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Enteric glial cells (EGCs) are an essential component of the enteric nervous system (ENS) and play key roles in gastrointestinal development, homeostasis, and disease. Derived from neural crest cells, EGCs undergo complex differentiation processes regulated by various signalling pathways. Being among the most dynamic cells of the digestive system, EGCs react to cues in their surrounding microenvironment and communicate with various cell types and systems within the gut. Morphological studies and recent single cell RNA sequencing studies have unveiled heterogeneity among EGC populations with implications for regional functions and roles in diseases. In gastrointestinal disorders, including inflammatory bowel disease (IBD), infections and cancer, EGCs modulate neuroplasticity, immune responses and tumorigenesis. Recent evidence suggests that EGCs respond plastically to the microenvironmental cues, adapting their phenotype and functions in disease states and taking on a crucial role. They exhibit molecular abnormalities and alter communication with other intestinal cell types, underscoring their therapeutic potential as targets. This review delves into the multifaceted roles of EGCs, particularly emphasizing their interactions with various cell types in the gut and their significant contributions to gastrointestinal disorders. Understanding the complex roles of EGCs in gastrointestinal physiology and pathology will be crucial for the development of novel therapeutic strategies for gastrointestinal disorders.
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Introduction

The enteric nervous system (ENS) is an extensive neural network distributed throughout the gastrointestinal tract, running from the oesophagus to the colon (1–3), and is essential for the control of digestion. It is comprised primarily of two cell types: enteric neurons and enteric glial cells (EGCs). These cells are organized into ganglia located in two concentric and interconnected plexuses embedded in the gut wall, which locally regulate the function of the gut smooth muscle, blood vessels, glands, and immune cells (4).

EGCs are a group of peripheral neuroglia associated with the cell bodies and neurites of enteric neurons throughout the whole gastrointestinal tract. These cells are found both within the ganglia of the ENS, where they surround enteric neurons and in the muscle layers and mucosa, where they are associated with neuronal processes. In all species examined, they appear to outnumber enteric neurons, however, the exact quantity differs depending on the region of the gut examined (5, 6).

In vertebrates, the majority of enteric neurons and glia arise from neural crest cells, which migrate into the gut during embryonic development (7–9). ENS development is orchestrated by many signalling pathways, whose timing and intricate regulation are crucial to establishing a fully functional neural and glial network. While significant progress has been made in understanding pathways involved in differentiation, the knowledge of how bipotent progenitors make the critical decision to become either neurons or glia is still limited. A recent study has shown that enteric neuron vs glia fate determination follows a branching model, where neurogenic differentiation branches off from a linear default gliogenic fate (10).

In the adult gut, there are several different subtypes of EGCs, which have been classified by their location and morphology in the gut (11, 12) and more recently, by their various gene expression patterns (13–15). However, as with enteric neurons, there is currently no consensus on how these different classification schemes relate (16). Recently, there has been growing interest in EGC heterogeneity and plasticity. Indeed, it has been demonstrated that specific intestinal environmental cues drive EGCs’ phenotype and functions, resulting in subpopulations of glia with unique characteristics within the different intestinal regions (12, 17). However, our understanding about regional or local glial heterogeneity, contributions of glial specializations to the various digestive functions, and whether functional plasticity exists between the glial subpopulations remains limited.

EGCs exhibit remarkable similarities to their counterparts in the central nervous system (CNS). Although they have different embryological origins, EGCs have been shown to share many morphological and functional characteristics with astrocytes, the main glial cell type of CNS (18–20) They also share many common markers, with both EGCs and astrocytes expressing glial fibrillary acidic protein (GFAP) and S100 calcium-binding protein B (S100β). However, robust astrocyte markers, such as glutamate receptor 1 (Glast-1) and aldehyde dehydrogenase family member L1 (Aldh1L1), are not detected in EGCs (21, 22). Transcriptomic analysis has revealed that EGCs are most similar to Schwann cells (23), satellite glia, and interestingly, oligodendrocyte progenitor cells of the CNS (13).

Since their initial discovery in the gut, various studies have highlighted the substantial role of EGCs in digestive physiology. They support myenteric and submucosal neurons and regulate the activity of intestinal neural circuits (5). More recently, EGCs have been shown to act as the neural stem cells of the gut. Although they appear to be generally quiescent (24), subset of EGCs can differentiate into enteric neurons when there is ENS damage (10, 15, 25). In addition to their conventional role of supporting enteric neurons, recent studies have unveiled their direct involvement in several biological processes, such as gut inflammation and defence (26–28). Furthermore, EGCs have emerged as a significant player in diseases, such as neuroinflammation, cancer, and gut infections, modulating inflammation and immune response (29–32).

In this review, we highlight the novel insights regarding the diversity of EGCs and their role in gastrointestinal disorders.





Enteric glia are a heterogenous population

Diverse populations of EGCs are distributed across distinct layers of the gut wall, reflecting their specialized adaptations to local microenvironments within the digestive tract (Figure 1). While this diversity implies spatial and functional specialization, elucidating the intricate interplay between niche-specific signalling cues and lineage determinants in driving EGC heterogeneity has not yet been extensively explored.




Figure 1 | Enteric glial cell heterogeneity. Schematic overview with a magnified view of small bowel cross section illustrating the glial heterogeneity identified by various methods including scRNA-seq technologies and their distribution in different anatomical layers. Four morphological subtypes identified in rodent models are depicted here. An overview of different classifications of the myenteric glia identified by various methods are also shown along with corresponding studies. Details are described in the section “Enteric glia are a heterogeneous population” in the main text. Figure was created with BioRender.com.



