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Abstract

Glycosylation is a common post-translational modification in eukaryotic cells. It is
involved in the production of many biologically active glycoproteins and the
regulation of protein structure and function. Core fucosylation plays a vital role in
the immune response. Most immune system molecules are core fucosylated
glycoproteins such as complements, cluster differentiation antigens, immuno-
globulins, cytokines, major histocompatibility complex molecules, adhesion
molecules, and immune molecule synthesis-related transcription factors. These
core fucosylated glycoproteins play important roles in antigen recognition and
clearance, cell adhesion, lymphocyte activation, apoptosis, signal transduction,
and endocytosis. Core fucosylation is dominated by fucosyltransferase 8 (Fut8),
which catalyzes the addition of a-1,6-fucose to the innermost GlcNAc residue of
N-glycans. Fut8 is involved in humoral, cellular, and mucosal immunity. Tumor
immunology is associated with aberrant core fucosylation. Here, we summarize
the roles and potential modulatory mechanisms of Fut8 in various immune
processes of the gastrointestinal system.
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Core Tip: Core fucosylation is driven by fucosyltransferase 8 (Fut8), which catalyzes the addition of a-1,6-fucose to the
innermost GlcNAc residue of N-glycans. Core fucosylation plays a vital role in immune responses. Most immune system
molecules are core fucosylated glycoproteins that play important roles in antigen recognition and clearance, cell adhesion,
lymphocyte activation, apoptosis, signal transduction, and endocytosis. Fut8 is involved in humoral immune responses,
cellular immunity, mucosal immunity, and tumor immunology. Here, we summarize the roles and potential modulatory
mechanisms of Fut8 in various immune responses of the gastrointestinal system.
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INTRODUCTION

Glycosylation is a vital post-transcriptional modification involving the addition of glycans to proteins via chemical bonds
[1]. This process occurs in the secretory pathway and affects most intracellular protein folding and trafficking[2]. N-
glycosylation and O-glycosylation are the two main types of glycosylation[3]. N-linked glycosylation, also called N-
glycosylation, refers to the attachment of an oligosaccharide sugar molecule to a nitrogen atom in the asparagine residue
of a protein molecule[4]. In contrast, O-glycosylation refers to the attachment of a sugar molecule to the oxygen atom of a
serine or threonine residue[5]. Both N-glycosylation- and O-glycosylation commonly occur during post-translational
modifications[6]. Diverse proteins participate in immunological processes, most of which are glycosylated. Glycoim-
munology refers to the research on the interactions between glycans and glycan-binding proteins involved in various
immune responses and biological/ pathological effects[7]. Glycoproteins are also effectors of the immune system, because
protein glycosylation promotes immune cell migration throughout the body. Glycosylation is closely associated with
pathogen recognition, immune cell homeostasis, and inflammation[8]. In addition, glycosylation is involved in the
folding, quality control, maturity, packaging, antigen presentation, assembly of the T cell receptor (TCR) complex and
peptide-loaded major histocompatibility complex (p-MHC) antigens, and stability of immune molecules[9]. Previous
studies reported that glycans on T cells, immune molecules, and pathogens can influence cellular signal transduction[10-
12]. Glycoproteins are key components of the innate and adaptive immune responses[9].

Abnormal glycosylation has been observed in many immune system diseases[1]. O-glycosylation plays a vital role in T
cell immunity[13]. Moreover, abnormal O-glycan expression levels in leukomonocytes and cancer cells have been
reported in acquired immunodeficiency syndrome, Wiskott-Aldrich syndrome, and T lymphocytic leukemia[3,12,14-17].
Excess core 2 O-glycosylation in T cells reduces primary T cell responses and impairs the interaction between antigen-
presenting cells (APC) and T cells, which reduces the production of cytokines, resulting in reduced T cell activation. Core
2 O-glycans serve as a critical backbone for selectin ligand carbohydrate structures[18] and are involved in the adhesion
and development of white blood cells[19]. N-Glycosylation mediates innate immune system recognition, inflammation,
and autoimmune diseases[20]. Branching and number of N-glycans influence cell proliferation and differentiation[21].
Patients with rheumatoid arthritis (RA) exhibit altered N-glycosylation of immunoglobulin G (IgG). Low N-glycosylation
of CD55 (DAF) and CD59 has been observed in RA and inflammation. Furthermore, patients with systemic lupus
erythematosus (SLE) display altered N-glycosylation levels in T cells. Decreased synthesis of mannosyl (alpha-1,6-)-
glycoproteinbeta-1,6-N-acetyl-glucosaminyltransferase (MGATDY) is observed in autoimmune diseases, whereas it is
increased in malignancies[22].

Fucosylation is widely involved in oligosaccharide modifications, which play an essential role in immune-related
diseases and cancer, and is often accompanied by the disordered expression of fucosyltransferases (FUTs)[9,23-24,27]. As
the sole glycosyltransferase, Fut8 catalyzes the fucose residue transfer via the al,6-linkage from GDP-fucose (GDP-Fuc) to
the innermost N-acetylglucosamine (GIcNAc) residue of N-glycans in the Golgi apparatus of mammalian cells[28]
(Figure 1). The core fucose levels of proteins depend on the substrate GDP-Fuc and its transportation to the Golgi
apparatus[29]. After core fucosylation, proteins exhibit different spatial structures and biological activities. Core-
fucosylated glycoproteins are widely expressed in mammalian tissues, and their aberrant expression is observed under
pathological conditions[30]. Fut8 is involved in many types of immune-related diseases and immune responses, such as
the humoral immune response, T cell signal transduction, CD4" T cell activation, CD8"* cytotoxic T cell (CTL) activation,
and benign and malignant biological regulation of the gastrointestinal system. Almost all innate and adaptive immune
molecules are glycoproteins[31]. Aberrant core fucosylation is one of the most important glycosylation events and has
been observed in many immune-related diseases. Most immunoglobulins, clusters of differentiation (CDs), adhesive
molecules, soluble and membrane-type lectin receptors, cytokines and their receptors, complement T and B cell receptors
(BCRs), and MHCs are core fucosylated proteins. Programmed cell death protein-1 (PD-1, CD279) (NM-005018) is one of
the most important immune inhibitory receptors expressed on tumor-infiltrating T cells (TILs). Mass spectrometry has
shown that PD-1 is a typical core-fucosylated protein containing four core-fucosylated N-glycans: N*, N*, N™, and N"*
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Figure 1 The reaction was catalyzed by fucosyltransferase 8. Fucosyltransferase 8 transfers an L-fucose reside from GDP-B-L-fucose onto the innermost
GDP-fucose to the innermost N-acetylglucosamine of an N-glycan to form an a-1,6 linkage. Fut8: Fucosyltransferase 8.

