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1. Abstract 

Enteric glial cells (EGCs) are important regulators of gastrointestinal functions in health 

and disease. Over the last few years, their role in intestinal inflammation and their interplay 

with the local tissue microenvironment has raised increasing attention. As EGCs can react 

to various environmental stimuli, such as cytokines and chemokines, and contribute to the 

inflammatory milieu, it is critical to understand the signaling pathways inducing their 

reactive phenotype and the resulting actions on their tissue microenvironment. Using 

primary EGC cultures and glial-specific genetic modifications, we revealed specialized 

extracellular matrix compositions, the sympathetic nervous system, and interleukin (IL)-1 

as important regulators of EGCs’ immune functions. Applying brightfield and 

immunofluorescent imaging and RNA-sequencing, we demonstrated distinct effects of 

extracellular matrix substrates on EGC primary cultures, pinpointing Matrigel and laminin 

as superior coating substrates in EGC purity, network formation, and reactivity. 

Postoperative RNA sequencing results expanded our knowledge about EGC reactivity by 

identifying the sympathetic nervous system as an early EGC activator during acute 

intestinal inflammation. Using EGC cultures, we discovered norepinephrine signaling via 

β-1/2-adrenergic receptors as a responsible inducer of immediate postoperative glial 

reactivity. Moreover, we used a targeted approach to analyze the effect of the well-known 

and strong immune activator IL-1 on glial-specific reactivity in acute postoperative 

intestinal inflammation. Strikingly, glial activation via IL-1 led to increased expression of 

genes related to ‘enteric gliosis’ both in vitro and in intestinal inflammatory models in vivo. 

Furthermore, glial reactivity correlated with macrophage activation and migration, 

highlighting EGCs’ contribution to the inflammatory microenvironment. Finally, we 

transferred the insights gained from the acute postoperative intestinal inflammation 

studies into the field of tumor immunology, representing a chronic inflammatory condition 

as it occurs in colorectal cancer (CRC). Applying three murine CRC models, including 

EGC-specific molecular reporters and gene deficiencies, we identified a bidirectional 

signaling cascade between EGCs and tumor-promoting macrophages in CRC, leading to 

cancer progression. Unraveling the molecular pathways involved, monocyte-derived IL-1 

was identified as an EGC activator via glial IL-1 receptor 1 signaling, triggering the 

secretion of IL-6 into the tumor microenvironment, which promotes the differentiation of 

infiltrating monocytes into tumor-promoting SPP1+ macrophages.  
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Together, we highlighted the significance of EGCs in intestinal inflammatory diseases. 

Identifying the extracellular matrix, the sympathetic nervous system, and IL-1 as crucial 

regulators of glial biology and immune reactivity, we substantiated our understanding of 

the molecular pathways involved in EGCs’ reactive phenotype. Importantly, IL-1-mediated 

glial activation was proven essential for glia-macrophage interactions in intestinal 

inflammation and CRC, underlining EGCs’ vital role as immune regulators actively 

modifying disease outcomes in inflammation-driven intestinal diseases and disorders.  
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2. Introduction 

2.1 Enteric glial cells 

The enteric nervous system (ENS), our so-called “second brain” 1, is part of the peripheral 

nervous system that autonomously regulates gastrointestinal functions. In the ENS, 

neurons and glia lay in close proximity to each other 2 and fulfill various roles based on 

their location, such as regulating muscle contractility, secretion, blood flow, or immune 

responses 3. The uniqueness of the ENS originates not only from its widespread functions 

but also from its size, which is unmatched in the peripheral nervous system 3. The human 

ENS has been estimated to consist of ~170 million neurons 4 and up to five times as many 

glia, dependent on the location 3, 5. In humans and many other species, enteric glial cells 

(EGCs) have been shown to outnumber enteric neurons, highlighting their prominence in 

the ENS 5–7. Although the interest in EGCs has increased over the last decades, their role 

in health and disease is still not fully understood.  

EGCs are distributed throughout all layers of the gut and either accumulate around enteric 

neurons in two interconnected plexuses, the myenteric plexus and the submucosal plexus, 

or around neuronal processes in the muscle and mucosa 8. They can be divided into 

subsets based on morphological, regional, and transcriptional characteristics 9–11. The 

most common markers used to identify EGCs are SRY-box transcription factor 10 

(SOX10) 12, glial fibrillary acidic protein (GFAP) 13, S100 calcium-binding protein B 

(S100B) 14, and proteolipid protein 1 (PLP1) 15. However, not all glial subsets express 

every marker, and their expression levels differ between subsets, with typically four EGC 

subsets based on morphological and regional properties 9, 16–18. Additionally, 

transcriptional data derived from single-cell RNA-sequencing studies postulated new 

distinctions with up to nine EGC subsets 16–18. Although it remains open if these 

transcriptionally different populations come indeed along with heterogeneous 

functionality, these data at least suggest the potential existence of functionally distinct 

EGC populations with different reactivity, particularly under inflammatory conditions.  

The molecules interfacing with EGCs, such as extracellular matrices, neurotransmitters, 

cytokines, and chemokines, vary constantly, thereby defining specific tissue 

microenvironments. These molecular compositions do not only change based on regional 
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cues during homeostasis but also, importantly, during diseases, where EGCs are 

important players in regulating inflammatory responses 8. Being able to sense and 

respond to such changes during inflammation, i.e., by releasing immune-modulatory 

mediators themselves, EGCs, together with their targeted cells, actively shape the 

inflammatory microenvironment and inflammation 8, 19. 

2.1.1 Models to study enteric glial cell biology 

In order to study specific molecular responses of EGCs in homeostasis and disease, 

several in vitro and in vivo models have been established. The role of individual molecules 

or signaling pathways is often investigated in vivo by cell-specific genetic modifications 

achieved by Cre-loxP mice 20. For EGCs, the common markers SOX10, GFAP, S100B, 

and PLP1 are often used as genetic drivers of the Cre recombinase, together with loxP 

sites flanking the molecular targets, resulting in glial-specific reporters or knockouts of the 

genes of interest. These models have proven valuable, particularly in analyzing the effects 

of EGCs on their surrounding cells, such as intestinal stem cells 21, B- and T-lymphocyte 

activation 22, macrophage phenotypes 23, or their communication with neurons 24. 

However, prior to testing specific molecular interactions in vivo, the first evidence is often 

collected by in vitro assays using cell lines or primary cells. For EGCs, cell lines are very 

limited, with only a few, such as CRL-2690 25 or ClK 26 available. Therefore, most in vitro 

studies utilize primary EGC cultures isolated from intestinal tissue, allowing the treatment 

of those cultures with individual molecules or other cells. Additional transgenic 

modifications of primary EGCs, i.e., by AAVs 27 or lentiviruses 28, help to unravel glial-

specific responses. Thereby, EGC cultures have proven to be an important model for cell-

cell, cell-compound, and specific molecular interactions 18, 29. 

Consequently, several EGC models, with glial-specific reporter and knockout mouse lines, 

and in vitro studies were included in this thesis.  

2.2 Extracellular matrix 

As EGCs are distributed throughout all layers of the intestine, they will likely receive 

different inputs from the various tissue microenvironments. Besides intercellular 

interactions between EGCs and other cells, another important part of their surrounding is 
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the dynamic extracellular matrix (ECM), which might also impact EGC biology. The 

intestinal ECM is a complex network of proteins that provides structure, participates in 

barrier function, and interacts with resident cells 30. The ECM comprises more than 300 

proteins, including collagens, laminins, elastins, and fibronectins 31, and can be divided 

into two main parts: the basement membrane and the interstitial matrix, based on location 

and ECM composition. The basement membrane is located directly underneath the 

epithelial layer. It is composed of non-fibrillary collagens, perlecans, laminins, and 

nidogens. In contrast, the interstitial matrix is located in the underlying connective tissue 

and the lamina propria 30 and contains fibrillary collagens, elastins, fibronectins, and 

proteoglycans 32. Being highly variable and carefully orchestrated along the crypt-villus 

axis 33, the ECM is at a constant interplay between homeostasis, ECM-cell interactions, 

and remodeling for tissue regeneration 32. Being able to interact with resident cells, ECM 

compounds have also gained rising interest in the context of intestinal diseases, including 

inflammation 34 and cancer 35–37. For instance, in colorectal cancer (CRC), the ECM 

changes in composition and amount, modifying tumor progression and metastasis 38.  

With regard to the ENS, ECM compounds were described to affect ENS development 39. 

Also, for intestinal macrophages, which are in close spatial proximity to ENS cells 40, ECM 

influences on monocyte-to-macrophage differentiation 41 and macrophage phenotypes 42 

have been described previously. However, for EGCs, the effect of specific ECM 

compounds in vitro is almost unexplored. Although EGC primary cultures are widely used, 

there is a broad range of protocols for EGC isolation, media, or coating substrates 29, 

highlighting the lack of standardization for those cultures. While most of the studies imply 

ECM compounds as culture substrates, the heterogeneous use of these compounds is 

substantial and far from standardized. A comparative study previously analyzed the 

effects of some ECM substrates on neuronal and glial differentiation 43, providing evidence 

of a direct influence of the ECM on EGC biology in vitro. However, a more in-depth 

characterization of how the various ECM compounds affect primary EGC purity, network 

formation, and gene expression is missing. Moreover, the potential influence of the ECM 

on glial reactivity in inflammatory conditions is still unexplored. Therefore, a better 

understanding of how different ECM substrates affect EGC biology and immune reactivity 

is needed.  
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2.3 Immune-driven intestinal disorders and diseases 

Intestinal inflammation can have several causes, such as infections through viruses, 

parasites, or bacteria, as well as ischemia, and genetic or environmental factors 44. 

However, it can also be an iatrogenic consequence of medical treatment like radiation 

therapy 45, 46 or surgical trauma 47. Once the immune reaction and inflammation have been 

initiated, they are frequently accompanied by acute and chronic clinical symptoms. The 

acute symptoms range from diarrhea to constipation and include bloody stool, abdominal 

pain, nausea, vomiting, and fatigue 48–50. 

 
2.3.1 Acute intestinal inflammation 

Acute intestinal inflammation, including one or more of the abovementioned symptoms, 

commonly occurs after abdominal surgery. The resulting clinical condition is the so-called 

postoperative ileus (POI), characterized by temporary motility disturbances reducing the 

well-being of patients and increasing hospitalization times and, consequently, the medico- 

economic burden 51, 52. Despite the consistent improvement of perioperative management 

and the development of minimal-invasive surgery, POI is still a frequent complication of 

abdominal surgery. Therefore, unraveling the mechanisms behind acute intestinal 

inflammation, especially in the early onset, is crucial to finding potential pathways for 

clinical intervention. To study acute gut inflammation, researchers utilize a mouse model 

of POI, in which mechanical stimulation (so-called intestinal manipulation (IM)) of the 

intestine results in reduced gastrointestinal transit, increased infiltration of immune cells, 

and enhanced levels of proinflammatory cytokines 53, 54. Over the last decades, several 

studies have focused on cellular mechanisms in acute intestinal inflammation, identifying 

important players in its disease course, such as mast cells 55–57, T cells 58, or 

macrophages 59, 60. Besides the immune cell populations, the innervation of the gut also 

plays its part in POI development, as shown by the beneficial effects of parasympathetic 

activation via vagus nerve stimulation in rodents 61–63 and humans 64. Similarly, 

disruption of sympathetic signaling, the counterpart of the parasympathetic nervous 

system, ameliorates intestinal inflammation 65 and directly induces anti-inflammatory 

pathways in muscularis macrophage 66. Additionally, enteric neurons were described as 

important mediators of macrophage activation in acute intestinal inflammation 67. 

Likewise, reactive EGCs were associated with POI progression 68, 69. However, the exact
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mechanism of how EGCs impact the initiation of acute intestinal inflammation, how the 

ENS changes during inflammation, and how this affects immune cell infiltration is not 

well understood. 

 
2.3.2 Chronic intestinal inflammation 

When an acute intestinal inflammation is not properly controlled, it can develop into a 

chronic form, with recurrent inflammation cycles. Chronic inflammation can have several 

causes, including but not limited to genetic susceptibility, environmental factors, or altered 

reactions to the host microbiome 70–72. The most prominent examples of chronic gut 

inflammation are inflammatory bowel diseases (IBD), whose etiology is still not fully 

understood. The two most prominent forms of IBD are Crohn’s disease and ulcerative 

colitis 73. Although both forms come with comparable symptoms, they differ in the affected 

area, tissue penetration, and pathophysiology, with Crohn’s disease affecting any part of 

the gastrointestinal tract by transmural inflammation, while ulcerative colitis causes 

inflammation of the mucosal layer only in the colon and rectum 74. The latter is of particular 

interest as it is accompanied by a significantly increased risk of CRC development 75. 

Mechanistic insights to study whether and how colitis can be prevented or interrupted 

early during its onset are often gained by murine models 76. Among those are chemically- 

induced models, with dextran sodium sulfate (DSS) 76, 2,4,6-trinitrobenzene sulfonic acid 

(TNBS) 77, 78, or oxazolone 79, 80 being the responsible chemical compounds. Other models 

utilize adoptive T-cell transfer 81 or genetic interleukin (IL)-10-deficiency 82 to induce 

experimental colitis in mice 83. One of the most commonly used models in mice is DSS- 

induced colitis with DSS administration via drinking water 76, 84. DSS can be used to study 

a variety of intestinal inflammatory reactions, as its administration can be adjusted to 

mimic acute, relapsing, or chronic diseases, such as ulcerative colitis 84. Several studies 

utilizing this inflammatory model described the involvement of immune cells, such as 

macrophages, B cells, T cells 85, enteric neurons 86, and glia 23 in chronic inflammation. 

Since chronic inflammation is a risk factor for the development of advanced diseases, 

such as CRC 87, a deeper understanding of the disease course will benefit patients in the 

context of IBD and beyond. 
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2.3.3 Colorectal cancer 

CRC is the third most common type of cancer and the second leading cause of cancer- 

related deaths worldwide 88. While new treatment options offer promising 5-year survival 

rates of up to 90 % for early-stage CRC patients, this number drops drastically to as low 

as 10 % for patients with advanced or metastatic disease stages 89. CRC can be 

distinguished into three subtypes: colitis-associated cancer (CAC), hereditary, and 

sporadic CRC. While all of them are initiated by single- or multistep mutations, the order 

of mutational events and the histological tumor manifestation differs 90, 91. For example, 

mutations of the oncogene p53 occur early in CAC and late in sporadic CRC, which is 

reversed for adenomatous polyposis coli (APC) mutations 90. Moreover, CAC affects 

middle-aged patients (median age 50 years), while sporadic CRC patients are usually 

older than 65. Hereditary CRC, on the other hand, can be diagnosed early in life based 

on genetic screening. Out of these three, sporadic cancer is the most common one and 

presents up to 70 % of cases. 

Mechanistically, genetic or epigenetic alterations initiate CRC, leading to 

hyperproliferation of epithelial cells and the formation of benign polyps or adenomas, 

potentially advancing to malignant tumors 92. These tumors are divided into stages based 

on size (T) and expansion within the intestinal wall, spread to nearby lymph nodes (N), 

and metastasis (M) 93. Based on this TNM score, tumor cells might encounter distinct 

surroundings, and their tumor microenvironment (TME) changes. The TME is a dynamic 

composition of various cell types and their ECM, along with signaling molecules that 

impact both cancerous and non-malignant cells. Thereby, cancer cells are encompassed 

by a complex network of stromal fibroblasts 94, resident or tumor-infiltrating immune 

cells 95, 96, and neuronal cells 97–100. Notably, tumor epithelial cells were described to use 

neuronal networks as migratory routes in CRC 97. As cellular migration or infiltration is 

often causing inflammation, the inflammatory state of the TME is an important factor in 

CRC. While intestinal inflammation is already present in CAC before tumor formation 101, 

it presents a major trigger for tumorigenesis in other CRC subtypes 102. Based on the 

inflammatory state, two main groups of tumors can be distinguished: immune-hot and 

immune-cold tumors. Immune-hot tumors are defined as tumors with a strong 

inflammatory signature 103, a high degree of infiltrating and cytotoxic T cells determined
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by the Immunoscore 104, and checkpoint activation 105. Due to the vast interactions of 

cancer and immune cells in these “hot” tumors, they are promising targets for 

immunotherapy. Conversely, immune-cold tumors, defined by weak immune cell 

recruitment or even immune evasion, present a challenge in classic immunotherapy 106. 

Overall, the heterogeneity of CRC tumors underlines the need for a better understanding 

of their individual biology and the specific TME. 

Over the last few years, a rising number of studies focused on the interaction of different 

cell types of the TME with tumor cells or between themselves and their impact in shaping 

specific tumor niches. Several murine models have been established to study these 

cellular interactions in CRC, including genetic, orthotopic, and chemically-induced disease 

models. The APC model 107, for instance, is a genetic model applied to induce mutation- 

driven tumor development in mice, resulting in immune-cold tumors 108. The APC gene is 

similarly involved in human diseases such as familial adenomatous polyposis and 

sporadic cancers 109. Besides, the colonoscopy-guided orthotopic injection of tumor cells 

into the colonic wall is a way to generate localized tumors 110. In this model, the immune 

status of resulting tumors is dependent on the injected cells, such as MC38 111 or 

villinCreERApcfl/flKrasG12D/+Trp53fl/flTrgfbrIfl/fl (AKPT)-derived cells 112, resulting in immune- 

hot 113, 114 or immune-cold 115 tumors, respectively. Another commonly used method of 

murine CRC induction is the azoxymethane (AOM)/DSS model. Herein, the injection of 

the carcinogenic drug AOM combined with DSS-induced colonic inflammation provokes 

tumor development 116. Due to the DSS-induced local inflammation of the colon, this 

method causes the development of multiple tumors, specifically in the colon, presenting a 

valuable model for cancer research. Using these murine models, as well as cell culture 

models and transcriptional analyses of human and murine data, specific cellular pathways 

have already been identified 117, 118. Among them, the interaction of cancer-associated 

fibroblasts and cancer cells was found to drive cancer invasion 119. Similarly, tumor- 

infiltrating monocytes 120 and tumor-associated macrophages 121 contributed to tumor 

progression. Moreover, spatial analysis has identified a tumor-promoting interaction of 

cancer-associated fibroblasts and an SPP1+ macrophage subset 122. 

Interestingly, the enteric neuronal network was also described as being involved in CRC 

development 123. Enteric neurons present migratory routes for invasive tumor epithelial 
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cells 97. This tumoral invasion along nerves is known as perineural invasion and presents 

an important aspect in several types of cancer 124, 125. Moreover, bidirectional signaling 
between neurons and cancer cells has been observed before, and specific neural circuits 

have been proposed for cancer treatment 126. As glial cells are in close proximity to enteric 

neurons 2, are already recognized as key regulators in intestinal inflammation 19, and are 

part of the CRC TME 127, their contribution to CRC pathophysiology is likely. 

2.4 Molecular mechanisms of EGC reactivity in intestinal inflammation and CRC 

EGCs were known for a long time solely as “neurosupportive” cells. However, they can 

sense and secrete various signaling molecules, contributing to disease outcomes. In 

inflammation, they have been described to acquire a so-called “reactive” phenotype, 

resulting in the secretion of pro- and anti-inflammatory cytokines and chemokines acting 

on surrounding cell types 128. Glial-derived immune-modulatory molecules include 

IL-6 68, 129, C-C motif chemokine ligand (CCL)-2 68, C-X-C motif chemokine ligand 

(CXCL)-10 130, glial-derived neurotrophic factor (GDNF) 131, nitric oxide 132, 133, and 

macrophage colony- stimulating factor (M-CSF) 23. Besides the variety of molecules 

secreted by reactive EGCs, multiple activators during intestinal inflammatory diseases 

can induce this phenotypic switch termed ‘enteric gliosis’ 129. Among them are, for 

example, lipopolysaccharide (LPS) 134, 135, tumor necrosis factor-alpha (TNFα) 136, 

extracellular adenosine triphosphate (ATP) 129, or IL-1 68. IL-1 presents a strong immune 

regulator 137. Several studies have reported IL-1-induced glial activation and the 

important role of IL-1-activated EGCs in shaping both acute 68, 138 and chronic 

inflammation 139, 140. However, their molecular responses contributing to the disease 

outcomes, as well as their communication with surrounding cell types, need to be better 

understood. 

Besides inflammatory mediators, additional factors shape the intestinal microenvironment. 

One is the innervation via the sympathetic nervous system (SNS), which regulates 

gastrointestinal motility in homeostasis and disease. In previous work, our group and 

others demonstrated the effect of the SNS on macrophage activation in intestinal 

inflammation 141–143. The molecular mechanisms that guide SNS-mediated alterations are 

induced by adrenergic signaling 144, which has been shown to regulate immune cells in a 
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variety of tissue contexts 145. For example, adrenergic signaling is involved in maintaining 

mature natural killer cells in the spleen and bone marrow 146, regulating epithelial 

proliferation in the intestine 147, or modifying macrophage effector functions upon 

infection 143 and inflammation 148. Interestingly, the SNS has been demonstrated to have 

both proinflammatory and anti-inflammatory effects in arthritis dependent on the disease 

phase 149, and a similar time-dependent SNS dichotomy was suggested for intestinal 

inflammation 144. Importantly, EGCs express adrenergic receptors 150 and can be affected 

by the SNS, too 151, but so far, little is known about SNS-EGC interactions in intestinal 

inflammation. Therefore, it is important to address the time-dependent inflammatory 

reactions in the intestine, with SNS-mediated glial reactivity and glia-macrophage 

interactions presenting potential regulators. 

Furthermore, EGC reactivity has recently been suggested to be involved in CRC, acting 

pro-tumorigenic 127, 152. The central role of EGCs in CRC was first evident when Yuan et al. 

showed that glial cell depletion in a CRC mouse model leads to reduced tumor burden 152. 
Another study, utilizing in vitro cultures and supernatant transfer assays, suggested a 

bidirectional communication of EGCs with the CRC TME, also implying IL-1 as a 

potentially important factor for EGC reactivity in CRC 127, similar to acute 68, 138 and chronic 

inflammation 139, 140. However, despite these findings highlighting a certain role of EGCs 

in CRC, there is still a substantial knowledge gap on EGC-CRC TME interactions and the 

molecular mechanisms involved. 

2.5 Intercellular communication of EGCs and immune cells in intestinal 
inflammation and CRC 

As a consequence of their reactivity, EGCs release signaling cues for different cell types 

within the intestine. Besides neurons 153, this also includes intestinal epithelial cells 154, for 

which EGCs provide WNT ligands, thereby supporting the renewal of the epithelial 

barrier 21. Also enteroendocrine cells 155 and immune cells, such as T cells or 

macrophages 18 

are affected by reactive EGCs. Interactions between EGCs and macrophages were first 

described in models of acute intestinal inflammation 23, 138. While Stakenborg et al.
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uncovered that glial colony stimulating factor-1 (CSF-1) release induces anti-inflammatory 

macrophage polarization 138, others demonstrated the opposite effect and a 

proinflammatory phenotype 23. Interestingly, in the latter study, IL-1β was utilized as the 

inflammatory trigger for EGCs 23, the first evidence for the interaction of IL-1β-activated 

EGCs and macrophages in intestinal inflammation. However, in-depth analyses are 

needed to decipher the intercellular communication between IL-1β-activated EGCs and 

macrophages and their effects on the inflammatory environment. 

The interaction of glial cells and macrophages might be a conserved mechanism in 

inflammatory diseases, as it is also shown to play a role in different cancer types, 

previously described for pancreatic ductal adenocarcinoma 156 and lung cancer 157. 

However, EGC-macrophage crosstalk in CRC remains undescribed. Nevertheless, EGCs 

have recently come into focus as crucial players in CRC tumor development 127, 152. 

Similarly, tumor-associated macrophages (TAMs) are known as important mediators in 

the CRC TME and fulfill tumor-promoting functions 121, 158, 159. Specifically, an SPP1+ 

subtype of TAMs was associated with CRC initiation and progression 160 and was already 

described in other TME interactions 122, 161. As both EGCs and macrophages have 

individually been recognized as key players in CRC, a more in-depth analysis of their 

potential interactions is needed. 
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2.6 Aim of the study 

EGCs, as a major part of the ENS, have been shown to acquire a reactive state during 

intestinal inflammation. However, the molecular pathways and triggers of EGC activation, 

the acquired immune modulatory phenotype, and the intercellular communication 

between reactive EGCs and macrophages are still poorly defined. Given the complexity 

of intestinal inflammation, I selected specific aspects that, in my view, are important to 

contribute to a better understanding of EGC biology in inflammation and chose two 

clinically-relevant disorders to approach these. 

Therefore, my PhD thesis addressed the following aims: 

Aim 1: To specify the effect of different ECM substrates on glial biology and immune 

reactivity 162. 

Aim 2: To decipher glial reactivity in the course of acute intestinal inflammation with an 

unbiased, longitudinal approach 27. 

Aim 3: To analyze the effect of IL-1, a major cytokine in intestinal inflammation, on EGC 

reactivity targeting glial IL-1 receptor 1 (IL-1R1) in acute intestinal inflammation 163. 

Aim 4: To identify the role of glial-IL-1R1 signaling and their interaction with macrophages 

in CRC 164. 

To address aim 1, I studied the effect of different ECM substrates on EGC purity, network 

formation and immune reactivity in EGC primary cultures 162. Additionally, for aim 2, we 

deciphered EGC reactivity along the course of acute intestinal inflammation in an 

unbiased approach, identifying adrenergic signaling 27 as an early EGC activator. In aim 
3, targeting glial-IL-1R1 in intestinal inflammation in vitro and in vivo, we verified its 

induction of the EGC phenotypic switch towards a reactive glial cell 163. In the latter study, 

we found IL-1R1-induced glial reactivity and glia-macrophage interactions as important 

signaling pathways in intestinal inflammation 163. Due to their close spatial association 

along the intestine and throughout all bowel layers, EGCs and macrophages might also 

interact in other intestinal inflammatory diseases. Therefore, we proposed a conserved 

disease-overarching role of glia-macrophage communication that might also affect 

intestinal tumor immunology in inflammation-triggered CRC. Consequently, we expanded 
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our knowledge about reactive glia from intestinal inflammation to CRC in aim 4, focusing 

on glial-specific IL-1R1 signaling and their interaction with immune cells in CRC mouse 

models 164.  

Overall, my PhD thesis aimed to refine EGC biology in intestinal inflammation-driven 

diseases. Herein, I optimized glial cell culture conditions to facilitate standardization and 

transfer of EGC studies in the future. Moreover, I advanced the knowledge about the 

molecular pathways of glial reactivity in acute intestinal inflammation and transferred them 

to the chronic disease CRC, ultimately identifying a complex signaling cascade that drives 

cancer progression. The findings of these studies yield valuable insights into the molecular 

mechanisms driving glia-macrophage interactions and provide potential targets for clinical 

interventions and diagnostics. 
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Introduction: Enteric glial cells are important players in the control of motility,

intestinal barrier integrity and inflammation. During inflammation, they switch

into a reactive phenotype enabling them to release inflammatory mediators,

thereby shaping the inflammatory environment. While a plethora of well-

established in vivo models exist, cell culture models necessary to decipher the

mechanistic pathways of enteric glial reactivity are less well standardized. In

particular, the composition of extracellular matrices (ECM) can massively affect

the experimental outcome. Considering the growing number of studies involving

primary enteric glial cells, a better understanding of their homeostatic and

inflammatory in vitro culture conditions is needed.

Methods: We examined the impact of different ECMs on enteric glial culture

purity, network morphology and immune responsiveness. Therefore, we used

immunofluorescence and brightfield microscopy, as well as 3’ bulk mRNA

sequencing. Additionally, we compared cultured cells with in vivo enteric glial

transcriptomes isolated from Sox10iCreERT2Rpl22HA/+ mice.

Results: We identified Matrigel and laminin as superior over other coatings,

including poly-L-ornithine, different lysines, collagens, and fibronectin, gaining

the highest enteric glial purity and most extended glial networks expressing

connexin-43 hemichannels allowing intercellular communication. Transcriptional

analysis revealed strong similarities between enteric glia on Matrigel and laminin

with enrichment of gene sets supporting neuronal differentiation, while cells on

poly-L-ornithine showed enrichment related to cell proliferation. Comparing

cultured and in vivo enteric glial transcriptomes revealed a 50% overlap

independent of the used coating substrates. Inflammatory activation of enteric

glia by IL-1b treatment showed distinct coating-dependent gene expression

signatures, with an enrichment of genes related to myeloid and epithelial cell

differentiation on Matrigel and laminin coatings, while poly-L-ornithine induced

more gene sets related to lymphocyte differentiation.
Discussion: Together, changes in morphology, differentiation and immune

activation of primary enteric glial cells proved a strong effect of the ECM. We
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identified Matrigel and laminin as pre-eminent substrates for murine enteric glial

cultures. These new insights will help to standardize and improve enteric glial

culture quality and reproducibility between in vitro studies in the future, allowing

a better comparison of their functional role in enteric neuroinflammation.

KEYWORDS

enteric glia, intestinal immune response, extracellular matrix, neuroinflammation,
Matrigel, laminin

Introduction

Enteric glia are a well-integrated cell type of the enteric nervous

system (ENS), and they are closely intertangled with enteric

neurons and resident macrophages within the bowel wall. Recent

studies have shown that enteric glia are major contributors to

intestinal inflammation (1). Driven by mediators, actively or

passively released during inflammation, trauma or even stress,

enteric glia switch into a so-called reactive phenotype, allowing

them to actively participate in the inflammation and control the

intestinal immune environment. The molecules able to induce glial

reactivity include extracellular ATP (2), IFNg (3), endothelin-B (4),

LPS (5, 6) and interleukin-1 (IL-1). The latter is one of the most-

studied inducers of enteric glial reactivity in acute (7–9) and chronic

inflammation (10–12). At the cellular level, resident macrophages

(7, 11, 13), as well as infiltrating monocyte-derived macrophages (7,

9), have been shown to communicate with enteric glia during

gut inflammation.

Besides a plethora of in vivo models, including glial-specific

reporter and knockout mice, in vitro experiments were part of most

enteric glia-related studies and have contributed largely to our

current understanding of reactive glial biology, their intercellular

communication and enteric glia-to-neuron signaling under

physiological conditions (14). Meanwhile, most studies use

primary enteric glial cultures instead of the few available enteric

glial cell lines, such as CRL-2690 (15) and ClK (16). However,

primary cultures have certain challenges and are far away from

being used in a standardized manner. One of these challenges is the

glial cell isolation from intestinal tissue. Most enteric glia are well

orchestrated in ganglia and as extraganglionic fibers. Due to their

well-integrated phenotype, the main problem is that excessive

enzymatic tissue digestion, used to achieve single-cell suspension

for in vitro studies, also severely disrupts their stellate projections

and the extracellular matrix (ECM) of enteric glia and finally leads

to cell death. Therefore, researchers developed methods to culture

incompletely digested ganglia or so-called neurospheres, leaving the

ganglionic glia mostly intact. Both allow the outgrowth and

proliferation of enteric glia from the ganglia or neurospheres (17).

The second underestimated factor in enteric glial cultures is the

contamination by non-glial cell types, which can also grow out of

the cultured structures. Depending on the culture conditions, these

cells might grow faster and better than glia or at least “contaminate”

the glia cultures to a certain degree.

A major factor influencing primary cell quality but also cellular

behavior is the choice of the appropriate ECM compounds, as

shown for enteric neural-crest-derived cells (18) (giving birth to

enteric neurons and glia) and CNS cells (19). In the ENS, the ECM

not only favors adhesion and growth of glia and neurons but also

affects their cellular functions. For example, enteric neuronal crest

cell migration along the developmental gut is strongly controlled by

the ECM (18). Furthermore, fibronectin and laminin (20, 21), with

the latter particularly expressed by fibroblast and smooth muscle

cells in the bowel wall, prevented neuronal differentiation and

favored GFAP+ enteric glial cell differentiation in ENS cultures.

Laminin (21) as well as collagen type IV and fibronectin, among

others, were shown to be part of the basement membrane of enteric

ganglia, but are not expressed insight the cells (20). A comparative

study using various ECM coatings, including laminin, collagens,

poly-lysine and heparan sulfate, found different effects on neuronal

or glial differentiation (22). Additionally, macrophages, which lay in

close spatial proximity to enteric glia in the intestine and can

interact and communicate with them (7, 9, 13), have been shown

to also be significantly affected by the ECM composition (23, 24).

We hypothesized that the ECM also might influence the reactive

behavior of enteric glia, one of their most important functions in

intestinal diseases.

In this study, we tested the impact of various ECM compounds

on the growth, network capacity, and neuronal differentiation, as well

as their impact on the immune reactivity of IL-1b-stimulated reactive

enteric glia. We discovered striking differences in cell numbers,

intercellular networking and differentiation capacities, and

differences in the transcriptional response of IL-1b-stimulated

reactive enteric glia.

