MB-231 cell system (Supplementary Table S12, Supplementary Figure S9). As expected, this global analysis confirmed a high prevalence of under-processed oligomannosidic-type N-glycans (48.3%) and elaborate hybrid/complex-type N-glycans (47.8%) on the MDA-MB-231 cell surface and thus supports that glycan remodelling accompanies MHC-II immunopeptide presentation.




Figure 2 | Protein- and site-specific glycoprofiling indicate that extensive glycan remodelling accompanies MHC-II presentation. (A) Site-specific N-glycoprofiling of immunopeptides from integrin alpha-2 (top) and of tryptic peptides from cellular integrin alpha-2 (bottom) (i). The accompanying pie charts plot the distribution of observed N-glycans for integrin alpha-2 (across all observed sites) within the immunopeptidomics and cellular proteomics data. Representative HCD-MS/MS spectra documenting the remodelling of a prominent N-glycan of an immunopeptide spanning the N343 site of integrin alpha-2 (top) relative to a prominent N-glycan from the same site of cellular integrin alpha-2 (bottom) (ii). Similar glycoprofiling was performed for (B) transferrin receptor-1 and (C) protocadherin FAT1 (see Supplementary Figure S4 for spectral evidence). MDA-MB-231 data was used for (A–C). (D) Identification of key glycoside hydrolases (putatively responsible for the observed glycan remodelling of MHC-II immunopeptides) in the MDA-MB-231 and THP-1 cellular proteomics datasets. (E) Model schematically illustrating how glycan remodelling may accompany MHC-II immunopeptide presentation. Cell surface glycoproteins carrying complex-type N-glycans (here integrin alpha-2) are endocytosed and undergo extensive endo/lysosomal trimming of the polypeptide chains and the conjugated glycans to produce immunopeptides carrying remodelled N-glycans displayed by MHC-II molecules on the cell surface. See Figure 1 for key to glycan classes used in pie charts and glycan cartoons.



The analysis of two lysosomal glycoproteins i.e. LAMP-1 and prosaposin showed comparatively less glycan remodelling associated with MHC-II presentation (Supplementary Figure S10). Notably, the soluble prosaposin residing in the hydrolytic environment of the THP-1 lysosomes already exhibited a truncated glycophenotype rich in paucimannosidic- and chitobiose core-type N-glycans in the cellular (lysate) fraction mimicking the heavily processed N-glycans decorating the MHC-II-bound immunopeptides of prosaposin. LAMP-1 carried both complex- and paucimannosidic-type N-glycans likely due to its presence on both the cell surface and within the lysosome (41–43). In line with previous observations (11), these findings suggest that prolonged exposure to an array of lysosomal glycosidases facilitates a truncated glycophenotype of endogenous lysosomal glycoproteins, which are consequently subjected to less glycan remodelling upon MHC-II immunopeptide presentation relative to the complex N-glycan-rich cell surface proteins that are not exposed to glycoside hydrolases until entering the MHC-II processing pathway in the endo/lysosomal system (thus undergoing relatively more remodelling), aspects we are currently exploring in greater detail.

To further support that glycan remodelling accompanies MHC-II immunopeptide presentation, we interrogated the cellular proteomics data for glycoside hydrolases previously implicated in N-glycan trimming within the N-glycoprotein truncation pathway (44, 45). Excitingly, most of the lysosomal glycoside hydrolases expected to be responsible for the trimming of elongated sialo-N-glycans to short paucimannosidic- and chitobiose core-type N-glycans were confidently identified in both MDA-MB-231 and THP-1 (e.g. BGAL, HEXA, HEXB, MAN2B1) (Figure 2D). While these observations support our glycan remodelling hypothesis, additional studies are required to confirm and pinpoint the exact involvement of individual glycoside hydrolases in the N-glycan trimming process. Beyond the speculation that the solvent-inaccessible oligomannosidic N-glycans on the surface of glycoproteins may confer steric protection from the action of lysosomal α-mannosidases (46), the peculiar co-occurrence of under-processed oligomannosidic structures on the immunopeptides alongside the hyper-processed N-glycans remains mechanistically unexplained.

By overlaying our findings of remodelled immunopeptide N-glycans observed across two different biological systems on the otherwise well-established MHC-II processing and presentation pathway, we propose that the dramatic glycophenotypic transformation of endogenous cell surface glycoproteins occur after their endocytosis when the cell surface glycoproteins are exposed to the hydrolytic endo/lysosomal environment (Figure 2E). As such, our model suggests that complex-/hybrid-type N-glycoproteins rather than relatively unprocessed oligomannosidic N-glycoproteins predominantly are trimmed during MHC-II processing as supported by a high prevalence of core fucosylation of the truncated N-glycans identified on the MHC-II-bound immunopeptides (11, 12). Core fucosylation is namely known to be transferred selectively to complex-/hybrid-type N-glycoprotein substrates early in the biosynthetic pathway and is therefore a reliable indicator that the truncated glycans predominantly arise from pruning of larger complex-/hybrid-type N-glycans through the N-glycoprotein truncation pathway (44, 45). However, important spatiotemporal details such as the chronological order of the glycan- and polypeptide-based processing relative to the MHC-II peptide antigen loading and presentation processes remain unknown.





Conclusion

We have here applied a multi-omics approach to enable a comprehensive view of the N-glycosylation of endogenous MHC-II-bound immunopeptides relative to the cellular N-glycoproteome from cultured monocyte-like and breast cancer-derived cell lines. We find evidence to support the notion that both under-processed and extensively remodelled N-glycans prevalently modify MHC-II immunopeptides arising from endogenous glycoproteins suggesting that our immune system has evolved previously unknown mechanisms to dynamically shape and fine-tune the immune response through diverse repertoires of hitherto largely ignored molecular patterns. Notably, the glycan remodelling observed in both investigated biological systems is of potentially functional relevance as it produces an abundance of exposed α-mannosylated glycoepitopes on the MHC-II-bound immunopeptides in the form of oligo- and paucimannosidic-type N-glycans that are otherwise predominantly hidden from the extracellular environment under homeostatic conditions (47). Our study, which suggests that glycan remodelling accompanies MHC-II immunopeptide presentation and a recent study by other investigators, which demonstrates the wide-spread occurrence of N-glycosylation on the MHC-II immunopeptidome (12) collectively raise enticing questions about the role(s) glycosylation may play on immunopeptide processing, loading, presentation and T-cell receptor recognition in the context of immune surveillance.
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Humans lack the enzyme that produces the sialic acid N-glycolyl neuraminic acid (Neu5Gc), but several lines of evidence have shown that Neu5Gc can be taken up by mammalian food sources and replace the common human sialic acid N-acetyl neuraminic acid (Neu5Ac) in glycans. Cancer tissue has been shown to have increased the presence of Neu5Gc and Neu5Gc-containing glycolipids such as the ganglioside GM3, which have been proposed as tumor-specific antigens for antibody treatment. Here, we show that a previously described antibody against Neu5Gc-GM3 is binding to Neu5GC-containing gangliosides and is strongly staining different cancer tissues. However, we also found a strong intracellular staining of keratinocytes of healthy skin. We confirmed this staining on freshly isolated keratinocytes by flow cytometry and detected Neu5Gc by mass spectrometry. This finding implicates that non-human Neu5Gc can be incorporated into gangliosides in human skin, and this should be taken into consideration when targeting Neu5Gc-containing gangliosides for cancer immunotherapy.
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Introduction