[32]. Loss of core fucosylation in PD-1 decreases its expression in CTL, leading to more efficient activation, cytotoxicity,
and tumor eradication[33].

Gastrointestinal cancers, mostly colorectal cancer, esophageal cancer (OC), gastric cancer (GC), pancreatic cancer (PC),
hepatocellular cancer (HCC), and biliary tract cancers, are the most common causes of cancer mortality worldwide, with
significant associated morbidity[34]. Core fucosylation is widely involved in the development of neoplasms of the
digestive system. Oral squamous cell carcinomal[35], esophageal squamous cell carcinoma (ESCC)[36], hepatocellular
carcinoma[37], and PC[38] were all accompanied with high levels of core fucosylation. A high level of core fucosylation is
also observed in colon (also known as bowel) cancer, which is the 3" most common cancer worldwide (2022)[39,40].
Unlike other tumors, the level of core fucosylation is decreased in GC, and upregulation of core fucosylation can inhibit
the proliferation of human GC cells[41]. High levels of Fut8 expression have also been observed in other tumors, such as
non-small cell lung cancer, ovarian cancer, prostate cancer, melanoma, and breast cancer, and are associated with
unfavorable prognosis[42-46].

Multiple complex mechanisms are involved in Fut8 immunoregulation of gastrointestinal diseases. This review
provides an overview of the effect of core fucosylation on glycoimmunology in gastrointestinal diseases.

CORE FUCOSYLATION ON GASTROINTESTINAL CELLULAR IMMUNE MODULATION

T cells can be adoptively transferred from an immunized organism to a native organism to modulate cell-mediated
immunity, which involves cell-mediated clearance mechanisms. The cell-mediated immune response is required in the
process of elimination during intracellular infectious agents, such as viruses and certain bacteria (e.g., Mycobacterium
tuberculosis or Listeria monocytogenes)-induced infection. APC and T helper (Th) cells participate in this response to
recognize infected cells. T-cell antigen recognition plays an essential role in both cellular and humoral immunity. After
antigen recognition, Th cells release cytokines and chemokines and orchestrate subsequent reactions involving other
immune cells, such as natural killer (NK) cells, macrophages, and CTL, to trigger T cell activation.

During T cell recognition and activation, molecules on the surface of CD4" and CD8" T cells bind to their respective
class II and class I MHC ligands on APC[47]. Moreover, TCR and its co-receptors, CD4 and CDS8, participate in the T cell
recognition of pMHC ligands. Previous studies have reported that core fucosylation modulates the activation of CD4,
CD8, and T-cell receptors.

Core fucosylation on T cell activation via TCR

Proper T cell activation promotes T cell migration to the periphery, where CTLs are found to infect cells and release toxic
substances, and Th cells undergo further differentiation into subtypes. However, excessive T cell activation leads to a
series of immune system disorders[48]. This abnormal activation was accompanied by changes in core fucosylation levels.
SLE is a severe autoimmune disease characterized by the production of autoantibodies and subsequent inflammatory
disorders[49]. Gastrointestinal symptoms, including acute abdominal pain (owing to pleurisy and peritonitis), diffuse
abdominal pain, epigastric pain, epigastric pain with vomiting and chronic constipation, and diffuse abdominal pain with
bleeding from the rectum, probably occur during SLE[50]. The onset and development of SLE pathogenesis are
accompanied by excessive activation of CD4* T cells[51]. Higher core fucosylation levels and IgG antinuclear antibody
expression have been observed in the sera of patients with SLE and are related to the severity of SLE[56]. Hyperactivity of
B cells in SLE is also T cell-dependent[52]. Increased core fucosylation in patients with SLE has also been correlated with
CD4" T-cell activation[53]. However, the correlation between core fucosylation and SLE-related gastrointestinal
symptoms requires further investigation.

Experimental autoimmune encephalomyelitis (EAE), an activated CD4" T cell-mediated autoimmune disease model
[54], shows slower and mild EAE symptoms and recovers body weight reduction after losing core fucosylation in mice
[56]. Loss of core fucosylation markedly reduced the proliferation of CD4" T cells. Viral or bacterial infections and adverse
reactions to medications leading to gastrointestinal symptoms are common among patients with SLE. SLE-related
gastrointestinal symptoms cannot be ignored since their severity could cause the death of patients if not treated properly.
Among all SLE-related gastrointestinal symptoms, lupus mesenteric vasculitis occurs most commonly, accompanied by
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intestinal pseudo-obstruction, acute pancreatitis protein-losing enteropathy, and other rare complications such as inflam-
matory bowel diseases and celiac disease[55]. Both SLE and EAE models indicate that the lack of core fucosylation
reduces CD4" T cell activation and consequently ameliorates symptoms[56].