Materials and methods

Animals

8- to 16 weeks-old mice of the following lines were used in the

study: C57BL/6J (JAX:000664), GFAPCreAi14fl/fl (derived by

crossing B6.Cg-Tg(Gfap-cre)73.12Mvs/J (JAX:012886) and
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B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (JAX:007908)) or

Sox10iCreERT2Rpl22HA/+ (B6-Tg(Sox10-icre/ERT2)388Wdr/J

(Sox10iCreERT2; kindly provided by Dr. Vassilis Pachnis (The

Francis Crick Institute, London, UK) (25)) and B6N.129-

Rpl22tm1.1Psam/J (JAX:011029)). C57BL6 and GFAPCreAi14fl/fl

mice were used for primary enteric glial cell isolation, and

Sox10iCreERT2Rpl22HA/+ was used for glial-specific mRNA

isolation from intestinal tissue via the RiboTag approach.

Sox10iCreERT2Rpl22HA/+ were injected intraperitoneally with 100

μl Tamoxifen (MP Biomedicals, 1 mg in 100 mL sterile corn oil) on

three consecutive days and rested for at least one week before organ

harvesting. All experiments were carried out under German federal

law of North Rhine-Westphalia (AZ 81-02.04.2021.A424).

Neurosphere-derived enteric glial
cell cultures

Primary enteric glial cells were isolated from small intestine

muscularis externa as described previously (2). Briefly, small

intestines of 8-16 weeks old mice were harvested, flushed with cold

Krebs-Henseleit buffer (126mMNaCl; 2.5 mMKCl: 25mMNaHCO3;

1.2 mM NaH2PO4; 1.2 mM MgCl2; 2.5 mM CaCl2, 100 IU/mL

Penicillin, 100 IU/mL Streptomycin and 2.5 mg/mL Amphotericin), cut

into segments and kept in oxygenated Krebs-Henseleit buffer on ice.

Muscularis externa was peeled and collected for digestion. Tissues were

digested for 15 min in DMEM containing protease Type 1 (0.25 mg/

mL, Sigma-Aldrich) and collagenase A (1 mg/mL, Sigma-Aldrich) at

37°C and 130 rpm. DMEM containing 10% FBS (Sigma-Adrich) was

used to stop the enzymatic reaction, and cells were pelleted at 300xg for

5 min. Cell pellets were resuspended in proliferation medium

(neurobasal medium with 100 IU/Penicillin, 100 mg/mL

Streptomycin, 2.5 mg/mL Amphotericin (all ThermoFisher Scientific),

FGF and EGF (both 20 ng/mL, Immunotools)) and cultured on

uncoated plates for seven days at 37°C and 5% CO2, applying fresh

growth factors every other day. Neurospheres were collected after one

week of proliferation and dissociated with trypsin (0.25%,

ThermoFisher Scientific) for 5 min at 37°C prior to seeding on

coated cover glasses in 24-well plates for differentiation (coating

procedures described separately). Neurospheres were kept in

differentiation medium (neurobasal medium with 100 IU/Penicillin,

100 mg/mL Streptomycin, 2.5 mg/mL Amphotericin, B27, N2 (all

Thermo Scientific) and EGF (2 ng/mL, Immunotools)) for three

days for morphological analysis, or five days for further analyses. For

IL-1b stimulation, cells were treated with or without IL-1b (10 ng/mL,

Immunotools) for 24 hours on day five of differentiation. Supernatants

were collected, and cells were lysed with RLT buffer (Qiagen) to isolate

mRNA. RNA samples were extracted using the RNeasy Mini Kit

(Qiagen) according to the manufacturer’s instructions.

Coating substrates

Working solutions for coating substrates were prepared as

recommended by the manufacturer, as stated in Table 1. Cover

glasses in 24-well cell culture plates were incubated with 475 μl/well

of coating substrates at 37°C overnight and washed according to the

respective manufacturer’s instructions before cell seeding (Table 1).

Immunohistochemistry

Primary cells were fixed in 4% paraformaldehyde/PBS for 15

minutes and washed thrice with PBS. Next, cells were blocked with

blocking buffer (PBS containing 5% donkey serum and 0.25% Triton

X-100) for 1h at RT and incubated with primary antibodies diluted in

PBS + blocking buffer (1:1) as mentioned in Table 2 at 4°C overnight.

After three PBS washing steps, secondary antibodies (Table 2) were

applied for 2 h at RT. Nuclei were counterstained with Hoechst, and

cover glasses were mounted with Shandon™ Immu-Mount™

(Epredia) and imaged using Nikon Eclipse TE2000-E or Nikon

Eclipse Ti2 fluorescent microscopes.

Brightfield analysis for area measurement

For Brightfield analysis, cells were fixed in 4% paraformaldehyde/

PBS for 15 minutes and washed thrice with PBS. Brightfield imaging

was performed using a Nikon Eclipse Ti2 microscope and the Nikon

DS-Qi2 camera. For each coating and experiment, three wells were

imaged, acquiring large images of 5x5 images at 100x magnification,

achieving an overview of the cover glass. Area measurements were

done with Fiji software, as described previously (28).

Enzyme-linked immunosorbent assay

Release of IL-6 and CCL2 was measured in enteric glial cell

culture supernatants treated with or without IL-1b for 24h.

Supernatants were collected, centrifuged at 500 x g for 5 min,

transferred to new tubes, and stored at -20°C before being

processed for the IL-6 or CCL2 ELISA. ELISA kits were purchased

from Thermo Fisher Scientific and used according to the

manufacturer’s instructions.

Isolation of in vivo enteric glial-specific
RNA from muscularis externa

Enteric glia-specific mRNA from the naive muscularis externa

of Sox10iCreERT2Rpl22HA/+ mice was performed as described

previously (29). Briefly, small intestines were harvested and

muscularis externa was mechanically separated from the mucosal

layer. Muscularis tissue was lysed in two rounds in a Qiagen

Powerlyzer24 (2600 rpm, 30 s, 5 min intermediate incubation on

ice). Supernatants were incubated with 100 μl HA−coupled A/G

beads (Cat.#HY-K0201 MedChemExpress Company) at 4°C and

7 rpm overnight. Magnetic separation was performed for 1 minute,

and ribosomes containing mRNAwere eluted from beads. RNA was

isolated using the Qiagen RNeasy micro kit.
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3’ bulk mRNA sequencing

RNAsequencingwasperformedby theGenomicsCoreFacility of the

University Hospital Bonn. For the preparation of libraries, QuantSeq 3’

mRNA-Seq Library Prep Kit (Lexogen) according to the manufacturer’s

instructions. Libraries were sequenced on the NovaSeq6000 with a

sequencing depth of 10M raw reads. RNA-Seq data were analyzed by

PartekFlow1 software (USA) using the Lexogen pipeline 12112017. The

pipeline consistedof twoadapter trimmingandabase-trimming stepwith

subsequent quality controls (QC). Reads were aligned with star2.5.3,

followed by a post-alignment QC and quantification to an annotation

model. Normalized counts were subjected to a noise reduction filter

(excluding features where maximum ≤ 15) followed by principal

component and DESeq2 analysis. Sequencing files are deposited in the

Gene Expression Omnibus (GEO) database under the GEO accession

code GSE271114. Visualization was done with PartekFlow software and

GraphPad Prism 10.

Software

The software tools used for this study include PartekFlow1,

including DESeq2, PCA, and heatmaps. Venn diagrams were done

in PartekFlow or using the bioinformatics web tool2. Microscopic

images were taken with Nikon NIS-Elements version AR 5.42.04

software and analyzed using ImageJ. Graphs were prepared with

GraphPad Prism 10. Graphs and images were combined into figures

using Affinity Designer version 2.4.0.

Statistical analysis

Statistical analyses were performed with Prism 10.0 (GraphPad)

using one-way ANOVA or two-way ANOVA with Tukey’s or

1 https://www.partek.com/partek-flow/#features.

TABLE 1 Coating substrates and preparation details.

Coating substrate Company Working concentration Medium Washing steps Drying

lower standard higher

Matrigel Corning 20 μg/ml
(= 25 μg/cm²)

100 μg/ml
(= 25 μg/cm²)

250 μg/ml
(= 25 μg/cm²)

serum-free medium no wash no

Laminin R&D Systems 4 μg/ml
(= 5 μg/cm²)

20 μg/ml
(= 5 μg/cm²)

50 μg/ml
(= 5 μg/cm²)

serum-free medium no wash no

Poly-L-ornithine Sigma 1.6 μg/ml
(= 2 μg/cm²)

8 μg/ml
(= 2 μg/cm²)

20 μg/ml
(= 2 μg/cm²)

ddH2O 3x ddH2O no

Poly-L-lysine Thermo
Fisher Scientific

– 8 μg/ml
(= 2 μg/cm²)

– ddH2O 3x ddH2O no

Poly-D-lysine ScienCell – 32 μg/ml
(= 8 μg/cm²)

– PBS 3x ddH2O yes

Collagen I Thermo
Fisher Scientific

– 20 μg/ml
(= 5 μg/cm²)

– 20 mM acetic acid 3x PBS no

Collagen IV Corning – 20 μg/ml
(= 5 μg/cm²)

– 0.05M HCl 3x PBS no

Fibronectin Sigma – 20 μg/ml
(= 5 μg/cm²)

– PBS no wash yes

TABLE 2 Antibodies and used dilutions.

Primary
Antibodies

Company Dilution

chicken anti-GFAP Biolegend 1:1000

goat anti-SOX10 custom-made (aliquot kindly
provided by Prof. Michael
Wegener, University of
Erlangen (26))

1:3000

mouse anti-aSMA Dianova 1:800
– 1:1000

human anti-ANNA1 kindly provided by the Mayo
Clinic (USA)

1:10000

rabbit anti-Connexin 43 custom-made (aliquot kindly
provided by Prof. Christian
Steinhäuser (27))

1:500

Secondary
Antibodies

Company Dilution

donkey
anti-chicken CF633

Sigma Aldrich 1:800

donkey anti-goat Cy3 Dianova 1:800

donkey
anti-mouse AF488

Dianova 1:800

donkey
anti-human DyLight488

Invitrogen 1:800

donkey
anti-rabbit AF647

Southern Biotech 1:800

2 https://bioinformatics.psb.ugent.be/webtools/Venn/.
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Šıd́ák’s multiple comparison tests, as stated in the figure legends. In

all figures, p-values are indicated as * =p<0.05, ** =p<0.01,

*** =p<0.001 and **** =p<0.0001 when compared to poly-L-

ornithine as reference or to naive controls as indicated. All plots

are mean ± SEM of the indicated numbers of replicates. The

PartekFlow software was used to analyze RNAseq data. Herein,

statistical analyses were performed using Fisher’s exact test which

provided p-values with multiple testing corrections (FDR). The

significance level for differentially expressed genes was set to

FDR<0.05 and indicated in the figure legends were applicable.

Results

Matrigel and laminin advance primary
enteric glial cell yield and
network formation

A rising number of studies utilize primary enteric glial cell

cultures to unravel their role in intestinal homeostasis and disease.

However, the question of whether coating substrates used for cell

adhesion can alter enteric glial biology is poorly understood. In the

commonly used method of neurosphere-derived enteric glial cell

cultures isolated from the murine small intestine muscularis externa,

we analyzed their morphological properties on eight coating

substrates, namely poly-L-ornithine, Matrigel, laminin, poly-D-

lysine, poly-L-lysine, collagen type I, collagen type IV, and

fibronectin (Figure 1A). First, we studied culture purity by isolating

enteric glia from GFAPCreAi14fl/fl reporter mice, expressing

tdTomato in all GFAP+ cells. Among the eight tested coating

substrates, we found the highest enteric glia purity in laminin

coating, with 72% enteric glia, closely followed by Matrigel with

67% (Figures 1B, B’). As a reference, we used poly-L-ornithine, a

coating substrate widely used in CNS and ENS in vitro approaches (7,

30, 31). Accordingly, comparing laminin and Matrigel to poly-L-

ornithine (51% purity), we saw significantly higher glia enrichment

with these two coatings, while poly-D-lysine, poly-L-lysine, collagen I

and IV, as well as fibronectin did not differ much from poly-L-

ornithine with culture purities ranging from 50% to 60%

(Figures 1B, B’).

As enteric glia were isolated from myenteric plexus-derived

neurospheres, cultures are likely to contain other stromal cells, e.g.

smooth muscle cells or neurons. Indeed, a co-staining of smooth

muscle actin (aSMA) and GFAP revealed aSMA expression in

some GFAP- cells with a fibroblast-like morphology (Figure 1C).

With Matrigel and laminin presenting the best glial yield, we

validated whether the cultured cells also expressed another

prominent glial cell marker, SOX10, keeping poly-L-ornithine as

a reference. We found co-expression of GFAP and SOX10 with an

overlap of ~95% in all three coating conditions (mean percentage

per coating substrate: poly-L-ornithine = 94.52%, Matrigel =

96.79%, laminin = 95.22%; Figures 1D, D’). Next, we examined

how different coating concentrations, affect EGC cultures.

Therefore, we repeated the initially performed experiments, which

were done with concentrations either recommended by the

manufacturer or commonly used in the literature, and added a

5-fold lower and a 2.5-fold higher concentration for poly-L-

ornithine, Matrigel, and laminin (Table 1). While no major

differences could be observed between the different poly-L-

ornithine concentrations, Matrigel showed the lowest EGC

percentage and numbers with the highest concentration, while the

lowest Matrigel concentration resulted in the highest glia

enrichment, even exceeding the recommended concentration

although this trend was not significant. For laminin, the standard

concentration was significantly better compared to the others

regarding EGC percentage and numbers (Supplementary Figures

S1A, A’). We therefore conclude that ECM protein concentrations

can be optimized to improve cell enrichment but the manufacturers’

recommended and commonly used concentrations already are

within the optimal range. Therefore, we used the recommended

concentrations for our further analyses.

Since neurospheres can give rise to enteric glia but also to

enteric neurons, we further examined the expression of a specific

nuclear neuronal marker, namely ANNA1, as well as synapsins

(SYN1/2/3), which label axon terminals. In all three coating

conditions, ANNA1+ cells were detected, but almost exclusively

within the neurospheres but not in the outgrowing cells. SYN1/2/3

was very rarely detected in both, the neurospheres and the

outgrown cells, indicating that immature but also differentiated

neurons, the latter being able to form synapses were almost absent

under all coating conditions (Figure 1E).

Microscopical images showed that enteric glia grow out from

the neurospheres and form networks, while also individual cells,

with no connection to the outgrown network exist. As enteric glia

also build functional networks in vivo, we were interested if any

coating condition might be superior in enabling glial network

formation. Therefore, we quantified the enteric glial network area

around neurospheres in both brightfield and immunofluorescent

images of EGCs on different coating substrates (Supplementary

Figure S1B). Again, Matrigel and laminin were superior, with a

mean glial network area of 0.37 mm2 and 0.41 mm2 around

neurospheres in brightfield images, respectively, which was

around 20-fold larger than for poly-L-ornithine coating with

0.02 mm2 (Figures 2A, A’). Other coating substrates differed

slightly from each other but were significantly lower than

Matrigel or laminin (poly-D-lysine: 0.01 mm2, poly-L-lysine: 0.13

mm2, collagen I: 0.1 mm2, collagen IV: 0.05 mm2, fibronectin 0.05

mm2; Figure 2A, A’). In order to ensure that it is indeed enteric glia

forming these networks, the areas were again measured in

tdTomato+ cell cultures from GFAPCreAi14fl/fl reporter mice

(Supplementary Figures S1C, C’). Similar to the brightfield

analysis, Matrigel and lamin surpassed the other coatings also in

tdTomato+ EGC networks. Comparing the area formation of EGCs

on different concentrations of Matrigel, laminin, and poly-L-

ornithine, we found similar trends as for EGC percentage and

numbers. In detail, no major changes in EGC network area were

detected between different poly-L-ornithine concentrations, while

Matrigel displayed decreased EGC areas with increasing
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FIGURE 1

Matrigel and laminin advance primary enteric glial cell yield. (A) Schematic representation of the enteric glia culture model. (B) Enteric glia were
isolated from GFAPCreAi14fl/fl mice and differentiated on the indicated coating substrates. Representative immunofluorescence images of tdTomato+

enteric glia and nuclei (Hoechst) on indicated coatings (scale bar 100 µm). (B’) Percentage of tdTomato+ enteric glia of all cells (Hoechst) were
determined, and data shown as mean ± SEM; significance to poly-L-ornithine (used as a reference) *p < 0.05 and ***p < 0.001 (one-way ANOVA
with Tukey’s multiple comparisons test). Data points are from three technical replicates, representative for n = 2 independent experiments. (C-E)
Enteric glia were isolated from C57BL6 mice and differentiated on the indicated coating substrates (scale bar 100 µm). (C) Representative
immunofluorescence images of GFAP, aSMA, and nuclei (Hoechst) in enteric glia cultures on the indicated coatings. Arrows show GFAP+ glial cells;
arrowheads show aSMA+ smooth muscle cells. (D) Representative immunofluorescence images of GFAP and SOX10 in enteric glia cultures on the
indicated coatings. (D’) Percentage of GFAP+ cells among all SOX10+ cells in enteric glial cell cultures. Data show one experiment with 5 technical
replicates representative for n = 3 biological replicates. Mean percentage per coating substrate: poly-L-ornithine = 94.52%, Matrigel = 96.79%,
laminin = 95.22%. (E) Representative immunofluorescence images and corresponding close-up images showing GFAP (magenta), ANNA1 (yellow),
and Synapsin 1/2/3 (green) in EGC cultures on indicated coatings.
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concentrations. Again, the lowest Matrigel concentration showed a

slightly higher potency than the recommended one, but this

difference was not significant. For laminin, the standard

concentration was surpassing both other concentrations

(Supplementary Figure S1D).

As connexin-43 (Cx43) hemichannels have been shown to be

required for intercellular signal transduction and communication in

glial networks in vivo (32), we studied the formation of Cx43. Cx43

expression was detected in enteric glia in all coating conditions,

both in outgrowing network forming areas and spheres, suggesting

that all studied coatings allow functional glial network formation in

vitro (Figures 2B, C).

Together, Matrigel and laminin yielded the highest purity and

network formation capacity among the tested ECM substrates and

therefore, we performed all following experiments with the

standard concentrations of these both coatings in comparison to

poly-L-ornithine as a reference.

Enteric glia on Matrigel and laminin
coating display similar transcriptional
profiles but differ from poly-L-ornithine

Since the influence of ECM constituents reaches beyond cell

morphology, culture purity and cellular network formation, we

next analyzed the transcriptomic differences of enteric glia cultured

on Matrigel, laminin or poly-L-ornithine. Principal component

analysis revealed a separation of enteric glial cultured on poly-L-

ornithine from those cultured on Matrigel or laminin, which were

very similar (Figure 3A). Looking at the number of differentially

A

B

C

A’

FIGURE 2

Matrigel and laminin advance primary enteric glial cell network formation. (A, B) Enteric glia were isolated from C57BL6 mice and differentiated on
different coating substrates. Scale bar 100 µm. (A) Representative brightfield images of enteric glia network areas on the indicated coatings. The
yellow dotted lines mark the outgrowing glial network arising from one neurosphere. (A’) Quantification of enteric glia network area in
immunofluorescence images at day three of differentiation on different coating substrates. Data are shown as mean ± SEM and significance to poly-
L-ornithine is displayed as ****p < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test). The data show an experiment with three
technical replicates. Five neurosphere network areas were measured for each replicate. Data representative for n = 3 independent experiments.
(B) Representative immunofluorescence images of connexin (Cx) 43 and SOX10 in enteric glia cultures on the indicated coatings showing Cx43 and
SOX10 co-staining and corresponding close-up images of outgrowing sphere regions (scale bar 100 µm). (C) Enteric glia were isolated from
GFAPCreAi14fl/fl mice and differentiated on the indicated coating substrates. Representative immunofluorescence images of tdTomato+ glia and Cx43
in enteric glia connections (scale bar 50 µm).
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expressed genes (DEG), we found laminin and Matrigel showing

the lowest amount of DEG (6 genes), while poly-L-ornithine

differed from Matrigel or laminin by 14 and 10 genes,

respectively (Figure 3B). Hierarchical clustering of these DEGs

confirmed increased expression of genes related to homeostasis

(Adm (33)), cytoskeletal organization and migration (Dlc1, Haus8,

Lrpprc) as well as signal transduction (Scn7a (34)) in enteric glia on

Matrigel and laminin compared to poly-L-ornithine. Interestingly,

recent single-cell RNAseq studies found a strong expression of

Scn7a in enteric glia and a subset of stromal cells but not in enteric

neurons3. Genes with higher expression in enteric glia on poly-L-

ornithine were related to membrane damage (Plaat3) and
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C

FIGURE 3

Enteric glia on Matrigel and laminin coating display similar transcriptional profiles but differ from poly-L-ornithine. (A-G) Enteric glia were isolated
from C57BL6 mice, differentiated on indicated coatings, and processed for bulk 3’ mRNA sequencing (n = 5 biological replicates). (A) Principal
component analysis (PCA) of enteric glial cell cultures on different coatings. Each dot represents one biological replicate. (B, C) Venn diagram (B)
and heatmap (C) showing differentially expressed genes of enteric glia on different coating substrates (FDR < 0.05). PLO = poly-L-ornithine. (D-G)
Gene set enrichment analysis for genes highly expressed (maximum counts > 15) by enteric glia under naive conditions on poly-L-ornithine (grey),
Matrigel (green) and laminin (orange) coating. Selected gene sets are displayed and related to neuronal function (D), migration/adhesion (E), WNT
signaling (F) and proliferation/differentiation (G). (H) Enteric glia were isolated from C57BL6 mice and differentiated on indicated coatings.
Percentage of KI67+ cells of SOX10+ glia were determined in EGC cultures. Data are shown as mean ± SEM and significance is displayed as
**p < 0.01 (one-way ANOVA with Tukey’s multiple comparisons test). The data show 10-12 spheres per coating and per biological replicate (n = 3).
Dots are colored by biological replicate.
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inflammatory pathways (Gbp5 (35), Zfyve9, Neurl3). The latter

genes were described as more expressed in enteric glia than enteric

neurons3. Although typical glial markers like Sox10, Gfap, Plp1 or

S100b were not differentially expressed between the three different

coating conditions, DEGs related to homeostasis, signal

transduction, and inflammation supported our hypothesis of a

difference between Matrigel and laminin versus poly-L-ornithine

cultured glia (Figure 3C).

To further address the transcriptional pathways activated in

enteric glia by different coating substrates, we performed a gene set

enrichment analysis of highly expressed genes (maximum counts >

15) for each coating. Here, we found gene sets related to neuronal

functions, such as “glutamatergic synapse”, “regulation of

neurotransmitter transport”, and “regulation of neurotransmitter

secretion” enriched in Matrigel and laminin (Figure 3D). As we

could only rarely detected neurons in our glial cultures, these

enrichments indicate a neurosupportive function of enteric glia

and not differentiation of the glia towards a neuronal phenotype.

Moreover, gene sets related to “cytoskeletal protein binding” and

“positive regulation of cell migration” showed 2-fold enrichment in

Matrigel and laminin compared to poly-L-ornithine, suggesting

higher regulation of genes related to adhesion and cell motility

(Figure 3E). On the other hand, enteric glia on poly-L-ornithine

showed stronger enrichment of the GO terms “extracellular

structure organization” and “extracellular matrix organization”,

hinting at an enhanced reaction of enteric glia to their “artificial”

environment. Interestingly, gene sets for “Wnt signaling pathway”

and “regulation of Wnt signaling pathway” displayed more

pronounced enrichment scores in Matrigel- and laminin-treated

enteric glia, suggesting functional differences of these cells

regarding Wnt-induced neural differentiation processes (36) and

Wnt-regulated epithelial homeostasis, a well-known feature of

enteric glia (37) (Figure 3F). Importantly, gene sets for

“regulation of glial cell differentiation” and “regulation of neuron

differentiation” were enriched in Matrigel- and laminin-treated

glia, while poly-L-ornithine-treated glia exhibited enrichment for

the gene set “cell population proliferation” (Figure 3G). To further

analyze the aspect of proliferation, we quantified the amount of

KI67+ cells in EGC cultures on different coatings. Indeed, the

percentage of KI67+ cells among the SOX10+ enteric glia was

significantly higher in poly-L-ornithine compared to laminin

cultures, with a similar trend, although not significant, compared

to Matrigel (Figure 3H, Supplementary S2A, B). Together, this

suggests a rather proliferative state of cells on poly-L-ornithine and

a more differentiated enteric glia phenotype on Matrigel and

laminin coatings.

In conclusion, transcriptomes of enteric glia on different coating

substrates revealed differential expression of genes related to

homeostasis, migration, adhesion, Wnt signaling and neuronal

cell differentiation, identifying Matrigel and laminin as substrates,

potentially promoting glial cell differentiation and homeostatic

functionality in vitro.

Enteric glial in vitro and in vivo depict
distinct transcriptomic differences

As cell culture models should mimic in vivo states, our next goal

was to compare (in vitro) enteric glia on different coating substrates

with their native (in vivo) counterparts. To this end, we used

Sox10iCreERT2Rpl22HA/+ (RiboTag) mice, which enable glial-cell

specific mRNA isolation directly from tissues (29) (Supplementary

Figure S3A). Principal component analysis of RNAseq data showed

clear differences between the in vivo and in vitro cultured glia

(Supplementary Figure S3B). PC1-related genes were responsible

for the vast difference (28.18%) between all samples. However,

disregarding quantitative differences among the top 1000 genes

expressed in each condition, we found about 60% overlap between

in vitro and in vivo samples, not differing between the tested coatings

(poly-L-ornithine: 60.1%, Matrigel: 60.5%, laminin 60.4%). Overall,

569 of 1000 genes overlapped between all in vitro and in vivo

conditions, hinting at the conservation of ~57% of genes in vitro.

Interestingly, 369 genes were only expressed in the RiboTag group,

and 336 genes were exclusively expressed within all in vitro

conditions (Supplementary Figure S3C), highlighting also

substantial differences between in vivo and in vitro enteric glia. To

further address these differences, we evaluated the expression of

marker genes uniquely expressed by enteric glia (derived from

(38)). Although a few in vitro samples displayed high expression of

single genes (Aldh1a1, Clu) comparable to the expression in RiboTag

samples, the vast majority of genes, includingGfap, S100b, Sox10, and

Plp1, showed a much stronger expression within the in vivo enteric

glia, with no obvious differences between coating substrates

(Supplementary Figure S3D). Together, these data suggest the

existence of both a conserved genetic profile that is independent of

the cellular environment and environmentally dependent genes

whose expression differs between cultured and in vivo glia.

Nevertheless, it should be noted that the transcriptional patterns

detected in vitro are not uniquely representing enteric glia responses

as other contaminating cell types are also included in these cultures.

Our comparison with the Ribotag approach underlines the need for

suitable in vivo model systems to study enteric glia biology.

ECM substrates differentially affect reactive
enteric glia transcriptomes after
IL-1b activation

As enteric glia are of rising interest in inflammatory diseases, we

next addressed the effect of coating substrates on enteric glial

immune reactivity. Enteric glia were cultured on Matrigel,

laminin or poly-L-ornithine and treated with interleukin-1b (IL-

1b), a cytokine well-known to induce an immune-reactive state of

enteric glia in vivo and in vitro (Figure 4A). Il1r1 expression in

enteric glia was comparable between all coatings under naive

conditions and increased by IL-1b treatment in all coatings to the

same extent (Supplementary Figure S4A). Protein concentration

measurements of IL-6 and CCL2 in culture supernatants

determined the reactivity of IL-1b-triggered enteric glia. We

found significant and comparable increases of IL-6 and CCL23 www.gutcellatlas.org.
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protein levels in IL-1b-treated enteric glia compared to naive glia

for all coatings (Figures 4B, C), suggesting that although coating

substrates affect enteric glia under naive conditions, their innate

immune response regarding IL-6 and CCL2 protein secretion is

unaffected by the ECM in vitro. This aligns with the overall

transcriptional profile, as the principal component analysis of

naive and IL-1b-treated enteric glia on different coatings revealed

distinct clustering of all naive and all IL-1b-treated samples, with no

A

B D

E F

G

IH J

C

FIGURE 4

ECM substrates differentially affect reactive enteric glia transcriptomes after IL-1b activation. (A-J) Enteric glial cell cultures on poly-L-ornithine,
Matrigel or laminin coating were treated with or without IL-1b (10 ng/ml) for 24h. Medium was collected for supernatant protein detection, and cells
were processed for bulk 3’ mRNA sequencing. (A) Schematic representation of enteric glia IL-1b stimulation. (B, C) Protein concentrations of IL-6
(B) and CCL2 (C) in enteric glia supernatants after stimulation with or without IL-1b on poly-L-ornithine (magenta), Matrigel (blue) or laminin (yellow)
coating substrates. Data shown as mean ± SEM; significance to naive displayed as **p < 0.01 (two-way ANOVA with Šıd́ák’s multiple comparisons
test). Each dot represents one biological replicate (n = 5). (D) Principal component analysis (PCA) of naive and IL-1b-treated primary enteric glia
cultures on different coating substrates. Each dot represents one biological replicate (n = 5). (E) Heatmap of differentially expressed genes between
IL-1b-treated enteric glial cultures. Displayed genes are differentially expressed between coatings (FDR < 0.05). Selected gene names are marked.
PLO = Poly-L-ornithine, M = Matrigel, and L = laminin. (F) Gene set enrichment analysis of genes upregulated in IL-1b-treated enteric glia on poly-
L-ornithine coating compared to IL-1b-treated enteric glia on Matrigel or laminin coatings (FDR < 0.05). (G) Gene set enrichment analysis of genes
upregulated in IL-1b-treated enteric glia on Matrigel or laminin coatings compared to IL-1b-treated enteric glia on poly-L-ornithine coating (FDR <
0.05). (H-J) Gene set enrichment analysis of genes upregulated in IL-1b-treated vs. naive enteric glia for each coating (FDR < 0.05). Displayed gene
sets are related to inflammatory response (H), immune cell regulation (I), and extracellular matrix (J).
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major differences between different coatings (Figure 4D). However,

comparing only IL-1b-treated samples, differences between coating

substrates became more evident, with poly-L-ornithine again

differing from Matrigel and laminin (Supplementary Figure S4B).

We found 173 DEGs in IL-1b-triggered enteric glia with no

overlap between all three coating substrates. Generally, gene

expression was comparable between Matrigel and laminin but

differed from poly-L-ornithine (Figure 4E, Supplementary S4C).

Among all DEGs, a subset was upregulated in poly-L-ornithine but

not in Matrigel or laminin, which included genes involved in

immune cell recruitment and activation (Ifitm10, Dock8, Cxcl14),

regulation of homeostatic calcium levels (Slc8a2, Slc3a2) and cell-

collagen interactions (Tgfbi, Mmp17). Another subset was

upregulated in Matrigel and laminin but not in poly-L-ornithine

with genes related to glial immune functions and gliogenesis (Bmp4,

Tagln, Tmem176a), signal transduction (Slco2a1, Adrb3, Il6st) or

interferon-I signaling (Ifitm1, Ifitm3) (Figure 4E). To further resolve

potential pathways related to this differential expression pattern, we

performed gene set enrichment analysis for genes upregulated in

enteric glia on poly-L-ornithine but not on Matrigel and laminin, as

well as the other way around (Figures 4F,G). Interestingly, pathways

enriched in enteric glia on poly-L-ornithine coating were related to

T cell immunity and inflammatory processes (Figure 4F), while

enteric glia on Matrigel or laminin showed enrichment for

pathways in context to glial, epithelial and dendritic cell

differentiation, as well as regulation of macrophage activation

(Figure 4G). This suggests a potential functionally diverse

immune state of enteric glia dependent on the coating substrate.

To further study the effect of the IL-1b stimulus between the

different coatings, we compared IL-1b-treated enteric glia to their

respective naive control. Although IL-1b-activation resulted in

similar numbers of up- and downregulated genes in all coatings

(Matrigel: 349 up, 355 down; laminin: 340 up, 292 down; poly-L-

ornithine: 341 up, 353 down), their functional implications differed.

To this end, we found stronger enrichment of gene sets related to

“regulation of inflammatory response” in enteric glia cultured on

Matrigel and laminin than on poly-L-ornithine (Figures 4H).

Interestingly, although no obvious differences were observed for

IL-6 protein levels of enteric glial cultures (Figure 4B), the gene set

“positive regulation of interleukin-6 production” showed stronger

enrichment in laminin and Matrigel, compared to poly-L-ornithine

coatings (Figure 4H). Confirming a potentially more pronounced

involvement of enteric glia on Matrigel and laminin in immune

regulation, gene sets related to immune cell activation and

differentiation also displayed higher enrichment scores and

expression levels (Figure 4I, Supplementary S4D). Notably, gene

sets associated with ECM biology showed higher enrichment scores

in enteric glia on poly-L-ornithine compared to Matrigel and

laminin, as observed under naive conditions (Figure 4J).