Cancer-associated glycan changes include the truncation of carbohydrate chains, increased N-glycan branching, and changes in sialic acid metabolism such as increased terminal sialic acid concentrations (1, 2). Such cancer-associated glycan changes have been targeted using tumor-specific antibodies to the cancer microenvironment (3, 4). One prominent example is the sialyl-Thomsen nouveau (sTn) antigen, a sialylated-truncated O-glycan (5). A trial targeting this glycan antigen in a phase I trial in solid cancer patients with an antibody–drug conjugate is ongoing (e.g., Seagen Inc, NCT04665921).

Sialic acids are monosaccharides that are commonly found on the outer terminal units of cell surfaces in vertebrates (1, 6). They play a crucial role in the interactions between cells and their microenvironment. The two main types of sialic acids found on mammalian cells are N-glycolyl-neuraminic acid (Neu5Gc) and N-acetyl-neuraminic acid (Neu5Ac) (1, 6, 7). Neu5Gc is particularly notable because it is deficient in humans due to a specific genetic deletion in the CMAH gene, which encodes the hydroxylase responsible for converting CMP-Neu5Ac to CMP-Neu5Gc (7). However, despite this deficiency, Neu5Gc can still be absorbed into human tissues through dietary sources, especially red meat, leading to higher concentrations of Neu5Gc in certain types of cancer (8–12). Breast carcinomas showed anti-Neu5GC reactivity in the majority of tumor cells and some related blood vessels (9). In addition, non-human Neu5Gc has also been detected in other healthy organs and biotherapeutic agents, although usually at rather lower levels in healthy tissue (13–15).

Previously, limited expression of N-glycolyl GM3 (NeuGcGM3) ganglioside in human normal tissues was reported, as well as its presence in melanoma and breast carcinoma using the 14F7 antibody (anti-NeuGcGM3)(16, 17). The expression of NeuGc-GM3 using the same antibody was found in a high proportion of neuroectodermal and Wilms tumors, common pediatric cancers (18, 19). The ganglioside Neu5Gc-GM3 has been previously defined as a potential tumor-specific target with little to no expression in healthy tissue (20–22). We further wanted to define the expression of NeuGc-GM3 ganglioside as a potential tumor target in different malignancies. We therefore performed staining with an 14F7 antibody clone.





Materials and methods




Tissue microarray immunohistochemistry

Immunohistochemistry was performed by TriStar Technology Group using a Ventana BenchMark XT staining system. In brief, 4-μm FFPE TMAs (TriStar Technology Group) were deparaffinized and hydrated before antigen retrieval in Tris–EDTA buffer, pH 8.4, 100°C, for 8 min. Slides were then blocked in 3% hydrogen peroxide for 4 min at 37°C. Slides were then incubated with 14F7 (1:8,000 dilution, 1 μg/ml) or control mouse IgG antibodies at 37°C for 12 min. Primary antibodies were detected using the OptiView Universal DAB kit (Ventana, #760-700). TMAs (TA3162, TA2998, TA2472, TA2287, and TA2942) were scored by a trained pathologist at TriStar Technology Group. The score 0 to 3+ measures the intensity of the staining in the sample analyzed, assigning 0 for no staining, 1+ for weak staining, 2+ for intermediate staining, and 3+ for strong staining. The H-score was used to evaluate the degree immunoreactivity. The H-score was calculated using the following formula: three times the percentage of strongly stained cells plus two times the percentage of moderately stained cells, in addition to the percentage of weakly stained cells. This computation yields a numerical range spanning from 0 to 300.





Fresh human skin preparation

Patients undergoing breast and abdominal reduction were consented and enrolled at the University Hospital of Basel. Fresh human skin was collected in PBS, subcutaneous fat was removed, and skin was extensively cut with a scalpel in a petri dish. Skin was then transferred into a 15-ml tube with 1 ml of the following mix per four punch biopsies: collagenase II (2.5 mg/ml) + collagenase IV (2.5 mg/ml) + DNAse (0.5 mg/ml) in PBS. Skin was then digested for 2 h at 37°C with shaking. Cells were next filtered on a 100-μm filter and washed with 5 ml DMEM+10% FBS. The cells were resuspended in FACS Buffer for staining.





14F7 antibody

A 14F7 sequence was obtained from published data (23, 24).

Heavy chain: MERHWIFLFLFSVTAGVHSQVQLQQSGNELAKPGASMKMSCRASGYSFTSYWIHWLKQRPDQGLEWIGYIDPATAYTESNQKFKDKAILTADRSSNTAFMYLNSLTSEDSAVYYCARESPRLRRGIYYYAMDYWGQGTTVTVSS.

Light chain: MVSHLKILGLLLFWISASRGDLVLTQSPATLSVTPGDSVSFSCRASQSISNNLHWYQQRTHESPRLLIKYASQSISGIPSRFSGSGSGTDFTLSIISVETEDFGMYFCQQSNRWPLTFGAGTKLELKRA

Expression and purification of the monoclonal antibody was performed at Evitria AG, Switzerland. In brief, the corresponding cDNA was cloned into the vector system. The vector plasmids were gene synthesized. Plasmid DNA was prepared under low-endotoxin conditions. The DNA concentration was determined by measuring the absorption at a wavelength of 260 nm. Correctness of the sequences was verified with Sanger sequencing.

CHO K1 cells were used for production. Cells were transfected in Evitria’s proprietary transfection reagent, and cells were grown after transfection in an animal-component free, serum-free medium. Supernatant was harvested by centrifugation and subsequent filtration (0.2-μm filter). The antibody was purified using MabSelect™ SuRe™.