The current classification includes four EGC subtypes, depending on their morphology and anatomical location within the intestinal wall and the enteric ganglia (11, 12, 33, 34). In some cases, this increases to six subtypes when myenteric and submucous EGCs are further separated (5). Type I EGCs surround neuron cell bodies with short and irregularly branched processes within the myenteric (Type IMP) and submucosal plexuses (Type ISMP). In contrast, fibrous glia (Type II) present long processes that connect myenteric ganglia. The multipolar Type III EGCs are found in the mucosa (Type IIIMUCOSA) and the myenteric and submucosal plexuses (Type IIIMP/SMP). The Type IV EGCs, which are elongated, reside in the smooth muscle layers (5, 33). Interestingly, in a recent study, Scavuzzo and colleagues identified two additional populations with triad and bipolar shape (35). However, this classification does not capture the complete functional heterogeneity among intestinal regions or even within the major subtypes themselves.

It is now evident that EGCs have distinct responses to neuromodulators in the duodenum and colon, suggesting functional diversity across intestinal regions. This classification based on the functional response profile to adenosine diphosphate (ADP) and cholecystokinin (CCK) delineates 4 unique subpopulations, whose heterogeneity is probably associated with differing mechanisms of communication with neurons (17). Moreover, molecular and functional data suggest added complexity within and between the major glial subtypes. Commonly used markers to label EGCs include GFAP, the Ca2+ binding protein S100β, proteolipid protein 1 (PLP-1), and the transcription factor SRY-Box Transcription Factor 10 (SOX10) (12, 23). While no single glial marker identifies a particular enteric glial subtype, there does appear to be some regional and cell-type specificity in marker expression. For example, the expression of GFAP is dynamic and varies depending on the glial state (29) and subtype (12). About 20%–40% of glial cells that are extra-ganglionic express only GFAP (23). Additionally, the detection and distribution of GFAP+ cells in immunolabeling experiments may be limited by the antibody’s ability to recognize one or more GFAP isoforms (36–39).

To better delineate and characterize unique EGC populations in the gut, emerging techniques such as single-cell RNA sequencing (scRNA-seq) have been employed. The first published study in 2018, identified seven distinct EGCs sub-types, including one proliferative population (13) in the mouse small intestine myenteric plexus of 3-week-old mice. More recently, using a different transgenic strain to specifically isolate most of the EGCs resulted in the identification of 9 transcriptionally different clusters at postnatal day 14 (P14) (15). By contrast, in the human colon, six clusters of EGCs have been identified, including 3 subsets from patients with colorectal cancer (CRC) (14). Furthermore, Scavuzzo and colleagues demonstrated that EGCs share many genes with glia in CNS and peripheral nervous system (PNS) but in unusual combinations, conferring them a distinct identity compared to all other glia in the body. Hence, they made use of single-nucleus RNA-sequencing and identified 7 distinct molecular classes of EGCs with different signatures between duodenal and colonic EGCs (35). They identified a functionally specialized biosensor subtype of EGCs, called “hub cells”. These hub cells can impact the function of enteric neurons and thus regulate contractions in the intestine and gut physiology through the mechanosensory ion channel PIEZO2 (35). Currently, a major issue plaguing the field is the lack of intercalation between the transcriptomic and morphological phenotyping of EGCs. While we can hypothesize how the different functions of EGCs relate to their position in the gut, there is currently no information on how this relates to their gene expression characteristics.





Enteric glia as communicators in the gut

The strategic positioning of EGCs within all the layers of the intestinal wall suggests their capacity for engaging in crosstalk with diverse cell types. Not only has the bidirectional communication between EGCs and enteric neurons via neurotransmitters and gliotransmitters been widely demonstrated (40–43), but recent studies also suggest how EGCs communicate with enterocytes, the stem cell niche, and enteroendocrine cells (5, 40, 41, 44). The data collected so far indicated these cells as important players in gastrointestinal homeostasis and gut motility, even though their exact contribution is still under intense investigation. There is also evidence that enteric glia communicate with immune cells to maintain homeostasis, however, this has mostly been studied in the context of disease, and therefore are described in the Infection and Inflammation sections below (Figure 2).




Figure 2 | Enteric glial cells functions in homeostasis and gastrointestinal disorders. Cellular and molecular mechanisms of EGCs and their crosstalk with surrounding cells in homeostasis, infection, inflammation, inflammatory bowel diseases and cancer. Details are described in corresponding disease sections of the main text. Figure was created with BioRender.com.






Communication with neurons

Since 1972, it has been hypothesized that communication flows between enteric neurons and glia when presynaptic specialization contacts were observed on EGCs in the myenteric plexus of the guinea pig ileum (45). Early studies showed that EGCs expressed and utilized machinery required for classical neurotransmission, including metabotropic glutamate receptor 5 (mGluR5) (46), and purinergic receptors P2Y4 (47), and P2X7 (48), and exhibited calcium transients (49, 50). However, it was not until 2009 that two studies showed that stimulation of enteric neurons triggered Ca2+ responses in EGCs (51, 52), which was mediated by adenosine triphosphate (ATP). It is now well known that EGCs respond to many neurotransmitters, including acetylcholine (ACh) (42, 53), serotonin (5-hydroxytryptamine,5-HT) (53), and vasoactive intestinal peptide (VIP) (54). Apart from synaptic communication, it has also been shown that neurons communicate with EGCs adjacent to their cell bodies via pannexin channels (43, 55). There is also communication between EGCs through gap junctions formed by connexin-43 (Cx43) hemichannels (56) and release of “gliotransmitters” that are likely to influence enteric neuron function, including ATP, gamma-aminobutyric acid (GABA), and prostaglandins (56–58). The intricacies of these enteric neuron-glia signalling pathways have recently been reviewed (59).