Subsumed, IL-1b-triggered immune activation of enteric glial

cells resulted in the secretion of proinflammatory mediators and the

enrichment of immune regulating pathways in glia on all coating

substrates. The transcriptional analysis of enteric glia on Matrigel

and laminin compared to poly-L-ornithine coating showed distinct

differences regarding their ability in glia-immune cell

communication with glia on Matrigel and laminin affecting rather

myeloid cells and glial maturation, while poly-L-ornithine affected

their ability to act on lymphocyte immunity. Most gene sets related

to immune responses were enriched in enteric glia on Matrigel and

laminin, suggesting a stronger transcriptional response towards the

IL-1b-stimulus with these coating substrates.

Taken together, our study revealed an impact of ECM substrates

on both homeostatic and immune-reactive enteric glia in vitro.

Given the superior action of Matrigel and laminin coatings on glial

cell numbers, purity, networking formation, and leukocyte-related

immune activity, both conditions are favored over others.

Therefore, they should become standard in future studies,

allowing researchers to standardize and better compare in vitro

studies related to enteric glial biology.

Discussion

Over the last few years, primary enteric glial cultures helped to

identify novel interaction pathways of enteric glia with other intestinal

cell types, including intestinal epithelial (39) and immune cells, such as

macrophages (7). Various in vivo studies revealed an immunoactive

role of enteric glia in intestinal diseases, and in vitro studies added

further mechanistic insight into enteric glia-immune cell interactions

(7, 9, 11, 13, 40). However, the influence of the non-cellular

environment, particularly constituents of the ECM, on enteric glia

immune responses needs to be better understood. As the intestinal

ECM exhibits a complex architecture and is composed of various

constituents, such as different collagens and laminins (41), it has a

major impact on cellular functions, including differentiation and

migration. While the effects of different ECM constituents on cellular

and molecular responses of enteric glia are difficult to study in vivo and

are mostly limited to immunohistochemical analyses, in vitro studies

allow proper analyses under homeostasis and inflammatory stimuli.

Impact of ECM substrates on enteric
glia differentiation

Herein, we used primary neurosphere-derived enteric glial cells,

which were first allowed to proliferate under floating culture

conditions in non-coated plates. Afterwards, cells were allowed to

attach to and differentiate on eight different ECM substrates. The

coating substrates were chosen based on natural components of the

ECM in vivo and/or widely used substrates in central or peripheral

nervous system cultures and, notably, have been used before in

primary enteric glial cultures: poly-L-ornithine (42), Matrigel (43),

laminin (44), poly-D-lysine (45), poly-L-lysine (44, 46), collagen I

(47), collagen IV (22), and fibronectin (44, 48) although only two

ECM components are indeed highly abundant in the intestine, with

collagen being most strongly expressed in submucosal and mucosal

regions (49) and laminin in the muscularis externa (44). Except for

Matrigel, all coating substrates are composed of only one type of

matrix protein, while Matrigel is a mixture of ECM constituents,

namely laminin (60%), collagen IV (30%), and entactin (8%) (43).

Our data show that laminin and Matrigel coatings resulted in higher

purity and percentage of enteric glia than all other conditions.

Schneider et al. 10.3389/fimmu.2024.1401751

Frontiers in Immunology frontiersin.org11

48



The differentiation process of primary enteric glia usually takes

several days in murine neurosphere-derived cultures. At differentiation

day three, GFAP+ glial cells mostly do not express b3-tubulin, a
neuronal marker (44) expressed during prolonged culture periods

(more than seven days). The same study showed that after 21-24

days, enteric glial cell cultures even display stronger expression of b3-
tubulin and induction of synaptic genes, i.e. PSD95, as well as a strong

drop in GFAP and SOX10 marker expression. Notably, in vivo, enteric

glia have the ability to trans-differentiate into neurons (25, 50); possibly,

the samemechanisms can also be induced by certain in vitro conditions

over time. In addition, evidence of glial cell de-differentiation was

shown for Schwann cells in vitro (51) and increased expression of

progenitor markers was found in enteric neural crest-derived cells after

co-culture with enteric mesenchymal cells (52). In line, a single-cell

study confirmed EGCs as neuronal progenitors in vitro (53). Together,

these data suggest multi-functional properties of EGCs with the ability

to adapt dependent on their in vitro environment. In our study, we first

determined the percentage and, thereby, purity of glial cells in cultures

seeded on different coating substrates, and among all substrates,

Matrigel and laminin delivered the highest percentages of glial cell

numbers. However, glial cultures are never 100% pure, and it is well

established that enteric neurospheres can give rise to enteric neurons

and enteric glia during differentiation (17, 44). Interestingly, cocultures

of enteric glia and fibroblasts with laminin coating have been shown to

support glial differentiation while inhibiting neurogenesis (44). By

immunostaining for ANNA1, a pan-neuronal marker not expressed

by enteric glia, and synapsin 1/2/3, we confirmed that the outgrowing

and network-forming cells are indeed glia, not neurons. A few

ANNA1+ neurons remain within the core of the differentiating

neurosphere, but synapsin-expressing neurons are very rare at this

state. A similar observation was previously defined as “neurocore” and

was described for CNS neurospheres with detectable neurons only in

the sphere’s core at day three of differentiation (54), proving that the

aggregation of young neurons initiates this structure. The same

mechanism could apply to our ENS cultures. Of note, different

enteric glia subsets with differential marker expression have been

described in vivo (53, 55). Quantifying SOX10 and GFAP signals, we

did not observe enteric glial subsets in our in vitro cultures. In general,

the number of primary cells and culture purity are important aspects of

in vitro studies. Others have described procedures resulting in a

surprisingly high percentage of more than 95% when cells were

isolated from mucosal and submucosal regions but not proliferated

as neurospheres but as single-cell suspensions (56). However, although

these cells express GFAP, they did not form prototypically long

extensions but built islets of unconnected cells rather than an

interconnected glia network. As the differentiation state of primary

cells is equally relevant as their purity, primary enteric glia cultures

should also be analyzed for the differentiation features of network

formation. The area size of these networks surrounding the

neurospheres can be used as an indication of cell differentiation (28).

While neurosphere differentiation areas were biggest with Matrigel and

laminin coatings, poly-L-ornithine and other coatings displayed only

small regions of differentiating cells. In line, transcriptional analysis of

enteric glia on Matrigel and laminin revealed enrichment of gene sets

related to neuronal cell differentiation and Wnt signaling, both needed

for epithelium maintenance and integrity (37). Poly-L-ornithine-

treated glia displayed increased numbers of KI67+ cells, enrichment

of GO terms related to cellular proliferation, and ECM structure and

organization. As this suggests a potentially stronger reaction to the

ECM environment, one could speculate about a higher need for EGCs

on poly-L-ornithine in remodeling or even new production of a

suitable ECM environment. Therefore, we propose a direct effect of

Matrigel and laminin on enteric glia, promoting differentiation, which

resulted in enteric glial network formation on day three of

differentiation. On the other hand, poly-L-ornithine, as well as poly-

D-lysine, poly-L-lysine, collagen I, collagen IV, and fibronectin

displayed comparatively slower differentiation as shown by sphere

outgrowth and for poly-L-ornithine, also transcriptionally. Notably, we

cannot exclude an effect of the reduced glial cell number and purity in

poly-L-ornithine compared to Matrigel and laminin on the

transcriptional analysis. However, coating substrates with less

differentiation capacity in our study have been widely used at later

differentiation stages in other studies, hinting at a slower but not

generally compromised differentiation of enteric glia cultured on these

substrates. Besides the outgrowth and the morphological observation of

network formation, the expression of Cx43 is a prerequisite for enteric

glial differentiation and intercellular communication. Cx43

hemichannels are also needed for the promotion of hypersensitivity

during inflammation (10, 32) as well as control of neuronal death by

glial-released nitric oxide and ATP (57). As we found a clear expression

of Cx43, independent of the tested ECM coatings, we conclude that

enteric neurosphere-derived glia growing on ECM substrates are, per

se, able to form functional networks, with network areas being

coating-specific.

Of note, the efficacy of some ECM substrates, such as Matrigel and

laminin, was dependent on their concentration, while concentration-

dependent differences were weaker in poly-L-ornithine. Generally, the

manufacturer´s recommended concentrations yielded preferable results,

compared with 2.5-fold higher and 5-fold lower concentrations not

significantly improving experimental outcomes. For Matrigel, however,

the lower concentration resulted in a non-significant slight enrichment

in EGC percentage, numbers and area, suggesting that Matrigel could be

used more cost-efficiently with higher dilutions. Still, optimal

concentrations in terms of price-performance ratio would need further

evaluation. As Matrigel’s primary components are laminin (60%) and

collagen IV (30%) (58), it is not unexpected that Matrigel is also a

superior coating material, but this has so far never been shown. This

finding is of particular interest for coculture experiments as it confirms

that enteric glia differentiate well on Matrigel and can, therefore, be used

in direct 3D coculture systems with epithelial organoid cultures, which

are typically grown inMatrigel. As epithelial organoid cultures have been

just stimulated with glial culture supernatants instead of applying direct

cocultures (37, 59, 60), this would be a major advantage in studies

interested in the direct intercellular communication between primary

enteric glia and enterocytes.

Comparison of in vitro and in vivo
enteric glia

Another important finding of this study is the difference

between enteric glia in culture and enteric glia in vivo. Using
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Sox10iCreERT2Rpl22HA/+ mice, we generated in vivo transcriptomes

of enteric glia from naive mice and compared these to the ones from

primary enteric glial cultures on different ECMs. Among the top

1000 expressed genes, more than 50% overlapped between all

samples, while more than 30% were solely expressed in vivo or in

all in vitro conditions. No discernible difference was detected

between coating substrates, which is likely due to the strong

influence of the glial cell origin (in vivo versus in vitro) and the

accompanying difference. We interpret the strong transcriptional

difference due to multiple reasons. One of them is that the Ribotag

approach delivers glial-specific transcriptomes, while the in vitro

glial cultures contain further cell types. Another one is the

microenvironmental differences between the in vivo and in vitro

settings. Cell types, like neurons, with which glial cells usually

interact and gain tissue-specific functionality in vivo and the

complex extracellular matrix composition are missing in the

in vitro cultures. However, it remains an open question whether

cultured glial cells would become more closely related to in vivo glia

after being cultured for longer periods and/or in the presence of

other cells, typically surrounding them in the gut wall. At least some

evidence exists for cocultures of enteric glia, for example, with

fibroblasts, that promote glial differentiation (44) and with neurons,

where both cell types support each other in cellular maturation (61).

Accordingly, we hypothesize that cocultures of enteric glia with

enteric neurons, fibroblasts, smooth muscle cells, or resident

macrophages might trigger a more in vivo-like glial phenotype.

Using enteric cell cultures from, e.g. Sox10iCreERT2Rpl22HA/+ mice

would be an elegant tool to study glial-specific reactions within

these cocultures.

ECM substrates impact enteric glial
immune reactivity

In the last years, enteric glia have been shown to exert immune-

modulatory functions. Triggered by immune mediators like IFN-g
(3), IL-1b (8, 9), noradrenalin (40) or ATP (2), they switch into a

“react ive” phenotype during inflammation, re leas ing

immunomodulatory factors like cytokines and chemokines. Some

of them have been identified to play a particular role in the

pathogenesis of postoperative muscularis externa inflammation

and colitis (i.e. IL-6 (2, 7, 38, 40), CCL2 (9) and CSF-1 (9, 13)),

while others play a particular role in worm infection (i.e. CXCL10

(3)). Besides some of these well-known immune factors,

extracellular basement membrane molecules, like laminin or ECM

modeling enzymes, have been shown to be an important

environmental cue in intestinal immune cell differentiation (23),

transmigration (62) and immune tolerance (63). While the ECM

composition evidently affects enteric glial biology, we wondered if it

also changes their immune response. We stimulated enteric glia

cultures on poly-L-ornithine, laminin and Matrigel with IL-1b, a
well-established inflammatory mediator inducing enteric glial

reactivity in vitro and in vivo (7, 9). All cultures responded with a

strong IL-6 and CCL2 release with a non-significant trend of

increased expression of both factors in the laminin-coated group.

However, on the transcriptional level, we discovered that poly-L-

ornithine-treated cells clustered differently from Matrigel and

laminin-treated ones, which clustered together. Interestingly,

within the GO terms derived from IL-1b-induced DEGs, glia

cultured on laminin and Matrigel showed enrichment in gene

clusters regulat ing gl ia l migrat ion, but also myeloid

differentiation, macrophage activation and type 2 immune

response. These GO terms are in line with recent literature

describing the close proximity of glial cells with intestinal resident

and monocyte-derived macrophages (7, 11). Herein, glial cells were

not only shown to contribute to macrophage migration and their

accumulation around myenteric ganglia (7, 11), but also to shape

their differentiation during inflammation (9). Within the poly-L-

ornithine IL-1b-stimulated cultures, we found an enrichment of

genes related to lymphocyte migration, differentiation and

proliferation. While the interaction of lymphocytes and enteric

glia is so far less well understood, some studies indicate that T-cells

interact with enteric glia, controlling Crohn’s disease-associated

myenteric plexitis in humans (64) and T-cell activation by antigen

presentation (65). Furthermore, innate lymphoid cell type 3 (ILC3)

aggregates were infiltrated by enteric glial projections, which can

control ILC3’s IL-22 production in a MyD88-dependent manner

(66). Future studies must prove the potential impact of ECM

composition on glial cell action regarding different immune cell

populations. However, given that the gene expression signatures

suggest a more pronounced immune response and effect of glia on

leukocytes, particularly macrophages, with laminin and Matrigel

coatings, these coatings might be preferable for studies addressing

enteric glia-macrophage interactions.

Overall impact

Subsumed, our findings revealed distinct differences in ECM

substrates used for enteric glia cultures. Matrigel and laminin

coatings delivered the highest enteric glia purity and the widest

cellular network outgrowth. Transcriptional analysis of enteric glia

on poly-L-ornithine displayed a decelerated differentiation, while

Matrigel and laminin coatings promoted glial support in neuronal

differentiation and gene signatures related to cell adhesion and

migration. A significant amount of genes was expressed in both in

vivo and in vitro enteric glia, but their expression levels also differed

strongly in terms of EGC genes. Notably, the transcriptional in vivo

and in vitro comparison comes with some shortcomings due to the

cell culture purity but also the simplicity of the microenvironment

in vitro compared to the in vivo condition. Furthermore, the IL-1b-
induced immune reactivity of enteric glia differed between coating

substrates and revealed that enteric glia on Matrigel and laminin

coatings were transcriptionally more active regarding glial biology

and myeloid immune cells, while poly-L-ornithine coating

promoted pathways related to T cell immunity. Overall, Matrigel

and laminin displayed strong similarities and surpassed poly-L-

ornithine, as well as poly-D-lysine, poly-L-lysine, collagen I,

collagen IV, and fibronectin in all investigated aspects. Our

findings support the use of these superior ECM substrates to

allow a better comparison of future studies related to enteric glial

biology in homeostasis and neuroinflammation.
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β-adrenergic signaling triggers enteric 
glial reactivity and acute enteric gliosis 
during surgery
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Philipp Sasse3, Jörg C. Kalff1 and Sven Wehner1* 

Abstract 

Background Enteric glia contribute to the pathophysiology of various intestinal immune-driven diseases, such 
as postoperative ileus (POI), a motility disorder and common complication after abdominal surgery. Enteric gliosis 
of the intestinal muscularis externa (ME) has been identified as part of POI development. However, the glia-restricted 
responses and activation mechanisms are poorly understood. The sympathetic nervous system becomes rapidly acti-
vated by abdominal surgery. It modulates intestinal immunity, innervates all intestinal layers, and directly interfaces 
with enteric glia. We hypothesized that sympathetic innervation controls enteric glia reactivity in response to surgical 
trauma.

Methods Sox10iCreERT2/Rpl22HA/+ mice were subjected to a mouse model of laparotomy or intestinal manipulation 
to induce POI. Histological, protein, and transcriptomic analyses were performed to analyze glia-specific responses. 
Interactions between the sympathetic nervous system and enteric glia were studied in mice chemically depleted 
of  TH+ sympathetic neurons and glial-restricted Sox10iCreERT2/JellyOPfl/+/Rpl22HA/+ mice, allowing optogenetic stimula-
tion of β-adrenergic downstream signaling and glial-specific transcriptome analyses. A laparotomy model was used 
to study the effect of sympathetic signaling on enteric glia in the absence of intestinal manipulation. Mechanistic 
studies included adrenergic receptor expression profiling in vivo and in vitro and adrenergic agonism treatments 
of primary enteric glial cell cultures to elucidate the role of sympathetic signaling in acute enteric gliosis and POI.

Results With ~ 4000 differentially expressed genes, the most substantial enteric glia response occurs early after intes-
tinal manipulation. During POI, enteric glia switch into a reactive state and continuously shape their microenviron-
ment by releasing inflammatory and migratory factors. Sympathetic denervation reduced the inflammatory response 
of enteric glia in the early postoperative phase. Optogenetic and pharmacological stimulation of β-adrenergic down-
stream signaling triggered enteric glial reactivity. Finally, distinct adrenergic agonists revealed β-1/2 adrenoceptors 
as the molecular targets of sympathetic–driven enteric glial reactivity.

Conclusions Enteric glia act as early responders during post-traumatic intestinal injury and inflammation. Intact 
sympathetic innervation and active β-adrenergic receptor signaling in enteric glia is a trigger of the immediate glial 
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postoperative inflammatory response. With immune-activating cues originating from the sympathetic nervous sys-
tem as early as the initial surgical incision, adrenergic signaling in enteric glia presents a promising target for prevent-
ing POI development.

Keywords Enteric glia, RiboTag, Gut inflammation, Postoperative ileus, Sympathetic nervous system, 
Neuroimmunology, Adrenergic Signaling

Background
The enteric nervous system (ENS), consisting of enteric 
neurons and enteric glia, is a branch of the autono-
mous nervous system that governs various functions 
throughout the alimentary tract, such as gastric motil-
ity, fluid homeostasis, and blood flow [1]. Enteric glia 
are diverse neuroglia, displaying several subtypes based 
on morphology and location in intestinal structures 
[1]. Most enteric glia also show a unique co-expression 
pattern of SRY-Box transcription factor 10 (SOX10) 
together with either the glial markers S100B or glial 
fibrillary acidic protein (GFAP) [2], or proteolipid pro-
tein 1 (PLP1) [2, 3].

At first, enteric glia were mainly considered solely as 
neuron-supporting cell populations of the ENS, pro-
viding nutrition and protection for enteric neurons 
[1]. More recent studies provided new insights into 
enteric glia involvement in gastrointestinal (GI) home-
ostasis [1] and discovered their vital role in chronic [4] 
and acute [5] gut inflammation. Enteric glia switch to 
a reactive state during gut inflammation, altering their 
morphology, expression pattern, and functional char-
acter [1]. So far, broader enteric glial reactivity in POI 
has only been analyzed in vivo in the full tissue context, 
also described as a POI-related “enteric gliosis”, but 
cell-intrinsic molecular responses of enteric glia and 
their primary activating mechanism were still missing. 
We termed the reactive inflammatory tissue state of 
the muscularis externa tissue “enteric gliosis” [5] as it 
shares molecular expression patterns with tissue gliosis 
in the central nervous system (CNS). Notably, this CNS 
gliosis is defined by the reactivity of glial cells, such as 
microglia, oligodendrocytes, and most importantly, 
astrocytes [6], the counterpart to enteric glia, which 
become activated during neuroinflammation in chronic 
disease states [7, 8] and after neurological traumata [9].

Part of the enteric gliosis state are reactive enteric 
glia, which modulate their microenvironment by 
secreting cytokines and chemokines like interleu-
kin (IL)-6, C–C motif chemokine ligand (CCL)-2 [5, 
10], and C–X–C motif chemokine ligand (CXCL)-10 
[11], pro-inflammatory molecules, such as nitric oxide 
[12], and molecules that elicit an anti-inflammatory 
response, including glial cell-derived neurotrophic fac-
tor (GDNF) [13] and S-Nitrosoglutathione [14].

Although a comprehensive picture of reactive enteric 
glia in intestinal inflammation is still missing, recent 
studies provide evidence about stimuli being able to 
induce gliosis in the gut. These include lipopolysaccha-
ride (LPS) [15], cytokines such as interleukin (IL)-1β 
[10], tumor necrosis factor (TNF)α [16], and inter-
feron-gamma (IFNγ) [17], as well as purines, e.g., ADP 
[4] or ATP [5]. The latter is released by both intrinsic 
and extrinsic enteric neurons innervating the gut and 
is co-released with norepinephrine (NE) from sympa-
thetic neurons. NE is the principal neurotransmitter of 
the sympathetic nervous system (SNS) [18], known to 
interact with enteric glia through adrenergic receptors 
[19]. More recently, several publications highlighted the 
involvement of the SNS in inflammation-based infec-
tious [20] and non-infectious bowel diseases [21] and its 
ambivalent effect on the inflammatory milieu, depending 
on the disease stage, neurotransmitter concentration, and 
receptor binding [22].

We recently showed that the SNS affects the postopera-
tive inflammatory immune cell milieu in postoperative 
ileus (POI) and functionally impacts the disease progres-
sion [23]. POI is a frequent transient GI-motility disor-
der and complication of abdominal surgery. Patients 
with POI suffer from nausea, abdominal distension pain, 
reduced oral food tolerance, delayed recovery, and finally, 
an extended hospitalization phase with a high medico-
economic burden on our health care systems [24]. A 
prominent response to abdominal surgery is a dysbalance 
of the sympathetic and parasympathetic inputs of the 
intestine towards sympathetic overactivation. Notably, 
this sympathetic overactivity is already induced by the 
skin incision [25], and the subsequent surgical manipula-
tion of the intestine (or other visceral organs) enhances 
this overactivity. Hallmarks of enteric gliosis have been 
identified as part of POI (5, 10, 26) and are discussed to 
be of potential value for therapeutic interventions in POI 
and other intestinal inflammation-driven diseases [26]. 
As SNS-released mediators directly act on enteric glia 
[19, 27], we hypothesized that adrenergic signaling might 
be an early trigger of acute postoperative enteric glial 
reactivity in the onset phase of POI.

To test this hypothesis, we used Sox10iCreERT2/
Rpl22HA/+ mice to extract cell-specific mRNA from 
hemagglutinin-labeled ribosomes of enteric glia [28, 29] 
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within three phases of POI: the immediate initiation 
phase, the manifestation, and the resolution phase. We 
found striking evidence of strong enteric glial reactiv-
ity in the immediate postoperative phase. Furthermore, 
we discovered that laparotomy, the first step of abdomi-
nal surgery, which does not include manipulation of 
any other visceral organs, is sufficient to trigger enteric 
glial activation in the intestine. Sympathetic denervation 
studies, live calcium imaging in ex  vivo ganglia, enteric 
glia-restricted optogenetic activation of β-adrenergic 
downstream signaling in Sox10iCreERT2/JellyOPfl/+/
Rpl22HA/+ mice, and stimulation of primary EGC cultures 
gave insight into the distinct β-adrenergic signaling path-
ways triggering enteric glial reactivity in POI.

Materials and methods
Materials
Animals
Sox10iCreERT2 (B6-Tg(Sox10-icre/ERT2)388Wdr/J) mice were 
crossbred with Rpl22HA/+ (B6N.129-Rpl22tm1.1Psam/J)/ 
tdTomato (B6;129S6-Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze) mice. Additionally, Sox10iCreERT2/
RiboTag/tdTomato were crossbred with JellyOP mice 
(CD1-Gt(ROSA)26Sorem1(CAG−JellyOp−eGFP); Additional file  1: 
Method S2, S3) [30] for optogenetic activation experiments. 
Animals were housed under SPF conditions in the central 
housing facility or our laboratory (Immunpathophysiology, 
University Hospital Bonn, Bonn, Germany). Male mice (10–
12 weeks) were used in the intestinal manipulation and lapa-
rotomy experiments, and mice of both sexes (10–20 weeks) 
were used for optogenetic activation experiments and 
pharmacological modification with reserpine and tyramine 
carried out under German federal law (Az.: 81-02.04.2016 
A367 and 81-02-04-02018.A221, 84–02.04.2017.A114).

Inducible Cre was activated by intraperitoneal injec-
tions of 100 µl Tamoxifen [MP Biomedicals, Irvine, CA, 
USA] dissolved in 10% ethanol and 90% sterile corn oil 
(final concentration 10  mg/ml) for three consecutive 
days. Experiments were performed one week after the 
last injection.

Calcium imaging studies were conducted on female 
Wnt1-Cre; R26R-GCaMP3 mice as approved by the Ani-
mal Ethics Committee of the University of Leuven (Bel-
gium) in the laboratory of Pieter Vanden Berghe.

In vivo optogenetic activation of adrenergic signaling 
in enteric glia
Sox10iCreERT2/RiboTag/tdTomato/JellyOP animals and 
JellyOP-negative littermate controls received pain 
medication (Tramadol [Grünenthal, Aachen, NRW, 
DE]; i.p.) 15  min before surgery. During surgery, ani-
mals were anesthetized with Isoflurane and kept on 

a heating pad to stabilize body temperature. After 
abdominal shaving, the abdominal cavity was opened 
(2  cm incision) along the linea alba and held open by 
clamps while the small bowel was gently lifted and 
placed on gauze. The JellyOP construct was activated 
with supramaximal blue light (470 nm, > 0.5 mW/mm2) 
at a distance of 10 cm for 15 min with regular moisturi-
zation with saline. Activation of the JellyOP construct 
triggers a  Gs signaling cascade downstream from 1D4, 
that resembles activation by β-adrenergic stimulation. 
The intestine was gently replaced, and the opened cav-
ity was sutured. Animals were replaced in their cages 
and slowly woke from the narcosis under heating lamps 
during the following 30 min. Animals received further 
pain medication orally (Tramadol [Aliud Pharma, Lai-
chingen, BW, DE]) via their water supply.

Post‑operative ileus (POI) model
Animals received pain medication (Tramadol [Grü-
nenthal, Aachen, NRW, DE]; i.p.) 15  min before sur-
gery. During surgery, animals were anesthetized with 
Isoflurane and kept on a heating pad to stabilize body 
temperature. After abdominal shaving, the abdominal 
cavity was opened (2 cm incision) along the linea alba 
and held open by clamps, while the small bowel was 
gently lifted and placed on gauze (Fig.  1A). The small 
bowel was mechanically manipulated by light pressure 
with moist cotton swaps in a rolling motion towards the 
Caecum (2x). The intestine was gently replaced, and the 
opened cavity was sutured. Additionally, we performed 
a modified laparotomy model in which no manipulation 
was performed. Animals were replaced in their cages 
and slowly woke from the narcosis under a red light 
during the following 30 min. Animals received further 
pain medication orally (Tramadol [Aliud Pharma, Lai-
chingen, BW, DE]) via their water supply.

Gastrointestinal transit
Animals received 100  µl of FITC-dextran [Sigma 
Aldrich, St. Louis, MO, USA] via gavage and rested 
for 90  min without additional food or water. Subse-
quently, animals were sacrificed, intestines eventrated, 
and separated into segments (stomach 1; small bowel 
2–11, ~ 3  cm each; caecum 12; colon 13–15, ~ 2  cm 
each). Segments were flushed with Krebs–Henseleit 
buffer (Additional file  1: Table  S1), and eluates were 
analyzed for FITC fluorescence. The geometric center 
was calculated to generate GI-transit time for naïve, 
Lap 24 h, IM 24 h, and IM 72 h animals.
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Sympathetic denervation
Sox10iCreERT2/Rpl22HA/+mice were injected with 250  µl 
6-Hydroxydopamine (6-OHDA; 80  mg/kg body weight 
in saline [Sigma Aldrich, St. Louis, MO, USA]) for three 
consecutive days as described before [23]. Animals rested 
for fourteen days after the final injection before subse-
quent experiments were performed.

Pharmaceutical adrenergic modulation (reserpine 
and tyramine)
Sox10iCreERT2/Rpl22HA/+mice were injected s.c. with 
100  µl reserpine (20  mg/kg body weight in saline 
[#83,580, Sigma Aldrich, St. Louis, MO, USA]) adapted 
from [31] and kept for 24 h. Animals subsequently under-
went laparotomy as described above (with and without 
prior administration of reserpine) and were sacrificed 3 h 
later.

Sox10iCreERT2/Rpl22HA/+ mice were injected i.p. with 
100  µl tyramine (100  mg/kg body weight in saline 
[#W421501, Sigma Aldrich, St. Louis, MO, USA]) 
adapted from [32] or 100 µl saline and sacrificed 3 h later.

Primary murine enteric glial cell (EGC) cultures
Primary EGC cultures were generated from small bowel 
muscularis externa (ME) of 8–12-week-old Sox10iCre-

ERT2/Rpl22HA/+/Ai14fl/fl mice. Briefly, the intestine was 
eventrated, flushed with oxygenated Krebs–Hense-
leit buffer (cell culture; Additional file  1: Table  S1), dis-
sected into 3–5  cm long segments, and transferred to 
ice-cold, oxygenated Krebs–Henseleit buffer. ME tis-
sue was mechanically separated from the mucosal 
layer, centrifuged (300  g, 5  min), and digested in dis-
sociation buffer (Additional file  1: Table  S1) in a water 
bath (15  min, 37  °C, 150  rpm). The enzymatic reaction 
was stopped by the addition of 5  ml DMEM + 10% FBS 
[Sigma Aldrich, St. Louis, MO, USA], centrifugation 
(300  g, 5  min), and resuspension in proliferation media 
(Additional file 1: Table S1). Cells were kept in prolifera-
tion media for 7 days (37 °C, 5%  CO2) before dissociation 

with trypsin (0.25%, 5 min, 37 °C) [Thermo Fisher Scien-
tific, Waltham, MA, USA] and seeding on Poly-L-Orni-
thine [Sigma Aldrich, St. Louis, MO, USA] coated 6-well 
plates at 50% confluence in differentiation media (Addi-
tional file 1: Table S1). Cells were differentiated for seven 
days before treatment with norepinephrine (NE; 10 µM, 
100  µM), adrenergic receptor (AR) agonists (β-AR/iso-
prenaline (1  µM, 10  µM); α2a-AR/guanfacine (10  µM); 
β3-AR/CL-316243 (10 µM) [all Tocris Bioscience, Bristol, 
UK]), or forskolin [#HY-15371, MedChemExpress, Mon-
mouth Junction, NJ, USA] in PBS for 3 h or 24 h. Cell cul-
ture constituted mainly of enteric glia (> 85%) and small 
amounts of fibroblasts (< 10%), described in more detail 
in [5]. Conditioned media was used for ELISA analysis, 
and cells were processed for RNA analysis.

In vitro optogenetic activation of adrenergic signaling 
in enteric glial cell cultures
JellyOPfl/+ animals were used to isolate primary enteric 
glial cells as described above. Cells were transfected with 
1  µl (1.69 ×  108 VG/ml) of an rAAV2/1-hGFAP-NLS-
Cre virus construct (“AAV-GFAP-Cre”; Additional file 1: 
Method S4) to activate the JellyOP construct and subse-
quently differentiated for seven days. Differentiated cells 
were subjected to four consecutive 1 min pulses of blue 
light (470 nm, 32 µW/mm2) in a custom-built illuminator 
for cell culture plates. Media from illuminated and dark-
kept cells was used for ELISA.

Calcium imaging
Female Wnt1-Cre;R26R-GCaMP3 mice were killed by 
cervical dislocation, as approved by the Animal Ethics 
Committee of the University of Leuven (Belgium). These 
mice express the fluorescent  Ca2+ indicator GCaMP3 in 
all enteric neurons and glia [33, 34].

The ileum was carefully removed, opened along the 
mesenteric border, and pinned flat in a sylgard-lined dis-
section dish in cold  O2/CO2 (95%/5%) suffused Krebs 
buffer (120.9  mM NaCl; 5.9  mM KCl; 1.2  mM  MgCl2; 

Fig. 1 Enteric glia react to mechanical stimuli and transition into an acute gliosis state. A Schematic description of the surgical procedure (intestinal 
manipulation, IM) with follow-up RiboTag approach in Sox10iCreERT2/Rpl22HA/+ enteric glia and immunohistological image of HA (green) and SOX10 
(magenta) co-expression in ME. Scale bar (100 µm). The RiboTag procedure was performed 3 h, 24 h, or 72 h after surgery. B Confocal images 
of SOX10 (magenta) and Ki67 (green) expression in whole mounts of small bowel ME at different time points. Scale bar (100 µm). C Histological 
analysis (mean ± SEM) of  SOX10+ and  SOX10+ Ki67+ cells per field of view (n = 6–14 animals per time point; mean counts of 5 images per n ± SEM; 
two-way ANOVA, to naive *** < 0.01, between IM24/IM72h ### < 0.01). D Principal component analysis (PCA) of a bulk RNA-Seq of Sox10iCreERT2/
Rpl22HA/+ RiboTag mRNA at different time points. E Volcano plot for actively transcribed genes at IM3h in Sox10iCreERT2/Rpl22HA/+enteric glia 
with significantly differentially transcribed genes (p-value < 0.05, >  ± twofold) marked in red (upregulated) and blue (downregulated) 
and annotation of notable genes. F Venn diagrams of the top 50 induced genes at IM3h, IM24h, and IM72h separated into clusters. G Analysis 
of enriched GO-terms in mRNA from Sox10iCreERT2/Rpl22HA/+enteric glia for POI hallmarks related to migration and inflammatory response. H RNA-Seq 
heat maps for naïve and IM3h samples of Sox10iCreERT2/Rpl22HA/+RiboTag mRNA and total RNA “acute enteric gliosis” induction and an indication 
of genes related to key POI hallmarks. (n = 3–4 animals per time point)

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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1.2  mM  NaH2PO4; 14.4  mM  NaHCO3; mM 11.5 Glu-
cose; 2.5  mM  CaCl2). The mucosa, submucosa, and cir-
cular muscle were removed by microdissection to expose 
the myenteric plexus. These preparations were stabilized 
over an inox ring using a matched o-ring [35], which 
was mounted in a cover glass bottom chamber on the 
microscope stage. 3D recordings of the GCaMP3 were 
made on an inverted spinning disk confocal microscope 
(Nikon Ti—Andor Revolution—Yokogawa CSU-X1 Spin-
ning Disk [Andor, Belfast, UK]) with a Nikon 20 × lens 
(NA 0.8), excitation 488  nm and detection 525/50  nm. 
A Piezo Z Stage controller (PI) was used to record fast 
3D stacks at 2 Hz. Tissues were constantly supplied with 
oxygenated Krebs buffer via a gravity-fed perfusion sys-
tem that allowed instantaneous switching between con-
trol and high  K+, Substance P  (10–5 M, to identify the glia 
network, [36]) or isoprenaline  (10–5 M) containing Krebs 
buffer. The tissues were constantly perfused by  O2/CO2 
(95%/5%) suffused Krebs buffer containing 2 µM nifedi-
pine to prevent most of the muscle contractions.