Neu5Gc detection in keratinocytes via HILIC-UPLC FLR/MS

The cell surface of human keratinocytes was treated with endoglycoceramidase I (EGCase I; New England Biolabs) according to the manufacturer’s instructions. In brief, cell pellets were digested with EGCase I for 3 h at 37°C, and the supernatant was collected and dried in a vacuum dryer. Oligosaccharides were thus released via the hydrolysis of the β-glycosidic linkage between the oligosaccharide and the ceramide in GM3-type gangliosides. The released oligosaccharides were further fluorescently labeled and analyzed by HILIC-UPLC FLR/MS, as described previously (25). Neu5Ac-GM3 and Neu5Gc-GM3 chemically synthesized standards (from ChemBind LLC) were analyzed as controls alongside the keratinocytes.





Flow cytometry

Anti-Neu5Gc-ganglioside clone 14F7 was obtained from Evitria AG. Single-cell suspension cells were first stained with Fixable Viability Dye (eBioscience) for 20 min in PBS at room temperature. Cells were washed and then incubated with antibodies (5 μg/ml 14F7) in FACS buffer (PBS + 1% FBS) in the presence of an Fc receptor binding inhibitor (Invitrogen) for 30 min on ice. Cells were washed and primary antibodies detected by staining with a goat anti-mouse IgG conjugated to Alexa Fluor 488 (Jackson ImmunoResearch). Data were acquired using a FACS Fortessa (Beckton Dickinson) and analyzed using FlowJo (TriStar).





Statistical analysis

In order to test statistical relevant differences, we used non-parametric Mann–Whitney test. We used GraphPad Prism 9.0 for the calculation of statistical differences.






Results




Expression of Neu5Gc gangliosides in different human cancers

The 14F7 antibody clone has been previously used to study the expression of Neu5Gc-GM3 in human tissues (22, 26–28). Different cancer types were found to have a high expression of Neu5Gc-GM3, whereas most of the healthy tissue had minimal staining as determined by immunohistochemistry (IHC). We wanted to characterize the binding of the 14F7 antibody to different glycolipids printed on a glass slide. Binding was highly specific to Neu5Gc-containing glycolipids with the strongest binding to Neu5Gc-containing GD3. Binding to Neu5Gc-GM3 was also clearly detectable (Supplementary Figure S1A). We next tested the specificity of the 14F7 antibody in an ELISA assay using Neu5Gc-GM3 and Neu5Ac-GM3, which demonstrated specific binding of 14F7 to Neu5Gc-containing gangliosides (Supplementary Figure S1B). We used the 14F7 antibody to stain various cancer tissues and analyzed the expression by classifying the staining intensity 1+ to 3+. We found that a significant percentage of TMA cores of intestinal epithelia had a positive staining (Figure 1A; Supplementary Figures S1C, D; Table 1). Several cores of colorectal cancer showed a strong staining (Figures 1A, B). When we compared the staining of normal colon tissue with colorectal cancer, we observed a clear increased H-score in many colorectal samples and no or minimal staining in samples of healthy colon tissue (Figure 1C).




Figure 1 | (A) Assessment of the Neu5Gc-GM3 expression in the indicated human tumor samples using the 14F7 antibody. Graph shows the percentage of TMA cores which show an IHC score of 1+, 2+, or 3+ in the indicated tumor samples. (B) Representative IHC image showing the expression of Neu5Gc-GM3 in colon cancer or normal colon as assessed by 14F7 staining. (C) Graph showing the Neu5Gc-GM3 level in colon cancer (140 cores) or normal colon (42 cores) expressed as H-Score. Each dot represents one TMA core.




Table 1 | Summary of 14F7 IHC results in various tumor tissues.



Taken together, these data reproduce previous observations showing an enriched staining with the 14F7 antibody in various cancer types and minimal staining in healthy tissue.





Staining with a Neu5Gc-ganglioside-specific antibody in melanoma and healthy skin

Our analysis also showed a significant staining of melanoma samples (Figures 2A, B). However, when we further compared the H-score from a TMA with additional healthy skin samples than used in the initial screening (Supplementary Figure S1C), we found a very strong staining of 14F7 which was mainly localized intracellularly in keratinocytes (Figures 2A, B). Indeed, the staining of healthy skin was even higher than in melanoma samples as measured by H-score determination (Figure 2B).




Figure 2 | (A) Representative IHC image showing the expression of Neu5Gc-GM3 in melanoma or normal skin as assessed by 14F7 staining. (B) Quantification of Neu5Gc-GM3 expression as assessed by 14F7 staining. Graph shows the H-score in melanoma (119 cores) and normal skin (44 cores). Each dot represents one TMA core. (C) Gating strategy used to evaluate Neu5Gc-GM3 expression in fresh human skin by flow cytometry. (D) Quantification of (C). Graph showing the percentage of skin cells expressing Neu5Gc-GM3. Each dot represents a healthy skin donor. (E), HILIC-UPLC-FLR/MS analysis of GM3 in keratinocytes in comparison with a chemically synthesized Neu5Gc-GM3 standard. In the fluorescence trace (FLR), a distinctive peak at the retention time of the Neu5Gc-GM3 control is clearly visible that is confirmed by an extracted ion chromatogram (XIC).



These data show that the Neu5Gc-specific antibody 14F7 is strongly staining keratinocytes in healthy skin, although it is not excluded that other cell types in skin are also positive for Neu5Gc-containing gangliosides.





Detection Neu5Gc in human skin

We further wanted to confirm the presence of Neu5Gc in human skins by additional methods. First, we wanted to test the binding of 14F7 to keratinocytes in fresh human tissue. Keratinocytes were collected from fresh healthy skin tissue obtained from patients undergoing breast reduction surgery. Dissociated tissue was processed into single-cell suspensions, which were analyzed by flow cytometry after staining with the 14F7 antibody (Figure 2C). Flow cytometry analysis of fresh unfixed skin showed a significant number of keratinocytes positive for 14F7 staining (Figure 2D and Supplementary Figure 2A).

The presence of Neu5Gc-GM3 ceramides in human keratinocytes was supported by mass spectrometry using HILIC-UPLC FLR/MS. EGCase I is a glycosphingolipid-specific enzyme that allows the specific analysis of ceramide-associated oligosaccharides. Figure 2E shows the analysis of a chemically synthesized Neu5Gc-GM3 standard in comparison with the surface ceramide-associated oligosaccharides of keratinocytes. The retention times in the fluorescence spectrum and masses observed in the analysis of human keratinocytes are identical to the ones generated from standards and support the presence of Neu5Gc-containing glycolipids in keratinocytes.