CD4* T cell activation and differentiation are involved in the establishment and control of protective adaptive immune
responses establishing and controlling[57]. Core fucosylation participates in all three stages of CD4" T-cell activation.
First, core fucosylation is essential for structural formation of TCRs. Second, core fucosylation of TCR increases the
recognition of pMHC and further promotes the CD4" T cell activation threshold and efficient TCR-pMHC-II contact[56].
De-core fucosylation suppresses IgG class switching by impairing CD4" T cell activation and signal transduction via TCR
[56]. Fucose-specific lectins[58] might participate in T-B cell interactions[56]. Determining the mechanism by which core
fucosylation influences CD4* T cell activation is vital for the treatment of SLE-related gastrointestinal symptoms. De-core
fucosylated CD4" T cell infusion may be a useful intervention for the treatment of SLE-related gastrointestinal symptoms.
Future studies should attempt to verify the effects of core fucosylation on SLE using mouse models.

Core fucosylation on T-B cell interaction

Glycosylation of membrane proteins participates in multiple cellular processes, such as immunological recognition,
intercellular interactions, and cell signal transduction[59]. The interaction between CD4" T and B cells is important for
optimal responses in adaptive immunity[60]. Fucose-specific lectins may be involved in the T-B cell interactions[56].
Genes related to TCR complex formation (CD3e, CD4, CDS8, and CD40L), T cell activation (CD3e, CD4, CD8, and CD40L),
and B cell activation (CD79a and CD81) exhibited reduced expression after the loss of core fucosylation in mouse models.
A series of cell signaling molecules, such as MAPKKK, Vav1, PIK3, PKC, and Cyclin D3, also show decreased expression
after the inhibition of core fucosylation[56]. Inhibition of core fucosylation attenuates T-B cell interactions via TCR-pMHC
and consequently reduces CD4" T cell activation. Core fucosylation is necessary for efficient coalescence of lipid rafts
during T-B cell contact. The main characteristics of the lipid raft included high concentrations of cholesterol, glycosphin-
golipid, GPI-anchored proteins, and parts of signal transduction-related molecules[25,26]. Efficient CD4" T cell activation
requires the membrane compartmentalization of lipid rafts. Lipid raft coalescence and Ag-BCR endocytosis were substan-
tially reduced following inhibition of core fucosylation[61].

Core fucosylation on Toll-like receptors recognition and signaling in macrophages

Receptor fucosylation is critical for BCR antigen recognition and antibody production[61] as well as Toll-like receptor
(TLR) recognition and signaling through the scavenger receptor dendritic cell-specific ICAM-grabbing non-integrin[62,
63]. CD14 and TLRs are important pattern recognition molecules involved in innate immunity. TLRs serve as bridges
between non-specific and specific immunity. CD14, a GPI anchored protein, was involved in governing lipopolysac-
charide-induced dimerization of TLR4/myeloid differentiation factor 2 (MD2) complex, subsequent internalization of
TLR4 and the activation of the Toll/IL-1R domain-containing adaptor-inducing IFN-B (TRIF)-dependent pathway[64].
CD14 and TLR4 receptor complexes are heavily glycosylated proteins with nine and two potential N-glycosylation sites,
respectively[65,66]. Core fucose was essential for CD14-dependent TLR4 internalization and IFN-B production but not
TLR4/MD2 activation and dimerization in mouse macrophage activity[64,67].

TLR2, another important component of the TLRs family, mediates the recognition of various G* bacterial cell wall
components. In innate immunity, CD14 cooperates with TLR2/TLR4 to mediate the body's response to various
pathogenic components[68]. The immune response of TLR2 and TLR4 is impaired after the loss of core fucosylation in
macrophages. Compared to wild-type bone marrow cells, Fut8 knockout exhibited much higher resistance to inflam-
mation in dextran sodium sulfate (DSS)-induced experimental colitis. Core fucose is essential for CD14- dependent TLR4
and TLR2 signaling in murine macrophages, leading to DSS-induced experimental colitis[67]. Screening compounds or
small-molecule inhibitors that can inhibit core fucosylation of the CD14/TLR2/TLR4 signaling pathway could be a new
strategy for the treatment of colitis. The modes of administration and dosage should first be tested in mouse models.

CORE FUCOSYLATION ON GASTROINTESTINAL MUCOSAL IMMUNE MODULATION

The mucosal immune system is the largest component of the immune system, and protects the main sites of infectious
threats[69]. Core fucosylation is involved in the mucosal immune response, which is required for antiserum production
during Salmonella enterica subspp. enterica serovar Typhi (S. Typhi) infection[70]. Secretory immunoglobulin A (sIgA) is the
first line of defense against bacterial penetration and immunoprotecting against Salmonella infection[71]. The loss of core
fucosylation results in suppressed sIgA production, which leads to increased susceptibility to pathogens. During S. Typhi
infection, decreased T and B cell activation-related gene expression was observed after the inhibition of core fucosylation.
Loss of core fucosylation suppresses the humoral immune response in S. Typhi infection[70].

sIgA is the main antibody of local mucosal anti-infection immunity and is frequently found in body fluids, such as
saliva, tears, colostrum, nasal and bronchial secretions, gastric and intestinal fluids, urine, and sweat. In addition to the
intestinal mucosal immunity, the influence of core fucosylation on other types of mucosal immunity remains largely
unknown. Mucosal immunity differs from systemic immunity at structural, cellular, molecular, and functional levels. The
mucosa-associated lymphoid tissues represented a highly compartmentalized immunological system and functioned
essentially from the systemic immune apparatus independently[72]. Developing compounds that protect core
fucosylation in specific mucosal systems against a variety of microbial pathogens is discussed in the table.

WJGO | https://www.wjgnet.com 1122 July 15,2023 | Volume15 | Issue7 |

Jaishideng®



Zhang NZ et al. Core fucosylation in gastrointestinal glycoimmunology

Fucosylated carbohydrate moieties in intestinal epithelial cells (IECs) are involved in creating an environmental niche
for commensal and pathogenic bacteria. Core fucosylation is ubiquitously expressed in the intestinal mucosa and has
strong effects on gut microbiota. After infection with S. Typhi, the levels of core fucosylation in IECs were upregulated,
accompanied by an increased abundance of beneficial microorganisms such as Akkermansia spp. and Lactobacillus. Loss of
core fucosylation increases the susceptibility of IECs to S. Typhi. During the infection of S. Typhi, the elevated core
fucosylation level of IECs was mediated by the Wnt/p-catenin signaling pathway. Core fucosylation of IECs upregulates
the biological antagonism of the intestinal microbiota to protect against S. Typhi infection[73].