Analysis of calcium imaging
All calcium image analysis was performed with custom-
written routines (available via [37]) in Igor Pro [Wavem-
etrics, Lake Oswego, OR, USA]. Image registration was 
performed in Fiji using the descriptor-based registration 
algorithm developed by Preibish et  al. [38]. Registered 
images were further analyzed in Igor 8, and regions of 
interest were drawn to extract temporal information. 
Peak amplitude calculation was performed using custom-
written procedures as previously described [37, 39]. The 
average  Ca2+ signal intensity was calculated, normalized 
to the initial GCaMP3 signal, and reported as F/F0.

Immunohistochemistry
Immunohistochemistry was performed on terminal 
ileum parts. Briefly, the ileum was placed in Sylgard gel-
covered Petri dishes and opened along the mesentery. 
After fixation with 4% PFA for 20 min, mucosal-free ME 
whole mounts were prepared through mechanical sepa-
ration of both layers. Next, whole mounts were permea-
bilized (1% Triton X-100/PBS; RT, 20  min) and blocked 
with (5% donkey serum, 0.25% Triton X-100/PBS; RT, 
1  h) before antibody incubation (primary: 4  °C, over-
night; secondary: 1.5 h, RT; Additional file 1: Table S2).

Microscopy imaging
Widefield images used for quantitative analysis of pro-
liferation, numbers of SOX10 positive cells, and MPO 
infiltration were obtained on a Nikon Eclipse TE2000-
E with a magnification of 20 × and a field of view of 
397  µm × 317  µm or a Nikon Eclipse Ti2 with a magni-
fication of 20 × and a field of view of 769  µm × 769  µm. 

Representative images are confocal slices obtained 
with a Leica  SP8 AOTF confocal microscope using a 
40 × objective.

Hanker‑Yates histology
Hanker-Yates staining was performed on the terminal 
ileum. Briefly, the ileum was pinned to Sylgard gel-cov-
ered Petri dishes and opened along the mesentery. After 
fixation with pure ethanol for 10 min, mucosal-free ME 
whole mounts were prepared by mechanically separating 
both layers. Before mounting, whole mounts were sub-
jected to Hanker-Yates myeloperoxidase staining solution 
(RT, 10 min).

Western Blot
A BCA protein assay kit [Thermo  Fisher  Scientific, 
Waltham, MA, USA] was used to assess protein lysate 
concentrations. SDS-PAGE was performed with 100  µg 
of protein. The primary and secondary antibodies (Addi-
tional file 1: Table S2) were incubated overnight at 4  °C 
and 1 h at RT, respectively.

ELISA
Conditioned media from EGC cultures treated with NE 
or agonists for the indicated time points was collected, 
centrifuged (5000g, 5  min), and snap-frozen in liquid 
nitrogen. According to the manufacturer’s instruction 
manual, media was analyzed for IL-6 release with an 
ELISA kit [R&D Systems, Abingdon, GB].

RiboTag approach
RiboTag immunoprecipitation was performed accord-
ing to a previously established protocol (Additional 
file  1: Method S1, [28]). Briefly, the muscle layer of 
the whole small bowel tissue was mechanically sepa-
rated from the mucosal layer and placed in RNAl-
ater [Thermo  Fisher  Scientific, Waltham, MA, USA]. 
Muscle tissue was lysed on a Precellys homogenizer 
[Bertin Instruments, Montigny-le-Bretonneux, FR] 
(3 × 5000  rpm, 45  s; 5  min intermediate incubation on 
ice) in pre-cooled homogenization buffer (Additional 
file 1: Table S1), centrifuged (10 min, 10,000g, 4 °C), and 
supernatants saved. “Input” controls were generated from 
50  µl cleared lysate. Samples were incubated with anti-
HA antibody (5 µl; 1 mg/ml; Additional file 1: Table S2; 
4 h, 4 °C, 7 rpm). Lysate/Antibody conjugates were added 
to 200 µl of washed A/G dynabeads [Thermo Fisher Sci-
entific, Waltham, MA, USA] and incubated (overnight, 
4  °C, 7  rpm). Beads were washed thrice with high salt 
buffer (Additional file 1: Table S1). Ribosomes containing 
specific mRNA were eluted from beads, and RNA was 
extracted with a Qiagen micro kit.
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cDNA Synthesis and quantitative PCR Analysis
Purified RNA (10  µg) was transcribed with the Applied 
Biosystems™ High-Capacity cDNA Reverse Transcrip-
tion Kit [Applied Biosystems, Foster City, CA, USA] 
according to the manufacturer’s instruction manual. 
cDNA (1:10 diluted) was added to SYBR™ Green PCR 
Master Mix [Applied Biosystems, Foster City, CA, USA] 
and analyzed by qPCR [Applied Biosystems, Foster City, 
CA, USA] (Additional file 1: Table S3).

RNA‑Seq analysis
Libraries were prepared with QuantSeq 3′  mRNA-Seq 
Library Prep Kit [Lexogen, Greenland, NH, USA] and 
sequenced (single-end 50  bp, 10  M reads) on an Illu-
mina Hiseq 2500. “Partek Flow” software was used to 
analyze RNA-Seq data (Lexogen pipeline 12,112,017), 
and Ensemble transcripts release 99 for mm10 mouse 
alignment. The pipeline consisted of two adapter trim-
ming and a base-trimming step with subsequent quality 
controls (QC). Reads were aligned with star2.5.3, fol-
lowed by a post-alignment QC, and quantification to an 
annotation model. Normalized counts were subjected 
to principal component and gene set analysis. Pipeline 
information can be found within our uploaded sequenc-
ing files (GSE198889).

Statistical analysis
Statistical analysis was performed with Prism 9.0 [Graph-
Pad, San Diego, CA, USA] using Student’s t-test, mul-
tiple unpaired t-test, one-way, or two-way ANOVA as 
indicated in the figure legends. Significance to controls 
is resembled by *, while significance to other samples 
is indicated by #. All plots are mean ± SEM. Animals for 
experiments were age- and sex-matched and randomly 
assigned to the experimental groups.

Results
Intestinal inflammation induces enteric gliosis 
during post‑operative ileus development
In a previous study, we re-defined the inflammatory state 
of the post-operative ME, containing reactive enteric 
glia, based on a publication-based gene selection associ-
ated with the term “gliosis” in the CNS [5] and termed 
this condition “enteric gliosis”. As the underlying gene 
selection only defined the overall transcriptional inflam-
matory responses of the enteric  glial-containing tissue 
but did not reflect individual cell-type-specific changes 
of enteric  glia, we aimed to precisely determine their 
reactivity and better understand their role during acute 
inflammation. Therefore, we assessed the transcriptional 
changes of enteric glia by a RiboTag approach. The Ribo-
Tag, in conjunction with a Sox10iCreERT2 system (Fig. 1A, 
[28]), enabled the isolation of actively transcribed mRNA 

from enteric  glia-specific HA-tagged ribosomes and 
subsequent RNA-Seq analysis with glial mRNA (Addi-
tional file 2: Fig. S1A). Enteric glia reactivity was induced 
through a standardized model of intestinal inflamma-
tion resulting in post-operative ileus (POI). A proper tis-
sue response was confirmed by our previously defined 
enteric gliosis gene panel [5]. POI progresses in three 
stages, and the selection of representative time points 
3  h, 24  h, and 72  h after intestinal manipulation (IM) 
enabled us to define the molecular responses within the 
early/immediate phase (IM3h), inflammatory/manifes-
tation phase (IM24h), and recovery/resolution phase 
(IM72h). IM (Fig.  1A) triggered acute gut inflammation 
in the muscularis externa (ME) (Additional file  2: Fig. 
S1B), with a decrease in gastrointestinal motility (Addi-
tional file 2: Fig. S1C) and an induction of a substantial 
influx of infiltrating leukocytes (Additional file  2: Fig. 
S1D) peaking at IM24h, confirming that Sox10iCreERT2 
RiboTag mice develop POI. The existence of enteric glio-
sis was shown by increased protein expression of GFAP 
and vimentin (VIM) during POI progression (Additional 
file  2: Fig.  S1E). Notably, the number of  Sox10+Ki67+ 
enteric  glia in the ME increased at IM24h (35 ± 3 vs. 
0.17 ± 0.15 cells/ field of view) but not at IM3h (0.5 ± 0.18 
cells/ field of view).  SOX10+  Ki67+ enteric glia numbers 
dropped to baseline levels at IM72h (3 ± 0.6 cells/ field 
of view) (Fig. 1B, C), indicating the presence of a timely-
limited trigger of glial cell proliferation in the acute phase 
of inflammation. Supportively, total numbers of  SOX10+ 
enteric glia increased at IM72h compared to naïve and 
IM24h time points (Fig. 1C), showing that molecular fea-
tures of proliferation indeed resulted in increased EGC 
numbers in the recovery phase. These changes coincided 
with POI hallmarks and an overall strong transcriptional 
response related to inflammation in the ME (Additional 
file 2: Fig. S1B).

Principal component analysis of RiboTag samples 
revealed a clear separation of gene expression patterns 
at investigated POI time points (Fig. 1D). Volcano plots 
comparing naïve with IM samples showed the most sub-
stantial enteric glial activation at IM3h with 2968 genes 
up- and 996 genes down-regulated (Fig.  1E), compared 
to IM24h (101 up- and 1703 down-regulated genes) and 
IM72h (42  up- and 2218 down-regulated genes) (Addi-
tional file 2: Fig. S1F, G). Validation of the top 50 induced 
genes at all disease time points with gene databanks 
(GeneCards and Mouse Genome Informatics) revealed 
a change of enteric glia toward an inflammation-related 
cell type (Fig. 1F). Enteric glia displayed a strong expres-
sion of inflammatory genes (32 of the top 50; e.g., met-
allothioneins Mt1 and Mt2, Tnfrsf12a, Nfkbia, Sphk1) in 
the initial phase that declined during POI progression 
and was replaced by a strong expression of migratory 

60



Page 8 of 23Leven et al. Journal of Neuroinflammation          (2023) 20:255 

(10 of the top 50; e.g., Ccl2, Ccl6, Ccl9) and proliferation-
associated genes (12 of the top 50; e.g., Mcm3, Chaf1a) 
at IM24h. A so far undefined resolution phenotype arose 
at IM72h (8 resolution genes of the top 50), showing the 
induction of olfactory receptors (e.g., Olfr373, Olfr95, 
Olfr1254), implicated in gut inflammation [40] (Fig. 1F). 
Notably, the number of actively transcribed genes pulled 
down with the RiboTag approach was also the highest 
during disease onset at IM3h (12,720 genes) compared to 
IM24h (8129 genes) and IM72h (3599 genes) (Additional 
file 2: Fig. S1H). The high transcriptional activity at IM3h 
aligns with the early enteric glial reactivity. GO analyses 
showed the enrichment of genes associated with multi-
ple immunological aspects and POI hallmarks, including 
migration regulation, cytokine signaling, and myeloid cell 
differentiation (Fig. 1G). To define inflammation-induced 
enteric glial activation on a transcriptional level, we gen-
erated the novel gene ontology (GO) term "acute enteric 
gliosis" (Additional file 1: Table S4). Therein, we validated 
the expression of published gliosis genes, previously 
defined by our group [5], in the RiboTag data set and 
added highly induced genes at IM3h (> tenfold vs. naïve; 
e.g., Serpine1, Mt2, Gdnf) together with genes that were 
only detected in samples at the IM3h time point (naïve 
0 counts; IM3h > 5 counts per sample; e.g., Fosl, Ucn2, 
Areg). Notably, around half of the published gliosis genes 
are also expressed by enteric glia during POI (Additional 
file 1: Fig. S1I, Additional file 2: Table S4). Application of 
this novel GO term showed strong induction of gliosis 
genes in enteric glia 3 h after manipulation with a steep 
decline at IM24h and IM72h (Additional file 2: Fig. S1J). 
To test the applicability of the "acute enteric gliosis" GO 
term as an indicator of acute enteric  gliosis in the full 
ME tissue, we analyzed an RNA-Seq data set generated 
of total ME from POI mice. The resulting heat map mir-
rored the prominent induction of gliosis genes from our 
RiboTag analysis at IM3h (Additional file 2: Fig. S1K), with 
most of the upregulated gliosis genes induced exclusively 
in the early disease phase (IM3h, 94 genes), some over-
lapping genes at IM3h and IM24h (49 genes; Additional 

file  2: Fig.  S1L) and only one induced gene overlapping 
between IM3h and IM72h. Highly induced genes at IM3h 
included known astrogliosis genes (Gfap, Nes, Mt1, Mt2, 
Gdnf), early response genes (Egr1, Fos), migration factors 
(Ccl2, Cxcl1, Cxcl10, Serpine1), and inflammatory factors 
(Nfkbia, Socs3, Sphk1, Cd44) (Fig.  1H). Notably, almost 
no acute enteric gliosis gene panel genes were upregu-
lated in the ME at later postoperative time points, sup-
porting its usefulness as an acute enteric gliosis marker 
panel.

These data provide evidence of the strong plasticity of 
enteric glia during acute intestinal inflammation, wherein 
an acute immune-reactive phenotype is a very early 
event. At the disease peak, 24 h after surgery, enteric glial 
reactivity switched towards a phenotype supporting 
migration and proliferation, which further declined 
towards a resolution type at IM72h.

Sympathetic signaling triggers acute enteric glia gliosis
The rapid transition of enteric glia into an inflammatory 
phenotype raised the question of which mechanisms 
might trigger this immediate enteric  glial activation. A 
previous study from our group showed that extracellular 
ATP levels quickly rose after abdominal surgery, thereby 
triggering an enteric  glial immune activation during 
POI [5]. As ATP is co-stored with norepinephrine (NE) 
in synaptic vesicles of sympathetic nerves and intestinal 
sympathetic activity is known to become immediately 
over-activated during surgery, we hypothesized that sym-
pathetic pathways might contribute to the acute enteric 
gliosis phenotype. We performed a comparative GO-
term analysis and found enriched expression of genes 
associated with “beta-2-adrenergic receptor binding” 
and “adrenergic signaling pathway” (Fig.  2A). Interest-
ingly, the enrichment scores were comparable with GO 
terms linked to IL-1 signaling and ATP-guided expres-
sion changes, albeit drastically lower than general ATP 
binding, both pathways known to activate enteric  glia 
upon surgery [5, 41]. Heat maps of differentially 
expressed genes related to G-protein-coupled receptor 

(See figure on next page.)
Fig. 2 Acute enteric gliosis is modulated by sympathetic innervation. A Analysis of enriched GO-terms in mRNA from Sox10iCreERT2/
Rpl22HA/+enteric glia 3 h after IM for POI hallmarks related to gliosis triggering pathways. B Heat map for the GO-term "GPCR signaling" in naïve 
and IM3h samples of mRNA from Sox10iCreERT2/Rpl22HA/+ enteric glia and with selected genes highlighted. C Schematic description of chemical 
sympathetic denervation of C57BL6 mice with three consecutive intraperitoneal 6-OHDA injections (days 1–3). After 14 days, mice underwent IM. 
ME was isolated three hours later (IM3h) for qPCR and RNA sequencing. D Confocal images of immunohistological stainings of TUBB3 (magenta) 
and TH (green) expression in whole mounts of control (saline) and 6-OHDA treated (sympathectomized/STX) small bowel ME 17 days after injection. 
(n = 6 animals per condition). Scale bar (100 µm). E qPCR analysis showing fold changes of mRNA levels (mean ± SEM) from IM3h/Saline and IM3h/
STX mice for enteric gliosis-related genes  (2−ΔΔCT, 18S, IM3h + saline; n = 6 animals per condition; Student’s t-test, * < 0.05, ** < 0.01). F Analysis 
of enriched POI hallmark GO-terms in IM3h/Saline total RNA and comparatively reduced in IM3h/STX samples related to inflammatory response 
and migration. G RNA-Seq heat map of our “acute enteric gliosis” GO-term for naïve and IM3h samples treated with saline or 6-OHDA (STX), 
and an indication of STX-affected genes (black line)
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Fig. 2 (See legend on previous page.)
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(GPCR)  signaling showed a clear pattern between naïve 
and IM3h enteric glia in our RiboTag mice (Fig. 2B). Acti-
vation of enhanced adrenergic signaling was confirmed 
in ME tissue samples, depicting a similar gene expression 
pattern for adrenergic signaling activity (Additional file 2: 
Fig. S2A).

Since acute gliosis triggered changes in genes related 
to adrenergic signaling, we theorized that ablation of the 
intestinal sympathetic innervation affects acute enteric 
gliosis. To test this hypothesis, we chemically ablated 
sympathetic neurons (sympathectomy/STX). Dener-
vation was facilitated by the established model of i.p. 
injection of 6-Hydroxydopamine (6-OHDA), starting 
17 days before surgery (Fig. 2C), resulting in a complete 
depletion of  TH+ neurons within the ME of C57BL6 
wildtype mice (Fig.  2D). A proof-of-concept analysis by 
qPCR of ME RNA samples from IM3h animals showed 
a significant reduction of gliosis markers (Nestin, Gfap), 
early response genes (Stat3, Fosb), and pro-inflammatory 
mediators (Il-6, Ccl2) in denervated animals (Fig.  2E). 
Next, we re-analyzed an RNA-Seq data set published by 
our group [23] for a more comprehensive study of early 
inflammation. GO term analysis on genes related to POI 
hallmarks revealed a decrease in genes associated with 
migration (e.g., leukocytes and neutrophils) and inflam-
mation (e.g., immune and inflammatory response and 
leukocyte activation) after STX (Fig.  2F). Additionally, 
we also detected substantial alterations in gene clusters 
related to changes in the ENS, previously shown to be 
upregulated at IM3h in our RiboTag mice (Additional 
file 2: Fig. S2B), suggesting a direct effect of denervation 
on enteric glial reactivity and communication during gut 
inflammation (Additional file 2: Fig. S2C).

Consequently, we used the “acute enteric gliosis” 
GO term to investigate the transcriptional status of 
enteric  glia and affected tissue after STX. While only a 
minority of genes were altered between naïve mice with 
and without 6-OHDA treatment, strong differences 
were observed in the majority of enteric gliosis genes at 
IM3h following STX, highlighting SNS involvement in 
the development of acute post-operative enteric gliosis 
(Fig. 2G).

These data suggest that increased sympathetic inputs, 
known to start simultaneously with surgery, immediately 
trigger enteric glial reactivity and modulate inflammatory 
and migratory gene expression.

Sympathetic innervation triggers enteric glial reactivity 
already in the absence of intestinal manipulation
Earlier work showed that inflammation within the small 
intestinal ME already occurs upon abdominal incision 
without surgical manipulation of the visceral organs. 
As intestinal sympathetic over-activation is known to 

start with the abdominal incision [42], we speculated 
that sympathetic projections of  TH+ neurons, inner-
vating the ME, might also signal to enteric glia by an 
immediate release of NE after the abdominal incision, 
thereby directly activating enteric glia. Confocal micros-
copy revealed close proximity of  TH+ nerve fibers with 
 MAP+ neurons and  GFAP+ enteric glia in myenteric 
ganglia (Fig.  3A), anatomically supporting the idea of a 
direct SNS to enteric glia communication. To test this 
hypothesis, we subjected Sox10iCreERT2 RiboTag mice to 
a laparotomy without eventration or manipulation of the 
intestine (Fig. 3B). FOS expression, an early cellular acti-
vation marker, and a representative enteric gliosis gene 
was not detected in  SOX10+ enteric glia in naïve mice. At 
the same time, laparotomy elicited FOS immunoreactiv-
ity in myenteric ganglia, including  SOX10+ expressing 
enteric glia (arrows, Fig. 3C). Notably, intestinal manipu-
lation aggravated FOS immunoreactivity in the ME, par-
ticularly in enteric  glia (marked by arrows, Additional 
file  2: Fig.  S3A). These data show that an enteric  glial 
activation already occurs immediately after the surgical 
incision without surgical manipulation of the intestine, 
while the latter is a potent enhancer of enteric glial reac-
tivity. To confirm that a laparotomy is sufficient to trigger 
acute enteric gliosis genes, we performed a laparotomy 
in Sox10iCreERT2 RiboTag mice. We detected the induc-
tion of representative acute enteric gliosis genes (i.e., Il6, 
Ccl2, and Stat3) compared to naïve animals (Fig.  3D). 
Consequently, we used 6-OHDA in RiboTag mice to 
test whether sympathetic innervation triggers the lapa-
rotomy-induced enteric gliosis genes. Analogous to our 
wildtype mice, 6-OHDA depleted the  TH+ neuronal pro-
cesses in RiboTag mice and left the glial network intact 
(Fig. 3E). In line with our hypothesis, Il6, Ccl2, and Stat3 
gene expression levels were reduced in enteric  glia in 
STX mice compared to saline-treated controls (Fig. 3F). 
Notably, cellular and functional POI hallmarks also occur 
in laparotomized mice, although to a lesser extent, with 
a distinct increase in infiltrating  myeloperoxidase+ cells 
(Additional file 2: Fig. S3B) and reduced gastrointestinal 
motility compared to naïve mice (Additional file  2: Fig. 
S3C).

Overall, these data uncovered that the SNS contributes 
to the induction of genes involved in acute enteric  glial 
reactivity already after the initial abdominal incision, 
which is further aggravated by mechanical manipulation 
of the intestine.

NE triggers acute enteric gliosis and activates enteric glia 
via β‑adrenergic receptors
As ablation of  TH+ neurons led to a reduced acute 
enteric gliosis, we next assessed whether NE, the princi-
pal postganglionic sympathetic neurotransmitter, induces 
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enteric  glial reactivity. Therefore, we treated primary 
murine EGC cultures from small bowel ME specimens 
(Fig.  4A) with NE, which caused an almost threefold 
increase in IL-6 protein release after 3  h (Fig.  4B) that 

further increased in a dose-dependent manner 24  h 
after NE treatment (Additional file 2: Fig. S4B). In addi-
tion, NE also triggered Gfap, Nestin, Stat3, Fos, and Ccl2 
gene expression 3 h post-treatment (Additional file 2: Fig. 

Fig. 3 Enteric glia react before overt inflammation by receiving cues from the sympathetic nervous system. A Illustration of our hypothesis of  TH+ 
neuron released NE triggering enteric glial activation and confocal images of immunohistological staining of sympathetic nerve fibers (TH, green), 
enteric neurons (MAP2; light blue), and enteric glia (GFAP, magenta). Arrows indicate  TH+ fibers innervating the ME. Scale bar (50 µm). B Schematic 
description of chemical sympathetic denervation of Sox10iCreERT2/Rpl22HA/+ mice with three consecutive intraperitoneal 6-OHDA injections (days 
1–3). After 14 days, the mice underwent Lap. ME was isolated three hours later (Lap3h), processed according to the RiboTag approach, and analyzed 
by qPCR. C Confocal images of immunohistological stainings of SOX10 (magenta) and FOS (green) expression in whole mounts of naïve and Lap3h 
small bowel ME. (n = 3 animals per condition). Arrows indicate  FOS+  SOX10+ enteric glia. Scale bar (100 µm). D qPCR analysis showing fold changes 
of mRNA levels (mean ± SEM) of Sox10iCreERT2/Rpl22HA/+ RiboTag mRNA from naïve and Lap3h mice for cytokines (Ccl2, Il6) and an early response 
marker (Stat3)  (2−ΔΔCT, 18S/Tubb4, Naïve; n = 3 animals per condition; Student’s t-test, * < 0.05, ** < 0.01). (E) Confocal images of immunohistological 
stainings of TH (green) and endogenous SOX10-tdTomato (magenta) expression in whole mounts of Lap3h + Saline and Lap3h + STX small bowel 
ME. (n = 3 animals per condition). Scale bar (100 µm). F qPCR analysis showing fold changes of mRNA levels (mean ± SEM) of Sox10iCreERT2/Rpl22HA/+ 
RiboTag mRNA from Lap3h + Saline and Lap3h + STX mice for cytokines (Ccl2, Il6), and an early response marker (Stat3)  (2−ΔΔCT, Tubb4/Actb/PGK/
GAPDH, Naïve; n = 3 animals per condition; Student’s t-test, * < 0.05, ** < 0.01)
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S4C). Notably, the induction of these reactive glia marker 
genes was transient and disappeared after 24  h (Addi-
tional file 2: Fig. S4C), resembling the immediate in vivo 
enteric glial activation pattern seen in laparotomized and 
intestinally manipulated mice.

Since NE signals through various adrenergic receptors, 
we next aimed to characterize their expression profile in 
primary EGCs to elucidate possible receptors involved 
in acute enteric gliosis induction. RNA samples of naïve 
Sox10iCreERT2 RiboTag mice and cultured primary  EGCs 
revealed α2a adrenergic receptor (AR) and the three 
β-ARs β3 > β1 > β2 as the highest expressed on primary 
EGCs in vitro and in vivo (Fig. 4C). However, immuno-
cytochemistry of α2a-AR showed no expression in pri-
mary EGCs, while it was strongly expressed in non-glial 
cells in vitro in primary EGC cultures (Additional file 2: 
Fig. S4D). We next stimulated the three β-ARs and the 
α2a-AR (as an anticipated negative control) with selec-
tive adrenergic agonists in cultured primary EGCs. We 
analyzed IL-6 and CCL2 release by ELISA and other 
representative enteric gliosis genes by qPCR. The pan-
β-AR agonist isoprenaline elicited IL-6 and CCL2 protein 
release to the same extent as NE, while neither the α2a-
AR-specific agonist (guanfacine) nor the β3-AR-specific 
agonist (CL-316243) triggered any release (Fig.  4D). 
Accordingly, isoprenaline and NE significantly induced 
Ccl2, Il6, Nestin, and Fos gene expression (Fig.  4E). By 
immunohistochemistry of ME whole-mounts and intes-
tinal cross-sections, we detected β1-AR in  GFAP+ gan-
glia (Fig. 4F, Additional file 2: Fig. S4E) and verified the 
signal with an IgG control (Additional file  2: Fig. S4F). 
Furthermore, we wanted to investigate the activation of 
adrenergic signaling cascades upon treatment with iso-
prenaline. We performed SDS-PAGE and western blot-
ting in combination with an antibody specifically binding 
to the consensus phosphorylation sequence (RRXS*/T*) 
of all targets of the activated/phosphorylated form of 

cAMP-dependent protein kinase A (Fig.  4G), a primary 
signaling molecule for the adrenergic pathway. Here, we 
observed a significant increase in the amount of phos-
phorylated targets after treatment of primary EGCs with 
10 µM isoprenaline for 1 h (Fig. 4G), comparable to the 
activation induced by our positive control treatment for-
skolin (10 µM).

Since the pan-β-AR agonist isoprenaline, but not the 
β3-AR-specific agonist, induced a molecular enteric gli-
osis signature and activated downstream kinases in pri-
mary EGCs, we deduced that NE released by the SNS 
after the onset of surgery activates β1- or β2-AR signaling 
in enteric glia.

Ex vivo and optogenetic activation of adrenergic 
downstream signaling triggers enteric glial reactivity
To better understand the in vivo activation of enteric glia 
by beta-adrenergic signaling in living tissue and in vivo, 
we  utilized several additional models. We first assessed 
glial responses in an ex vivo approach wherein we used 
ileal tissue from Wnt1-Cre;R26R-GCaMP3 mice to test 
whether isoprenaline (10  µM) would elicit a glial  Ca2+ 
response in the myenteric ganglia. Using a local perfu-
sion system, isoprenaline was applied directly onto the 
ganglion (Fig. 5A; Additional file 3A and B). Additionally, 
using the same multi-barrel perfusion tip, Substance P 
(10  µM) was used to identify the glia cell network [36], 
and high  K+ to identify the neurons (Additional file  2: 
Fig. S5A). Fourteen ganglia were imaged in separate 
preparations, and although the responses were variable 
between recordings and mice, some clear glial cell net-
work activation was seen in a fraction of the recordings 
(4/14). In contrast, in others (4/14), at least one enteric 
glial cell in the field of view (FOV) responded (Fig. 5B). 
In the six other recordings, isoprenaline induced a small 
contraction, and no cellular (neither neuronal nor glial) 
 Ca2+ response could be detected. The relative amplitude 

(See figure on next page.)
Fig. 4 NE triggers acute primary enteric gliosis and glial reactivity via β-adrenergic receptors. A Schematic of primary EGC cultures 
from Sox10iCreERT2/Rpl22HA/+/Ai14fl/fl mice. B ELISA analysis for IL-6 (mean ± SEM) from conditioned medium of cultured EGCs after stimulation 
with vehicle (PBS) or NE (3 h; 10 µM, 100 µM) (n = 8 distinct cell culture wells per condition; multiple unpaired t-tests, comparison to vehicle, 
*** < 0.001). C qPCR analysis (mean ± SEM) of Sox10iCreERT2/Rpl22HA/+ RiboTag mRNA and RNA from cultured primary EGCs for different adrenergic 
receptors  (2−ΔΔCT, Tubb4/Actb/PGK/GAPDH, n = 5 distinct cell culture wells per condition). D ELISA analysis for IL-6 and CCL2 (mean ± SEM) 
from conditioned medium of cultured primary EGCs after stimulation (3 h) with vehicle (PBS), adrenergic agonists (against: α2a, β3, pan-β 
(isoprenaline)), and NE (all 10 µM); CCL2: n = 6 distinct cell culture wells per condition; IL-6: n = 9–21 distinct cell culture wells per condition; multiple 
unpaired t-tests, comparison to vehicle, *** < 0.001). E qPCR analysis (mean ± SEM) of cultured primary EGCs for acute gliosis genes after vehicle 
(PBS), isoprenaline (100 µM), or NE (100 µM) treatment  (2−ΔΔCT, 18S, Naïve; n = 4–7 distinct cell culture wells per condition; multiple unpaired 
t-tests, comparison to vehicle,  * < 0.05). F Immunohistochemistry of cryo-embedded intestinal specimens stained for  GFAP+ enteric glia (magenta) 
and ADRβ1 (green) in the ME; Hoechst was used to detect cell nuclei (white). Arrows indicate double-positive cells. Scale bar (50 µm). G Western 
blot and corresponding densitometry (mean ± SEM) of lysates of primary EGC cultures treated with vehicle, isoprenaline (10 µM), or forskolin 
(10 µM) stained for phosphorylated cAMP-dependent protein kinase (pPKA) (multiple bands) and β-actin (~ 42 kDa) as loading control (n = 4 
cultures from 4 different animals treated with the compounds or vehicle; representative blot shows three technical replicates of one biological 
repeat per condition); multiple unpaired t-tests, comparison to vehicle, ** < 0.01)
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of those glial cells that were responding to isoprena-
line showed a small delay in reaction time with half 
the amplitude (47 ± 6%) of Substance P used to iden-
tify them as glial cells (n = 45 cells; Additional file  2: 

Fig. S5B).  Therefore, we assume that β-AR-stimulated 
enteric  glia acquire a reactive state and can react with 
distinct  Ca2+ responses.

Fig. 4 (See legend on previous page.)
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Furthermore, we attempted to expand on our den-
ervation experiments by pharmacological manipula-
tion of adrenergic signaling. Therefore, we injected 
reserpine, a long-lasting inhibitor of monoamines and 
subjected these mice, as well as mice without reser-
pine injection, to our laparotomy model (Additional 
file  2: Fig. S5D). Since sympathetic denervation led 
to reduced gliosis, we expected the injection of reser-
pine to mimic this effect, but could not detect signifi-
cant changes between the laparotomy groups with and 
without reserpine (Additional file 2: Fig. S5E). We next 
tested if a chemical increase in NE release induces a 
POI-like phenotype. Therefore, we applied tyramine, 
an indirect sympathomimetic compound facilitat-
ing catecholamine release [31] (Additional file  2: Fig. 
S5F). However, no significant changes were observed 
between the tyramine and control group with the cho-
sen administration scheme (Additional file 2: Fig. S5G).