While enteric neurons primarily control gut motility, the importance of EGC signalling has been highlighted in several key in vivo studies. An inducible mouse knockout model of EGCs also revealed that gut transit is delayed in female mice but not male mice, where distinct alterations in colonic motility were observed (60). Inhibition of glia-glia signalling by blocking gap junctions resulted in slowed gut motility (57). Interestingly, this slowed transit was mimicked by aging, where expression of Cx43 became dysregulated, and reduced EGC Ca2+ responses were observed (57). Further expansion of this study showed that alterations in Cx43 expression and Ca2+-mediated exocytosis in EGCs influenced colonic motility (41, 61). Although there are differences in specific results of some of these studies, which are likely attributed to the mechanisms employed (glial inhibition vs. knockout) as well as the CRE-driver lines used (e.g., PLP1 vs. GFAP), it is clear that EGCs have a distinct role in the control of gut motility. Imaging studies have also shown that Ca2+ activity in EGCs correlates with contraction complexes in the mouse colon (62). In addition, the use of chemogenetic systems has highlighted that stimulation of EGC activity also increased gut motility, both in ex vivo preparations of the gut and in vivo (42). More recently, a single nucleus RNA-sequencing study has identified a subtype of enteric glial cells that resemble pancreatic hub cells, which expresses the mechanosensitive receptor, Piezo2. Knockout out Piezo2 in EGCs resulted in alterations in gut motility in vivo (35).





Communication with epithelium

The intestinal epithelium acts as a physical and biochemical barrier that separates host tissue from the contents of the gut lumen to maintain intestinal homeostasis. Given the anatomical proximity of EGCs and epithelial cells in both the small and large bowel, several studies have attempted to define the effect of the enteric glia on the intestinal epithelial barrier. Two key early studies using murine depletion models showed that EGCs play a vital role in controlling intestinal epithelial barrier function, with their ablation leading to severe intestinal inflammation (63, 64). However, more recent studies using different transgenic mouse models suggest that the role of EGCs are not as crucial (60). An early model of glial ablation by Bush et al. (63) involved driving the herpes simplex virus thymidine kinase (HSV-TK) under the regulation of the GFAP promoter (Gfap-HSV-Tk mice), and application of ganciclovir to ablate GFAP-expressing EGCs (63). However, it has been suggested that much of the inflammatory damage may have been due to the processing of ganciclovir used to ablate GFAP+ EGCs, which resulted in non-cell autonomous cytotoxic effects. Another earlier study used T-cell targeting to ablate EGCs by expressing the hemagglutinin gene under the GFAP promoter (64). These two studies promoted a significant amount of research focusing on the interactions between EGCs and the intestinal epithelium, many using different cell lines and cell culture models. More recently, ablation of EGCs using transgenic expression of diphtheria toxin (subunit A) under the PLP1 promoter did not result in the same excessive inflammatory effects. The authors described a rather limited impact on intestinal epithelial barrier functions; instead, they observed increase in gut motility in female mice (60). Interestingly, a similar study using the expression of diphtheria toxin under the GFAP promoter resulted in an acute reduction of the epithelial stem cell niche, suggesting a specific nurturing role for GFAP-expressing EGCs (65). These studies highlight the importance of interpreting the use of various mouse models in understanding EGC function, with the different combinations of promoters and cell ablation mechanisms all leading to different downstream effects. While EGCs may not be as essential in the maintenance of the intestinal epithelial barrier, communication between EGCs and intestinal epithelial stem cell niche has been recently described (65). Apart from mesenchymal and paneth cells, EGCs also secrete WNT ligands to regulate intestinal stem cell regeneration during homeostasis and inflammation. From a mechanistic standpoint, GFAP-expressing glial cells are supplying WNT ligands, which are vital for sustaining the intestinal stem cell niche. Under homeostatic conditions, depletion of GFAP-expressing EGCs results in a transient decline in stem cell numbers, which are promptly restored to their usual levels shortly thereafter. This rapid recovery is likely due to the activation of an alternative WNT source (65, 66).

Mucosal EGCs may also maintain gastrointestinal homeostasis by communicating with enterocytes and enteroendocrine cells. The presence of glial cell-derived neurotrophic factor (GDNF) contributes to the development and maturation of enterocytes, thereby ensuring the integrity of the gastrointestinal epithelial barrier (67). However, as many other cells in the gut produce and release GDNF, this impact is likely not restricted to EGCs. The crosstalk between mucosal glia and enteroendocrine cells also suggests a potential for glial influence on gastrointestinal hormone release (68). In addition, EGCs release factors like epidermal growth factor (EGF) and transforming growth factor β (TGF-β) isoforms in response to inflammation or injury (69, 70). The exact role of EGCs in these intricate communications will be an interesting field of future study.





Communication with intestinal microbiota

While intra-ganglionic glia is surrounded by a connective tissue barrier (71), mucosal glia located in the lamina propria have greater exposure to luminal microbes. There is also evidence of interaction between the intestinal microbiota and mucosal glia. Signals from luminal microbes may influence glial migration within the gut, especially from the myenteric plexus to the lamina propria postnatally, stabilizing after weaning in mice due to microbial and immune changes. Thus, EGCs do not appear in the lamina propria of germ-free mice (72). Additionally, recent studies showed that antibiotic treatment reduces the number of enteric glial cells in the mucosa and in the ileal myenteric plexus (72, 73). However, xenografts of human foetal intestines maintained for months in immuno-compromised mice exhibit a mucosal glial network even after antibiotic treatment, suggesting differences in glial responses between humans and mice, potentially due to distinct glial gene expressions and the microbiota diversity’s impact on their development (74).