CORE FUCOSYLATION ON GASTROINTESTINAL TUMOR IMMUNE MODULATION

Glycoproteomic and microarray analyses have revealed that Fut8 globally modifies surface antigens, receptors, and
adhesion molecules and is involved in the regulation of dozens of genes associated with malignancy[74], suggesting that
Fut8 contributes to gastrointestinal tumor progression through multiple mechanisms.

Core fucosylation on antibody-dependent cellular cytotoxicity

The antibody-dependent cellular cytotoxicity (ADCC) effector function of antibodies has been applied in oncotherapy
and used to increase the clinical efficacy in vivo[75,76]. Therapeutic antibodies may modulate effector functions through
the Fc receptor, and ADCC was affected by the Fc oligosaccharide structure[77,78]. In vitro and in vivo experiments have
indicated that antibodies lacking core fucosylated Fc receptors exhibit stronger efficacy than core fucosylated antibodies
[79-81]. Therapeutic antibodies that lack core fucosylation can evade inhibitory effects to achieve optimal ADCC[78,82-
85]. The lack of core fucosylation of Fc oligosaccharides markedly enhances ADCC and is related to advanced antitumor
efficacy in vivo[86]. Core fucose-deleted IgGs and N-glycan-reconstructed antibodies can be used in advanced antibody-
based cancer immunotherapies. Defucosylated antibodies such as rituximab and trastuzumab, etc., were considered
promising next-generation therapeutics that can enhance ADCC activity (https://www.sciencedirect.com/topics/
biochemistry-genetics-and-molecular-biology/fut8). Okazaki et al[87] reported that the loss of core fucosylation in the N-
glycans of IgG1 molecules enhanced ADCC activity by 50-100 folds. Core fucosylation can modify physicochemical
functions to regulate immunoglobulin function of immunoglobulins[87].

Core fucosylation on the expression of inhibitory receptors

During tumorigenic progression, CTLs experience dysfunction and exhaustion owing to immune-related tolerance and
immunosuppression within the tumor microenvironment, favoring adaptive immune resistance. CTLs are key factors in
eliminating tumorigenic cells during immune responses[33]. PD-1 was a receptor in the CD28 family of co-stimulatory
molecules[88]. Upon interaction with its two ligands, programmed cell death 1 ligand 1 (PD-L1) or PD-L2 to T cells, PD-1
produces inhibitory signals[89]. PD-1 is a core fucosylated glycoprotein with four N-linked glycosylation sites[32],
whereas the four N-linked glycosylation sites in PD-L1 (NM-001267706) are N*, N*2, N?*®, and N*°[90]. Blocking the core
fucosylation of PD-1 inhibits its expression on CTL, which enhances the activation and anti-tumor activity of CTL[33].
Furthermore, the E3 ubiquitin ligase FBXO38 mainly mediates PD-1 polyubiquitination at Lys233[91]. Loss of core
fucosylation increases the binding of FBXO38 to PD-1 and subsequent PD-1 degradation through the 26S proteasome to
promote PD-1 ubiquitination (Figure 2)[33]. In conclusion, ubiquitination is regulated by core fucosylation, which is
involved in tumor immunology[92].

PD-1/PD-L1 blockade immunotherapy has been utilized for gastrointestinal malignancies, including biliary tract,
esophageal, colorectal, stomach, liver, pancreatic, and anal cancers[93]. The regulation of inhibitory receptor-mediated T
cell dysfunction is vital in immunotherapy for gastrointestinal malignancies. The role of the core fucosylation of PD-1 and
PD-L1 in the modulation of gastrointestinal cancer remains largely unknown. The effect of core fucosylation on other
inhibitory receptors requires further investigation. In addition to PD-1, de-core fucosylation of other receptors, such as
antigen 4 (CTLA-4), T-cell immunoglobulin, mucin-domain containing-3 (TIM-3), lymphocyte activation gene-3 (LAG-3),
and T-cell immunoglobulin, and ITIM domain (TIGIT), has been investigated. To compare the effects of de-core
fucosylation and PD-1/PD-L1 blockade, immunotherapy in a gastrointestinal cancer mouse model is essential.

Core fucosylation on the modulation of the epithelial to mesenchymal transition process

Fut8 inhibition suppresses highly metastatic breast cancer cell invasion and the ability to metastasize to the lung[46].
Epithelial to mesenchymal transition (EMT) is involved in cancer cell metastasis, wherein epithelial cells are transformed
into mesenchymal cells to enhance cell dynamics, migration, and invasion[46]. E-cadherin/p-catenin signaling pathway
could be activated by transforming growth factor p1 (TGF-B1) to regulate the EMT process. The TGF-B1 signaling
pathway led to a deficiency in E-cadherin expression, allowing B-catenin translocation from the plasma membrane into
the nucleus, and complexes with lymphoid enhancer-binding factor 1 (LEF-1)/T cell factor (TCF) to promote EMT[94,95].
Fut8 is a direct target of the transcription factor LEF-1, which regulates Fut8 levels. The promoter 1 region of Fut8 5'-UTR
included multiple LEF-1/TCF binding sites which participated in the E-cadherin/p-catenin/LEF-1 signaling axis to
regulate Fut8 expression during EMT[74,96] (Figure 3). Core fucosylation triggered TGF- signaling and EMT, which
subsequently stimulated the invasion and metastasis of cancer cells[46]. Caveolin-1 (Cav-1), a critical structural protein,
could activate Wnt/p-catenin signaling to promote Fut8 expression which led to the proliferation and invasion of HCC
[97]. Fut8 was also a driver for the progression of hepatocyte growth factor (HGF)-induced EMT, which was partially
blocked by silencing of Fut8 in HCC cells. HGF or TGF-f1 treatment of HCC cells can increase the expression of glycosyl-
transferase Fut8 to up-regulate the core fucosylation of N-glycans, especially at the glycosylation site Asn-201 on
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Figure 2 Programmed cell death 1 core fucosylation in tumorigenesis. Loss of core fucosylation catalyzed by fucosyltransferase 8 significantly
enhanced CD8" cytotoxic T cell activation and cytotoxicity by increasing programmed cell death 1 (PD-1) ubiquitination which in turn led to the degradation of PD-1 in
the proteasome and more efficient. PD-1: Programmed cell death 1; PD-L1: Programmed cell death 1 ligand 1; Fut8: Fucosyltransferase 8; CTL: Cytotoxic T cell. This
figure was summarized and modified from Zhang et al[33].