These results show that Neu5Gc is present in human healthy skin.






Discussion

Changes in sialic acid uptake and sialylation of cancer-associated glycans have been described since many years (1, 8, 29, 30). In particular, upregulation of glycans containing sialic acid (hypersialylation) and incorporation of the non-human sialic acid Neu5Gc have been identified as the most common changes (4). Here, we describe the presence of the Neu5Gc-containing glycolipids in the skin of healthy humans, which is surprising since humans lack the hydroxylase that is responsible for the generation of the glycolyl group (15). However, it has been reported that Neu5Gc can be taken up by the consumption of different mammalian food sources and incorporated into human glycans (9, 10). This xeno-antigen also leads to antibodies that recognize this epitope (31).

Previous analyses have not discovered increased amounts of Neu5Gc in human skin (32), probably because general antibodies against Neu5Gc were used for the detection. Here, we used the specific antibody 14F7 for the detection of Neu5Gc-containing gangliosides by immunostaining. In addition, we confirmed the binding of the 14F7 antibody to formalin-fixed keratinocytes as well as to unfixed keratinocytes from fresh human skin. In addition, we corroborated our finding by an antibody-independent method using mass spectrometry from keratinocytes.

As other healthy tissues have not been found to have a significant positive staining for 14F7, Neu5Gc-GM3 could still be an interesting target, in particular as the main staining was found intracellular in keratinocytes. The 14F7 antibody was tested on cell lines in vitro (20, 30, 33), and humanized antibodies of 14F7 have been made and tested in preclinical in vitro and in vivo models (22). Gangliosides have been targeted for cancer therapy by antibodies and also CAR T cells. For example, GD2 is targeted with chimeric antigen receptor (CAR) T cells and antibody–drug candidates in neuroblastoma and glioma patients (34). However, further tests are needed to determine the potential use of the 14F7 antibody for therapeutic use.

Humans absorb and metabolically incorporate Neu5Gc, enriched in foods of mammalian origin, even while generating xenoreactive, and potentially autoreactive, antibodies against the same molecule (9). Although the detection of Neu5Gc-containing glycolipids in healthy human skin is interesting, it remains unclear how Neu5Gc is taken up by keratinocytes and further studies are needed to determine its exact role and metabolism.
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Gene

CD44 CD44 Carcinogenesis and signaling regulator.

RHAMM RHAMM Tumor cell migration and oncogenesis. (113)
TLR2/4 TLR2, TLR4 Tumor growth and lymph node metastasis. (114-116)
ICAM1 ICAM1 Cell adhesion, tumor progression. (117)
LYVEL LYVE1L Tumor lymphangiogenesis. (118, 119)
HARE HARE Tumor metastasis. (120)
Layilin LAYN Negative regulator. (121)
TSG-6 TSG6 Inflammation and tumor metastasis. (122, 123)
SHAP ITIHI Tumor metastasis. (124, 125)
HABP1 HABP1 Tumor metastasis and invasion. » (126)
Brevican BCAN | Tumor invasion. (127, 128)
Neurocan NCAN Tumor invasion. (127, 128)
Versican VCAN Tumor growth and angiogenesis. (29)

CD44, cluster of differentiation 44; RHAMM, receptor of HA-mediated motility; TLR, toll like receptor; ICAMI, intracellular adhesion molecule 1; LYVEL, lymphatic vessel endothelial receptor
1; HARE, hyaluronic acid receptor for endocytosis; TSG-6, tumor necrosis factor-(TNF) stimulated gene-6; SHAP, serum-derived hyaluronan associated protein; HABP1, hyaluronan-binding
protein 1.
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ESIMS Hlectrospray fonization Mass spectra

FACS fuorescence-activted cell sorting

Go Gene Ontology

GSEA Gene Set Enrichment Analysis

HCC Hepatocellular carcinomas

HNSCC Head and Neck Squamous Cell Carcinomas
HRMS High Resolution Mass Spectra

IF Immunofluorescence

KEGG Kyoto Encyclopaedia of Genes and Genomes
LHC Liver Hepatocellular Carcinomas

LUAD Lung Adenocarcinoma

MIRNAS MicroRNAS
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NSCLC Non-Small Cell Lung Cancer

ov Ovarian Cancer

PAAD. Pancreatic Adenocarcinomas
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Pl Propidium lodide
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ROS Reactive Oxygen Species

RT Room Temperature

RT-qPCR Real Time- Quantitaive Polymerase Chain Reaction
SAFSNS Sulfonic Acid-Functionalized Silica Nanospheres
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SDG's United Nations Sustainable Goals

Siglec-15 Sialic acid-binding immunoglobulin-type of lectin 15
THCA Thyroid Carcinoma

TIC “Thin-layer Chromatography

UTR Untranlated Region.
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No. of cores*

Bladder 16 5 2 0 23 0 80 12.8
Brain 22 2 0 0 24 0 17 L
Breast 66 2 0 0 68 0 ‘ 30 0.8
Cervix 19 4 1 0 » 24 0 60 55
Colorectum 97 62 20 6 185 0 160 218
Endometrium 24 0 0 0 24 0 2 0.1
Esophagus 24 0 0 0 24 0 5 04
Gastric 23 0 1 0 24 0 50 2.1
Head and neck 23 i 0 0 24 0 10 11
Kidney 24 0 0 0 [ 24 0 0 0.0
Liver 24 0 0 0 24 0 0 0.0
Lung 132 18 0 0 150 0 30 23
Lymphoma 19 5 0 0 24 0 60 58
Melanoma 14 5 2 0 21 0 60 10.0
Ovary 24 0 0 0 24 0 5 02
Pancreas 22 0 0 0 22 0 5 03
Prostate 23 0 0 0 23 0 1 0.0
Sarcoma 23 1 0 0 24 0 60 4.0
Small bowel 4 13 7 1 0 24 0 110 342
Thyroid 20 4 0 0 24 0 ' 20 3.0