Enteric glia in gastrointestinal disorders

The gastrointestinal tract relies on the complex interplay between the nervous and immune systems to sense, detect, decode, and react to various environmental stimuli. EGCs are now being recognized as one of the regulators of intestinal stem cell proliferation, immune function, defence mechanisms, and tissue repair. Given their role in maintaining intestinal homeostasis alongside other cells, EGCs are also thought to play a crucial role in neuropathology (34, 75, 76). This is particularly significant in disorders of gut-brain interaction (DGBIs; formerly known as functional gastrointestinal and motility disorders, FGIDs), which are characterized by dysmotility, pain, and age-associated decline in gastrointestinal neuromuscular function (77–80). EGCs influence pathological mechanisms in intestinal diseases by modulating neuroplasticity and immune responses (29, 81, 82). Due to their ability to respond to microenvironmental cues through the expression of immunomodulatory molecules, EGCs have gained recognition for their role in modulating the mucosal immune response (83). Recent research breakthroughs have illuminated the intricate cellular dialogues and molecular mechanisms by which EGCs shape intestinal health and disease outcomes.




Infections

Due to constant exposure to the external environment and the potential for acquiring infections through food and water, the intestinal tissue is equipped with a vast immune system, fully prepared to possibly fight pathogens. This complex defence mechanism relies not only on immune cells but also on the active participation of various tissue cells, including those of the nervous system. Neurons and glial cells within the ENS interact with immune cells, influencing their activity and ensuring a fast and coordinated response to infection and inflammation.

EGCs are fully equipped with pattern recognition receptors that enable them to respond to bacterial and inflammatory stimuli using surface proteins, cytokine/chemokine receptors, and the secreted proinflammatory factors, highlighting their crucial role in infections. They detect micro-organisms, damage-associated molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPS), and signals from immune cells via functional pattern recognition receptors, such as toll-like receptors (TLRs), nod-like receptors (NLRs), cytokine receptors (e.g., Interferon-gamma receptor(IFNγR)), as well as related factors needed to respond to inflammatory triggers (e.g., NF-κB, MYD88, STAT1, STAT3, etc.) (72, 83). Upon stimulation, EGCs release cytokines and chemokines that contribute to either pro- or anti-inflammatory conditions (33, 41, 83–85). Initially, in vitro studies have unravelled the mechanisms underlying the EGCs ‘response to inflammatory stimuli (84, 85). However, it is now evident that EGCs can also respond to challenges within the tissue in vivo (29, 82, 86, 87).

During infection, EGCs acquire a distinct molecular state similar to astrogliosis (88) involving cell cycle entry and GFAP upregulation, enabling them to exert local immunomodulatory effects on surrounding cells (87, 89–91). This adaptive capacity allows EGCs to play a significant role in gastrointestinal infections.

Recently, EGCs have gained attention for their potential involvement in Clostridium difficile (C. difficile) infection, the most common cause of antibiotic-associated diarrhoea and colitis. This bacterium, typically a minor component of the gut microbiota in 1–3% of adults, can proliferate in the large intestine following the disruption of commensal bacteria by broad-spectrum antibiotics. C. difficile toxin A (TcdA) and toxin B (TcdB) affect various cell types in the intestine, including enterocytes, colonocytes, and enteric neurons. These toxins induce glucosylation of Rho GTPases, leading to cytopathic and cytotoxic effects, as well as inflammation. Studies have shown that EGCs are particularly susceptible to TcdB. Early effects like cell rounding and Rac1 glucosylation, resulting in cell cycle arrest are observed in rat-transformed EGCs treated with this toxin (92). Furthermore, TcdB has been found to induce apoptosis in EGCs in vitro by activating signalling pathways mediated by caspases, calpains, and cathepsin B. This activation of apoptosis was enhanced in the presence of the pro-inflammatory cytokines Tumour Necrosis Factor-alpha (TNF-α) and IFN-γ. Notably, the ability to activate three different apoptotic signalling pathways could be an advantageous strategy adopted by C. difficile to overcome cell resistance mechanisms (93, 94). Moreover, a recent study reported that Pannexin-1 (Panx1) channel, known for its role in intestinal inflammation and IBD, is increased in the intestinal tissue of mice during C. difficile infection. Panx1 which activates P2X7 receptors, contributes to the effects of C. difficile toxins in EGCs, promoting caspase-3/7-mediated cell death and Interleukin-6 (IL-6) over-expression (95). Adenosine receptors also act as key regulators of EGC response to TcdA and TcdB, pointing out A2B activation as an important mechanism in inducing glial apoptosis (96).

On the other hand, in vivo studies detected an increase of S100β in both colon tissues and faecal samples from patients with C. difficile infection, as well as in colon tissues of mice infected with C. difficile. S100β modulates the inflammatory response during CDI, by upregulating proinflammatory mediators such as IL-1β, IL-18, IL-6, Granulocyte macrophage colony-stimulating factor (GM-CSF), TNF-α, IL-17, IL-23, and IL-2, that promotes immune cells recruitment and downregulating the protective mediators, including SOCS2, IL-22, and BCL-2 that lead to epithelial damage (97). In EGCs, S100β upregulation induces IL-6 expression via activation of the RAGE/PI3K/NFκB signalling pathway. Inhibition of S100β activity has been shown to mitigate intestinal damage and diarrhoea caused by C. difficile toxins, suggesting that targeting the production of S100β in EGCs could be a potential therapeutic strategy for managing the effects of CDI on the gastrointestinal system (97).