glycoproteins including the folate receptor a (FOLR1)[98]. Core fucosylation of FOLR1 can enhance folate uptake capacity
to promote EMT progression in HCC cells[98].

In colorectal cancer, there also existed high levels of Fut8 and E-cadherin protein expression. The enzymatic activity of
Fut8 is involved in the appearance of a low-molecular-weight population of E-cadherin and regulates the total amount of
E-cadherin[99]. The low-molecular-weight population of E-cadherin significantly increased after the overexpression of
Fut8[99]. Core fucosylation participates in changes in N-glycosylation patterns in E-cadherin, stabilization of cell-cell
contacts, and regulation of metastatic potential in colorectal cancer[99]. In colorectal cancer, liver metastasis is the most
common incident, with a probability of at least 25%, which leads to colorectal liver metastases[100]. Decreased core
fucosylation in colorectal cancer may positively influence tumor growth and metastasis. Exploring small molecules,
miRNAs, and medicines that could target and downregulate the expression of Fut8 will make sense of the hepatic
metastasis of colonic carcinoma.

TGEF-p receptors I (TBRI) and II (TRRII) were highly glycosylated proteins. The TGF-p receptor was also modulated by
core fucosylation modification[101]. Core fucosylation markedly facilitated functions of the heteromeric complexes of Tf
RII and TBRI to promote ligand binding and downstream signaling[46]. Loss of core fucosylation impaired the binding of
TGE-B to its receptor[46] and inhibited the phosphorylation of regulatory Smad2 and Smad3 (R-Smads) to restrain TGF-f
signal transduction(Figure 2). In conclusion, core fucosylation of TGF- receptors modulated the receptor functions and a
series of biological functions[102].

Core fucosylation on the modulation of epidermal growth factor receptor and hepatocyte growth factor receptor and

biological functions
Functional growth factor receptors, such as hepatocyte growth factor receptor (HGFR) and epidermal growth factor
receptor (EGFR) are regulated by core fucosylation[103,104]. EGFR, a type I transmembrane protein belonging to the ErbB
family of receptor tyrosine kinases (RTKs) was activated following binding with peptide growth factors of the EGF family
of proteins. Evidence suggests that the high expression of EGFR and EGF-like peptides is associated with the patho-
genesis and progression of human carcinomas[37]. De-core fucosylation attenuates responses to EGF and HGF, and
blocks EGF-induced phosphorylation of EGFR in hepatocellular carcinoma[37].

Ligand-receptor binding is also essential for core fucosylation between EGF and EGFR, whereas the expression levels
of EGFR are not influenced by core fucosylation on the cell surface. Core fucosylation of EGFR is closely related to cancer
immunotherapy, which could modulate cellular sensitivity to immunotherapeutic agents. Cells with high Fut8 expression
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Figure 3 Core fucosylation modulated epithelial to mesenchymal transition during cancer progression. Loss of core fucosylation impaired the
binding of transforming growth factor B to its receptor and inhibited the phosphorylation of regulatory Smad2 and Smad3. During epithelial to mesenchymal transition,
the expression of E-cadherin was suppressed, resulting in the accumulation of -catenin in the nucleus, where it complexed with lymphoid enhancer-binding factor 1
to transactivate fucosyltransferase 8 expression. The core fucosylation level on surface molecules of cancer cells was increased which promoted cancer cell
malignant biological properties involving migration, invasion, and metastasis. EMT: Epithelial to mesenchymal transition; TCF: T cell factor; LEF: Lymphoid enhancer-
binding factor 1; TGF: Transforming growth factor. This figure was summarized and modified from Tu et al[46], Chen et al[74], and Lin et al[101].

were more sensitive to gefitinib, an EGFR-specific tyrosine kinase inhibitor (EGFR-TKI)[106]. Collectively, core
fucosylation plays a vital role in EGFR-mediated biological functions[103].

Fucosylation on the modulation of mitogen-activated protein kinase signal pathway

The mitogen-activated protein kinase (MAPK) pathway participates in the regulation of gene expression, cellular growth,
and survival[107]. Abnormal MAPK signaling may induce increased or uncontrolled cell proliferation and apoptosis
resistance, leading to oncogenesis[105]. The activation of phosphorylated ERK1/2 and p38 MAPK is involved in tumor
cell proliferation and migration[108,109]. Loss of fucosylation suppresses the activation of the ERK1/2 and p38 MAPK
signaling pathways, which inhibits carcinoma invasion. Therefore, fucosylation participates in the MAPK signaling
pathway activation to modulate biological processes[110].