Finally, we addressed the question if β-adrenergic 
signaling can indeed directly trigger enteric glial reac-
tivity by utilization of an optogenetic tool, the Jelly-
fish-Opsin (JellyOP)-construct, which enables selective 
optogenetic activation of the adrenergic  Gs signaling by 
blue light stimulation [43]. For cell-type specific expres-
sion of JellyOP and GFP after Cre-mediated excision 
of a floxed stop cassette, a new mouse line (JellyOP-
GFPfl/+) was generated by CRISPR/Cas9 mediated 
gene-editing of the Rosa26 locus (30). Starting with an 
in  vitro approach, primary EGCs from JellyOP-GFPfl/+ 
mice were transfected with an AAV-GFAP-Cre during 
their seven days of maturation (Fig.  5C) to generate 
EGFP-expressing JellyOP EGCs. These JellyOP EGCs 
were blue light stimulated and analyzed 24  h later for 
GFAP and GFP expression as well as IL-6 and CCL2 
expression by ELISA. Confocal microscopy revealed a 
strong GFP expression in  GFAP+ enteric glia, indicating 
successful viral transfection and Cre-activity (Fig.  5D) 
in primary EGCs. In line with the previous isoprenaline 
treatment, we detected a significant increase in IL-6 

and CCL2 release after blue light stimulation (Fig. 5E), 
proving that optogenetic activation of adrenergic  (Gs) 
downstream signaling in EGCs causes an inflammatory 
glial phenotype.

Next, we performed an in vivo study with the JellyOP 
system by generating a specific mouse line that utilizes 
our Sox10iCreERT2 RiboTag approach in conjunction with 
the JellyOP-GFPfl/+ mice. The resulting glial JellyOP 
RiboTag mice enable the direct optogenetic activation of 
enteric glial-restricted adrenergic downstream signal-
ing and assessment of their transcriptome. Immunohis-
tochemistry confirmed the successful expression of the 
JellyOP-GFP construct exclusively in enteric glia of the 
small intestinal ME (Additional file 2:: Fig. S6A). To vali-
date an immediate glial response upon the beginning of 
surgery, our glial JellyOP mice and JellyOP-negative litter 
mates were laparotomized, the small bowel was carefully 
eventrated, and the jejunum and ileum were illuminated 
with blue light (Fig. 5F). Immunohistochemistry revealed 
a strong FOS expression already 1 h after blue light stim-
ulation (Fig.  5G) in glial JellyOP-positive animals, while 
reactivity was almost absent in mice lacking the JellyOP.

Interestingly, smooth muscle cell nuclei, identified by 
their longitudinal shape (Fig.  5G, asteriks) and SOX10-
negative ganglionic cells, likely enteric neurons (Fig. 5G, 
arrowheads), also stained positive for FOS, indicating 
that these cells become activated due to the glial-specific 
activation of  Gs signaling. Similar FOS histology results 
were obtained 3 h after stimulation (Additional file 2: Fig. 
S6B) showing even more cells activated, which is compa-
rable to IM3h whole mount specimens of JellyOP Ribo-
Tag mice (Additional file  2: Fig. S6C). Strikingly, when 
we compared blue light-treated glial JellyOP-positive and 
JellyOP-negative RiboTag mice by qPCR analysis, a strong 
upregulation of several gliosis panel genes, e.g., Il6, Fos, 
Stat3, Gfap, and Nestin, were detected (Fig. 5H). Of note, 
Ccl2 expression was only detectable in 2 of 3 glial Jel-
lyOP-negative RiboTag mice, but it was highly expressed 
in JellyOP-positive litter mates (data not shown). To 

Fig. 5 Ex vivo and optogenetic activation of adrenergic downstream signaling triggers enteric glial reactivity. A Image frames taken 
during the acute exposure to isoprenaline (left panel, 10 µM) or Substance P (right panel, 10 µM) in Wnt1-Cre; R26R-GCaMP3fl/fl mice. B Pie plot 
depicting the response types observed in the 14 ganglia (n = 4 mice). C Schematic of the primary culture preparation, viral transfection, and in vitro 
activation process of JellyOPfll+ mice with blue light. D Confocal images of the JellyOP-GFP construct in tdTomato-Sox10+ cells seven days 
after transfection with the AAV-GFAP-Cre. Arrows indicate  GFP+/GFAP+ glia. Scale bar (100 µm). E ELISA analysis for IL-6 and CCL2 (mean ± SEM) 
from conditioned medium of cultured primary EGCs from JellyOPfl/+ mice transfected with an AAV-GFAP-Cre after stimulation with blue light 
or without stimulation (n = 24–42 separately transfected wells from two distinct isolations; Student’s t-test, *** < 0.001). F Schematic of the in vivo 
activation process of Sox10iCreERT2/Rpl22HA/+/Ai14fl/+/JellyOPfl/+ mice. G Confocal images of IHC for FOS (green) and SOX10 (magenta) in whole 
mounts of Sox10iCreERT2/Rpl22HA/+/Ai14fl/+/JellyOPfl/+ or Sox10iCreERT2/Rpl22HA/+/Ai14fl/+/JellyOP+/+ mice 1 h after stimulation with blue light. Arrows 
indicate FOS-positive SOX10 glia. Scale bar (100 µm). H qPCR analysis of mRNA (mean ± SEM) from Sox10iCreERT2/Rpl22HA/+/Ai14fl/+/JellyOPfl/+l 
mice or Sox10iCreERT2/Rpl22HA/+/Ai14fl/+/JellyOP+/+ mice 3 h after optogenetic activation and laparotomy for gliosis hallmark genes  (2−ΔΔCT, 18S, 
JellyOP-negative animals, n = 3–7 animals per genotype; Student’s t-test, *** < 0.001, * < 0.05)

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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ensure that JellyOP RiboTag mice with a mixed CD1/
BL6 background develop a classical POI, we performed 
IM and analyzed general disease hallmarks. IM evoked a 
distinct increase in leukocyte infiltration in JellyOP Ribo-
Tag mice (Additional file 2: Fig. S6D, SE) and a reduction 
of gastrointestinal motility (Additional file  2: Fig. S6H) 
24  h after surgery compared to naïve littermates. These 
changes were similar to those observed in mice on a pure 
BL6 background. Moreover, to validate the gliosis state, 
we analyzed glial cell proliferation and detected a com-
parable increase in Ki67 + /SOX10 + cells 24  h after IM 
(Additional file 2: Fig. S6F, G) as seen before in BL6 mice 
(Fig. 1B; [5]), solidifying the use of this strain even with-
out backcrossing to a pure BL6 background.

In conclusion, our data show that abdominal surgery 
immediately induces a transient reactive enteric glia phe-
notype in the small intestine ME. Surgery-induced SNS 
activity, confirmed by optogenetically induced  GS and 
chemically induced β-adrenergic stimulation of enteric 
glia, can trigger this phenotype directly via β1/2-AR sign-
aling immediately after the initial surgical incision. Selec-
tive antagonism of these receptors might be a potential 
future target to modulate enteric glial reactivity and their 
functional consequences in immune-driven intestinal 
disorders.

Discussion
Enteric  glia are an immuno-active cell type involved in 
intestinal homeostasis that act on the level of local tis-
sue inflammation. They communicate with neurons and 
immune cells [44] and are discussed as potential tar-
gets in treating or preventing immune-driven intestinal 
disorders [45]. In our previous studies, we have shown 
that enteric  glia trigger a tissue-related inflammatory 
state, termed “enteric  gliosis”, triggered amongst oth-
ers by immune-mediators IL-1 [41] and ATP [5], finally 
resulting in postoperative ME inflammation and POI. 
However, the individual molecular mechanism in this 
disease-specific acute enteric gliosis state and the cellular 
response of enteric glia remained elusive. Herein, we now 
selectively analyzed enteric  glia-specific transcriptional 
responses by the RiboTag approach [46], a tool to isolate 
actively transcribed mRNA selectively from a target cell 
population in the tissue of interest [28]. This technique 
delivered longitudinal transcriptional data of enteric glia 
in all relevant POI stages, thereby depicting a compel-
ling transition of enteric  glial reactivity within differ-
ent phases of POI. This transition is structured in three 
stages: an early transcriptional switch of enteric glia into 
an inflammatory type, a stage defined by an active release 
of chemotactic factors (migratory), and an increase in 
proliferation markers (proliferation), and ultimately a 
state of tissue regeneration and inflammatory resolution 

(resolution) (Fig.  6A), which are remarkably similar to 
the classical POI disease development [25]. Notably, gene 
expression patterns do not significantly overlap between 
these phases.

Our Ribotag approach generated a list of 243 early 
induced and actively transcribed genes that we com-
piled into a novel GO term, "acute enteric gliosis". We 
hypothesize that reactive enteric glia are a crucial start-
ing point for the subsequent inflammatory changes in 
cellular and molecular composition in the ME environ-
ment [47], thereby resembling a critical time point for 
potential intervention strategies involving enteric  glia. 
Some of the genes immediately induced in enteric  glia 
by IM confirmed our previous studies, e.g., induction of 
IL-1 and purinergic target genes [5, 41]. In these stud-
ies, we showed that ATP via the P2X2 receptor leads to 
enteric gliosis and cytokine release [5], and IL-1 signal-
ing evokes enteric glial reactivity that leads to ME mac-
rophage recruitment [41]. However, our new findings 
demonstrate that early enteric glial activation emerges 
as a multifactorial process requiring a variety of stimuli. 
Furthermore, other factors that are also well-known 
markers for glial reactivity in the CNS, including Ccl2 
[48], Cxcl1 [48, 49], Mt2 [50], Nes [9, 49], and Il6 [48], 
can now be directly attributed to enteric  glial reactivity 
in the acutely inflamed small bowel ME. Notably, some 
of these molecules, e.g., CCL2 [51], IL-6 [52], and CXCL1 
[53], have already been analyzed for their molecular or 
immune-modulatory function in POI. Another impor-
tant chemokine-induced in enteric  glia during POI is 
CXCL10, which was recently implicated during acute 
infection [11] and is also known in context with CNS 
gliosis [49]. Moreover, metallothioneins Mt1 and Mt2, 
essential regulators of oxidative stress in reactive astro-
cytes of MS patients [54], were highly induced dur-
ing early inflammation. In addition to the prominently 
expressed chemotactic factors and immune mediators, 
we detected others that are  novel in this context. For 
instance, genes of the EGF-family, such as betacellulin 
(Btc), previously indicated in ileal growth and homeo-
stasis [55] during health, and amphiregulin (Areg), impli-
cated in intestinal homeostasis during colitis [56], was 
induced (Btc) or even de novo expressed (Areg) upon 
trauma. Regarding gliosis, we detected an upregulation of 
Ier5l and Ifrd1, two genes of the “immediate-early gene” 
group that regulate cell growth and immune function 
[57] and include other factors., e.g., Fos, Egr1/2, Nr4a1/2,
Jun, Atf3, and Fosl, all strongly induced upon IM. Never-
theless, most (thirty-six) of the top 50 induced genes have
inflammatory and chemotactic functions supporting the
central role of enteric glia as modulators and initiators of
acute inflammatory responses in the gut [1, 44].
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Fig. 6 β-adrenergic signaling in enteric glia triggers  enteric glial reactivity and modulates intestinal inflammation in POI. A Graphical abstract 
of the longitudinal analysis of enteric glia after intestinal manipulation (IM) showing a distinct separation into three stages defined by specific 
hallmarks. Initial reaction (IM3h, magenta) includes an immediate inflammatory reaction and the shaping of the intestinal environment in concert 
with the initiation of cell migration (blue). This migratory phenotype manifests further 24 h after IM and is accompanied by elevated proliferation 
(light blue). Finally, inflammatory reactions of enteric glia continuously taper off and are gradually replaced by resolution-related genes (yellow) 
that initiate a return to the regular intestinal environment. B Graphical abstract of SNS activation of enteric glia. Skin incision and laparotomy 
(in the absence of IM) lead to immediate activation of the SNS, which triggers enteric glial reactivity in the small bowel ME. Sympathetic nerve 
endings in the ME release NE, which binds to adrenergic receptors β1 or β2 on myenteric enteric glia. Enteric glia subsequently become reactive 
(FOS, Stat3) and induce upregulation and release of inflammatory mediators (CCL2, IL-6) that in turn modulate immune cells. Chemical disruption 
of the sympathetic innervation reduces the reactive enteric glia phenotype and the postsurgical inflammatory response
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The transcriptional profiling suggests the enormous 
plasticity of enteric glia in acute inflammation. The high 
enteric glial plasticity was recently analyzed and dis-
cussed by Guyer et  al., substantiating the enteric glia 
potential to manage multiple gut functions [58]. Within 
the progression of POI, the enteric  glia phenotype 
switches from the initial inflammatory phenotype over 
a proliferation state towards a so far undefined pheno-
type. In the proliferation state, we detected a substantial 
increase in  Ki67+/SOX10+ enteric glia and attributed 
this cell cycle activation to the POI-related enteric glio-
sis phenotype. Our countings of the total number of 
 SOX10+ enteric glia could verify the increase in cell num-
bers 72 h after surgery. Interestingly, recent publications 
also discuss additional functions of Ki67, such as its role 
in cell cycle arrest and/or cell synchronization [59, 60]. 
These functions may play a role in the phenotypic switch 
of enteric glia during intestinal inflammation in POI.

In the late phase, enteric  glia express several olfac-
tory receptors (e.g., Olfr373 and Olfr95) recently shown 
as “resolution genes” of intestinal inflammation [40, 61] 
and discussed as potential therapeutic targets to con-
trol inflammation and healing [62]. Other OLFRs like 
OLFR544 [61] or OLFR78 [40] also control gut inflamma-
tion, and some were shown to detect and signal to short-
chain fatty acids, e.g., butyrate and propionate, produced 
by luminal bacteria, which act on multiple levels to con-
trol intestinal health and disease [63].

Overall, the first part of our study delivers new molecu-
lar insight into enteric  glial plasticity during intestinal 
inflammation. While glial reactivity is highly tissue, trig-
ger and disease state dependent, resulting in a different 
outcome for the cells and their surrounding environment, 
these distinct molecular signatures will be a valuable 
starting point for other research. Certainly, enteric  glial 
reactivity varies with treatment conditions in different 
disease models, including inflammatory bowel diseases 
[15, 64] or colorectal cancer [65].

Any abdominal surgery starts with the incision of the 
skin and the abdominal wall before any surgical manip-
ulation of the visceral organs occurs. More than two 
decades ago, Kalff et  al. found that the initial steps of a 
laparotomy already triggered ME inflammation [42]. 
Accordingly, sympathetic reflexes and activation of the 
SNS are known to occur early in surgery. The SNS con-
nects to a variety of cells, including enteric ganglia [27] 
and intestinal macrophages, wherein they exert β2-AR-
mediated immune-modulatory function in infectious 
[20] and immune-driven diseases [21]. Furthermore,
sympathetic neurotransmitters, such as NE, regulate
motility [66] and control immune cell migration during
inflammatory events. As our findings revealed a particu-
lar role of enteric  glial reactivity within the immediate

postoperative phase, when the SNS becomes activated 
by surgery, and the principal sympathetic neurotransmit-
ter NE is known to modulate the postoperative immune 
response in POI [23], we were wondering if sympathetic 
pathways might trigger the early activation of enteric glia.

Indeed, enteric glia responded to the initial bowel wall 
incision before the actual surgical manipulation of the 
intestine began. Enteric glia released cytokines such as 
Il6 and Ccl2, and ablation of SNS nerve fibers amelio-
rated the acute postsurgical enteric gliosis by reducing 
cytokine production and early response gene transcrip-
tion. This diminished glial reactivity was accompanied by 
a decrease in several POI hallmarks, such as migration 
and inflammatory response (Fig. 6B).

Further evidence about functional alterations of glial 
cells to adrenergic stimulation comes from observations 
in the CNS [67]. The findings of Tong et  al. supported 
the immunomodulatory role of sympathetic inputs, as 
6-OHDA-mediated ablations of sympathetic nerves
resulted in diminished activation of spinal cord glia [68].
Another study showed that the blockage of β-AR prior
to cytotoxic insults to the spinal cord reduced reactive
gliosis [69]. SNS neurotransmitters can elicit pro- or
anti-inflammatory cytokine release depending on the tis-
sue environment, concentration, and AR binding [70].
In the CNS, for example, NE reduced astrocyte swelling
after spinal cord injury [71] and elicited neuroprotective
effects in  H2O2-treated neuron/glia co-cultures [72]. In
contrast, preconditioning with NE before ischemic injury
exacerbated reactive gliosis [73], and β-2AR agonist
treatment increased IL-6 expression after TNFα-induced
inflammation in vivo and in vitro [74]. Another pathway
triggered by adrenergic activation, partially glimpsed in
our experiments, might be the modulation of calcium
signaling, which was recently observed in  vitro in HEK
cells [75] and in vivo in cardiac myocytes [76]. Moreover,
adrenergic agonists evoked calcium changes in cultured
astrocytes and astrocyte networks in hippocampal slices
[77], further prompting future research into this interac-
tion in the gut.

Interestingly, SNS action during inflammation can have 
opposing effects. While chemical denervation showed 
beneficial effects during acute inflammation in POI [23] 
it had adverse effects in chronic intestinal inflammation 
[78, 79] and mice suffering from physical stress together 
with colitis [80]. Supporting the beneficial effect of the 
SNS in chronic inflammation, a recent study by Schiller 
et  al. showed that repeated optogenetic stimulation of 
 TH+ fibers attenuated symptoms of DSS colitis by reduc-
ing immune cell abundance [81]. In IBD patients, the use 
of β-blockers is associated with an increased relapse risk 
[82]. Based on the spontaneous increase in glial calcium 
signaling upon β-adrenergic stimulation, the immediate 
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induction of reactive glia marker genes after blue light 
activation of a downstream  Gs cascade that mimics 
β-adrenergic pathways [43] in our JellyOP experiments, 
and the observation that a chemical sympathetic dener-
vation improves symptoms of POI [23], we believe that 
sympathetic actions in acute inflammatory conditions 
are rather detrimental. To this end, we expected a more 
profound insight from our in  vivo experiments with 
reserpine and tyramine application. However, the tested 
conditions, adapted from previous publications that used 
these drugs in vivo [31, 32], failed to show changes in POI 
symptoms and transcriptional glial reactivity compared 
to the control groups. The lack of strong pharmacologi-
cal in  vivo studies for both compounds, particularly in 
gastrointestinal physiology and immunology, thus war-
rants a need for further studies. These should include in-
depth pharmacological analyses, comparisons of different 
administration routes, use of different drug concentra-
tions, time points, and durations before a clear statement 
about the mode of action of reserpine and tyramine in 
sympathetic in vivo modulation within the intestine can 
be claimed.

Our study emphasizes that adrenergic signaling is 
complex and exerts distinct roles in different cell types, 
organs, and diseases to control cellular reactivity during 
inflammation. This knowledge might also be of clinical 
relevance, e.g., in the application of adrenergic blockers 
in patients suffering or expected to suffer from acute or 
chronic intestinal inflammatory diseases. Depending on 
the nature of the underlying disease, adrenergic blockers 
can evoke beneficial or detrimental health effects.

As chemical denervation ameliorated postopera-
tive glial reactivity and reduced acute enteric gliosis, we 
propose SNS-based neurotransmitter release acting on 
enteric glia as the mechanism of their early activation, a 
state aggravated by the manipulation of the intestine and 
additional signaling cascades such as ATP and IL1 signal-
ing. Imura et al. provided supporting evidence of an adr-
energic signaling-induced reactive astrocyte phenotype 
upon stimulation with isoprenaline [83] accompanied 
by an increased β-AR expression in reactive astrocytes 
in  vivo. Our findings suggest β1- or β2-AR as the rel-
evant receptors to propagate SNS-stimulated inflam-
matory changes in enteric glia, as the pan-β-AR agonist 
isoprenaline, but not β3-AR agonism evoked a cytokine 
release. Applying β2-AR agonist salbutamol also ame-
liorated DSS-induced ulcerative colitis [84]. Interest-
ingly, antagonists against β-ARs reduced both cardiac 
inflammation (metoprolol) [85] and ulcerative colitis 
(propranolol) [86]. Further studies utilizing additional 
β-AR-specific agonists (e.g., isoprenaline or salbuta-
mol), antagonists (e.g., metoprolol and propranolol), or 

glial-specific AR-knockouts can help to decipher inflam-
mation-driven diseases involving glial activation as part 
of their pathophysiology.

It should be noted that adrenergic signaling-induced 
enteric glial reactivity might not, per se, be a purely det-
rimental factor in inflammation. Enteric  glia appear to 
be highly plastic during inflammation. While initial NE 
interaction aggravates the acute enteric  glial reactivity, 
prolonged NE exposure, as it occurs during prolonged 
or chronic inflammation, might drive enteric  glia to a 
beneficial phenotype and partially explain the positive 
influence of the SNS during those stages [78, 79, 84]. 
Moreover, the inflammatory environment changes dur-
ing the disease course, altering the cellular and molecu-
lar composition and thus might also affect the responses 
to adrenergic signaling. For instance, in the presence of 
TNFα, NE binding to β-ARs inhibited further TNFα and 
downstream IL-6 secretion, while adrenergic signaling 
in the absence of TNFα directly stimulated IL-6 secre-
tion [70]. Moreover, AR receptor expression is modulated 
during inflammation, previously shown for astrocytes 
[83], and in the intestine controlled by sympathetic inputs 
[23]. As inflammation can be accompanied by a later loss 
[70], the absence of feedback loops might also explain 
the differences in adrenergic immune-related responses 
between acute and chronic inflammation. Notably, differ-
ences in the adrenergic reactions might also occur within 
different locations of the same organ. While chronic 
intestinal disease models focus on the mucosal layer, the 
acute postoperative response to surgery is mainly lim-
ited to the ME [87], which comprises a different cellular 
composition and more distant localization to the luminal 
contents of the gut.

Overall, our study delivers an unknown longitudinal 
insight into enteric glial molecular responses and reac-
tivity during different phases of an acute inflammation-
driven intestinal disorder. We introduced sympathetic 
adrenergic signaling as a priming factor of enteric  glial 
reactivity and a potential therapeutic target. These data 
are of important future value, as they not only pre-
sent an interventional target to control inflammation 
but will also help to understand similarities and differ-
ences in enteric  glial reactivity in other inflammation-
driven diseases, such as IBD and gastrointestinal cancer 
development.
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IL-1-dependent enteric gliosis guides intestinal
inflammation and dysmotility and modulates
macrophage function
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Paola Fadda 2, Tim Glowka 1, Tim O. Vilz1, Philipp Lingohr1, Jörg C. Kalff1, Fievos L. Christofi2,3 &

Sven Wehner 1,3✉

Muscularis Externa Macrophages (ME-Macs) and enteric glial cells (EGCs) are closely asso-

ciated cell types in the bowel wall, and important interactions are thought to occur between

them during intestinal inflammation. They are involved in developing postoperative ileus

(POI), an acute, surgery-induced inflammatory disorder triggered by IL-1 receptor type I

(IL1R1)-signaling. In this study, we demonstrate that IL1R1-signaling in murine and human

EGCs induces a reactive state, named enteric gliosis, characterized by a strong induction of

distinct chemokines, cytokines, and the colony-stimulating factors 1 and 3. Ribosomal tagging

revealed enteric gliosis as an early part of POI pathogenesis, and mice with an EGC-restricted

IL1R1-deficiency failed to develop postoperative enteric gliosis, showed diminished immune

cell infiltration, and were protected from POI. Furthermore, the IL1R1-deficiency in EGCs

altered the surgery-induced glial activation state and reduced phagocytosis in macrophages,

as well as their migration and accumulation around enteric ganglia. In patients, bowel surgery

also induced IL-1-signaling, key molecules of enteric gliosis, and macrophage activation.

Together, our data show that IL1R1-signaling triggers enteric gliosis, which results in ME-Mac

activation and the development of POI. Intervention in this pathway might be a useful pro-

phylactic strategy in preventing such motility disorders and gut inflammation.
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Abdominal surgery induces an acute intestinal inflammation
within themuscularis externa (ME)1, resulting in functional
motility disturbances, clinically known as postoperative

ileus (POI). POI occurs in up to 27% of patients undergoing
abdominal surgery2 and is associated with prolonged hospitaliza-
tions, increased morbidity, and a high medico-economic burden3.
As a result, patients suffer from nausea, vomiting, increased
inflammatory response, and a higher risk of anastomotic leakage
after colorectal surgery4.

Studies of the past decades demonstrated that resident muscu-
laris macrophages (ME-Macs)5 as well as enteric glial cells (EGCs)6

are key players and early responders in the postoperative ME
inflammation5,7,8. In addition, both cell types lie in close anato-
mical association with enteric neurons, and there is growing evi-
dence of communication between these cell types in health and
gastrointestinal diseases in the context of inflammation9–11.

EGCs express markers including S100β, glial-fibrillary acid
protein (GFAP), proteolipid-protein-1 (PLP-1), or Sox10, com-
monly used as glial biomarkers to identify these cells throughout
the intestine11. EGCs are present along the entire gastrointestinal
tract, are known to modulate motility12, and contribute to neu-
roinflammation in the gut13. Notably, some studies showed that
EGCs maintain gut homeostasis14 and that deletion of EGCs
driven by the GFAP-promoter led to a massive inflammatory
reaction in the GI tract15,16, indicating a crucial immune-
regulatory role of EGCs in the gut. However, these findings were
challenged by a recent study showing that a proteolipid-protein-1
(PLP-1) driven depletion of EGC did not affect barrier main-
tenance nor sensitize mice to intestinal inflammation12. Despite
controversial findings, EGCs are still discussed as promising
interventional targets in several GI diseases, including POI13,17.
EGC presence in the mucosa18 and the ME19 requires, in turn,
the presence of intestinal microbiota. Furthermore, EGCs release
immune mediators like interleukin-6 (IL-6) after stimulation with
innate immune stimuli, including bacterial lipopolysaccharides13,
and host-derived factors like interleukin-1 (IL-1)11. Our group
recently demonstrated that EGCs acquire a reactive phenotype
after extracellular ATP treatment20. That study was the first
to define the molecular identity of a reactive EGC phenotype,
which we named “enteric gliosis”. The general term gliosis is
a well-established part of posttraumatic injury in the CNS21

that involves intercellular communication between classical CNS
immune cells, e.g., microglia, and neural cell types, including
neurons and astrocytes. Based on similar functions and
transcriptional profiles22–25, ME-Macs and EGCs are often
compared to microglia and astrocytes, respectively, and the
bidirectional communication of the latter is a well-defined
mechanism determining the functional fate of both cell types
during inflammation26.

In the intestine, there is growing evidence for an interaction of
ME-Macs and cells of the enteric nervous system. Cell-to-cell
communication between enteric neurons and ME-Macs has been
shown to involve the release of colony-stimulating factor 1
(CSF1) and bone morphogenetic protein 2, respectively, and this
interaction is thought to fine-tune intestinal motility27. Interac-
tions between EGCs and ME-Macs were also recently described,
showing that EGCs are a more potent source of CSF1. EGCs
modulate visceral sensitivity through mechanisms that require
interleukin-1β (IL-1β) and connexin-43 hemichannels (Cx43) to
release CSF1, to activate ME-Macs28. While this study was the
first to provide evidence on EGC–ME-Macs interactions in
chronic intestinal inflammation, proof for this interaction in
acute inflammation, occurring during POI, remains elusive. It is
also unknown whether there is a link between EGC–ME-Macs
interactions and abnormal motility in an acute inflammatory
motility disorder such as POI.

We previously demonstrated that IL-1 is an essential cytokine
in POI development, and pharmacological IL-1-antagonism with
the drug anakinra or a global genetic IL1R1 depletion was shown
to protect mice from POI6. Furthermore, we elucidated the role of
the two ligands, IL-1 and IL-1β, in POI with a particular focus on
IL-1β29. EGCs express IL1R1, and IL-1 stimulation results in the
release of IL-6 and CCL2, which are known to play a role in
POI30–32. Recently, IL-1-signaling in EGCs was also suspected of
exerting pro-tumorigenic functions33. However, these studies
demonstrated IL-1-induced cytokine release by EGCs only by
carrying out in vitro experiments. Moreover, an EGC-specific
approach, i.e., by cell-specific depletion of IL1R1 in EGCs, has not
been used so far. Therefore, solid evidence of the cell-specific role
of IL-1-signaling and focused analyses of EGC reactivity in vivo
are still missing.
Herein, we aimed to fill this gap using two transgenic mouse

models. First, the transgenic RiboTag mouse model allows a
comprehensive in vivo “snapshot” of actively transcribed mRNA
in EGCs34. Secondly, we generated a mouse with a targeted
depletion of IL1R1 in glial-fibrillary acid (GFAP) expressing cells,
one exclusive marker of EGCs. Additionally, we investigated if
and how IL-1-signaling in EGCs affects ME-Mac responses by a
series of transcriptional and functional analyses. Finally, we
aimed to confirm our findings from our mouse study in human
bowel specimens taken during a duodenopancreatectomy and in
primary human EGC cultures isolated from GI surgical speci-
mens. Together, our results show that IL-1 induces stimulus-
specific enteric gliosis in EGCs that affects ME-Mac function and
accounts for POI development in mice. Furthermore, findings in
mice are translatable to humans since we discovered that the
same molecular pathways are activated in the ME of the human
postoperative bowel.

Results
IL-1 induces a specific type of gliosis in enteric glial cells.
Recently, we showed that surgical trauma and intestinal manip-
ulation induce a reactive enteric glial cell (EGC) phenotype, also
referred to as “enteric gliosis”, coinciding with the release of various
cytokines and chemokines20. We hypothesized that IL-1 triggers
reactive gliosis, so we stimulated primary murine EGC cultures
(Fig. S1a) with IL-1β and confirmed gliosis induction by validating
known biomarkers that serve as hallmarks of a gliotic phenotype.
IL-1β induced IL-6 release (Fig. S1b), proliferation (Fig. S1c), and
changes in morphology (Fig. S1d) in EGCs. To generate a more
comprehensive molecular signature profile of the IL-1 triggered
alterations in gene expression in EGCs, we performed a bulk-RNA-
Seq analysis. A principal component analysis (PCA) indicated a
clear separation between IL-1β and vehicle-treated EGCs (Fig. 1a).
Upon IL-1β treatment, 496 genes were up, and 826 were down-
regulated (Fig. 1b, p < 0.05; fold-change 1.5). Among the 20 most
highly induced genes, we found inflammatory mediators like IL-6,
chemokines (Cxcl2, Cxcl5, Ccl2, Ccl5), and colony-stimulating
factors (Csf1, Csf3) (Fig. 1b). In addition, heat map analyses of
genes sorted for induced inflammatory mediators confirmed these
inductions (Fig. S1e). Next, we specified the reactive EGC state by
gene ontology (GO) analysis, which revealed a gene enrichment
within the terms “glial activation”, “IL-1-signaling”, “migration”,
and “inflammatory response” (Fig. 1c). Concurring heat maps
confirmed a clear pattern in IL-1-activated EGCs (Fig. 1d+ e),
underlining their reactive state. Furthermore, by implementing our
previously established “enteric gliosis” gene panel identified by
ATP stimulation20, we found a unique gene expression induced by
IL-1β in EGCs, vastly different from our previously published ATP-
induced gene panel (Fig. S1f). Comparison of our data set to
published data investigating various stimuli for EGC activation, i.e.,
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infection35 or DNBS colitis36, also revealed a distinct pattern for the
IL-1β induced enteric gliosis phenotype with an inevitable overlap
in key genes (Fig. S1g and Table S5). This analysis indicates that
gliosis and EGC reactivity greatly depends on the inducing immune
stimulus. IL-1-treated EGCs showed a prominent elevation of
chemokine and cytokine levels involved in gliotic processes.
Moreover, two new essential factors were identified in reactive
glia in POI, Csf1 and Csf3 (Fig. 1f), with Csf1 recently implicated
in EGC responses in a murine colitis model and human Crohn’s
Disease28.
We conclude that IL-1 induces a specific transcriptome

activation signature in EGCs, resulting in a distinct form of
EGC gliosis leading to dysmotility and POI, with possible
functions in inflammatory processes in the gut.

IL-1-induced enteric gliosis resembles the EGC reactivity pro-
file after surgical trauma. In order to prove that the before-
mentioned most prominent markers of the IL-1β-induced gliosis
(see Fig. 1) are indeed selectively expressed by EGCs and not by
other cell types present at low levels in EGC primary cell cultures,
we used a Cre-recombinase-driven approach to analyze the
expression of actively transcribed key gliosis genes. This approach
is based on Cre-mediated (Sox10CreERT2) tagging of the ribosomal
Rpl22 protein with a hemagglutinin (HA) tag and subsequent

immunoprecipitation of the ribosomes, including actively tran-
scribed mRNA (Fig. 2a and ref. 34). Immunofluorescence
microscopy confirmed selective expression of the HA tag in
SOX10+ EGCs in cell cultures in vitro and, importantly, in vivo
within ME whole mounts (Fig. 2b). Furthermore, after IL-1β
treatment, key signature genes of gliosis (GFAP, Nestin) together
with cytokines (IL-6, TNFα), chemokines (Ccl2, Ccl5, Cxcl2,
Cxcl5), and growth factors (Csf1, Csf3) were selectively expressed
and induced in EGCs (Figs. 2c and S2a).