EGCs are also involved in Toxoplasma gondii (T. gondii) infection. T. gondii affects up to one-third of the global population and is contracted by consuming raw meat containing tissue cysts or food contaminated with oocysts. Once in the gastrointestinal tract, T. gondii rapidly proliferates and crosses the intestinal barrier, triggering a local immune response. Research indicates that infection with various strains of T. gondii induces alterations in neuronal subpopulations and epithelial cells across various segments of the gastrointestinal tract (98). In a study using Wistar rats to evaluate the kinetics of neuronal and glial responses after ingestion of sporulated oocysts, significant effects on the populations of enteric neurons and EGCs were observed starting 72 hours post-infection. While the total neuron population was decreased, the number of EGCs in the myenteric plexus remained unaffected. In contrast, both the EGCs and total neuron populations in the submucosal plexus decreased, although the reduction in EGCs was less pronounced compared to neurons. Overall, an increase in the EGC/neuron ratio was noted. This suggests a protective role for EGCs against infection (99)..

Helminth infections in mice induce an active phenotype in EGCs along with an upregulation of an IFN-γ gene signature. ScRNA-seq was performed on the smooth muscle layers of mice infected with third stage Heligmosomoides polygyrus larvae. These larvae settle in the smooth muscle of the duodenum, causing tissue inflammation locally and multicellular granulomatous infiltrates. The single-cell transcriptomics analysis emphasized that specifically inhibiting IFNγ signalling in glial cells leads to the widespread activation of pro-inflammatory transcriptional programs throughout the tissue, identifying this pathway as fundamental in restoring tissue integrity after helminth infection. Moreover, CXCL10 has been pointed out as a critical mediator of tissue repair downstream of the IFNγ-induced activation of EGCs. This demonstrates that IFNγ–EGC–CXCL10 axis plays a fundamental role in immune response and tissue repair after infectious challenge (87).

Rotaviruses, transmitted via the faecal-oral route, rank among the primary reasons for diarrheal illness in infants and young children (100). In surprising contrast to the common enteric bacterial infections, during diarrhoea, rotavirus infections do not affect intestinal permeability in humans (101–104)and mice (103, 105). Studies link rotavirus infection with the activation of EGCs, which are triggered by infected enterocytes that produce serotonin. S-nitrosoglutathione (GSNO) and GDNF from both EGCs and enterocytes protect the gut barrier from infection, while observations also suggest possible communication between infected enterocytes, enterochromaffin cells, enteric neurons and EGCs as they are all seen in close proximity (103). In line with these findings, it is also reported that rotavirus-infected enterochromaffin cells in mice secrete serotonin, which subsequently upregulates GFAP expression in the EGCs (103, 106). A similar mechanism was also observed in the case of human adenovirus-41 (HAdV-41) infection, where EGCs had high expression of GFAP under the influence of serotonin released from enterochromaffin cells that expressed HAdV-41-specific coxsackievirus and adenovirus receptor (CAR) (106–108). EGC activation is also induced during the Human Immunodeficiency Virus (HIV) infection. Studies in rats found that viral HIV-1 Trans activating factor (HIV-1 Tat) protein induces diarrhoea modulated by activation of EGCs. This activation involved high expression of NF-κB, GFAP, S100B, TLR-4 and inducible nitric oxide synthase (iNOS) which causes a neuroinflammatory response. This local response can activate EGCs in the spinal cord and brain cortex through the expression of Cx43, causing inflammation associated with significant cognitive decline (106, 109).

Additionally, Salmonella typhimurium (S. typhimurium), an intracellular pathogen, affects the ENS and results in the death of enteric neurons (110, 111). Although not extensively studied, research suggests a potential role of EGCs in barrier function during Salmonella infection. A study exploring the involvement of EGCs in barrier function in inflammatory bowel syndrome (IBS) used biopsies from the colon of IBS patients and healthy controls to show that expression of GFAP significantly correlated with the passage of Salmonella, but not with Escherichia coli (E. coli) (112). A potential reason could be that many strains of E.coli are commonly found in the intestines of humans and other animals. Most E. coli strains are harmless or beneficial. Indeed, recent evidence also indicates that human EGCs can distinguish between pathogenic and probiotic bacteria via TLR activation (21). However, there are also pathogenic strains of E.coli, including O157:H7, which produces toxins that can lead to bloody diarrhoea and abdominal cramps (113). The Adherent-invasive E. coli (AIEC) strain is a pathobiont associated with Crohn’s Disease, which prefers to grow in inflammatory conditions. Even though the role of EGCs in E. coli O157:H7 is unknown, pathogenic AIEC are known to activate human EGCs and induce cFos and MHC II expression. TLRs on human EGCs detect AIECs, leading to S100B overexpression and a reactive phenotype. S100B interacts with RAGE on EGC surfaces, and the S100B/RAGE complex may interact, directly or indirectly, with MyD88, a downstream regulator of the TLR signalling pathway, leading to iNOS expression and nitric oxide release through NF-κB-mediated pathways, sustaining nitric oxide signaling (21).

John Cunningham Virus is a polyomavirus commonly found in humans (114). While it often remains dormant and asymptomatic in healthy individuals, John Cunningham Virus can cause serious complications in individuals with weakened immune systems (114, 115). John Cunningham Virus affects the EGCs in the myenteric plexus in patients with chronic idiopathic intestinal pseudo-obstruction (CIIP). A Study involving 10 CIIP patients and 61 controls (colon and ileum from patients with uncomplicated colon cancer) revealed neurogenic impairment and neuropathy in CIIP patients. John Cunningham Virus T antigen DNA was detected in the myenteric plexuses of most CIIP patients but not controls and the John Cunningham Virus viral protein1 co-localized with glial fibrillary acidic protein, a marker of EGCs suggesting that the virus infect EGCs and use them for replication (32, 106).

Additionally, there have been hypotheses proposing that SARS-CoV-2-related diarrhoea and gastrointestinal dysfunction in COVID-19 patients may involve activation of the ENS and EGCs, as activated EGCs are known to release IL-1 and other inflammatory mediators typically observed in COVID-19 patients (106, 116–119).