O-fucosylation is another type of fucosylation modification that is involved in embryonic development. Protein O-
fucosyltransferase 1 (poFUT1) is an essential enzyme that catalyzes the synthesis of protein O-fucosylation. poFUT1
promotes trophoblast proliferation by increasing cell cycle progression and promoting cells in the S-phase via activating
the MAPK and PI3K/ Akt signaling pathways. Activated MAPK and PI3K/ Akt signaling pathways are accompanied by
increased expression of cyclin D1, cyclin E, CDK 2, CDK 4, and pRb, and decreased levels of the cyclin-dependent kinase
inhibitors p21 and p27[111]. However, the influence of core fucosylated N-glycoproteins on the MAPK signaling pathway
during tumorigenesis remains largely unknown.

Core fucosylation on the modulation of PI3K-AKT-NF-kB signal pathway

The hepatitis C virus (HCV) is a major cause of chronic liver disease and hepatocellular carcinoma[112]. HCV infection
could induce Fut8 expression to promote hepatocellular carcinoma proliferation by activating PI3K-AKT-NF-«B signaling
[113]. HCV also stimulates the expression of multidrug resistance-related protein 1 (MRP1) and drug-resistant protein P-
glycoprotein (P-GP) and enhances the chemoresistance of HCC to 5-fluorouracil (5-FU)[113]. Inhibition of the PI3K/AKT
pathway by its specific inhibitor wortmannin or by small interfering RNA (siRNA) of AKT resulted in decreased MDR of
5-FU chemoresistance in HCC cells, partly through the downregulation of MRP1[114]. In cancer treatment, Fut8 may play
arole in reversing chemotherapy resistance and may serve as a therapeutic target.

Core fucosylation on the modulation of cancer cell stemness
Cancer stem cells (CSC) were responsible for cancer reconstitution and propagation. CSCs possess self-renewal, differen-
tiation, and proliferative abilities similar to those of normal stem cells. Cancer stemness, the stem cell-like phenotype of
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cancer cells, plays an important role in various aspects of carcinogenesis. During anticancer therapies, CSCs exhibited
resistant effects, leading to subsequent relapse[115]. Fut8 is required for stemness maintenance in tumorigenic cells[116].
Fut8 deficiency downregulates the stemness of cancer cells, which decreases the expression of CSC-related biomarkers,
such as EpCAM, CD133, c-Met, and CXCR4[117]. Fut8-catalyzed o-1,6-fucosylation also promoted stemness induced by
fentanyl, an opioid analgesic widely used in cancer patients[118].

Core fucosylation on cancerous radio-resistance

Radioresistance is a major factor affecting the success of radiation therapy for ESCC[119]. There was a high level of core
fucosylation in patients with radioresistant ESCC, which led to a poor prognosis. Fut8 inhibition increases the
radiosensitivity of radioresistant ESCC cells and suppresses tumor growth and formation[119]. As a key regulatory
tumor-associated antigen, native CD147 from human cancer tissue contains a high percentage of core fucosylated
structures (28.8%) analyzed via N-linked glycan profiling[120]. In ESCC cells, the inhibition of CD147 partly reversed
Fut8-induced radioresistance[119]. Collectively, core fucosylation plays a vital role in the radiosensitivity of ESCC.

Modulation of core fucosylation via microRNA, long non-coding RNA, and circular RNAs on gastrointestinal Tumor
MicroRNAs (miRNAs) and long non-coding RNA (IncRNAs) play vital roles in the post-transcriptional regulation of
genes via gene imprinting, chromosome remodeling, and cell cycle regulation. The antisense RNA 1 of LEF1, LEF1-AS], is
a newly identified highly conserved IncRNA encoded on the plus strand of LEF1 on chromosome 4q25, which can
modulate LEF1 expression[121]. LEF1-AS1 mediated Fut8 Level through activation of Wnt/B-catenin/LEF1 pathway,
thereby resulting in B-catenin nuclear translocation. LEF1-AS1 silencing hinders tumorigenesis and lung and liver
metastases of colon cancer cells in vivo, while overexpressed of Fut8 abolished the suppressive effect of LEF1-AS1
repression on the biological behavior of colon cancer cells[121]. Furthermore, miR-198 was shown to target the 3'UTR of
Fut8 directly to downregulate Fut8 expression at both mRNA and protein levels and suppressed the proliferation and
invasion of colorectal carcinoma[122]. In hepatocarcinoma cells, miR-122 and miR-34a were downregulated in
spontaneous human hepatocarcinoma which could specifically interact with and regulate the 3'UTR of Fut8[123]. MiR-
122-5p, as a post-transcriptional regulator of Fut8, inhibits the expression of Fut8 and suppresses the proliferation and
migration of intrahepatic cholangiocarcinoma cells via the PI3K/AKT signaling pathway[124].

Circular RNAs (circRNAs) regulate cancer development via multiple mechanisms, including miRNA sponges,
modulation of the Wnt signaling pathway, and EMT[125]. CircRNA cFUT8 promotes HCC development by binding free
miR-548c and inhibiting the miR-548c/FUTS regulatory axis[126].

MiRNAs are promising therapeutic targets for cancer treatment[127]. CircRNAs, such as miRNA sponges, protein
scaffolding, or autophagy regulators, interact with RNA-binding proteins (RBP) to act as potential biomarkers for cancer
prevention, diagnosis, and therapeutic targets[128]. Screening out more miRNAs and circRNAs targeting Fut8 both in
scientific research and in the clinical treatment of gastrointestinal diseases, could be a directional research area.