Different cancer tissues were stained with the 14F7 antibody, and immunoreactivity was determined by the H-score. The number of cores with different levels of positivity are also shown.
*: Some cores are duplicated, so that the number of cases are less than the number of cores.
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cteristics tiiz
Age (years) 40.10 + 12.86 41.06 + 11.83 0.534 0.594
BMI (kg/m?) 2224327 2387 £3.00 0765 0445
WEC count (x10°/1) 6.79 (5.00, 8.70) 597 (429, 7.66) 2300 0.021%
BUN (mmol/L) 4.46 (3.48, 5.82) 473 (3.60, 6.43) 0.907 0364
UA (umol/L) 250 (190, 304) 266 (197, 320) 1.045 0296
CHOL (mmol/L) 478 (3.68, 5.68) 466 (4.08, 5.59) 0.042 0.966
TG (mmol/L) 1.41 (0.98, 1.91) 1.31 (0.99, 1.96) 0.267 0.790
HDL-C (mmol/L) 125 (102, 159) 125 (106, 157) 0222 0824
LDL-C (mmol/L) 276 (2.14,3.39) 262 (218, 3.26) 0.503 0615
UCRE (pmol/L) 55.7 (46.50, 63.85) 553 (46,00, 64.85) 0.150 0.881
¢GFR (ml/min) 107.58 (88.66, 123.98) 108.42 (9023, 121.94) 0334 0739
C3 (g/L) 0.66 (0.48, 0.81) 0.74 (0.58, 0.89) 2,010 0.044*
C4 (g/L) 0.14 (0.08, 0.20) 0.15 (0.10, 0.21) 0.544 0.586
Hs-CRP (mg/L) 625 (2.57, 14.40) 772 (353, 15.02) 0.790 0430
1gG (g/L) 15.20 (1155, 19.10) 15.40 (13.10, 20.30) 1.205 0228
Anemia (n, %) 42 (452) 23 (24.7) 8.537 0.003*
Hypertension (n, %) 7(75) 3(3.2) 1.691 0.193
Diabetes (n, %) 10 (10.8) 2(12.9) 0.206 0.650
Dyslipidemia (n, %) 70 (75.3) 62 (66.7) 1.670 0.196
SLEDAI-2K 492 +1.87 4.63 £ 1.57 1.147 0.252
Positive of anti-dsDNA (n, %) 12 (152) 48 (51.6) 0.775 0379

*Statistically significant, P < 0.05. P values were calculated by the independent-sample t test or chi-square test and Mann-Whitney U test. BMI, body mass index; BUN, blood urea nitrogen; C3,
complement 3; C4, complement 4; CHOL, cholesterol; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; IgG,
immunoglobulin G; IgG, immunoglobulin G; LDL-C, low-density lipoprotein cholesterol; LN, lupus nephritis; positive anti-dsDNA, positive double-stranded DNA; uCRE, urine creatining; TG,
total triglycerides; UA, uric acid; WBC, white blood cell; SLEDAI-2K, SLE disease activity index 2000.
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Total (n = 89)

MPO-ANCA PR3-ANCA
Remission Relapse Remission Relapse
(n =15) (n=11) (n=42) (n=21)
Demographics
Age (average in years + SD) 67 (17) 67 (12) 61 (12) 59 (15)
Male 9 (60%) 6 (55%) 16 (38%) 9 (43%)
Disease subtype
GPA 0 (0%) 0 (0%) 42 (100%) 21 (100%)
MPA 15 (100%) 11 (100%) 0 (0%) 0 (0%)
ANCA?
I Increase in titre 0 (0%) 3 (25%) 8 (20%) 13 (62%)
ANCA positivity
Persistent ANCA positive 2 (16%) 4 (36%) 26 (62%) 18 (86%)
Persistent ANCA negative 11 (68%) 4 (21%) 9 (21%) 2 (9%)
Inconclusive data 2 (16%) 2 (43%) 7 (17%) 1(5%)
Severity®
Moderate 2 (13%) 4 (36%) 3 (7%) 1(5%)
Severe 13 (87%) 5 (46%) 32 (76%) 19 (90%)
No information - 2 (18%) 7 (7%) 1(5%)
Induction treatment®
Glucocorticoid therapy (GC) 2 (13%) 0 (0%) 4 (10%) =
Cyclophosphamide + GC 10 (67%) 5 (46%) 29 (69%) 13 (62%)
Mofetil mycophenolate (MMF) + GC 3 (20%) 1 (9%) 3 (7%) 6 (28%)
Methotrexate (MTX) + GC - 2 (18%) - 1(5%)
Rituximab (RTX) + GC - 1(9%) - -
No information 2 (18%) 6 (14%) 1(5%)
Organ involvement®
Ear, nose, throat 2 (13%) 1(9%) 32 (76%) 19 (90%)
Lung 7 (47%) 3 (27%) 22 (52%) 20 (95%)
Renal 13 (87%) 7 (64%) 22 (52%) 15 (71%)
No information 3 (27%) 6 (14%) 1(5%)

SD, standard deviation.

“A rise in ANCA titre preceding relapse determined using a highly sensitive capture enzyme-linked immunosorbent assay (ELISA).
“Severity of symptoms at previous disease flare (diagnosis or any previous relapse) (3).

“Medication scheme used to induce remission.

“9Organ-threatening manifestation of disease at previous disease flare (diagnosis or any previous relapse).
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Variable Full ¢

Sample size 27
Male sex 19 (70)

Age, yrs. (continuous) 71 (66, 81)

Current ICl treatment

Pembrolizumab monotherapy 23 (85)
Ipilimumab/nivolumab combination 4 (15)

Survival-related events

Progression (PFS) event 10 (37)

Death (OS) event 9(33)
Time to event, mos. (continuous)

Progression NR (9.9, NR)

Death 18.6 (15.8, NR)

Best overall response

Complete response 5(19)
Partial response 5(19)
Stable disease 6(22)
Progressive disease 9 (33)
Missing 2()

Counts are followed by the appropriate column-wise percentage, while continuous variables
are summarized by medians and either IQRs or, for time to event variables, 95% confidence
limits (NR, not reached).
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Classifier predic Events/N Median OS (95% Cl) HR (95% Cl) P-value

Discovery cohort (n=202)

Likely to benefit 92/179 54.3 (37.9, NR) Reference
Unlikely to benefit 21/23 37 (24, 10.8) 5.1(3.1,84) 7.6x10™"
Discovery cohort: training set (n=79)

Likely to benefit 31/67 55.2 (42.6, NR) Reference

Unlikely to benefit 11/12 2.5 (1.2, NR) 103 (4.7, 22.6) 45x107
Discovery cohort: validation set (n=59)

Likely to benefit 28/55 54.8 (16.3, NR) Reference

Unlikely to benefit 4/4 5.8 (2.9, NR) 3.9 (14, 11.4) 0.012

Discovery cohort: test set (n=64)
Likely to benefit 33/57 30.2 (164, NR) Reference
Unlikely to benefit 6/7 6.0 (24, NR) 2.7 (L1, 6.6) 0.026
Discovery cohort: validation and test set (n=123)