Altogether, EGCs play diverse and dynamic roles in the host-defence against gastrointestinal infections, encompassing immune modulation, neuroimmune interactions, antimicrobial defence, barrier function, and tissue repair. Further research to elucidate the mechanisms underlying EGC-mediated responses to infection may offer insights for prevention and treatment of infectious diseases.





Intestinal inflammation

Intestinal inflammation triggers a complex immune response by recruiting innate and adaptive immune cells, creating a highly coordinated defence within the gastrointestinal tract. Accumulating evidences have now confirmed that EGCs play a crucial immunoregulatory role in these inflammatory conditions, capable of interacting with both the innate (87, 90, 120)) and adaptive immune systems (91, 121). EGCs are able to quickly respond and adapt to inflammatory cues, and acquiring a reactive state named “gliosis” characterized by alterations in molecular composition, structure, and function. This transformation into reactive EGCs is influenced by various factors, including the injury’s nature and severity, as well as the specific glial subtype (29). Enteric gliosis is also part of an intestinal immune response that occurs upon abdominal surgery that leads to impaired motility in postoperative ileus. An extensive investigation that involved in vivo, ex vivo, and in vitro analysis in mice and human specimens, revealed that the activation of EGCs in this process is induced by ATP released during tissue damage triggering purinergic P2X2 signaling (122).

Previous studies also showed that the activation of IL-1 receptor type 1 (IL1R1) specifically on enteric glia protects mice from development of postoperative ileus after intestinal manipulation (123). Activation of IL-1R1 in EGCs typically results in the release of inflammatory mediators in postoperative ileus such as IL-6 and CCL2 that activates immune cells (120, 122–124). Similar findings have also been validated in patients, undergoing abdominal, further supporting the crucial role of EGCs in intestinal inflammation (122, 125). However, activation of EGCs during muscularis inflammation also results in protective mechanisms favouring recovery of dysmotility (125). Interestingly, EGC activation after muscularis externa damage results in production of CCL2 and CSF1 which in turn stimulated monocyte infiltration and differentiation in anti-inflammatory CD206+ macrophages, respectively (120). Furthermore, CSF1-CSF1R signalling has been demonstrated to be crucial for the differentiation of monocytes into neurotrophic macrophages favouring proliferation of EGC during muscularis inflammation (120). Taken together, these studies indicate the inevitable role of EGCs in inflammation and their potential to be targeted for novel therapeutic strategies for inflammatory disorders.





Inflammatory bowel disease

IBD refers to chronic inflammatory disorders affecting the gastrointestinal tract, whose prevalence is rapidly increasing in Western countries, affecting more than 2 million Europeans and 1,5 million North Americans (126). Crohn’s disease (CD) and ulcerative colitis (UC) are the main disorders belonging to IBD, affecting different segments of the GI tract but sharing common features, mainly chronic inflammation and abnormal intestinal immune response. Common symptoms include abdominal pain, diarrhoea, lower gastrointestinal tract bleeding, weight loss, and fatigue, leading to reduced quality of life (127). Although the aetiology of IBD is still not completely understood, a central player in the development and progression of IBD is the immune system, which may mistakenly trigger an exaggerated inflammatory response against harmless substances (i.e. food and bacteria) in genetically predisposed individuals. This abnormal immune response involves various immune cells, including T cells, B cells, and macrophages. The chronic inflammation damages the intestinal tissues and disrupts their normal functions, leading to the characteristic symptoms of IBD (127). Notably, 70% of IBD patients do not respond properly to the first-line therapy, implying that the immune cells are not the only players in the pathogenesis of this disease. Moreover, the course of IBD is unpredictable, with periods of active inflammation known as flare-ups and remission when symptoms subside.

Psychological stress exerts a profound impact on IBD, with numerous studies suggesting that stressful life events can exacerbate IBD flares (128–130). In line, recent research identified the ENS as a relay between psychological stress and inflammation in the gut, highlighting the importance of the gut-brain axis (131). The signalling pathway of glucocorticoids from the adrenal gland influences the impact of stress on IBD. During periods of stress, an inflammatory subset of EGCs is generated, termed enteric glia associated with psychological stress (eGAPS). These eGAPS then produce CSF1, which triggers the production of TNF by monocytes. This TNF production exacerbates inflammation, thereby exacerbating IBD (131). Altogether, ENS system plays a critical role in IBD pathogenesis.

Recent research has explored the role of EGCs in IBD, revealing that EGCs in IBD patients exhibit molecular abnormalities. Interestingly there is an increased expression of GFAP in inflamed colonic biopsies from CD and UC patients (132). In line, another glial marker, S100β, also shows roughly the same expression profile, with increasing S100β in inflamed colonic biopsies compared to healthy controls (133–136). Additionally, certain factors involved in glial cell signalling, are upregulated in patients with IBD. For instance, GDNF is upregulated in biopsies of CD and UC patients, and TLR4 is found to be upregulated in glia cultures from patients with UC (132, 134).

Considering that these molecular abnormalities may lead to functional alteration, it is likely that even the crosstalk between EGCs and other intestinal cell types may be defective in the context of IBD. DSS-induced colitis mouse models are being extensively used to study IBD. During DSS-induced colitis, EGCs and neurons are exposed to inflammatory stimuli, once intraganglionic macrophages induce degradation of the membrane surrounding the myenteric plexus (71). Studies investigating the interplay between EGCs and macrophages have also identified key mechanisms driving visceral hypersensitivity in chronic colitis (90). Pro-inflammatory signals such as IL-1β, induce glial reactivity, triggering Cx43-dependent M-CSF production via protein kinase C (PKC) and TNF-α converting enzyme (TACE) that cleaves membrane-bound M-CSF. Particularly, in a mouse model lacking glial Cx43 (Sox10CreERT2;Cx43f/f), EGCs modulate muscularis macrophages through Cx43-dependent pathways, facilitated by M-CSF production (44, 83, 90). While muscularis macrophages near the myenteric plexus are activated by microbiota to produce BMP-2, influencing enteric neuron activity (137), intestinal bacterial infection triggers activation of sympathetic ganglia, shifting nearby macrophages to a protective functional profile (89).