MODULATION OF CORE FUCOSYLATION ON T CELL IMMUNOREGULATION

The results of the current study showed that Fut8 played a pivotal role in T and B cell activation. CD4* T cells represent a
unique branch of the adaptive immune system that is crucial for achieving a regulated and effective immune response
against pathogens and their proper functioning is vital for survival[129]. CD4" T cells perform multiple functions,
including activation of cells of the innate immune system, B-lymphocytes, CTLs, and non-immune cells, and play a
critical role in the suppression of immune reactions[129]. However, several uncertainties remain. Fut8 participates in the
contact between TCR and pMHC and subsequent CD4" T cell activation. Owing to the complexity of the in vivo
environment, we cannot simply assume that malfunction of the TCR signaling pathway is the only reason for T cell
activation. Functions of Fut8 on the interaction of CD4* T cells with other APCs (such as dendritic cells and macrophages)
are also important issues to be explored. SLE is characterized by the overproduction of autoantibodies, mainly IgG[130].
The pathogenesis of SLE is accompanied by hyper CD4" T cell metabolism[49,131,132]. Core fucosylation is associated
with SLE severity and is significantly increased in the CD4" T cells of patients with SLE. Hyper core fucosylation-induced
CD4" T cell activation could be involved in the development of SLE[56]. To further explore how core fucosylation
modulates other cell types in the adaptive immune system, the entire function of SLE therapy may be an urgent project.
Core fucosylation is essential for CD4* T cell activation via TCR and affects the geometry and conformation of TCR-
PMHC clusters in T-B cell interactions. The loss of core fucosylation enhances the anticancer activity of CD8" CTLs in lung
adenocarcinoma. The IL-2 pathway is involved in immune cell activation and downstream effects[133], which may pave
the way for further therapeutic developments. In the IL-2/ IL-2 receptor (IL-2R) pathway, the low-affinity IL-2 receptor,
IL-2RBy, tended to be expressed on CD8" T cells and NK cells, while the high-affinity heterotrimeric IL-2-receptor alpha
beta gamma subunits (IL-2Rafy) were constitutively expressed by Tregs[134]. Researchers have determined that IL-2 has
pleiotropic effects; at high concentrations, IL-2 causes the expansion and activation of cytotoxic CD8" effector T cells,
whereas at low concentrations, IL-2 expands and activates Tregs[135] which is the dual and seemingly opposing activity
during tumor eradication. NKTR-214 is a CD122-biased IL-2R agonist that stimulates the proliferation of anticancer
immune cells in vivo by targeting CD122-specific receptors on the surfaces of NK, CD4* T, and CD8" T cells. CD122, also
known as the IL-2Rp subunit, was an important signaling receptor known to increase the proliferation of these effector T
cells. In preclinical and clinical studies, NKTR-214 treatment led to rapid expansion and mobilization of these cells into
the microenvironment. Given that the mRNA expression of IL-2 was upregulated in Fut87/-OT-I CTLs, IL-2-induced
FBXO38 expression resulted in enhanced PD-1 ubiquitination, which was correlated with lower PD-1 protein abundance
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on the surface of activated CTLs. We hypothesize Fut8 may also participate in IL-2R subunit regulation and function,
which subsequently influences CTL activation.

Physiologically, there may be an equilibrium of core fucosylation on the TCR and the inhibitory receptor PD-1 to
regulate T cell activation. Our study is the first revealed that Fut8 inhibition promoted CD8* T cell activation while
inhibiting TCR-pMHC contact and subsequent CD4" T cell activation. The complexity of in vivo conditions makes it
impossible to determine the final influence of Fut8 on tumor immunology. CD8* T cells mainly participate in tumor
eradication, whereas CD4" T cells are involved in immunoregulation. Although the study identified the role of Fut8 in
CD4" T-cell activation during SLE and the anticancer activity of CTL in lung adenocarcinoma, the influence of Fut8 on
CD4" T-cells during cancer progression remains largely unknown. The balance between specific and degenerate T cell
recognition by pMHC-II has important implications for protective immunity vs autoimmunity.

FUT8 INHIBITOR AND GASTROINTESTINAL ONCOTHERAPY

Fucosylation, which regulates the biological functions of adhesion molecules and growth factor receptors[136,137]. Many
types of fucosyltransferases (FucTs), the GDP-Fuc synthesis pathway, and GDP-Fuc transporters participate in the
regulation of fucosylation. The inhibition of FucT activity by FucT inhibitors represents a potential strategy for cancer
immunotherapy. The metabolic fucosylation inhibitor 2-fluoro-L-fucose (2F-Fuc) inhibits natural GDP-Fuc production by
blocking fucosylation via endogenous salvage pathways[138]. 2F-Fuc affects the functions of both immune and tumor
cells. Blocking core fucosylation of CD8" CTL via 2F-Fuc downregulates PD-1 expression and enhances CTL activation
and tumor eradication[32]. Beyond this mechanism, 2F-Fuc inhibited the binding affinity of galectin-3 to glycoproteins,
which could promote TCR signaling pathways and dendritic cell maturation by reducing the threshold for lattice
disruption by peptide-MHC with easier TCR engagement (Abstract 4005: Understanding the mechanism of 2FF-induced
immune modulation). 2F-Fuc enhances the immune-dependent protective effects of lymphoma vaccines[139].

2F-Fuc can also inhibit fucosylation and modulate tumor cell function. Core fucosylation of a series of membrane
glycoproteins, integrin 1, and EGFR could be inhibited by 2F-Fuc treatment, which suppressed the phosphorylation of
downstream signal molecules like EGFR, AKT, ERK, and FAK. Proliferation, migration, and tumor formation in human
cancer cells are consequently suppressed by 2F-Fuc treatment[140].

Core fucosylated proteins are crucial components of the gastrointestinal immune system that modulate the immunore-
gulation of various immune processes and immune-related gastrointestinal diseases. Abnormal core fucosylation has
been observed in several immune processes. Thus, given the unfavorable regulation of immune-related diseases by core
fucosylation, Fut8 inhibitors should be developed. 2F-Fuc inhibits fucosylation of proteins. In total, 13 FUT genes have
been identified in the human genome. Different genes encode different fucosyltransferases with various functions. Core
fucosylation is an important modification of the N-glycan core structure, forming the a-1,6 fucosylation of the GIcNAc
residue linked to asparagine, which is catalyzed by Fut8. The inhibition of core fucosylation has shown great therapeutic
potential in a series of diseases, and is an important first step towards the development of future inhibitors. Compared to
2F-Fuc, the specific Fut8 inhibitor had a more precise function towards immunoregulation, with minor side effects on the
entire gastrointestinal immune system.