As previous work implicated an immune-modulating role of
EGCs in the postoperative inflammation of the ME resulting in
POI6,20, we next subjected Sox10CreERT2+xRpl22HA/+ mice to
intestinal surgical manipulation (IM) to investigate the reactive
state of EGCs in vivo (Figs. 2d and S2b). As expected, 24 h after
IM, these mice exhibited a strong postoperative infiltration of
blood-derived leukocytes within the ME (Fig. S2c) and impaired
GI-transit time (Fig. S2d), confirming regular induction of POI.
Since we expected an early activation of EGCs after surgery, we
then analyzed another group of the Sox10CreERT2+xRpl22HA/+

mice at an early postoperative time point (IM3h). Bulk-RNA-Seq
analyses of HA-precipitated EGC-specific mRNA revealed
significant gene enrichment within the terms “IL-1-signaling”,
“migration”, and “inflammation” (Fig. 2e). Heat maps for these
GO-terms confirmed the activation pattern for an inflammatory

Fig. 1 IL-1 induces a specific reactive phenotype in EGCs. EGCs were treated with IL-1β (10 ng/ml) or vehicle (control) for 24 h and processed for bulk-
RNA-Seq. a PCA plot shows a clear separation between both groups. b Volcano plot showing all significantly regulated genes. c Gene ontology (GO)
analysis of IL1β-treated EGCs showing enrichment of genes connected to the indicated GO terms. d, e Heat maps of differentially expressed genes involved
in “inflammatory response”, “migration”, and “response to IL-1” between IL-1β- and vehicle-treated EGCs. f Heat map of genes involved in “gliosis”
highlighting the induced gene panel. Statistics were done with Fisher’s exact test, n= 3 per group.
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Fig. 2 IL-1-induced enteric gliosis resembles the EGC reactivity profile after surgical trauma. a Schematic overview of the RiboTag method applied in
primary EGCs treated with IL-1β (10 ng/ml) or vehicle (control) for 3 h and processed for qPCR. n= 4 per group. b Representative immunofluorescence
microscopy for EGCs (SOX10+, green) and the RiboTag (HA+, violet) in vivo (small intestineME) and in vitro (EGC cultures) from Sox10CreERT2+-Rpl22HA/+

mice. Scale bar 50 µm. c qPCR analysis for gliosis-associated genes in primary EGCs treated with IL-1β. Bars showing mean gene expression compared to
18S. n= 4. d Schematic overview of the RiboTag method applied in the POI animal model. Sox10CreERT2+-Rpl22HA/+ mice underwent intestinal manipulation
to induce POI, and EGC-specific mRNA was immunoprecipitated and used for bulk-RNA-Seq. n= 3–4 per group. e GO analysis of enriched genes at IM3h.
f Heat maps of genes involved in “inflammatory response”, “response to IL-1”, and “migration”. g Heat map of genes involved in “gliosis” highlighting the
induced gene panel. h Venn-diagram of differentially expressed gliosis genes in IL-1β-treated EGCs and Sox10CreERT2+-Rpl22HA/+ mice at IM3h. Statistics
were done with Student’s t-test. ***<0.001, * were compared to untreated EGC cultures.
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response, as well as genes involved in migration and IL-1
responsiveness (Fig. 2f). Applying our enteric gliosis gene panel,
we discovered an overlap of multiple IL-1-induced and IM-
induced genes in EGCs. A heat map visualized the shared,
induced genes, including inflammatory mediators (e.g., Ccl2, Ccl5,
Cxcl1), structural proteins (e.g., GFAP, Nestin, Tubb6), activation
markers (e.g., Cd44, Icam1, Hmox1), and growth factors (Csf1,
Csf3) (Fig. 2g). A Venn-diagram showed the exact transcriptional
overlap in gliosis genes between IL-1β-stimulated EGCs and the
reactive EGC phenotype induced by surgical trauma (Fig. 2h and
Table S6). More than 20% of the up-and downregulated gliosis
genes overlapped, revealing IL-1 as a substantial part of surgery-
induced EGC reactivity in vivo.

EGC-restricted IL1R1 deficiency prevents postoperative mac-
rophage activation and protects mice from POI. Given that IL-1
induces EGC reactivity in POI, we next analyzed the functional
significance of IL-1-triggered EGC gliosis on POI development.
We subjected mice with an EGC-restricted IL1R1-deficiency
(GFAPcrexIL1R1fl/fl, Fig. S3a) and IL1R1 competent control mice
(GFAPWTxIL1R1fl/fl) to IM (Fig. 3a). To validate IL1R1-defi-
ciency, we analyzed GFAPCre+xAi14fl/fl mice by immunohis-
tochemistry for SOX10 and tdtomato expression, which
confirmed a 95% overlay between the glial marker and the
transgenic signal, thereby validating Gfap as a suitable Cre-
promotor for a reliable IL1R1-deficiency in EGCs (Fig. S3b).
Next, we performed bulk-RNA-Seq analysis on IM3h ME of
conditional KO mice and wild-type littermates. The PCA plot
revealed a clear separation between both groups (Fig. 3b), with
287 upregulated and 437 downregulated genes in GFAPcrex-
IL1R1fl/fl mice (Fig. S3c). Genes listed under the GO-terms “glial
activation”, “IL-1-signaling”, “migration”, and “inflammatory
response” were enriched and more expressed in IL1R1 competent
mice (Fig. 3c). A heat map of all differentially expressed genes
(p < 0.05) revealed the downregulation of distinct gliosis genes in
GFAPcrexIL1R1fl/fl mice at IM3h, e.g., chemokines (Ccl2, Cxcl1,
Cxcl2, Ccl7) and structural proteins (GFAP, Cx43, Tubb6)
(Fig. 3d). To validate if these transcriptional alterations also affect
the postoperative inflammation and the clinical outcome of POI
(i.e., slow GI transit), we quantified the postoperative GI-transit
and leukocyte infiltration 24 and 72 h after IM. Impressively,
GFAPcre+xIL1R1fl/fl mice were almost entirely protected from
postoperative motility disturbances 24 h after IM (Fig. 3e), and
leukocyte infiltration was severely reduced by more than 50% for
myeloperoxidase+ and 45% for CD45+ leukocytes compared to
GFAPWTxIL1R1fl/fl mice (Figs. 3f and S3d). Gastrointestinal
motility did not differ between genetically modified mouse strains
(Fig. 3e) and C57BL6 wild-type mice upon surgery. Flow cyto-
metry analyses confirmed reduced leukocyte infiltration by
diminished numbers of F4/80+ monocyte-derived macrophages,
Ly6C+ monocytes, activated (CD68+) ME-Macs, and Ly6G+

neutrophils in GFAPcre+xIL1R1fl/fl mice (Figs. 3g and S3d).
Notably, confocal microscopy confirmed decreased numbers of
MHCII+ leukocytes around ENS ganglia in the postoperative ME
of GFAPcre+xIL1R1fl/fl mice (Fig. 3h), an effect probably based on
the diminished expression of chemokines by EGCs. Indeed, a
NanoString inflammatory panel revealed a severely diminished
gene expression of inflammatory mediators (e.g., Ccl2, Cxcl2,
Cxcl5), cytokines (e.g., IL-6), and a macrophage activation marker
(Arg1) in the postoperative ME of GFAPcre+xIL1R1fl/fl mice
(Fig. 3i). In line, the postoperative increase of immune cell acti-
vation markers (CD68, Mip-1a, Csf1, Csf3), as well as gliosis
markers (IL-6, Ccl2, Nestin, and GFAP was abrogated in GFAPcre
+xIL1R1fl/fl mice (Figs. 3j and S3e). Notably, similar results were
observed in GFAPcrexMyd88fl/fl mice, with an EGC-restricted

Myd88-deficiency, an essential adaptor molecule in the IL1R1
pathway. GFAPcre+xMyd88fl/fl mice showed comparable down-
regulated gene expression patterns as GFAPcre+xIL1R1fl/fl mice
and were protected from POI (Fig. S3f+ g).
Based on these data, we conclude that an IL-1-mediated

macrophage-glial interaction might be critical in POI development.

Intestinal organotypic cultures demonstrate IL-1-dependent
involvement in ME-Mac-EGC interactions. Previously, we and
others have shown that residentME-Macs also play a critical role in
POI. The close anatomical relation between EGCs and resident
ME-Macs and the multiple immune mediators released by EGCs
that can activate macrophages indicate that these cells commu-
nicate with each other, and EGCs might influence ME-Mac acti-
vation. However, upon surgical manipulation, inflammation
attracts monocyte-derived macrophages that can hardly be dis-
tinguished from residentME-Macs. In order to focus exclusively on
the latter’s response, we established an in vitro intestinal organo-
typic culture (IOC) model that closely reflects the resident in vivo
cell composition and structures without being compromised by
infiltrating immune cells. An aseptic separation procedure of the
mouse jejunumME was used to simulate the mechanical activation
after surgical trauma. SeparatedME specimens were either directly
used as controls or cultivated for 3 h, reflecting the IM3h time point
of the in vivo model (Fig. 4a). Notably, the separation procedure
produced a stronger immune response in the ME than the gentle
in vivo IM, which was indicated by the increased gene expression of
gliosis genes in IOCs than in vivo manipulated ME after 3 h
(Fig. S4a). Immunofluorescence microscopy for the activation
marker FOSb as well as SOX10 and β-3-tubulin (TUBB3) showed
intact and activated FOSb+ EGCs after 3 h incubation but no
activation in control ME (Fig. S4b). Strong Fosb induction was
confirmed by qPCR (Fig. S4c). Interestingly, after the 3 h incuba-
tion period, we counted significantly more activated CD68+ ME-
Macs around enteric ganglia (Figs. 4b+ c and S4d). Moreover, 3D
reconstruction identified the near localization of CD68+ ME-Macs
around enteric ganglia (Fig. S4e). In line with our in vivo POI
mouse data, qPCR measurements of established markers for gliosis
(Nestin, GFAP), intestinal inflammation (IL-6, IL-1β, Ccl2), and
immune cell activation (Mip-1a, CD68, Csf1, Csf3), showed sig-
nificant induction in the 3 h cultured IOCs (Fig. 4d). We trans-
ferred this model also to IOCs generated from GFAPcre+xIL1R1fl/fl

and their Cre-negative littermates. The former showed a weaker
induction of gliosis, intestinal inflammation, and immune cell
activation genes (Fig. 4e), indicating that the absence of
EGC-specific IL-1-signaling reduces the trauma-induced ME-Mac
activation.

The impact of EGC-derived factors on macrophage function.
To further elucidate the interactions of EGCs and ME-Macs, we
treated primary EGCs with IL-1β or vehicle and transferred the
conditioned media (CM) to IL1R1-deficient bone-marrow-
derived macrophage (BMDM) cultures (Fig. 5a). The primary
EGC cultures consist of at least 80% glia and low amounts of
neurons (Fig. S5a) and fibroblasts, verified by ICC20 and RNA-
Seq analysis for relevant cell type markers (Fig. S5b). To verify the
IL-1-induced gliosis and routinely perform quality control of the
CMs, we measured protein levels of prominent inflammatory
markers, IL-6 and CCL2 (Fig. S5c). Moreover, to confirm that
only the EGCs in our primary cultures react to the IL-1-activation
by releasing inflammatory mediators, we generated primary
EGCs from GFAPCre+xIL1R1fl/fl and GFAPWTxIL1R1fl/fl mice.
GFAPCre+ EGC cultures showed lower expression of inflamma-
tory mediators on protein (Fig. S5d) and mRNA (Fig. S5e) levels,
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proving that these factors are released by EGCs into the CM after
IL-1 treatment (CMIL-1).

After 3 h treatment with the EGC-conditioned media, BMDMs
were analyzed by bulk-RNA-Seq. The resulting PCA demon-
strated a clear separation of the groups (Fig. 5b). Notably, we
already observed altered functionality between naïve BMDMs and

those treated with CM of vehicle-treated EGCs (CMVeh). This
effect was even more pronounced in BMDMs treated with the
CMIL-1 (Fig. S5f), resulting in 762 up- and 1656 downregulated
genes (Fig. 5c). Within the list of differentially expressed genes,
classical M1 (Il1b, Tlr4, Sphk1) and M2 (Arg1, Socs3, Tgfb1)
markers showed that IL-1-triggered EGC factors affect the
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macrophage polarization status. GO analysis and heat maps
displayed substantial changes in gene clusters for “migration”,
“phagocytosis”, and “inflammatory response” (Fig. 5d+ e). Con-
sequently, we analyzed EGC-CM-treated BMDMs for migration
and phagocytosis, with the FCS treatment as a positive control. In
wound-healing and transwell assays, we observed increased
migration of BMDMs treated with CMIL-1 compared to control
and CMVeh (Figs. 5f+ g and S5g). Phagocytosis, measured by
FITC-dextran uptake after 2 h, was also increased (Fig. 5h).
Overall, our data indicate that EGCs already affect macrophage
function and polarization under resting conditions; however,
macrophage activation and functionality are far more altered by
factors released from IL-1β-stimulated EGCs.

Enteric gliosis and IL-1-signaling are involved in acute
intestinal inflammation after abdominal surgery. Finally, we
validated the existence of IL-1-dependent enteric gliosis in
humans. Histology on intraoperatively taken jejunal specimens
from patients undergoing open abdominal surgery for pancreatic
head resection confirmed the close association of CD68+ ME-
Macs and GFAP+ EGCs in the ME (Fig. 6a) and a strong IL1R1
expression in EGCs (Fig. S6a+ b). Notably, this oncological
surgery allowed the collection of tumor-free bowel samples at an
early and a late time point during surgery (Fig. 6b). By validating
the enteric gliosis status in the patient samples, we discovered the
induction of inflammatory mediators (IL-1α, IL-1β, IL-6, CCL2,
CXCL2), immune cell activators (CSF1, CSF3, MIP-1a), and EGC
gliosis markers (GFAP, NESTIN) (Figs. 6c and S6c), previously
identified in our mouse studies. To expand our understanding of
ongoing mechanisms in the tissue after surgery, we performed
bulk-RNA-Seq on early and late intraoperatively taken jejunalME
specimens and found more than 400-differentially regulated
genes (Fig. 6d+ e). In line with our murine data sets, gene
clusters associated with “glial activation”, “IL-1-signaling”,
“migration”, and “inflammatory response” were enriched in
intestinal samples from late surgery time points (Fig. 6f), corre-
lating with corresponding heat maps (Fig. S6d). Moreover, heat
map visualization of significantly regulated genes (p < 0.05)
revealed the upregulation of distinct gliosis genes, e.g., chemo-
kines (CCL2, CXCL2), structural proteins (TUBB6), and activa-
tion markers (HMOX1, SOCS3, ICAM1) during surgery (Fig. 6g),
indicating the manifestation of enteric gliosis during surgery. To
validate the effect of IL-1 on surgical samples, we prepared
human jejunal IOCs from late collected patient material and
incubated them with the IL1R1-antagonist anakinra for 24 h,
previously used in vivo in the POI model6. Anakinra-treated
human IOCs showed lower expression of CCL2 and IL-6
(Fig. S6e), indicating a dampened inflammatory activation
response. We finally tested if primary human EGC cultures also
become reactive upon IL-1β-stimulation (Fig. 6h). We detected
induction of inflammatory mediators such as IL-6, TNFα, CCL2,

CXCL2, and IL-8 on mRNA level (Fig. 6i) as well as IL-6, and
CCL2 on protein level (Fig. S6f) after IL-1β treatment, under-
lining that the gliosis phenotype is conserved across species.
Together, our data demonstrate that enteric gliosis is also induced

in patients and that IL-1 induces EGC reactivity and production of
various mediators that can modulate ME-Mac activation and
functionality, thereby guiding postoperative intestinal inflammation
and POI.
Overall, our investigation demonstrates that IL-1 induces a

reactive phenotype in mouse EGCs. This distinct enteric gliosis state
is part of the postoperative immune cascade in theME in both mice
and humans, and an EGC-restricted IL1R1 deficiency ameliorates
POI in mice. Furthermore, mediators released by reactive EGCs
alter the phenotype and function of resident ME-Macs towards an
activated macrophage type with stronger migratory and phagocytic
capabilities.

Discussion
Over the last 2 decades or so, the role of glial cells evolved from
“giving structural support” to “issuing orders”, especially after
trauma and under inflammatory conditions, with a multitude of
examples in the central21 and enteric nervous system11. The
present study advances our understanding of the molecular
mechanisms in EGCs in an inflamed gut, and it provides an
assessment of the communication between EGCs and macro-
phages during acute intestinal inflammation in POI. In particular,
we demonstrate that EGCs acquired a reactive phenotype after
surgical trauma and defined this reactive state as enteric gliosis. A
key discovery is that IL1R1-signaling is a critical driver of EGC
reactivity in this process. Furthermore, we found that reactive
EGCs communicate with intestinal ME-Macs, whose cellular
functions become altered towards an activated phenotype, char-
acterized by increased migratory and phagocytic activity. Selective
disruption of IL1R1-signaling in EGCs prevented reactive gliosis
and protected mice from postoperative ME inflammation, moti-
lity disturbances, and POI.
Previously, we revealed that a pan-IL1R1 deficiency protected

mice from postoperative bowel wall inflammation6. Our study
added IL-1 signaling to a list of key factors in immune-mediated
motility disorders that are used as an indicator for a successful
therapy like the cytokine IL-630, which is also induced by IL-16,29,
or TNFα, which is essential in the later stages of POI37. In POI
development, various inflammatory mediators, like danger-
associated molecular patterns (DAMPs: e.g., ATP20 and IL-
1α29) and pathogen-associated molecular patterns (PAMPs: e.g.,
dsRNA7, and LPS38), play an essential role and contribute to the
disease progression39. However, our recent work highlighted that
IL1R1 is expressed on EGCs, and discovered that IL-1-signaling
in EGCs might be a key component in intestinal inflammation
and motility impairment after abdominal surgery6.

Fig. 3 EGC-restricted IL1R1 deficiency prevents postoperative macrophage activation and protects mice from POI. a–d GFAPCre+-IL1R1fl/fl and
GFAPCre--IL1R1fl/fl mice underwent intestinal manipulation (IM) to induce POI. After 3 h, RNA of the ME was processed for bulk-RNA-Seq. n= 3 per group.
b PCA plot of Cre+ and Cre− groups. c GO enrichment analysis at IM3h comparing Cre+ and Cre− animals, normalized to respective sham mice. d Heat
map of differentially expressed genes highlighting induced gliosis genes. e–j GFAPCre+-IL1R1fl/fl and GFAPCre--IL1R1fl/fl mice were analyzed at IM24h. e GI-
transit analysis in IM72, IM24h, and sham24h groups of Cre+ and Cre− mice. n= 7 (Sham); 14 (IM24h); 3–4 (IM72h). f Leukocyte infiltration
quantification by MPO histology and FACS in IM24h groups of Cre+ and Cre− mice. n= 10 per group. g FACS analysis for ME-Macs (CD45+, F4/80+),
monocytes (CD45+, Ly6C−, Ly6G+), activated ME-Macs (CD68+, F4/80+), and neutrophils (CD45+, Ly6C+, Ly6G−) in IM24h groups of Cre+ and Cre−

mice. n= 5 per group. h Representative immunofluorescence microscopy of ME whole mounts showing EGCs (GFAP+, green) and ME-Macs (MHCII+,
violet) in IM24h groups of Cre+ and Cre− mice. Scale bar 50 µm. i, j Gene expression analysis by inflammatory NanoString panel (i) and by qPCR (j)
for genes related to inflammation (IL-6) and immune cell activation (CD68, Mip-1a, Csf1, Csf3) at IM24h in Cre+ and Cre− mice, normalized to
corresponding sham groups. n= 5 per group. Statistics were done with Student’s t-test and Fisher’s exact test. # < 0.05, ## < 0.01, ###<0.001, # were
compared to Cre− littermates.
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Herein, we now proved the importance of glial IL1R1-
signaling with several transgenic mouse models that allowed us
to precisely analyze and modify EGC reactivity in vivo and
in vitro. One of these models is the Sox10CreERT2+xRpl22HA/+

(RiboTag)mouse, suitable for generating an in vivo “snapshot” of
actively transcribed RNA selectively in EGCs34,36. Analysis of

RiboTag mice confirmed that IL1R1-signaling is part of post-
operative EGC reactivity. Around 2/3 of upregulated genes
overlap between IL-1β-stimulated EGCs in vitro and the reactive
EGC phenotype induced by IM in vivo. We conclude that an IL-
1-induced EGC reactivity is a major trigger of surgery-induced
enteric gliosis.
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Further evidence for stimulus-selective reactivity in EGCs
comes from the comparison of IL-1β- and ATP-stimulated EGCs.
We recently showed that ATP induces enteric gliosis20. Com-
pared to ATP, IL-1β caused a stronger induction of several che-
mokines, suggesting a specific role in reactive processes upon
surgery. These findings imply that the term “reactive glia”,
commonly used to describe a general glial activation, does not
represent a hardwired phenotype as it depends on the specific
stimulus. However, some genes were upregulated in ATP-and IL-
1β-stimulated EGCs, including IL-6, Cxcl1, and Cxcl2, promi-
nently induced in astrogliosis40, and Hmox1, a marker for
neurodegeneration41 and reactive glial cells42. These genes might
be part of an overarching response found in multiple reactive
EGC phenotypes, pointing to a core gliosis signature across
various organs and stimuli. Future comparisons of enteric gliosis
signatures from other glial cell populations as well as other dis-
eases might help to specify both the core gliosis signature and the
stimulus- and disease-specific responses of reactive glial cells.
Usage of published data sets from activated EGCs under
inflammatory conditions (infection35 and colitis36) showed that
IL-1 induced gliosis shares induced genes and shows individual
molecular responses. However, the available data were collected
with different approaches, mouse models, intestinal parts, and
transcriptional analysis methods, providing only a rough initial
idea of core genes and conditions leading to specific gliosis
expression patterns. More comprehensive comparisons with
multiple conditions are required and expected to be published in
the future to allow reliable conclusions on core and conditions-
specific gliosis signatures.

Given that IL-1-signaling induced the expression of a variety of
immune mediators, which might preferably act on immune cells
located in anatomical proximity, we focused on the interactions
of EGCs and ME-Macs. These ME-Macs have previously been
shown to be crucial in the postoperative immune response in
POI5,37,43. An ex vivo IOC model allowed us to explicitly focus on
the EGCs and ME-Macs interaction. In manipulated IOCs, we
found an upregulation of several molecules depending on glial
IL1R1-signaling known to act on macrophages and affect their
function. Among these genes, we found unspecific macrophage
activation markers (Mip1 and CD68) and members of the Csf1
family (Csf1 and Csf3), which exert distinct functions on mac-
rophage differentiation.
Furthermore, CSF1 was described as an essential factor in

maintaining ME-Macs44. Although enteric neurons were first
identified as a CSF1 source in the intestine27, a recent study by
the Gulbransen group showed that EGCs produce more Csf1 than
enteric neurons in a colitis model28. They also showed that IL-1
triggers CSF1 release from EGC cultures in vitro and increases
MHCII and CD68 expression in BMDM cultures. Our IOC
model and in vivo data add to this hypothesis, showing that EGCs
indeed produce CSF1 and activate ME-Macs in their native
environment. Notably, the IOCs’ initial immune response was

stronger than the in vivo manipulated ME response at 3 h after
mechanical separation or surgical manipulation. We interpret this
difference as a consequence of an increased release of additional
factors due to the stronger mechanical forces applied to the IOCs
during their preparation than the more gentle in vivo ME
manipulation. These mediators might trigger additional immune
responses independent of IL-1 release.
Consequently, IL1R1 depletion or antagonism does not dam-

pen the cytokine production and EGC activation in the IOC
model to the same extent as in the more gentle in vivo surgical
manipulation approach. Here, it should be noted that the IOC
does not fully reflect POI as it is missing important characteristics
of POI development. First peripheral innervation of the SNS and
PNS, known to modulate the ME immune response to surgery, is
missing. Secondly, and more critical for the later inflammatory
phase IOCs do not become infiltrated by blood-derived leuko-
cytes, which extravasate into the ME after surgical manipulation.
For these reasons, IOCs do not represent an ex vivo POI model
but a suitable model for studying local tissue responses to
mechanical or surgical trauma without systemic stimuli. Research
using ME IOCs might be a tool to investigate how the tissue can
immunologically respond in vitro to what might affect molecular
and functional measurements, e.g., in pharmacological and phy-
siological studies, respectively.
Another interesting molecule expressed by EGCs in an IL-1-

dependent manner is Csf3. Compared to other members of the
Csf family, Csf3 is less well studied, and to date, it has been linked
to neutrophil migration and activation45,46. As we also observed a
prominent induction of the neutrophil chemokines Cxcl2 and
Cxcl5 and a significant reduction of infiltrating neutrophils in
GFAPCrexIL1R1fl/fl mice after surgery, EGCs might indeed affect
the recruitment and maybe even the function of these cells. As
neutrophils are not present at the beginning of intestinal surgery
and instead infiltrate at later stages, an interaction of reactive
EGCs with these infiltrating immune cell populations is likely and
warrants future investigation. Importantly, recent studies showed
that Csf3 is able to alter macrophage polarization in vitro47 and
induce the expression of regulatory macrophage markers in DSS-
colitis48. In breast cancer, Csf3-signaling also caused immuno-
suppressive behavior in macrophages49, making Csf3, next to
Csf1, one of the most promising EGC-released factors that impact
the state and function of ME-Macs and/or infiltrating monocyte-
derived macrophages.
EGC-selective IL1R1-deficiency completely abolished the

expression of all the mediators directly acting on macrophages
(i.e., Csf1, Csf3, Cxcl1, Cxcl2, Il6, Ccl2, and Mip1α), we expected
that this would also alter macrophage transcriptomes and func-
tion. The capacity of EGCs to induce inflammatory responses in
macrophages was indeed confirmed by RNA-Seq analysis show-
ing changes in the inflammatory response and the expression of
M1 and M2 markers. In addition to the general induction of
immune responses, genes shaping essential macrophage functions

Fig. 4 Intestinal organotypic cultures demonstrate IL-1-dependent involvement in ME-Mac-EGC interactions. a Experimental workflow scheme.
Intestinal organotypic cultures (IOC) from muscularis externa (ME) were prepared from C57BL/6 wild-type mouse jejunum by surgical dissection of the
lamina propria and mucosa tissue, a procedure that mimics the surgical trauma in vivo. This model allows the analysis of resident cell types in the absence
of any infiltrating blood-derived immune cells. IOCs were either directly processed or incubated for 3 h, corresponding to the IM3h time point in the POI
mouse model. n= 6 per group. b, c Histological visualization (b) and quantification (c) of activated macrophages (CD68+, violet) surrounding enteric
ganglia (GFAP+, green). n= 5 mice per group; quantifying ganglia in 3–4 IOCs per mouse. Scale bar 50 µm. d Gene expression analysis in IOCs by qPCR
for genes involved in “enteric gliosis” (Nestin, GFAP), inflammation (IL-1β, IL-6, Ccl2), and immune cell activation (Mip-1a, CD68, Csf1, Csf3). e IOCs were
prepared from GFAPCre+-IL1R1fl/fl and GFAPCre--IL1R1fl/fl mice according to the same experimental workflow shown in a and either directly processed or
incubated for 3 h. Gene expression analysis by qPCR for genes involved in “enteric gliosis”, “inflammation”, and “immune cell activation”. n= 3–8 per
group. Statistics were done with Student’s t-test. */#<0.05, **/##<0.01, ***/###<0.001, All * compared to control IOCs, all # compared to Cre−

littermates.
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like migration and phagocytosis were also transcriptionally
altered in response to reactive EGC-released factors. The accu-
mulation of CD68+ ME-Macs around enteric ganglia and their
morphological changes towards a round-shaped cell type showed
that ME-Mac migration and activation are increased upon
exposure to EGC-derived mediators. Similar to microglia in the

CNS, the attraction of ME-Macs to the vicinity of enteric ganglia
might be part of a protective mechanism involving either rapid
clearance of neuronal debris or neuroprotective features against
excessive inflammatory responses to restore intestinal function.
Increased resident macrophage accumulation at sites of neuronal
damage is also observed in models of spinal cord50 and brain
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injury51,52, wherein microglia, the CNS counterparts ofME-Macs,
accumulate in the damaged areas. Support for increased clearance
of dying cells or debris comes from our observation that IL-1-
triggered EGCs stimulate phagocytosis in macrophages. As ENS
homeostasis is well-ordered by apoptosis and neurogenesis53, an
enhanced elimination of damaged neurons or their protection
from excessive inflammation by phagocytosis of cell debris might
be a conserved mechanism. Indeed, a neuroprotective role ofME-
Macs during homeostasis22 and infection has recently been
shown54. When enteric gliosis is a key element of this neuro-
protective response, a logical argumentation would be that its
blockage might have detrimental effects. However, as we observed
a clear improvement of POI and a reduction of postoperative
inflammation by inhibiting IL1R1-mediated enteric gliosis, we
suppose that neuroprotective mechanisms might play a minor
role during acute postoperative inflammation and that compen-
satory pathways are activated to maintain this function. Another
possibility is that ME-Mac migration to ganglia might be fun-
damentally a protective homeostatic mechanism, although a
stronger reactive glial cell phenotype with more surgical trauma
may cause an exaggerated response and activation of macro-
phages to act instead in a detrimental way to exacerbate the
inflammatory response. Our previous work5 and other
investigators31 have provided evidence that activated macro-
phages are essential contributors to the development of POI. We
propose that glial IL1R1 knockout may protect mice from POI by
causing a milder macrophage induction in these mice. However, a
causative link between glia-to-macrophages-to neurons has not
yet been established in our study for the glial IL1R1 knockout
model and the resolution of the GI-transit phenotype in the POI
model in GFAPCrexIL1R1fl/fl animals does not necessarily depend
on a milder macrophage induction and glial-to-macrophage sig-
naling. An alternative hypothesis to be tested is that IL1-induced
EGCs directly influence enteric neurons that control peristalsis to
cause POI and that a glial IL1R1 knockout prevents it. Recent
studies show that EGCs can interact with enteric neurons, trig-
gering cell death55,56, neuronal dysregulation57, and homeostasis
functions58. These interesting questions need to be addressed in
future studies. Notably, different subtypes of ME-Macs with dif-
ferent innate responsiveness have recently been described by us7,
and previous single-cell-RNA-Seq studies revealed four
distinct clusters of ME-Macs22. Unfortunately, the individual
subpopulation-specific cellular functions and interactions are lar-
gely unknown, and future studies have to investigate whether EGCs
preferably interact with one of these distinct subtypes.
As already stated above, besides interacting with resident ME-

Macs, EGCs might also act on infiltrating monocytes, which are
non-exclusively attracted by EGC-released CCL2. CCL2 is a major
chemoattractant for monocyte-derived leukocytes in POI32,59.
Although three groups independently demonstrated that these cells

do not affect POI 24 h after surgery, they are involved in the late-
phase resolution, and CCR2-deficient mice (i.e., the receptor target
for CCL2) recover more slowly from POI than wild-type
animals31,32,59. This observation might point towards a potential
beneficial role of EGC-derived CCL2 in POI resolution. However,
in our view, this seems unlikely as we already observed a clear
improvement of POI after 24 h and normalization of GI-transit
after 72 h in GFAPCre+-IL1R1fl/fl mice. Hence, it is evident that
there is no delay in POI at later stages.
The human data included in our study showed evidence that

IL-1-signaling and enteric gliosis also occur during GI-tract
surgery. Although the time between sampling of the early and late
intraoperative specimen was less than 3 h, the earliest time point
in our mouse studies, we observed a strong induction of cytokines
and chemokines comparable to murine IL-1-triggered enteric
gliosis. Notably, IL-1β was also strongly induced, and human
EGCs had a strong transcriptional response, indicating a pre-
served mechanism of enteric gliosis in rodents and humans.
Moreover, the GO analyses underlined the induction of common
glial activation and immune-activating pathways. The data is
translatable from mice to humans, and we conclude that the
blockade of IL-1-triggered enteric gliosis might therefore prevent
the development of POI in surgical patients. Previous preclinical
data from our group already demonstrated that an antibody-
mediated depletion of IL-1α or IL-1β or pharmacological inhi-
bition of IL1R1 by Anakinra effectively prevented POI in mice6.
Our findings in human IOCs, isolated from surgical patients,
showing reduced IL-6 and CCL2 upon ex vivo stimulation in the
presence of Anakinra, confirm our theory about an immediate
EGC immune-responsiveness to IL-1 signaling. These findings
emphasize our view that the initial inflammatory activation of the
EGC/ME-Mac axis is crucial for POI development, and interac-
tion with IL-1-signaling might be rather useful for prevention
than treatment of existing POI. In line, multiple trials with
Anakinra show anti-inflammatory effects in inflammation-
associated intestinal diseases, such as mucositis (NCT03233776)
and colorectal cancer (NCT02090101). Anakinra or other phar-
macological interventions targeting IL1-signaling in EGCs could
potentially serve as a prophylactic treatment in POI in surgical
patients to add to the benefits of ERAS (enhanced recovery after
surgery) protocols60.