In chronic inflammation, EGCs also interact with innate lymphoid cells (ILCs), which make part of the innate immune system and are regulated by numerous inflammatory mediators, such as neuropeptides, hormones, eicosanoids, and cytokines (138–141). The complex interplay of glia, ILC3, and epithelial cells is known to modulate intestinal homeostasis, inflammation, and plays a role in defence against certain bacterial infections (89). The primary ILC3 pathway involves integrating dendritic cell-derived IL-23 to produce IL-22, dependent on the STAT3 transcription factor (89). EGCs integrate microbiota and tissue cues through MYD88 and regulate a group of ILC3s, which express the neuroregulatory receptor tyrosine kinase RET and provide protection against DSS-induced colitis. During chronic inflammation GDNF derived from GFAP+ cells activate RET, leading to IL-22 induction in ILC3 and participates in controlling mucosal homeostasis (44, 89).

Simultaneously, EGCs have the capability to produce GSNO, which serves to enhance the formation of tight junctions in epithelial cells (142). There may be differences between the capabilities of different populations of EGCs. GFAP+ EGCs are crucial in regulating the permeability of the intestinal epithelial barrier, proliferation of epithelial cells, and immune cell infiltration into the ganglia (83, 142–144). However, targeting EGCs with diphtheria toxin via the PLP1 promoter did not influence epithelial cell renewal, barrier permeability, or susceptibility to DSS-induced colitis (60). EGCs have also been suggested to interact with mast cells. In vitro experiments have shown that GDNF inhibits enteric mast cell activation and improves the disease outcome of DSS-induced experimental colitis via JNK pathway downregulation (145). The GDNF-mediated inhibition of mast cells resulted in lower levels of TNF-α, IL-6 and tryptase expression, which would have rather increased the inflammation. The recent evidence also suggests that EGCs have significant part in the maintenance of the intestinal epithelial stem cell niche in homeostasis and chronic IBD. A recent study focusing on PLP1+ EGCs and GFAP+ EGCs found that this heterogeneity in cell populations is important in the maintenance of epithelial integrity. It is interesting that GFAP+ EGCs but not PLP+ EGCs regulate the stem cell markers and regeneration upon injury (65). This pro-regenerative effect by GFAP+ EGCs is crucial for the repair of the intestinal epithelium upon colitis. However, PLP+ EGCs might be taking over the function of maintaining intestinal functions in the absence of GFAP+ EGCs, thus compensating each other with their redundant roles (65). Delving into the intricacies of human mucosal EGC dynamics in both normal conditions and IBD, specifically UC revealed four distinct glial cell subpopulations: EGC#0–EGC#3. Interestingly, EGC#1 and EGC#2 were found to be enriched in healthy samples, while EGC#0 and EGC#3 were mainly found in individuals with UC. Comparing human gene expression signatures alongside mouse glial signatures revealed consistency between human and mouse EGCs. The human EGC#1 was similar to the mouse homeostatic Plp1High/GfapLow population and human EGC#0 resembled the GfapHigh/Plp1Low population associated with injury and inflammation (65). Studies describing glial-T cell interaction in IBD showed that EGCs isolated from CD patients inhibit the proliferation of activated T lymphocytes (121). However, the expression of glial MHC-II induced by proinflammatory stimuli have shown to enhance the activation of both B-lymphocytes and T-lymphocytes, particularly impacting T-helper cell (Th)17 and regulatory T cell subtypes to express IFN-γ and IL-17, thus maintaining immune homeostasis during inflammatory conditions (91). A similar immunosuppressive function to promote homeostasis is also observed in a study describing glia-T cell interactions in IBD; showing that EGCs isolated from CD patients inhibited the proliferation of activated T lymphocytes (121). Altogether, these data identify EGCs as a new potential target for treating IBD.

Research focusing on the effects of the isoquinoline alkaloid berberine, which has anti-inflammatory and therapeutic effects in experimental colitis, regulating neuroimmune interactions in UC revealed that when berberine was administered, disease severity was decreased and the mucosal barrier homeostasis in UC was restored. Moreover, in in vitro experiments using monoculture and simulated inflammatory conditions berberine exhibited direct protective effects on EGCs and other cell types such as bone marrow-derived dendritic cells (BMDCs), T cells, and intestinal epithelial cells. Furthermore, berberine could also regulate the cell-cell interactions of EGCs, intestinal epithelial cells, and immune cells in co-culture systems (146). The research conducted to date gives us an understanding of the complexity of the role of EGCs in IBD. However, further studies are to be performed for a deeper understanding of EGCs’ role in the context of IBD.





Cancer

Recent research has unveiled compelling insights into the role of the ENS and EGCs in the pathogenesis of CRC (147). A well-known prognostic marker in colon cancer is tumoral infiltration of neural structures, i.e. perineural invasion (148, 149), which is associated with a reduced 5-year disease-free survival rate (121), presence of metastasis at the time of resection (150), and increased risk of recurrence (151, 152). As tumour cells invade the bowel wall, neurochemical alterations (153) and an increase in neural element density occur, positively correlating with tumour grading (154). Considering these premises, it is likely that tumoral and neural cells make close interactions and play a key role in carcinogenesis. In line, it has been shown that the enteric neuronal network guides tumour cell migration, with tumour epithelial cells establishing direct interactions with enteric neurons via N-cadherin and L1CAM (155). Additionally, a recent study used mice models and human tissues to demonstrate that neuronal loss of the N-Myc Downstream-Regulated Gene4(NDRG4), an important biomarker for CRC expressed by enteric neurons, is correlated with enlarged adenoma development and the release of pro-carcinogenic extracellular matrix molecules, nidogen 1 and fibulin 2, in the tumoral microenvironment (156). However, further studies in human cohorts are needed to translate these findings to a clinical level.