Likely to benefit 61/112 40.6 (24.8, NR) Reference

Unlikely to benefit 10/11 6.0 (3.3, NR) 3.2 (16, 63) 8.2x10™
Independent validation cohort (n=27)

Likely to benefit 6/23 NR (15.8, NR) Reference

Unlikely to benefit 3/4 6.0 (2.4, NR) 5.6 (1.2, 25.5) 0.027

NR, not reached.
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Full cohort ( Training set (n=79) Validation + test sets (n=123)

Variable H/R il P-value il P-value
(95% Cl) (95% Cl) (95% Cl)
3355 5.453 2.128
ifi icti i i .3x10°° 43x10° X
Classifier prediction (unlikely to benefit) (TESH6.069) 63x10 (708 17.445) 3x10 (0931 861) 0073
1.017 1.031 1.007
A ti 0081 0.066 0567
ge (continuous years) (0.998, 1.035) (0.998, 1.065) (0.983, 1.031)
Positive BRAF status (ref: negative) 0.5% 0.455 0543 0.704 022 0.439
(0522, 1.338) (0.348, 2.041) (0434, 1.436)
LDH category 0328 0.009 0396
<ULN Reference
1.073 0.955 0994
2 : X X
1-2ULN (0682, 1.688) 0762 (0405, 2.254) 0916 (0555, 1.779) 0983
>2xULN L7215 0082 Al 0031 Lo 0232
(0934, 3.15) (1.143, 15.073) (0739, 3.479)
ECOG performance status 0222 0236 0.007
0 Reference
1375 1.564 1478
1 .14 232 .17
(0.894, 2.115) 0147 (0751, 3.256) 023 (0.839, 2.605) 0176
1.941 0374 5511
22 0.084 0.282 1.2x107"
(0914, 4.121) (0.062, 2.245) (2314, 13.127) *
2146 1.744 4932
MI stage (ref: M0) 0.109 0429 0033
(0.843, 5.464) (0439, 6.928) (1138, 21.375)
200 3.026 1528
Non-cutaneous subtype (ref: cutaneous) 5.1x10 35%10° % 0.118
(1353, 2.957) (144, 6.358) (0.898, 2.599)
1.841 1.981 2,073
Not first-line th ef: first-lin, 5.9x107 0.112 7.8x107
ot first-line therapy (ref: first-line) (1192, 2.842) . (0.853, 4.603) (1.212, 3.548) x

Small numbers in certain variable subgroups justifies combining the validation and test sets for the purposes of this analysis.
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Classifier predicti Events/N Median OS (95% Cl) HR (95% Cl)

Full discovery cohort (n=202)

Likely to benefit 96/180 504 (36.1, 75.7) Reference
Unlikely to benefit 17/22 37 (28,12.8) 3.1(1.9,53) 1.6x10°°
Discovery: training set (n=79)
Likely to benefit 36/70 54.2 (37.9, NR) Reference
Unlikely to benefit 6/9 1.8 (1.2, NR) 2.9 (1.2,7.0) 0.016
Discovery: validation set (n=59)
Likely to benefit 27/53 54.8 (24.8, NR) Reference
Unlikely to benefit 5/6 3.2(29,NR) 3.8 (1.4, 10.0) 6.7x107
Discovery: test set (n=64)
Likely to benefit 33/57 39.4 (17.3, NR) Reference

Unlikely to benefit 6/7 5.1 (4.1, NR) 3.5 (1.4, 8.5) 6.6x107

NR, not reached.
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Variable
Sample size
Male sex
Age, yrs. (continuous)
Current ICI treatment
Pembrolizumab monotherapy
Nivolumab with/without ipilimumab combination
Survival-related events
Progression (PFS) event
Death (OS) event
Time to event, mos. (continuous)
Progression
Death
BRAF status
Positive/mutant
V600
Non-V600
Non-specific mutant
Negative/wild type
Missing
LDH (categorical)
<ULN
1-2xULN
>2xULN
Missing
LDH, units/L (continuous)
M Stage
Mo
M1
Mla
Mib
Mic
Mid
ECOG performance status

0

22

Missing
Melanoma subtype

Cutaneous

Mucosal

Uveal

Acral

Unknown primary
Line of therapy

First-line

Second-line or later

Missing

202

139 (69)

65 (57, 73)

109 (54)

93 (46)

145 (72)

113 (56)

5.5(3.0,9.9)

40.1 (27.3, 59.0)

67 (33)
57 (28)
9 (4)
1(0)
121 (60)

14(7)

105 (52)

63 (31)

27 (13)
703)

206 (167, 281)

16 (8)
186 (92)
9 (4)
31 (15)
84 (42)

62 (31)

119 (59)
67 (33)
14 (7)

2(1)

127 (63)
20 (10)
15 (7)
5(2)

35 (17)

147 (73)
54 (27)

1.(0)

aining set
79 (39)
52 (66)

67 (57,72)

43 (54)

36 (46)

57 (72)

42 (53)

69 (33,23.9)

504 (30.3, NR)

22 (28)
20 (25)
2(03)
0(0)
49 (62)

8 (10)

218 (168.8, 284.8)

709)
72 (91)
34
17 (22)
28 (35)

24 (30)

51 (65)
8(10)
6(8)
1(1)

13 (16)

61 (77)
17 (22)

1(1)

Validation set

59 (29)
43 (73)

64 (56, 74.5)

32 (54)

27 (46)

40 (68)

32 (54)

8.4 (27, 30.4)

36.1 (14.3, NR)

8(31)
16 (27)
2(3)
0(0)
35 (59)

6 (10)

29 (49)

22 (37)
6 (10)
203

206 (167, 274)

5(8)
54 (92)
2(3)
5(8)
30 (51)

7 (29)

5(8)
1(2)

11 (19)

44 (75)
15 (25)

0(0)

Test set

64 (32)
44 (69)

63.5 (57, 72.2)

34 (53)

30 (47)

48 (75)

39 (61)

32(25,93)

28.8 (16.2, NR)

27 (42)
21 (33)
5(8)
1(2)
37 (58)

0(0)

40 (62)
13 (20)
9 (14)
2(3)

191.5 (164.8, 276.8)

4(6)
60 (94)
4(6)
9 (14)
26 (41)

21 (33)

36 (56)
24 (38)
3(5)

102)

39 (61)
7 (11)
4 (6)
3(5

11 (17)

42 (66)
22 (34)

0(0)

Counts are followed by the appropriate column-wise percentage, while continuous variables are summarized by medians and either IQRs or, for time to event variables, 95% confidence limits

(NR, not reached).
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Disease

Skin wound
healing

Osteoarthritis

Tendinopathy

Atherosclerosis

Heart failure

Model Biological effect

fmod-/- mice delayed wound closure and increased scar size; Elevated inflammatory cell infiltration including macrophages
fmod -/- mice a higher incidence of osteoarthritis in knee joints

bgn-/-;fmod-/- gait impairment, ectopic tendon ossification, and severe premature osteoarthritis; Accelerated OA onset and
mice development; Influenced the proliferation of MCCs and ECM by TGEB1 in TMJ

Bovine cartilage | FMOD inhibited polymorphic clear neutrophil (PMN) adhesion;
slices

Human samples | The higher expression of FMOD was accompanied by increased deposition of MAC in pulverized osteoarthritic
cartilage; FMOD was present at higher concentrations in osteoarthritic compared to healthy synovial fluid.