In conclusion, our study provides insights into the molecular
mechanism of postoperative IL-1-triggered enteric gliosis and its
consequence on the communication between EGCs andME-Macs.
Inhibition of this gliotic state ameliorated postoperative inflam-
mation and protected mice from POI. Moreover, we confirmed the
induction of enteric gliosis and activation of IL-1-signaling in
surgical patients, supporting the idea of an intervention in the IL-1
pathway as a promising and clinically suitable strategy to prevent
inflammation-induced motility disorders.

Fig. 5 The impact of EGC-derived factors on macrophage function. a Schematic overview showing the generation of primary EGCs and production of
CMIL-1 (EGCs treated with IL-1β (10 ng/ml) for 24 h) and CMVeh before transferring CM to Bone-marrow-derived macrophages (BMDMs). BMDMs were
isolated from IL1R1−/− mice to exclude any side effects of IL1β-residues in the collected CMIL-1. After BMDM maturation, cells were treated with CMIL-1,
CMVeh, or were left untreated for 3 h (RNA-Seq) and 24 h (functional assays). b Bulk-RNA-Seq analyses of BMDMs after 3 h incubation showed a
separation between the three treatment groups in a PCA plot. n= 4 per group. c Volcano plot from bulk-RNA-Seq analyses of BMDMs after 3 h treatment
with CMIL-1 or CMVeh highlighting the top 20 regulated genes (Fold 2, p-value 0.05). d, e GO enrichment analysis in BMDMs after CMIL-1 and CMVeh

stimulation and heat maps of genes involved in “migration” and “inflammatory response” highlighting induced genes related to macrophage function.
f–h BMDMs were processed 24 h after CM incubation in f scratch (n= 4 independent BMDM cultures; multiple technical replicates per culture; Control
(20 readings); CMVeh (20 readings); CMIL-1 (20 readings); FCS (4 readings). g transwell (n= 3 independent BMDM cultures; multiple technical replicates
per culture; Control (8 readings); CMVeh (16 readings); CMIL-1 (16 readings); FCS (8 readings), and h phagocytosis (n= 3 independent BMDM cultures;
multiple technical replicates per culture; Control (6 readings); CMVeh (10 readings); CMIL-1 (10 readings); FCS (6 readings) assays. Scale bar 100 µm.
Statistics were done with Student’s t-test and Fisher’s exact test. */#<0.05, **/##<0.01, ***/###<0.001, All * compared to control BMDMs, all #
compared to CMVeh-treated BMDMs.
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Methods
Animals. Experiments were performed using 8–12-week-old Sox10-
CreERT2xRpl22HA/+ or GFAPcrexIL1R1fl/fl mice kept in a pathogen-free animal
facility with standard rodent food and tap water ad libitum. Appropriate
authorities of North-Rhine-Westphalia, Germany (81-02.04.2016.A367)
approved experiments.

The POI mouse model was induced by intestinal manipulation as described
previously6. Animals were sacrificed 3 and 24 h after manipulation.

Murine enteric glia cell cultures. Primary enteric glial cell (EGC) cultures were
obtained by sacrificing C57BL/6 or GFAPcre+ Ai14fl/fl mice, 8–16 weeks of age,
extracting the small intestine, and cleansing it with 20ml of oxygenated Krebs-
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Henseleit buffer (126mM NaCl; 2.5mM KCl: 25mM NaHCO3; 1.2mM NaH2PO4;
1.2mM MgCl2; 2.5mM CaCl2, 100 IU/ml Pen, 100 IU/ml Strep and 2.5 μg/ml
Amphotericin). The small bowel was cut into 3–5 cm long segments and kept in
oxygenated ice-cold Krebs-Henseleit buffer. Each segment was then drawn onto a
sterile glass pipette, and theME was stripped with forceps to collect muscle tissue for
further digestion steps. After centrifugation (300xg for 5 min), the tissue was incu-
bated for 15min in 5 ml DMEM containing Protease Type1 (0.25mg/ml, Sigma-
Aldrich) and Collagenase A (1mg/ml, Sigma-Aldrich) in a water bath at 37 °C,
150 rpm. The enzymatic digestion was stopped by adding 5ml DMEM containing
10% FBS (Sigma-Aldrich), centrifugation for 5 min at 300xg, and re-suspended in
proliferationmedium (neurobasal mediumwith 100 IU/ Pen, 100 μg/ml Strep, 2.5 μg/
ml Amphotericin (all Thermo Scientific), FGF and EGF (both 20 ng/ml, Immuno-
tools). Cells in proliferation media were kept at 37 °C, 5% CO2 for 4 days to promote
the formation of enteric neurospheres. For experiments, enteric neurospheres were
dissociated with trypsin (0.25%, Thermo Scientific) for 5 min at 37 °C and distributed
at 50% confluency on Poly-Ornithine (Sigma-Aldrich) coated 6 well plates in dif-
ferentiation medium (neurobasal medium with 100 IU/ Pen, 100 μg/ml Strep, 2.5 μg/
ml Amphotericin, B27, N2 (all Thermo Scientific) and EGF (2 ng/ml, Immunotools).
After 7 days in differentiation medium, mature enteric glia cells were treated with
ATP (100 µM, Sigma) and IL-1 (10 ng/ml, Immunotools) and further processed for
RNA isolation or their conditioned medium used for enzyme-linked immunosorbent
assay (ELISA) or qPCR analysis.

Murine bone-marrow-derived macrophage cultures. Primary bone-marrow-
derived macrophage (BMDM) cultures were obtained by sacrificing IL1R1−/−

mice, 8–16 weeks of age, extracting the femoral bones and isolating bone-marrow
stem cells with a syringe, and culturing the cells in RPMI supplemented with FCS
(10%, Thermo Scientific), β-mercaptoethanol (1 mM, SIGMA) and 10 ng/ml
rmCSF-1 (Immunotools). After 4 days in culture, the medium was changed to
remove all dead cells, and on day 6, cells were used for all planned experiments.

For the scratch assays, BMDMs were transferred to 24-well plates and grown to
90% confluency. The “scratch” was performed with a 200 µl pipette tip, and
damaged/dead cells were immediately removed by one wash step with PBS.
BMDMs were treated with CMVeh, CMIL−1, neurobasal medium (NB)
supplemented with 10% FCS, and NB without serum (control) for 24 h. After
treatment, BMDMs were fixed with 4% PFA for 15 min and stained for F-Actin
with Phalloidin FITC (Thermo Scientific) for 1 h, and processed with the
fluorescence microscope Nikon TE2000 in the cell culture well plates.

For the transwell assays, BMDMs were placed in transwells (10,000 cells, Ibidi)
and treated with CMVeh, CMIL−1, NB supplemented with 10% FBS, and NB
without serum (control) for 3 h. Afterwards, transwells were fixed with 4% PFA for
15 min, and cells were stained for F-Actin with Phalloidin FITC (Thermo
Scientific) and Hoechst for 1 h. Transwells were mounted on glass slights and
processed with the fluorescence microscope Nikon TE2000.

For the phagocytosis assays, BMDMs were transferred to 24-well plates (10,000
cells/well) and treated with CMVeh, CMIL-1, neurobasal medium (NB)
supplemented with 10% FBS and NB without serum (control) for 24 h. After
removing the treatment medium, BMDMs were incubated with Dextran-Cascade
Blue 10,000MW (50 µg/ml, Thermo Scientific) for 1 h. Then washed two times
with warmed PBS and collected by EDTA/Trypsin (0.05%) and processed by FACS
analysis for high and low phagocytic cells.

Human surgical specimens. The ethics committee of the College of Medicine at
the Ohio State approved the human IRB protocol13 (Table S1).

The ethics committee of the University of Bonn, Germany, approved the
collection of patient surgical specimens (266_14) (Table S2).

The human IRB protocol was approved by the ethics committee of the
College of Medicine at The Ohio State University. Informed consent was
obtained to procure viable human surgical tissue from the colon or small
bowel from patients with polyps undergoing a colectomy (sigmoid colon) or
patients undergoing Roux-en-Y by-pass surgery (jejunum) (Table S1). Human
EGCs (hEGCs) in culture from 9 GI surgical specimens were used to study gene
expression and IL1R1 immunoreactivity.

Human surgical tissue for the IOC experiments was collected from four patients
undergoing pancreatectomy. Human jejunum specimens were collected in ice-cold
oxygenated Krebs-Henseleit buffer during the surgical procedure and transported
to the laboratory. Full-thickness jejunum specimens were incubated for 24 h with
or without Anakinra (100 µg/ml) in DMEM/F12 with 10% FBS at 5%CO2 and
37 °C. After 24 h, media were collected, centrifuged, and frozen in liquid nitrogen
for ELISA analyses.

Human EGC cultures. Myenteric plexus tissue of patients was processed and
cultured as described before13,20. Briefly, tissue collection was performed by the
surgeon and immersed immediately in ice-cold oxygenated Krebs-Henseleit
solution and promptly transported to the research facilities within 15 min in
coordination with the Clinical Pathology Team. For isolating myenteric ganglia,
tissue was pinned luminal side facing upwards under a stereoscopic microscope,
and the mucosa, submucosa, and most of the circular muscle were dissected
away using scissors and then flipped over to remove longitudinal muscle by
dissection.

Myenteric plexus tissue was cut and enzymatically dissociated as described
elsewhere (LIT) with modifications as follows: Myenteric plexus tissue was
minced into 0.1–0.2 cm2 pieces and dissociated in an enzyme solution
(0.125 mg/ml Liberase, 0.5 μg/ml Amphotericin B) prepared in Dulbecco’s
modified Eagle’s medium (DMEM)-F12, for 60 min at 37 °C with agitation.
Ganglia were removed from the enzymatic solution by spinning down (twice),
and re-suspending in a mixture of DMEM-F12, bovine serum albumin 0.1%, and
DNase 50 μg/ml DNase (once). Solution containing the ganglia was transferred
to a 100 mm culture dish, and isolated single ganglia free of smooth muscle or
other tissue components were collected with a micropipette while visualized
under a stereoscopic microscope and plated into wells of a 24-well culture plate
and kept in DMEM-F12 (1:1) medium containing 10% fetal bovine serum (FBS)
and a mixture of antibiotics (penicillin 100 U/ml, streptomycin 100 µg/ml, and
amphotericin B 0.25 µg/ml) at 37 °C in an atmosphere of 5% CO2 and 95%
humidity.

After cells reach semi-confluence after 3–4 weeks (P1), hEGCs were enriched
and purified by eliminating/separating fibroblasts, smooth muscle, and other cells.
EGC enrichment and purification were achieved by labeling the isolated cells with
magnetic microbeads linked to the anti-specific antigen, D7-Fib, and passing them
through a magnetic bead separation column following the manufacturer’s
instructions (Miltenyi Biotec Inc, San Diego, CA). This purification protocol was
performed twice (P2 and P3) to reach a cell enrichment of up to 10,000 fold, and
20,000 cells were plated on glass coverslips pre-coated with 20 μg/ml laminin/P-D-
Lys in 50 mm bottom glass #0 culture dishes for immunostaining and imaging or
12-well plates for IL-6 or CCl2 release experiments. Cultured hEGCs were kept
until confluent and harvested for additional experiments (4 to 10 days). On the day
of the experiment, hEGCs were stimulated as indicated. Parallel to this, cells at each
passage were split and seeded in plastic 25 mm2 culture flasks and used for study in
passages three to six.

NanoString nCounter gene expression assay. The RNA quality has been eval-
uated using Agilent RNA 6000 Nano Chip. NanoString nCounter technology is
based on the direct detection of target molecules using color-coded molecular
barcodes, providing a digital simultaneous quantification of the number of target
molecules. Total (RNA 100 ng) was hybridized overnight with nCounter Reporter
(20 μl) probes in hybridization buffer and excess of nCounter Capture probes (5 μl)
at 65 °C for 16–20 h. The hybridization mixture containing target/probe complexes
was allowed to bind to magnetic beads containing complementary sequences on
the capture probe. After each target found a probe pair, excess probes were washed,
followed by a sequential binding to sequences on the reporter probe. Biotinylated
capture probe-bound samples were immobilized and recovered on a streptavidin-
coated cartridge. The abundance of specific target molecules was then quantified
using the nCounter digital analyzer. Individual fluorescent barcodes and target
molecules in each sample were recorded with a CCD camera by performing a high-
density scan (600 fields of view). Images were processed internally into a digital
format and were normalized using the NanoString nSolver software analysis tool.

Fig. 6 Enteric gliosis and IL-1-signaling are involved in acute intestinal inflammation after abdominal surgery. a Immunohistochemistry for
macrophages (CD68+, green) and EGCs (GFAP+, violet) in jejunal cross-sections. Hoechst (white) was used as counterstain. White arrows indicate
ganglia-associated macrophages. Scale bar 50 µm. b Schematic overview showing the patient specimen collection of jejunal ME at an early and late time
point during pancreatic head resection. c qPCR analysis of jejunal ME specimens for inflammation- and macrophage function-associated genes. n= 10–15;
IL1β (14), IL-6 (15), CCL2 (13), CSF1 (10), CSF3 (11), CXCL2 (13). d–g Bulk-RNA-Seq analysis of jejunal ME specimens, including a PCA plot (d) and a
Volcano plot visualizing differentially expressed genes (e) between late and early specimens (p= 0.05, fold: 1.5). n= 4. f GO term analysis of all
differentially expressed genes between early and late specimens showed enrichment in gene clusters related to “glial activation”, “IL-1-signaling”,
“migration”, and “inflammatory response”. g Heat map of significantly regulated genes highlighting gliosis-related genes. h Schematic overview of the
generation and treatment of primary human EGCs from patient specimens. i NanoString analysis of primary human EGCs treated with IL1β or vehicle for
24 h. n= 10. Data are shown as mean RNA counts. Statistics were done with Student’s t-test and Fisher’s exact test. *<0.05, **<0.01, ***<0.001, All *
compared to early ME specimens or untreated hEGCs.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03772-4 ARTICLE

COMMUNICATIONS BIOLOGY |           (2022) 5:811 | https://doi.org/10.1038/s42003-022-03772-4 |www.nature.com/commsbio 13

89



Counts were normalized for all target RNAs in all samples based on the positive
control RNA to account for differences in hybridization efficiency and post-
hybridization processing, including purification and immobilization of complexes.
The average was normalized by background counts for each sample obtained from
the average of the eight negative control counts. Subsequently, a normalization of
mRNA content was performed based on internal reference housekeeping genes
Gusb, TBP, NMNAT1, RBP1, STX1A, CTNNB1 using nSolver Software (Nano-
String Technologies, Seattle, WA).

Immunohistochemistry. Whole-mount specimens were mechanically prepared by
dissection of the (sub)mucosa, fixed in 4% paraformaldehyde/PBS for 30 min,
permeabilized with 1% Triton-X 100/PBS for 15 min, blocked with 5% donkey
serum/PBS for 1 h, and incubated with primary IgGs mentioned in appendix
Table S4 at 4 °C overnight. After three PBS washing steps, secondary antibodies
(Dianova, anti-rat IgG-Cy2 1:800, anti-guinea pig IgG-Cy3, anti-chicken IgY-FITC,
and anti-rabbit IgG-FITC or - Cy3 1:800 were incubated for 90 min (Table S4).
Specimens were mounted in Epredia Shando Immu-Mount (Thermo Scientific)
and imaged on a Leica confocal imaging system or a Nikon 2000TE fluorescent
microscope.

Primary cells were fixed in 4% paraformaldehyde/PBS for 30 min,
permeabilized with 0.25% Triton-X 100/PBS for 15 min, blocked with 5% donkey
serum in PBS for 1 h, and incubated with primary IgGs mentioned in Table S4 at
4 °C overnight.

After three PBS washing steps, secondary antibodies (Dianova, anti-mouse IgG-
Cy2 1:800, anti-guinea pig IgG-FITC, and anti-rabbit IgG-FITC or - Cy3 1:800
were incubated for 60 min. Specimens were mounted in Fluorogel-Tris and imaged
using a Leica confocal imaging system or a Nikon TE 2000 fluorescent microscope.

Quantitative PCR. Total RNA was extracted from ME specimens at indicated time
points after IM using the RNeasy Mini Kit (Qiagen, Hilden, Germany), followed by
deoxyribonuclease I treatment (Ambion, Austin, TX). Complementary DNA was
synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Darmstadt, Germany). The expression of mRNA was quantified by
real-time RT-PCR with primers shown in Table S3. Quantitative polymerase chain
reaction was performed with SYBR Green PCR Master Mix (Applied Biosystems,
Darmstadt, Germany).

Flow cytometry (FACS). FACS analysis was performed on isolated ME samples
of the small bowel 24 h after IM in GFAPCrexIL1R1fl/fl animals. Isolation of ME
was achieved by sliding small bowel segments onto a glass rod, removing the
outer muscularis circumferentially with moist cotton applicators and cutting the
ME into fine pieces. ME was digested with a 0.1% collagenase type II (Wor-
thington Biochemical, Lakewood, NJ, USA) enzyme mixture, diluted in PBS,
containing 0.1 mg/ml DNase I (La Roche, Germany), 2.4 mg/ml Dispase II (La
Roche, Germany), 1 mg/ml BSA (Applichem), and 0.7 mg/ml trypsin inhibitor
(Applichem) for 40 min in a 37 °C shaking water bath. Afterwards single-cell
suspension was obtained using a 70 µm filter mesh and cells were stained for
30 min at 4 °C with the appropriate antibodies. For antibodies used in this study
see Table S4. Flow cytometry analyses were performed on FACSCantoI(BD
Biosciences) using FACSDiva software and data were analyzed with the latest
FlowJo software (Tree Star, Ashland, OR, USA).

Enzyme-linked immunosorbent assay (ELISA). Release of IL-6 and CCL2 was
measured in ME RIPA lysates isolated from small intestine segments at the indi-
cated time points after IM. Release of IL-6 in EGC cultures incubated with various
treatments was measured at the indicated time points. All ELISAs were purchased
from (Thermo Scientific) and used according to the manufacturer’s instructions.
Values were normalized to tissue weights or untreated EGCs. Briefly, for animal
tissue, the isolated ME (∼50 mg) was lysed with 1xRIPA buffer for 30 min, cen-
trifuged for 30 min at maximum speed and the protein concentration was deter-
mined with a BCA kit (Thermo Scientific). 100 µg of total protein was used to
measure the release of IL-6 or CCL2 in duplicates. For EGCs, cells were treated
with the indicated substances for 24 h, the supernatant was collected, centrifuged at
5000 rcf for 5 min, and snap-frozen in liquid nitrogen before being processed for
the IL-6 or CCL2 ELISA.

In vivo gastrointestinal transit. Gastrointestinal transit (GIT) was assessed by
measuring the intestinal distribution of orally administered fluorescently labeled
dextran-gavage 90 min after administration as described previously6. The gastro-
intestinal tract was divided into 15 segments (stomach to the colon). The geometric
center (GC) of labeled dextran distribution was calculated as described previously.
The stomach (st) correlates with a GC of 1, the small bowel correlates with a GC of
2–11, the cecum (c) correlates with a GC of 12, and the colon correlates with a GC
of 13–15. GIT measurements were performed with sham and IM24h animals of
GFAPCrexIL1R1fl/fl or Sox10CreERT2xRpl22HA/+ animals.

MPO+-cell infiltration. Jejunal mucosa-free ME whole-mount specimens were
fixed in ethanol and stained with Hanker Yates reagent (Polyscience Europe,

Germany) to identify myeloperoxidase expressing cells (MPO+). The mean
number of MPO+ cells/mm2 for 5 random areas per animal was determined.
MPO+ measurement was performed with animals 24h after IM.

RNA-Seq. RNA samples were extracted using the RNeasy Mini Kit (Qiagen).
RNA-Seq libraries were prepared using the QuantSeq 3′ mRNA-Seq Library
Prep Kit (Lexogen) according to the manufacturer’s instructions by the Geno-
mics Core Facility of the University Hospital Bonn. The method has high strand
specificity (>99.9%), and most sequences are generated from the last exon and
the 3′ untranslated region. The technique generates only one fragment per
transcript, and the number of reads mapped to a given gene is proportional to its
expression. Fewer reads than in classical RNA-seq methods are needed to
determine unambiguous gene expression levels, allowing a high level of multi-
plexing. Library preparation involved reverse transcription of RNA with oligodT
primers, followed by removal of RNA and second-strand cDNA synthesis with
random primers. The resulting fragments containing both linker fragments were
PCR amplified with primers containing the Illumina adaptors and sample-
specific barcodes. All libraries were sequenced (single-end 50 bp) on one lane of
the Illumina Hiseq 2500. Only genes with an adjusted p-value below 0.05 and a
minimum fold-change greater than 1.5 were considered to be differentially
expressed between conditions.

RiboTag method. RiboTag IP was performed according to Leven et al.34. Briefly,
the muscle layer of the whole small bowel tissue was mechanically separated from
the mucosal layer and placed in RNAlater (Thermo Scientific). Muscle tissue was
lysed on a Precellys homogenizer [Bertin Instruments] (3 × 5000 rpm, 45 s; 5 min
intermediate incubation on ice) in pre-cooled homogenization buffer (50 mM Tris/
HCl, 100 mM KCl, 12 mM MgCl2, 1% NP-40, 1 mg/ml Heparin, 100 µg/ml
Cycloheximide, 1 mM DTT, 200 U/ml RNAsin, 1× Protease Inhibitor P8340),
centrifuged (10 min, 10,000 × g, 4 °C), and supernatants saved. “Input” controls
were generated from 50 µl cleared lysate. Supernatants were incubated with anti-
HA antibody (5 µl; 1 mg/ml; Table S4; 4 h, 4 °C, 7 rpm) and conjugates added to
200 µl of equilibrated A/G dynabeads (Thermo Scientific) and incubated (over-
night, 4 °C, 7 rpm). High salt buffer (50 mM Tris/HCl, 300 mM KCl, 12 mM
MgCl2, 1% NP-40, 100 µg/ml Cycloheximide, 0.5 mM DTT) was used to wash
beads before elution of cell-specific mRNA and subsequent mRNA extraction
(Qiagen RNeasy micro kit).

Software. The software tools used for this study include Partek Flow, available
from https://www.partek.com/partek-flow/#features; Subread/Feature Counts61,
available from http://subread.sourceforge.net/; Venn-Diagram Software, available
from http://bioinformatics.psb.ugent.be/webtools/Venn/; and Gene Set Enrichment
Analysis, available from https://www.partek.com/partek-flow/#features.

Statistics and reproducibility. Statistical analysis was performed with Prism
V9.01 (GraphPad, USA) using Student t-test or one-way ANOVA as indicated. In
all figures, p-values are indicated as *p < 0.05, **p < 0.01 and ***p < 0.001 when
compared to control or #p < 0.05, ##p < 0.01 and ###p < 0.001 compared to indi-
cated samples. All plots show the means of indicated expression levels ± standard
error of the mean (SEM).

For all shown RNA-seq data, the Partek software was used for all analyses.
Partek software performs statistical analyses by the Fisher’s exact test and provides
p-values with multiple testing corrections (FDR).

Experiments were repeated with more samples when the result was
close to statistical significance, and sample sizes for animal studies were chosen
following previously reported studies that have used the POI animal model; at
least 6–10 independent mice per experimental setup. All animals were
handled by standardized housing procedures and kept in precisely the same
environmental conditions and were genotyped at 6 weeks of age and received a
randomized number by which they were identified. Age- and sex-matched
animals were grouped randomly and used in the POI animal model.
All the control or experimental mice in each experimental set were treated
with the same procedure and manipulation. By this, we avoided any group
or genotype-specific effects due to the timing of experiments or handling of
animals.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data sets produced in this study are available upon reasonable request and in the
following databases: RNA-Seq data from mRNA of ME-tissue from patients in
GSE149181. The RiboTag data of control and IM3h mice is available under the accession
number GSE198889, and the data of EGCs treated with IL1β, and BMDMs treated with
conditioned media is available under the accession number GSE205610. All raw data used
for the main figures were included in an excel sheet named supplementary data 1.
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IL-1R signaling drives enteric glia-
macrophage interactions in
colorectal cancer
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Enteric glia have been recently recognized as key components of the colonic
tumor microenvironment indicating their potential role in colorectal cancer
pathogenesis. Although enteric glia modulate immune responses in other
intestinal diseases, their interaction with the colorectal cancer immune cell
compartment remains unclear. Through a combination of single-cell and bulk
RNA-sequencing, both inmurinemodels andpatients, herewefind that enteric
glia acquire an immunomodulatory phenotype by bi-directional communica-
tion with tumor-infiltratingmonocytes. The latter direct a reactive enteric glial
cell phenotypic and functional switch via glial IL-1R signaling. In turn, tumor
glia promote monocyte differentiation towards pro-tumorigenic SPP1+ tumor-
associated macrophages by IL-6 release. Enteric glia cell abundancy correlates
with worse disease outcomes in preclinical models and colorectal cancer
patients. Thereby, our study reveals a neuroimmune interaction between
enteric glia and tumor-associated macrophages in the colorectal tumor
microenvironment, providing insights into colorectal cancer pathogenesis.

Identified as the world’s third most common tumor, colorectal cancer
(CRC) represents one of the preeminent causes of cancer-associated
deathsworldwide. Although innovative technologies have significantly
impacted the diagnosis and treatment of CRC, patients with advanced
disease still have a poor prognosis. In fact, while the 5-year survival
rates of patients with early-stage CRC can reach up to 90%, the survival
rate plummets dramatically to as low as 10% for patients diagnosed
with metastatic disease1. Hence, a better understanding of the patho-
genesis of CRC is crucial to develop advanced therapeutic strategies
along with advanced patient stratification for precisionmedicine. CRC
consists of rapidly evolving neoplasms where acquired mutations in

oncogenes and tumor-suppressor genes lead to increasing complexity
of the tumor microenvironment (TME), unleashing interaction of the
tumor cells with the stroma and the immune system, including fibro-
blasts, tumor-infiltrating immune cells, and cells of the enteric nervous
system2,3. This process contributes to the formation of a complex
network of cell types within the TME, which is leading to increased
tumor fitness.

In recent years, enteric glial cells (EGCs) have also been identified
as a constituent of the colon carcinoma microenvironment4,5. EGCs,
once regarded as merely supportive and accessory cells for neurons
within the enteric nervous system6, have now gained increased
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attention for their more complex roles in both health and disease7. In
homeostasis, EGCs regulate intestinal reflexes and support neuro-
transmission via communication with enteric neurons. However,
accumulating evidence highlights EGCs as crucial mediators of inter-
actions not only among enteric neurons but also intestinal epithelium,
enteroendocrine cells, and immune cells7–10. Of particular interest is
their significant role in modulating immune responses in various
intestinal diseases11–14. Being highly responsive to inflammatory med-
iators, including Adenosine triphosphate (ATP), Interleukin (IL)−1
cytokines, or Lipopolysaccharides, EGCs are rapidly activated during
intestinal diseases. Upon activationduring intestinal pathologies, EGCs
contribute to the shaping of the inflammatory milieu through the
secretion of a plethora of cytokines and chemokines15–18. In this regard,
we recently demonstrated the profound influence EGCs exert on
macrophage dynamics in the setting of acute intestinal inflammation,
promoting the recruitment ofmonocytes and their differentiation into
pro-resolving macrophages17,19.

So far, in the context of CRC, a few studies suggested that EGCs
exert a pro-tumorigenic effect during tumor development4,5. In a study
byYuanet al., glial cell depletion led to reduced tumorburden in aCRC
mousemodel5, indicating a central role of EGCs inCRCdevelopment. A
xenograft model confirmed this role, and in vitro work suggested that
EGC activation by IL-1 resulted in a pro-tumorigenic EGC phenotype4,
pointing to a direct interaction of EGCs with the TME. However, the
mechanisms by which EGCs interact with the different components of
the colorectal cancer TME to exert their pro-tumorigenic role remain
poorly understood. Especially the molecular and cellular commu-
nication pathways involved are so far insufficiently explored and dis-
play a substantial lack of in vivo evidence.

In this work, we demonstrate, using in vitro and in vivo models,
that upon exposure to the colorectal TME, EGCs undergo a reactive
phenotypic switch, leading to the activation of immunomodulatory
processes that promote the differentiation of tumor-associated mac-
rophages (TAMs). Tumor-infiltratingmonocytes are found to influence
the phenotype and function of CRC EGCs through IL-1 signaling. In
turn, EGC-derived IL-6 promotes the differentiation of monocytes
towards SPP1+ TAMs. This IL-1R/IL-6 axis is found to be essential for the
tumor-supportive functions of EGCs. Our findings uncover a critical
neuroimmune interaction in the colon cancer microenvironment,
potentially facilitating the development of additional therapeutic
approaches to treat this devastating disease.

Results
EGCs shape the CRC immune compartment
Recent studies identified EGCs as an important component of the
colon TME4,5. However, their contribution to CRC pathogenesis and
their possible interaction with the tumor immune compartment
remains largely unexplored. Hence, to study the immunomodulatory
role of EGCs in CRC in vivo, we utilized an established murine
model20, in which MC38 colorectal cancer cells were orthotopically
injected into the colonic submucosa (Fig. 1a and Supplementary
Fig. 1a). This model is characterized by a strong immune cell infil-
tration and tumor epithelial cell proliferation (Supplementary
Fig. 1b, c). After initial tamoxifen exposure, diphtheria toxin (DT) was
administered via colonoscopy-guided injections into the colonic wall
of PLP1CreERT2iDTR mice on days −5 and −3 prior to the submucosal
injection of MC38 tumor cells (Fig. 1b). This approach enabled the
temporal and localized depletion of enteric glia during the devel-
opment of colon tumors (Supplementary Fig. 1d–h). Of note, the DT-
triggeredglial cell death byd0was not associatedwith any significant
differences in immune infiltrate between vehicle-treated and DT-
treated mice (Supplementary Fig. 1i). Seven days after colonic MC38
cells injection, a significant reduction of tumor size was observed in
DT pre-treatedmice compared to the vehicle group (Fig. 1c). Tumors
treated with DT exhibited a sustained reduction in glial marker

expression at day 7, with no impact on colon length (Supplementary
Fig. 1j–l). Although absolute numbers of both immune and non-
immune cells per milligram of tumor tissue decreased within the
tumor microenvironment in the absence of glial cells, the composi-
tion of the tumor microenvironment remained unchanged, as evi-
denced by the consistent percentage of immune and non-immune
cells. Thus, it is evident that the reduction in tumor size is not solely
attributable to a decline in immune cells (Supplementary Fig. 1m, n).
To address any potential non-specific DT toxicity or unspecific
immune activation, we subjectedC57BL/6Jmice to the same injection
protocol used for PLP1CreERT2iDTR mice. Our findings revealed no
difference in tumor growth or immune infiltration between DT- and
saline-injected WT mice, excluding non-specific DT toxicity in this
model (Supplementary Fig. 1o–q).

Interestingly, during this early phase of tumor growth, the
depletion of EGCs resulted also in fewer TAMs (Fig. 1d and Supple-
mentary Fig. 2a). Furthermore, a decrease in the numbers of mono-
cytes and eosinophils was observed in tumors after enteric glia
depletion, whereas no differences were observed for neutrophils, T
and B cells (Fig. 1d and Supplementary Fig. 2b).

To further validate the effect of EGCs on the CRC immune com-
partment, we established a co-injection model of MC38 cells together
withprimary EGCs in the colonicmucosaofC57BL/6Jmice (Fig. 1e).Co-
injection of MC38 and EGCs resulted in increased tumor growth
associated with higher numbers of TAMs, as well as CD4+ T cells, CD8+

T cells, and Treg cells compared to mice orthotopically injected with
MC38 cells alone (Fig. 1f, g and Supplementary Fig. 2c). No differences
were observed in the numbers ofmonocytes, eosinophils, neutrophils,
and B cells (Fig. 1g and Supplementary Fig. 2c). Spatial tissue mapping
via confocal microscopy confirmed proximity between EGCs (GFAP+)
and TAMs (F4/80+) within orthotopic colonic tumors injected in
C57BL/6J mice (Fig. 1h), further suggesting the existence of a glial-
macrophage interplay within the TME.

Overall, these findings suggest that EGCs participate in shaping
the CRC immune microenvironment, by expanding the TAM
population.