To date, limited attention has been dedicated to exploring whether and how EGCs may affect the development and progression of CRC. Although previous research yielded conflicting results regarding the increase or decrease in EGCs in CRC (69, 157–159), recent findings in the field confirm that EGCs are a key component of the tumour microenvironment. Particularly, three-dimensional imaging on full-thickness human colon adenocarcinomas using the iDISCO (immunolabeling-enabled imaging of solvent-cleared organs) staining, confirmed that S100β+ GFAP+ enteric glial cell bodies and projections massively infiltrate the whole tumour (31).

Notably, the tumour burden decreases following EGC depletion in azoxymethane/dextran sodium sulphate (AOM/DSS)-induced CRC mouse model and in ApcMin/+ mouse model of familial adenomatous polyposis, suggesting that EGCs promote tumour development at an early premalignant stage. Even though the properties of established malignant tumours were not affected by glial depletion, there is a slowing in the development of precancerous dysplastic lesions (158). Similarly, a reduction in tumour burden was also observed following the depletion of GFAP+ EGCs in an AOM/DSS-induced CRC mouse model. In these cases, glia-derived WNT ligands could also be playing a role in the proliferation of intestinal epithelium (66, 83, 158). EGCs can react to tumour epithelial cells-derived ligands IL-1 α/β and acquire an activated phenotype. Hence, EGCs elicit cancer stem cells expansion and promote tumorigenesis via a PGE2/EP4/EGFR-dependent pathway (31). However, during carcinogenesis IL-1 α/β can be produced by several other cell types, including infiltrating myeloid cells, colon epithelial cells, and stromal cells. For instance, tumour-infiltrating monocytes-derived IL-1 influences the phenotype and function of tumoral EGCs in the CRC tumour microenvironment. Subsequently, IL-1-activated EGCs produce IL-6, and promote the tumour-infiltrating monocytes differentiation into pro-tumorigenic SPP1+ TAMs. Additionally, the tumour EGCs can also present a unique reactive phenotype, with increased expression of genes correlated with astrogliosis (e.g. Lcn2 and Timp1) and immunomodulatory functions (e.g. Ccl2 and Il6). Notably, the CRC EGC phenotype is associated with poor disease outcomes, which was evident in both pre-clinical CRC mouse models and in patients with CRC (160). The expression of glial S100β is high in CRC compared to healthy tissue and this increased expression induces the downstream activation of the proliferative RAGE/MAPK/NF‐kappaB signalling pathway, resulting in a decreased expression of the pro‐apoptotic protein wtp53. Moreover, the higher expression of S100β was also associated with the up-regulation of proinflammatory and proangiogenic factors, including VEGF, IL-6, and AQP4 (159).

The glial contribution to carcinogenic progression has also been suggested in other intestinal tumours, such as duodenal gastrinomas. For example, the development of MEN1-associated gastrinoma in the submucosa might arise from EGCs through hormone-dependent PKA signaling (30). Similarly, in the context of gastroenteropancreatic neoplasms (GEP-NENs), the deletion of Men1 in GFAP+ cells led to glial cell reprogramming toward a neuroendocrine phenotype, resulting in gastric neuroendocrine hyperplasia and neuroendocrine tumours in the pituitary and pancreas (161). Overall, the recent findings on the involvement of EGCs in cancer highlight their diverse and complex roles in tumour development and progression within the gastrointestinal tract. Further elucidating the underlying molecular mechanisms may provide novel insights into the pathophysiology of gastrointestinal cancers and identify potential therapeutic targets for intervention.






Conclusions and future directions

The ENS is commonly referred to as the “second brain” as it controls many gastrointestinal functions autonomous from the brain or spinal cord. EGCs are a key component of the ENS, regulating enteric neuronal function, as well as directly communicating with many other cell types within the gut. Recent studies have explored the multifaceted roles of EGCs in gastrointestinal physiology and pathology. However, despite significant progress, several challenges and open questions remain in understanding how EGCs function and their contributions to disease pathogenesis. One of the key challenges is unravelling the molecular mechanisms underlying EGC heterogeneity and plasticity. Even though recent studies have identified distinct EGC subpopulations, further investigations are needed to uncover the functional significance of EGC heterogeneity, particularly in the context of regional specialization and disease susceptibility. Additionally, the factors driving EGCs specialization and their implications for gastrointestinal functions warrant exploration. Understanding the precise contributions of EGCs to gastrointestinal diseases, particularly in complex disorders like cancer and IBD will open the opportunities to identify potential therapeutic targets. While studies have demonstrated the molecular mechanisms of crosstalk between EGCs and immune cells in diseases such IBD and CRC, an in-depth understanding of the mechanisms driving EGC-mediated immune modulation and resulting tissue damage or repair is necessary. Furthermore, the development of targeted therapeutic approaches leveraging EGC modulation requires a deeper understanding of their roles in disease progression and resolution. EGCs have become an immense cell of interest in understanding gastrointestinal homeostasis, particularly with recent interest in glial-immune communications. The dynamic interplay between EGCs and other cell types within the gastrointestinal microenvironment presents a complex regulatory network that demands further investigation. Building knowledge to understand the mechanisms driving these processes will provide promising avenues for innovative therapies in these diseases and gut disorders.
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