Tendon wound FMOD enhanced tendon healing in vivo and in vitro
healing mice

Tendon-derived | The lower expression of FMOD was accompanied by increased inflammatory cytokines, including IL-6, IL-10,
progenitor cells and IL-1p; inhibited tendon-derived stem cells(TDSCs) differentiation.

In ApoE/LDL- FMOD expression was upregulated and localized at the area of macrophage-like cells
null mice

Human samples | Increased postoperative neurological events; Increased expression of the pro-inflammatory cytokines, including
MIP-1B, s-CD40L, and VEGF; decreased IL-10 production.

In ApoE-null/ Decreased plaque accompanied by reduced lipid accumulation and macrophage content; less lipid accumulation,
FMOD-null as well as increased IL-6 and IL-10 production; Increased SMCs and macrophages in low and oscillatory shear
mice stress carotid lesions

In clinical and The higher expression of FMOD was associated with NF-kB stimulation; Altered infiltration of leukocytes in
experimental EMOD-KO mice

studies

Refe

(23, 110)

(119)

(120-122)

(125)

(60)

(140)

(149-151)

(157)

(24)

(24)

(168)





OPS/images/fimmu.2023.1147356/fimmu-14-1147356-g003.jpg
chr]7 @mi® LeaLsL
chr29 @i rcALss
chr31 @ rociies79s9
chr33 @l 16ALs3L LGALSSL
chr53 @B LGALSL LGALSL

green sea urchin

chr7 @l 1oALssL

Mollusca (Scallop)

P. maximus
LOC117323440
LGALS4L LGALSIL
LGALSSL LGALS4L
LGALS3L

Cyclostomata
sea lamprey

AN

Cyclostome specific
genome triplication

- Echinodermara

1. WGD

Deuterostome

Gnathostomata
e.g. human TR

/ chrl :ﬁmf\m

2. WGD chr? C—mmmlr————— 1caisL
chr7] C— GRIFIN

chrll ——h—— LGALSI12

chrl4 Cn— LGALS3

chrl?7 ci— LGALS9

chrl19 —HD LGALS4 (LGALS?7, 13, 10)
chr22 —ip LGALS2 LGALSI





OPS/images/fimmu.2023.1147356/fimmu-14-1147356-g004.jpg
CRD1

H. sapiens LGALS8
C. milii LGALS8-like

P. marinus LGALS8-like

P. marinus LGALSS

L. variegatus LGALS8-like

S3 S4 S5 - SS_ S2
YyYvy M v

BYTGARFGE - LLrfoMvAVORVIPKNS G SEKHNADVELHENBREF -5 - - GC Vol TLEHE KGR BB Ky - E- -MHLKKGE PBET 1 FLYLYDREKVAUNG KHE LEYCRTS - VIEVDTLGEE-BTVHIONIAR
BYVGHIFGG - LSDEKMVMIKEMV PHES: GssvTHllADVE-HENBRDEG? - - COVNCNTLOR ARG KEORAY -N- - - TTMRGOARET T FMVSNHSEXVAUNGSHEE Y ol TH- FASVDTLS IS -BAVNVYSTSE
BrsusIYEG-FoVRKSTTIERYVPTNAERRHIERQTGsHI R PHADVELEVS VLGS
ByvssLrcEsuapBKMIFIOBFVPAcADRERINLoCETsKnHiADVELEENBRECA

BrvaTiBoo- LDPGTLIVIEGHVFSDAMGSSMK GAHENBRF <A - --GoTicHrLrvEKiG Bl 1 Ty - D-- TREKREKSEETVEMLKDKEOUARNE kT L LY R TG- PEKTDTLGEY-BKUNTHS TGE

-Gevilclstraor liGr Bk oG- ToBBVRGOSEGVTLIATEEE TOIVSARR PY ITYKERLP - LEEVDTFHES-BPVTVSSIRE
-NvClRNTLINOONEABBRGO - S - HEBEG FNONEET 1. EANEIUARNBONF £ YNBRVKNLNET DT TATD-BKVHTHSVRE

CRD2

H. sapiens LGALSS
C. milii LGALS8-like

P. marinus LGALS8-like

P. marinus LGALSS

L. variegatus LGALS8-like

BrAarLNTR- G EfRTVVVKEEVNANAKSENVDLLAGK - - -~ SKOTALELNBHLN T
BY1GKLKDE-LSSBR I ITIORRVDKNPTKIATNLP LSE - -~ STDIPLALKBNEKE
BYSCDFBGE-LYTRR I ITMNEVVS PKAHRETVNLOT K- - --GGovVLHLEBREDE
BCSALIPGE - FTERKTVLVRATVKYNPDRILVNLGOST- - -GPOILETNBER
ByTcATVEE-1TeRr LTI sErvRANPDRERVNLOCEAGYS HlPD IR HENBRFOA-

~KAFJRNSFLOESHGERBRN - 7S ERRS PGl BEM 1T YCDVRE EKVANNEVHS LE YKl FKE LSSIDTLEEN-BDIHLLEVRS
-KarfRNSFLEOCHGERE k1 -D-C BB psayBEYT vCGEDCEKVANNBEHLLE YK RFTNLSKTDTLEED-BDVELLDVOT
-HAr RS LUK SHGSBRROY - p- F EBENEGOGROMNTOC DATDYKYS TNBOHLF S YN VS PVGRAVKLEVT-BDVTLTNVOL
~KEEQRNSLLCDARGERBRA - D5 EBR Y pGR EFKLIFCERGHEAYSHDDKPAFTFKORVLRMATVDGVEYS - BDLULENIEY
~QTVERNTLRNOSHESEBRNA -5 -V EBEA PG FBEL T IMCDANGY KVAMNBOHY LYARETA-CoNViTLVED-BAVDVEOTRE