Chimeric antigen receptor (CAR) T-cell therapy is an innovative form of cancer immunotherapy in which autologous T
cells are genetically modified to express chimeric receptors encoding antigen-specific single-chain variable fragments and
co-stimulatory molecules[141]. Although numerous advances have been made in CAR-T cell therapy for hematological
tumors, this technology remains ineffective for treating solid cancers, especially gastrointestinal tumors. These
shortcomings include on-target, off-tumor toxicity, a paucity of tumor-specific antigen targets, T cell exhaustion in the
gastrointestinal tumor microenvironment, and low infiltration of immune cells into gastrointestinal solid tumor niches
[142]. Thus, progress in gastrointestinal tumor immunology and improvements in the manufacturing of cell products
have promoted the development of cellular immunotherapies. High expression of inhibitory receptors, such as PD-1, on
the surface of T cells is modulated by core fucosylation. Inhibitors with smaller molecules can penetrate to the inner
tumor tissue more easily. In comparison to monotherapy, CAR-T cell therapy combined with a Fut8 inhibitor may
improve the therapeutic effect, especially in solid tumors such as gastrointestinal tumors.

CONCLUSION

Core fucosylation plays a major role in gastrointestinal glycoimmunology (Table 1). Owing to the complicated regulation
of core fucosylation in a variety of immune-related gastrointestinal diseases and cancers, other regulatory mechanisms
involved in core fucosylation modifications also need to be explored. Future studies should aim to identify the detailed
and complex regulatory mechanisms and therapeutic effects of Fut8 on more kinds of gastrointestinal system-related
immune cells and immune diseases.
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Table 1 Abnormal core fucosylation in gastrointestinal diseases

Types of immune

. Mechanism Patterns of modulation Disease Ref.
modulation
Core fucosylation on Core fucosylation Higher core fucosylation level existed in the sera of SLE SLE [51,53]
gastrointestinal cellular modulated T cell activation  patients and related to the severity of SLE. Increased
immune modulation via TCR core fucosylation in SLE patients was also correlated
with CD4" T cell activation
Core fucosylation Core fucose was essential for CD14- dependent TLR4 DSS-induced experi- [67]
modulated TLRs and TLR2 signaling in murine macrophage activity, mental colitis
recognition and signaling in leading to DSS-induced experimental colitis
macrophages
Core fucosylation on Core fucosylation Loss of core fucosylation suppressed the humoral S. Typhi infection [70]
gastrointestinal humoral =~ modulated humoral immune response in S. Typhi infection and resulted in
immune modulation immune response suppressed sIgA production, which led to increased
susceptibility to pathogens
Core fucosylation on Core fucosylation Caveolin-1 (Cav-1) could activate Wnt/p-catenin HCC [97]
gastrointestinal tumor modulated EMT signaling to promote Fut8 expression which led to the
immune modulation proliferation and invasion of HCC
Fut8 was a driver for the progress of hepatocyte growth HCC [98]
factor (HGF)-induced EMT which was partially blocked
by the silencing of Fut8 in HCC cells
Core fucosylation on FOLR1 could enhance the folate HCC [98]
uptake capacity to finally promote the EMT progress of
HCC cells
The low molecular weight population of E-cadherin Colorectal cancer [99]
was significantly increased after overexpression of
Fut8, which resulted in an enhancement in cell-cell
adhesion
Core fucosylation De-core fucosylation attenuated responses to EGFand ~HCC [37]
modulated EGFR and HGEF and blocked the EGF-induced phosphorylation of
HGER and biological the EGFR in hepatocellular carcinoma
functions
Core fucosylation HCV infection induced Fut8 expression to promote HCC [113]
modulated PI3K-AKT-NF-  hepatocellular carcinoma proliferation by activating
kB signal pathway PI3K-AKT-NF-xB signaling
Core fucosylation Fut8 inhibition increased the radiosensitivity of ESCC [119]
modulated cancerous radio- radioresistant ESCC cells and suppressed the growth
resistance and formation of tumors
Modulation of core LEF1-AS1 (IncRNA) silence hindered the tumori- Colorectal cancer [121]
fucosylation via microRNA, genesis, and lung and liver metastasis of colon cancer
long non-coding RNA, and  cells in vivo, while overexpressed Fut8 abolished the
circular RNAs suppressive impact of LEF1-AS1 repression on the
biological behavior of colorectal cancer cells
MiR-198 targeted the 3'UTR of Fut8 directly to Colorectal cancer [122]
downregulate Fut8 expression at both mRNA and
protein levels and suppressed the proliferation and
invasion of colorectal carcinoma
MiR-122 and miR-34a were downregulated in HCC [123]
spontaneous human hepatocarcinoma which could
specifically interact with and regulate the 3'UTR of Fut8
MiR-122-5p inhibited the expression of Fut8 and Intrahepatic cholangiocar- [124]
suppressed the proliferation and migration ability of cinoma
the intrahepatic cholangiocarcinoma cell line via
PI3K/AKT signaling pathway
CircRNA cFUT8 promoted HCC development by HCC [126]

binding free miR-548c and inhibiting the miR-
548c/FUTS regulatory axis

Mechanisms and patterns of different types of gastrointestinal immune modulation included cellular, humoral, and tumor immune modulation after
modification with core fucosylation. The related diseases were also listed with the references. HCC: Hepatocellular cancer; EMT: Epithelial to mesenchymal
transition; Fut8: Fucosyltransferase 8; CTL: Cytotoxic T cell; HCV: Hepatitis C virus; EGFR: Epidermal growth factor receptor; HGFR: Hepatocyte growth
factor receptor; SLE: Systemic lupus erythematosus; ESCC: Esophageal squamous cell carcinoma. TLRs: Toll-like receptors; S. typhimurium: Salmonella

typhimurium.
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