P. maximus

LGALS4-1ike CRDL
LGALS4-1ike CRD2
LGALS4-like CRD3
LGALS4-1like CRD4
1L0C117323440 CRDL
LOC117323440 CRD2
L0C117323440 CRD3
LOC117323440 CRD4
LGALS9-1ike CRDL
LGALS9-like CRD2
LGALS9-like CRD3

ENVLATBNG- LOB@KVVTYIFKCY-GDDR IVINFQSED-— - -GNNKNLHENBRPEQ
GHNTSLBGE- LKVEKGIRVLEVCO-DDAGESLNFHCE: NBIH-HENBR =T
DYVELFBFE-AGNKEQLVFR@FUKKGGNREAVNF LEGREA--DSDIMFHENER 0D
FRELIPLSDP-LVEDNWVVVE/KTKKNGNGEAVNFFRLGEDG--GGDIMEHE Y BRI SE-
BaTvREBNE- LHVFKOT 1TRERVTWGTDVEAINEQOEENP-TDGE TR FHENBRP S A
BYRTETEGS -MAVEKAVRVEEAAQ-DNDGES INFGCDCE - -NNSTHEHENBR o TE
DFVKETBCE- LEKBDVVLER@FMKPGGDTRSVNIMNESSA- - DODTHEHENBRVGE
VATEREBGE - FREFGHVVVORT PKKGSGGEAVNLTCEDDD -~ ADDIHMHENEH <

~GVVNRNS Fr.DGSWEDBBR DG P- S EBRSTGVDRC I TEVVTDNCEK ] LUNBDKECVENHHLS - HGDGSHLOLG-§-ADFHEVOV
-GTVRNSOLGGGHEEBRGG - D-GEBRETGA TDAMF FCSNDEETH Y MIKEY TTY GHBCD - FSAVSDFQVH-BNVDVKLVOW
-GETfNSKL-GENGSEBRT £ - - ppVEGTNDVEELKEVTKKR KEKVYLDBETLY KYKCHGE - MSAVKGVEEGYBDSVLYLVDV
-GeTlRMACTGGGROERRRDO - P-DEBBOOR KRBT TEQVKODKES Ty JiK oY TDF SHlVE- LGEIGVIOLS-BDGNFFVPEY
-NTCHRNSFS -GDfMERRTDO - P-HEBRDDGHSHLLREEVAEDARRTY MHEKPY INFARRLD- YGNVHYLHLT-PGVEYYDITE
~GVVIRNANL-GGHGDEBRDY - DAE EBET PNy BDAMFICTDDOY VIEMNDKY FTNEGHBCG-VEDSSHFHEQ-BNMDIKDVEY
-GaLflcr1-GDRGERBRED - 1- sCRTNNE BETKVVTKSRKEKL Y MMBKKCAKFDARGE -VGDIKGINVE-BDAFTYORKL
-ner1RlreTceDfiocEBRDC - P EBR: LkoTRETARNAQPDKEYTYMMBOR Y VE YARRLP - LDSVCHLKLT-BDADFFEPER
BYTGSTRGE- LTo8KOT IOV L PMTODNEVVNEOCS POGY POVE VELEENBRENO - - - - GLYJRNSHOKGS N KB TG - - - EBEHPGOPBEL T IAVETSOYKTAUNBOHF TE FORNT P~ VHLVNT TNEA-BGVSTFCVRE
BYvGDIBGE- LAABKSITIORS LeLSQEKEA INEQCEROPY PO LEVELEENERFNE - - - -G VERNSHOGG SR ERR Y- A - - EREHPGONBEVKIVVELNO YO NGO L FVGE T - FHRVNTLS S -BGLNVLRVRT
BFLSGIRGE-AVPRKMI Y IMENLASHPSRENVNEQEGTL- -ENCOVAFRMDVRER FGRDVNVVMRNHKSR GTHGS BBRS 1 - P- FEBMSVOSSEDLT ELVE PACEKNATMNAHF LE FKBRLHPPARY STLKED-@DLTLTOVRE

H. sapiens Galectin-8 P. marinus Galectin-8-like L. variegatus Galectin-8-like






OPS/images/fimmu.2023.1147356/fimmu-14-1147356-g005.jpg
CRD1  CRDZ

_— \j.WGD

* L — ——

Duplication

Dupllcallon Translocation

H [ i ——

~

LGALS8
[ s — —
Duplication LGALSL LGALSL2  LGALS3 LGALS4 LGALS12 LGALS1/2 GRIFIN
Translocation
LGALS9
LGALS8 LGALSL LGALSL2 LGALS3 LGALS4 LGALS12 LGALS1/2 GRIFIN
HEATR1 HEATR4
Syntenic Genes ACINE eI e IMEM1 543 -

ACTR10 EIF3D

CHRM3 CHRMS





OPS/images/fimmu.2023.1147356/table1.jpg
LGALS4

LGALS8 LGALS8

St LGALS1B  LGALS3 LGALS9 = LGALS12  LGALSL LGALSL2  GRIFIN

LGALS2 LGALS?, 13, 16, 14, Chondrichthyes & Actinopterygii
0% Sarcopterygii
elfn2 shroom3 socs4 blocls3 ryr2 tmem242 nfl hnrnpul2 ugp2 vtilb chst12
ggal septin1l fbxo34 hnrnpl mtr rrm2 wsbl chrm1 vps54 2fyve26 Infg
tmem184b sqwahb atgld echl actn2 KIfl1 ksrl naad0 pelil plek2 cif3b
cacnali ceni ktnl actnd heatrl cebpz** nos2 frmd8 bratl
cacng2 peli2 ryrl cebpz** lyrm9 pc
nlk

* tandem dublication of LGALS4 N-terminal CRD.
** in the wider vicinity.





OPS/images/fimmu.2023.1147356/fimmu-14-1147356-g002.jpg
@
)
®
2.
)
w
Marinyg
’"ar,,,uS

us

engus
icalis

D2 C. haré

Rl
R

gilis
culeatus
VU'peCUla
. sapiens
ofa

Scr

%]
<
a2%
=
O

=
; >
o
[a]

RD2 S, salal
D2 X. trol

RD2 T. a

RD2 T,

RBZ H

69. 2S.

RD2
RD2 L. a

(74 953
GOO0000GS
P e e Q%Q

nwaaamda..llll

C|
(o}

C. plagio
_»NON % radiata
D2 A. radiata

LOC117323440 Chr3 CRD1c P. maximus

Gal4L Chr3 CRD1¢ P. maximus
imus
323440 chr3 CRD1b Bl wa_,

CRD2

CRD1