EGCs display an immunomodulatory phenotype in CRC
To examine the molecular mechanisms by which EGCs influence the
immuneCRCcompartmentwithparticular regard to theTAMs,wefirst
investigated their transcriptional adaptations upon CRC onset. To this
end, we established an in vitro tumor EGC model, able to mimic the
response of enteric glia to the factors secreted by the colonic TME.
Primary embryonic-derived EGCs were treated with conditioned
medium (CM) of digestedmurine MC38 orthotopic tumors, from now
onwards, defined as TME-CM EGCs (Fig. 2a). Control groups consisted
of EGCs stimulated with supernatants derived from healthy colonic
tissue (H-CM) and naive unstimulated EGCs. At 6 h, 12 h, and 24 h post-
stimulation, bulk RNA sequencing (RNA-seq) was performed to
uncover the transcriptional differences among the various EGC
groups. Principal component analysis (PCA) demonstrated a sig-
nificant similarity between the H-CM and unstimulated EGC samples
(Fig. 2b). In contrast, TME-CM EGCs exhibited a distinct separation
from both H-CM and unstimulated EGCs, suggesting a noticeable dif-
ference in their transcriptional programs. At 24 h post-stimulation, the
segregation of the samples was highly driven by the upregulation of
several chemokines, cytokines and typical markers for pan-reactive
astrocytes (Lnc2 and Timp1)21, suggesting an activated and immuno-
modulatory role for EGCs within the tumor microenvironment (Sup-
plementary Fig. 3a, b).

Next, using weighted gene correlation network analysis (WGCNA)
we identified 12 gene co-expressionmodules. TME-CM EGCs showed a
specific correlation to modules 7 and 8 and an inverse correlation to
module 4 (Fig. 2c and Supplementary Data 1). Module 7 showed a
functional association with several pro-tumoral processes and
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contained the glial reactivity markers Lcn2 and Timp1 (Fig. 2d and
Supplementary Fig. 3c). Module 8 consisted of genes, associated with
immunomodulatory functions of EGCs, such as “myeloid cell differ-
entiation”, “macrophage activation” and “myeloid leukocyte migra-
tion” (e.g., Ccl2, Cxcl1, Cxcl10 and Il6). Conversely, the genes ofmodule
4, such as Ntsr1 and Sparcl1, were associated with the homeostatic
functions of EGCs22. In line, gene set enrichment analysis of the 24 h
TME-CM EGCs signature revealed impairment for functions previously
ascribed to healthy EGCs, including GO terms like “Positive regulation
of stem cell differentiation”, “Regulation of glial cell differentiation and

gliogenesis”, “Neuron projection guidance”, and “Positive regulation of
neurogenesis”7,23 (Fig. 2e and Supplementary Data 2). Notably, in line
with the previous in vitro findings of Valès et al., TME-CM EGCs were
enriched for the GO terms “Positive regulation of prostaglandin bio-
synthetic process”, and “Interleukin 1 receptor activity”, supporting the
possible paracrine effect of IL-1/PGE2 signaling4. Lastly, gene set
enrichment analysis predicted a direct interaction of CRC EGCs with
TAMs, reflected by functional enrichment for the GO terms “Macro-
phage differentiation” and “Positive regulation of macrophage activa-
tion and migration” (Fig. 2e).
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Fig. 1 | EGCs shape the CRC immune compartment. a Schematic representation
of the murine orthotopic CRC model. Adult mice were injected endoscopically in
the colonic submucosa with MC38 cells and tumors were assessed at day (d)7, d14
or d21. b–d PLP1CreERT2iDTR mice were intraperitoneally (i.p.) injected with tamox-
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Schematic representation of EGCs depletion mouse model (b) with representative
pictures (scale bar 2mm) and quantitative comparison of tumor volume (c). Data
show absolute tumor-infiltrating myeloid immune cell numbers per mg tumor
tissue (d) (n = 13 Vehicle, n = 12 DT). e–g WT C57BL/6J mice were i.c. injected with

MC38 cells with orwithout embryonic neurosphere-derived EGCs (1:1 ratio). Tumor
growth and immune infiltration were assessed at d21. Schematic representation of
EGCs co-injection mouse model (e) with representative pictures (scale bar 2mm)
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25 µm) representative of 4 independent experiments. Data show mean± SEM
(c, d, f, g). Statistical analysis: unpaired two-tailed Mann-Whitney test (c, d, f, g)
*p <0.05, **p <0.005, ns not significant. Source data and exact p values are pro-
vided as a Source Data file.
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Taken together, upon exposure to the CRC TME, EGCs undergo a
phenotypic switch associated with the activation of immunomodula-
tory programs related to macrophage interplay.

Tumor EGC-derived IL-6 favors SPP1+ TAM differentiation
Considering that tissue location and transcriptomic data suggest
direct communication between EGCs and TAMs in the CRC micro-
environment, we aimed to decipher the molecular mechanisms
underpinning their interaction. Firstly, single-cell transcriptomic

analysis was used to characterize the immune landscape of colorectal
MC38 orthotopic tumors (Supplementary Fig. 4a). Interestingly,
among the identified immune populations, monocytes and macro-
phages accounted for 60% of the tumor-infiltrating immune cells.
Unsupervised clustering of themyeloid cells (Lyz2, Cd68, H2-Ab1, Mrc1,
C1qa, Ly6c2, Ccr2, and Fn1) revealed 1 monocyte and 4 distinct mac-
rophage sub-populations (Fig. 3a-b). The most abundant macrophage
cluster was characterized by simultaneousmarker gene expression for
monocytes (Ccr2 and Ly6c2) and for differentiated macrophages (H2-
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Ab1 and Nlrp3), indicating a possible transitional cell state, which we
termed “Intermediate Macrophages” (Fig. 3b). Additionally, we iden-
tified two clusters of TAMs, “SPP1+ TAMs” and “C1Q+ TAMs”.
The “SPP1+TAMs” co-express Spp1 andArg1, alongwith genes involved
in angiogenesis (Vegfa) and extracellular matrix remodeling (Spp1 and
Tnf) (Fig. 3b and Supplementary Fig. 4b). The “C1Q+ TAMs” are char-
acterized by genes involved in phagocytosis (Nr1h3), antigen

presentation (H2-Ab1) and the complement cascade (C1qa). A sec-
ond of C1Q+ TAMcluster, distinguished by high expression of cell cycle
genes such asMki67 and Top2a, was classified as ‘Cycling C1Q+ TAMs’.

Overall, our findings are in line with the study of Zhang et al.,
which reported very similar dichotomous functional phenotypes of
TAMs in CRC patients24. Additionally, Zhang and colleagues predicted
a dichotomic differentiation trajectory of monocytes towards SPP1+
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TAMs or C1QC+ TAMs in CRC patients. In line, we identified a strong
directional flow from tumor-infiltrating monocytes towards inter-
mediate macrophages, which in turn further branched into two
opposite paths, ending either in SPP1+ TAMs or C1Q+ TAMs (Fig. 3c).

SPP1+ macrophages represent a significant cell population within
the tumor immune cell compartmentwith negative prognostic value in
CRC24,25. However, the current knowledge regarding microenviron-
mental cues, promoting the differentiation of tumor-infiltrating
monocytes towards SPP1+ TAMs or C1Q+ TAMs, remains limited.
Thus,we explored the possible role of EGCs in promotingmonocyte to
SPP1+ TAM or C1Q+ TAM differentiation using our EGC co-injection
CRC model (Fig. 1e). Strikingly, supplementation of EGCs within the
CRCTME resulted inmore thana twofold increase in SPP1+ TAMs,while
no significant difference was found for C1Q+ TAMs (Fig. 3d and Sup-
plementary Fig. 4c).

Next, to identify key EGC-derivedmediators accountable for SPP1+

TAMdifferentiation inCRC,we appliedNicheNet, a computational tool
designed to infer relationships between signaling molecules and their
target gene expression26. By using the genes differentially expressed
between SPP1+ TAMs and monocytes [data extracted from our single-
cell RNA-seq (scRNAseq) murine orthotopic CRC dataset] as target
genes, we prioritized candidate ligands derived from TME-CM EGCs
(data extracted from bulk RNAseq in vitro CRC EGCs dataset) as
potential driversof this differentiation process (Fig. 3e). Here, TME-CM
EGC-derived IL-6 was identified as the top predicted candidate factor
involved in driving the SPP1+ TAM phenotype (Fig. 3e, f).

In line with this prediction, IL-6 neutralization in the TME-CM EGC
supernatant attenuated the differentiation of monocytes into SPP1+

TAMs, further reflectedby reduced Spp1 andArg1 expression (Fig. 3g, h
and Supplementary Fig. 4d). Of note, TME-CM EGCs did not promote
C1Q+ TAMdifferentiation frommonocytes. In contrast, H-CMEGCshad
no effect on SPP1+ TAM polarization while they promoted C1Q+ TAM
differentiation in an IL-6 independent fashion (Fig. 3h and Supple-
mentary Fig. 4d). Consistent with this, high level of IL-6 could be
measured only in the supernatant of TME-CM EGCs, with almost
undetectable level in H-CM EGCs (Fig. 3i).

To finally investigate the effect of EGC-derived IL-6 on the SPP1+

TAMdifferentiation and tumor development in vivo, we orthotopically
injected MC38 cells in the colonic mucosa of mice with a glial-specific
deletion of IL-6 (SOX10CreERT2IL-6fl/fl) and their littermates
(SOX10CreERT2IL-6wt/wt) (Fig. 3j). Strikingly, glial-specific IL-6 deletion led
to a reduced tumor growth, which correlated with a reduction in SPP1+

TAMs while no effect was detected for C1Q+ TAMs (Fig. 3k-l). These
results underline the importance of glial-derived IL-6 in both colonic
tumor development and TAM differentiation in vivo. Glial reporter
mouse line SOX10CreERT2Ai14fl/fl showing co-localization of tdTomato
signals together with GFAP immunostaining in glial cells, was used to
confirm enteric glia targeting specificity (Supplementary Fig. 4e).

Altogether, our data reveal a significant and previously unknown
interaction betweenEGCs andTAMs in theCRCTME,with EGC-derived
IL-6 acting as a crucial regulator in driving SPP1+ TAM differentiation.

Monocyte-derived IL-1 promotes the CRC EGC phenotype
Given the evidence that EGCs modulate their functions based on
microenvironmental cues12,15,19, we aimed to define the factors driving
the EGC phenotypic switch in CRC. Considering the heavy infiltration
of the colon TME by immune cells, which recent studies have pin-
pointed as sources of EGC-activating factors12, we investigated the
possibility of immune cells driving CRC EGC transition, potentially
creating a reinforcing neuroimmune feedback loop. To investigate the
cellular circuits coordinating this interaction we used again NicheNet,
linking ligands derived from immune cells within the TME (from the
scRNAseq murine orthotopic CRC dataset) to target genes differen-
tially expressed between H-CM EGCs and TME-CM EGCs (data extrac-
ted from Bulk RNAseq in vitro CRC EGCs dataset) (Fig. 4a). In this
analysis, IL-1β and IL-1α emerged as the top-ranked ligands driving the
transcriptional transition from H-CM EGCs to TME-CM EGCs
(Fig. 4a, b). Notably, we could confirm elevated levels of IL-1 in the TME
samples compared to healthy colon cells, both at RNA and protein
levels (Fig. 4c and Supplementary Fig. 5a). Next, we utilized primary
EGC cultures derived from embryonic or adult neurospheres to ana-
lyze their response to IL-1 treatments. Of note, both EGC culture sys-
tems were characterized by strong enrichment of EGC markers (Plp1,
Sox10, and S100b) with minimal expression of markers for other cell
types such as epithelial cells (Epcam and Cdh1), smooth muscle cells
(Prkg1 and Foxp2), endothelial cells (Cdh5 and Pecam1), neurons (Nefl
and Syp), mesenchymal cells (Pdgfra andWt1), and immune cells (Ikzf1
and Itgam) (Supplementary Fig. 5b). Consistent with our prediction,
treating primary EGCs with IL-1β markedly activated the CRC EGC
phenotype, with induction of Lcn2 and Timp1, and immunomodula-
tory factors Ccl2 and Il6, both at RNA and protein level, highlighting a
specific molecular EGC response independent of embryonic or adult
neurosphere origin (Fig. 4d, e, Supplementary Fig. 5c, d and Supple-
mentary Data 2). Conversely, inhibiting IL-1R signaling in EGCs during
stimulation with the TME-CM, completely abrogated the induction of
the CRC EGC key markers (Fig. 4f, g). Taken together, these findings
underscore the pivotal role of IL-1 in the reprogramming of EGCs upon
exposure to the colonic TME.

Next, to identify the cellular source of IL-1 within the TME, we
quantified IL-1 expression across epithelial, stromal, and immune cells
(Fig. 4h and Supplementary Fig. 5e–g). While Valès et al.4 concluded
that in vitro IL-1 is released by the tumor epithelial cells, we herein
demonstrate that in vivo, in particular within the MC38 orthotopic
model, the TME IL-1 secretion is restricted to myeloid cells, while no
expression couldbe found inepithelial, nor in stromal cells (Fig. 4h and
Supplementary Fig. 5g). Further analyses identified tumor monocytes

Fig. 3 | Tumor EGC-derived IL-6 favors SPP1+ TAMdifferentiation. a-cAnalysis of
monocytes andmacrophages from the scRNA-seq data of orthotopicMC38 tumors
in WT C57BL/6J mice, 21 days(d) after tumor induction (n = 3). UMAP of sub-
clustering (a), dot plot of differentially expressed marker genes (b) and differ-
entiation trajectory (c). d WT C57BL/6J mice were intracolonically injected with
MC38 cells ± embryonic neurosphere-derived EGCs (1:1 ratio). SPP1+ TAMs andC1Q+

TAMs infiltration was assessed on d21. Data represent absolute numbers/mg tumor
(n = 11 MC38, n = 10 MC38 + EGCs). e, f Nichenet analysis was performed con-
sidering ligands expressed by 24h tumor microenvironment-conditioned medium
(TME-CM) EGCs, (CRC EGCs bulk RNAseq; Fig. 2) and considering the differentially
expressed genes between monocytes and SPP1+ TAMs as target genes (orthotopic
murine CRC dataset; Fig. 3a). Pearson correlation of top TME-CM EGCs-released
ligands predicted to induce monocytes to SPP1+ TAM differentiation (e). Heatmap
showing regulatory potential scores between top EGC-released ligands and their
target genes differentially expressed between monocytes and SPP1+ TAMs (f).
g–h Supernatant of healthy (H)-CM, TME-CM, H EGCs-CM, and TME EGCs-CMwere

incubated with IgG or anti-IL-6 (both 5 µg/mL) along with Dynabeads™ Protein G
followed by removal of the protein-antibody-bead complex. Murine monocytes
were cultured for 48 h with the indicated supernatants (n = 3 H-CM and TME-CM).
Experimental design (g). Percentages of SPP1+ andC1Q+ TAMs inmonocyte cultures
after stimuli (h). i IL-6 concentration in H-CM, TME-CM, H-EGCs-CM, and TME-
EGCs-CM (n = 3 H-CM and TME-CM). After tamoxifen treatment were
SOX10CreERT2IL-6wt/wt and SOX10CreERT2IL-6fl/fl mice intracolonic (i.c.) injected with
MC38 cells. Tumor growth and immune infiltration were assessed at d14 (n = 10).
Schematic representation (j), representative pictures (scale bar 2mm) and com-
parison of tumor volume (n = 10) (k). Tumor-infiltrating TAM numbers/mg tumor
(n = 10) (l). Data are presented as mean± SEM (d, h, i, k, l). Statistical analysis:
unpaired two-tailed Mann Whitney test (d), two-way ANOVA with correction for
multiple comparisons (h, i), unpaired two-tailed t-test (k, l). *p <0.05, **p <0.005,
***p <0.0005, ****p <0.00005, ns not significant. Source data and exact p values are
provided as a Source Data file.
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orthotopic CRC tumor-infiltrating immune cells predicted by NicheNet to be
inducing CRC EGC signature. NicheNet analysis was performed considering the
ligands expressed by murine orthotopic CRC tumor-infiltrating immune cells, data
extracted from CRC orthotopic murine CRC dataset (see Supplementary Fig. 4a)
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target genes among the differentially expressed genes between in vitroH-CM EGCs
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TME-CM). d, e Primary adult neurosphere-derived EGCs were isolated from WT
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***p <0.0005, ****p <0.00005. Source data and exact p values are provided as a
Source Data file.
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as the principal producers of both IL-1β and IL-1α at the RNA and
protein levels (Fig. 4h and Supplementary Fig. 5h).

To define the possible effect of tumor monocyte-derived IL-1 on
the immunomodulatory reprogramming of EGCs, we isolated tumor-
and bone marrow (BM)-derived monocytes from mice bearing ortho-
topic colon tumors and exposed primary enteric glia to their super-
natant with or without IL-1R blockade (Fig. 5a). Remarkably, the

supernatant of tumor monocytes was able to induce a higher expres-
sion of CRC EGCmarker genes (Lcn2, Timp1,Ccl2, and Il6) compared to
control BM-derivedmonocytes in an IL-1R-dependentmanner (Fig. 5b).

To further verify the monocyte origin of IL-1 signaling, we exam-
ined the effects on primary EGCs of orthotopic TME-CM, sourced from
tumors induced in both monocyte-deficient [C-C chemokine receptor
type 2 deficient (CCR2−/−)] and monocyte-competent mice (CCR2+/+)
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(Fig. 5c). Consistent with previous findings27, the volume of orthotopic
tumors grown in the colonic mucosa of CCR2−/− mice was significantly
reduced (Fig. 5d) as a consequence of the lower number of monocytes
and monocyte-derived macrophages in CCR2−/− tumors, as confirmed
by flow cytometry (Fig. 5e). Consistently, Il1b and Il1a expressions were
significantly decreased in the tumor tissue of CCR2-deficient mice
compared to WT mice (Fig. 5f), further corroborating that monocytes
and monocyte-derived macrophages are the major source of IL-1
ligands in the colon TME. As expected, TME-CM isolated from the
CCR2−/− mice failed to induce CRC EGC reprogramming as reflected by
the reduced expression of Lcn2, Ccl2, and Il6 when compared with
EGCs treated with CCR2+/+ TME-CM (Fig. 5g). A similar trend, although
not significant, was observed for Timp1. Overall, our findings strongly
support the concept that IL-1, derived from tumor-infiltrating mono-
cytes- and monocyte-derived macrophages, provides remodeling of
the neighboring enteric glia into activated and immunomodulatory
CRC EGCs.

IL-1R signaling in EGCs promotes SPP1+ TAM differentiation
Next, we assessed whether IL-1R blocking in CRC EGCs might directly
affect TAM differentiation. For this purpose, EGC cultures were
exposed to TME-CM or H-CM in the presence of an IL-1R blocking
antibody and subsequently their supernatant was used to treat naive
monocytes (Fig. 6a). To exclude any direct impact of anti-IL-1R anti-
body on monocytes, we removed the antibody from the EGC super-
natant by usingmagnetic beads. Notably, the blockade of IL-1R led to a
significantly reduced differentiation of monocytes into SPP1+ TAMs
with the supernatant of TME-CM EGCs. However, IL-1R blockade did
not alter TAM polarization in the context of H-CM EGCs both at RNA
and protein level (Fig. 6b, c and Supplementary Fig. 6a-b). As a result,
IL-6 levels were markedly reduced in the supernatant of TME-CM-
exposed EGCs following IL-1R inhibition (Fig. 6d). These findings fur-
ther corroborated our hypothesis regarding the critical role of the IL-
1R/IL-6 axis in CRC EGCs in directingmonocyte differentiation towards
the SPP1+ TAM phenotype.

Then, to investigate the effect of IL-1R signaling inhibition on the
immunomodulatory functions of EGCs in vivo,we co-injectedWTor IL-
1R1−/− EGCs andMC38 cells in C57/BL6Jmice (Fig. 6e). Interestingly, co-
injection of tumor cells with IL-1R1−/− EGCs resulted in lower tumor
growth and reduced infiltration of SPP1+ TAMs when compared with
tumors co-injected with WT EGCs (Fig. 6f-g). Lack of IL-1R in co-
injected EGCs had no impact on C1Q+ TAMs.

Acknowledging the heterogeneity of CRC with regard to the
immune compartment28, we sought to investigate the glial-TAM
crosstalk also in “immune cold” MSS-CRC like tumors, by injecting
villinCreER Apcfl/fl KrasG12D/+ Trp53fl/fl TrgfbrIfl/fl (AKPT) tumor-derived
cells orthotopically29. Indeed, while the MC38 model is representative
of “immune hot” tumors, characterized by a large immune infiltrate30,
the AKPT model is characterized by a low tumor-immune
compartment30,31. Thus, we injected AKPT cells in the colonic mucosa
of mice with a glial-specific deletion of IL-1R1 (GFAPCreIL-1R1fl/fl) and

their littermates (GFAPWtIL-1R1fl/fl) (Fig. 6h and Supplementary Fig. 6c).
Notably, also in this model, deletion of IL-1R in EGCs impacted tumor
growth and SPP1+ TAM expansion (Fig. 6i, j), suggesting IL-1R triggered
EGC-TAM crosstalk as a broad mechanism across independent ortho-
topic CRC subtypes.

In addition, we investigated the glia-TAM interaction also in a
colitis-associated colorectal cancer model based on AOM/DSS
administration32 (Fig. 7a). Here, using the glia reporter mouse line
GFAPCreAi14fl/fl (Supplementary Fig. 6c), we confirmed spatial proximity
of EGCs (tdTomato+) and TAMs (IBA1+) in the tumor regions (Fig. 7b),
as we have previously observed in the orthotopic MC38 model. Tran-
scriptomic analysis comparing AOM/DSS-induced tumors to naive
tissue in wild-type mice supported the involvement of the IL-1R/IL-6
pathway in EGC-TAM crosstalk (Supplementary Fig. 6d, e, Supple-
mentary Data 3). In particular, transcriptomic differences highlighted
an increased expression of CRC EGCmarkers, as well as TAM signature
genes togetherwith increased IL-1 signaling. Consistentwith the role of
enteric glia in the orthotopic CRC model, the number of colonic
tumorswasdiminished inAOM/DSS-treatedGFAPCreIL-1R1fl/fl compared
to littermate GFAPWtIL-1R1fl/fl mice, while no differences in weight loss
or EGC network morphology were detectable between the two geno-
types (Fig. 7c and Supplementary Fig. 6f, g). Interestingly, glial-specific
IL-1R deficiency correlatedwith a decline in SPP1+ TAMs, but C1Q+ TAM
levels remained unchanged (Fig. 7d). Importantly, glial-specific IL-1R
deficiency was further associated with reduced Il6 gene expression in
tumor tissues of GFAPCreIL-1R1fl/fl compared to control GFAPWtIL-1R1fl/fl

tumor lesions (Fig. 7e).
To further validate the expression of IL-6 in tumor EGCs, we

performed fluorescence-activated cell sorting of enteric glia from
healthy or tumor colonic mucosa of AOM/DSS-treated GFAPCreAi14fl/fl

mice. In line with our in vitro data, we detected a strong increase of Il6
expression in tumor versus healthy tdTomatopos EGCs (Fig. 7f and
Supplementary Fig. 6h-i). Consistently, IL-6 staining in tumor sections
from the EGC reportermouse line Sox10CreERT2Ai14fl/fl, revealed that IL-6
protein co-localized with tdTomato+ cells in AOM/DSS tumors (Fig. 7g
and Supplementary Fig. 6j).

In conclusion, these findings offer further in vivo evidence
underscoring the IL-1-dependent interaction between EGCs and SPP1+

TAMs within the CRC milieu.

IL-1R induced-CRC EGC phenotype in patients with CRC
After identifying enteric glia-immune interactions inpreclinicalmodels
of CRC, we investigated whether a similar process might influence
disease progression in CRC patients. Initially, spatial tissue co-
localization of EGCs and TAMs was confirmed in patient-derived CRC
samples (Fig. 8a). Next, the possible contribution of EGCs in disease
outcome was defined using the colon and rectal cancer datasets from
The Cancer Genome Atlas (TCGA- COAD, and READ). Here, patients
were hierarchically clustered into two groups based on the expression
levels (high versus low) of the EGC transcriptomic signature, consisting
of genes highly expressed by EGCs as defined in previously published

Fig. 5 | Monocyte-derived IL-1 promotes the CRC EGC phenotype. a, b Primary
embryonic neurosphere-derived EGCs were stimulated for 24 h with IgG or anti-IL-
1R (5 µg/mL each) with or without the supernatant of sorted tumor monocytes or
bonemarrow (BM)-derivedmonocytes fromWTC57BL/6J mice bearing orthotopic
CRC tumors. Schematic representation of experimental setup (a). Relative mRNA
levels of Lcn2, Timp1, Ccl2, and Il6, normalized to the housekeeping gene Rpl32, in
primary embryonic neurosphere-derived EGCs were compared between EGCs sti-
mulated with tumor monocyte supernatant + IgG and all other conditions (n = 3
primary EGC cultures and monocytes) (b). c–g CCR2+/+ and CCR2−/− mice were
intracolonically injected at day(d)0 with MC38 cells, tumor tissue was collected at
d21. Then, in vitro embryonic neurosphere-derived EGCs were cultured for 24h
with the tumor microenvironment-conditioned medium (TME-CM) of CCR2+/+ and
CCR2−/− tumors. Schematic representation of experimental setup (c).

Representative pictures (left, scale bar 2mm) and quantitative comparison of
tumor volume (right) (n = 16 CCR2+/+, n = 17 CCR2−/−) (d). Representative contour
plots of tumor-infiltrating monocytes and macrophages gated on live-CD45+-
CD11b+-Ly6G−-CD64+ cells (e). Relative mRNA levels of Il1b and Il1a normalized to
the housekeeping gene Rpl32 in CCR2+/+ and CCR2−/− CRC tumors (n = 3 mice) (f).
Relative mRNA levels of Lcn2, Timp1, Ccl2, and Il6 in EGCs stimulated with TME-CM
of CCR2+/+ and CCR2−/− mice, normalized to the housekeeping gene Rpl32 (n = 3
TME-CM) (g). Data represented as mean ± SEM (b, d, f, g). Statistical analysis: One-
way ANOVA test with correction for multiple comparisons, compared to tumor
monocyte supernatant + IgG condition (b), unpaired two-tailed MannWhitney test
(d) or unpaired two-tailed t-test (f, g). *p <0.05, **p <0.005, ***p <0.0005, ns not
significant. Source data and exact p values are provided as a Source Data file.
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Fig. 6 | IL-1R signaling in EGCs promotes SPP1+ TAM differentiation and tumor
progression. a–cMurine bonemarrow-derivedmonocytes were cultured for 48h
with supernatant of primary embryonic neurosphere-derived EGCs, which were
pre-incubated for 24h with tumor microenvironment conditioned medium (TME-
CM) or healthy-CM (H-CM) together with isotype IgG or anti-IL-1R (5 µg/mL each).
Antibodies were removed from the CM through the application of Dynabeads™
Protein G prior to incubation with monocytes. Experimental design (a). Flow
cytometry quantification of SPP1+ TAMs and C1Q+ TAMs after TME-EGCs (n = 7) (b)
or H-EGCs (n = 4) (c) supernatant stimulation. d IL-6 concentration in the condi-
tionedmediumofH-EGCs andTME-EGCspre-incubatedwith IgGor anti-IL-1R (n = 3
primary EGC cultures). e–g WT C57BL/6J mice were intracolonically (i.c.) injected
withMC38cells and embryonic neurosphere-derivedWTEGCs or IL-1R1−/− EGCs (1:1
ratio). Tumor growth and immune infiltration were assessed on day (d)14. Sche-
matic representation of EGCs co-injection mouse model (e) with representative

pictures (scale bar 2mm) and quantitative comparison of tumor volume (n = 7
mice) (f). Data show absolute tumor-infiltrating TAM cell numbers per mg tumor
tissue (n = 7 MC38+WT EGCs, n = 6 MC38 + IL-1R1−/− EGCs) (g). h–j GFAPWtIL-1R1fl/fl

and GFAPCreIL-1R1fl/fl mice were i.c. injected with AKPT cells. Tumor growth and
immune infiltration were assessed at d14. Schematic representation of orthotopic
CRC mouse model (h) with representative pictures (scale bar 2mm) and quanti-
tative comparison of tumor volume (n = 12 GFAPWtIL-1R1fl/fl, n = 8 GFAPCreIL-1R1fl/fl)
(i). Data show absolute tumor-infiltrating TAM cell numbers per mg tumor tissue
(n = 11 GFAPWtIL-1R1fl/fl, n = 6 GFAPCreIL-1R1fl/fl) (j). Data are represented as mean ±
SEM (d, f, g, i, j). Statistical analysis: paired two-tailedWilcoxon test (b, c), two-way
ANOVA test with correction for multiple comparisons (d) or unpaired two-tailed
Mann-Whitney test (f, g, i, j). *p <0.05, **p <0.005, ***p <0.0005, ****p <0.00005,
ns not significant. Source data and exact p values are provided as a SourceData file.

Article https://doi.org/10.1038/s41467-024-50438-2

Nature Communications |         (2024) 15:6079 10

102



scRNA-seq datasets22,33,34 (Supplementary Fig. 7a and Supplementary
Table 3).Here, we observed thatCRCpatients with a higher enteric glia
transcriptomic signature presented with a decreased overall survival
probability compared to patients with low EGC signature (Fig. 8b and
Supplementary Fig. 7b). Importantly, the correlation between the
expression of the high EGC gene signature with worse survival prob-
ability in CRC patients was confirmed in a second independent CRC
dataset, known as the Sidra-LUMC AC-ICAM cohort35(Supplementary
Fig. 7c, d).

In-depth characterization of the COAD-READ patients with high
EGC gene signature revealed 79% of this group belonged to the
mesenchymal consensusmolecular subtype 4 (CMS4) (Supplementary
Fig. 8a), defined by the stromal invasion phenotype, which is generally
associated with the worst overall and relapse-free survival36. In com-
parison, onlyminor differences were identifiedwhen divided based on
stage, microsatellite stability, or intrinsic CMS (iCMS). Interestingly,
CRC patients with pronounced EGC involvement also exhibited higher
expression of SPP1+ TAM signature genes (Fig. 8c).
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Fig. 7 | IL-1R deficient EGCs impair tumor progression and SPP1+ TAM differ-
entiation in colitis-associated CRC. a Schematic representation of the murine
AOM/DSS CRC model. Mice were intraperitoneally (i.p.) injected with azox-
ymethane (AOM, 10mg/kg body weight) at day(d)0. Starting from d7, mice
underwent 3 repetitive cycles of 1.5% dextran sodium sulfate (DSS) in drinking
water as indicated. b GFAPCreAi14fl/fl mice were subjected to the AOM/DSS model
(Fig. 7a) using 1% DSS per cycle. Representative images of EPCAM (white), IBA1
(green) and tdTomato (magenta) in tumor sections at d70 (scale bar 100 µm)
(n = 3). c-e GFAPWtIL-1R1fl/fl and GFAPCreIL-1R1fl/fl mice were subjected to the AOM/
DSS model (Fig. 7a). Tumors number and TAMs infiltration were assessed at d70.
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mice underwent the AOM/DSS model (Fig. 7a) using 1% DSS. Tumor or naive colon
cells were isolated at d70 and FACS-sorted. Il6 expression levels of sorted
tdTomatopos glial cells versus remaining tdTomatoneg cells of naive and AOM/DSS-
treated GFAPCreAi14fl/fl mice (n = 4). Expression displayed as fold to Rpl32 and rela-
tive to naive tdTomatoneg cells. g SOX10CreERT2Ai14fl/fl mice were i.p. injected with
Tamoxifen (1mg in 100 µL sterile corn oil) on d–7, −6, and −5. Subsequently, mice
were subjected to the AOM/DSS model (Fig. 7a) using 2% DSS per cycle. Repre-
sentative image of tdTomato (magenta), IL-6 (green), and DAPI (blue) in tumor
section at d70 (scale bar 100 µm) (n = 3). Data are represented asmean± SEM (c–f).
Statistical analysis: unpaired two-tailed t-test (c), unpaired two-tailed Mann-Whit-
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*p <0.05, ***p <0.0005, ns not significant. Source data and exact p values are
provided as a Source Data file.
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Finally, to assess if the murine CRC EGC transcriptional signature
was conserved also in human CRC EGCs, we analyzed EGCs identified
in a scRNA-seq dataset containing both CRC lesions and unaffected
colonic tissues33 (Supplementary Fig. 8b, c). By comparing gene
expressionprofiles of tumor andhealthy EGCs,we identified 589 genes
specifically expressed in humanCRC EGCs (Fig. 8d and Supplementary

Data 2). Strikingly, among the top differentially expressed CRC EGC
genes, we identified the two key murine CRC EGC marker genes Lcn2
and Timp1. Using gene set enrichment analysis, we found that human
EGC populations differentiate along the same homeostatic and tumor
pathogenesis pathway transcriptomic signatures (Fig. 8e) as seen in
our murine EGCs (Fig. 2e). Importantly, the significance of IL-1
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signaling in the differentiation of patient CRC EGCs was further con-
firmed by the increased transcriptomic signatures for “Interleukin-1
signaling” as well as “Regulation of macrophage differentiation, acti-
vation and migration” compared to healthy colonic EGCs (Fig. 8e). In
alignment with our preclinical findings, cell-population profiling of
human CRC samples identified tumor-infiltrating monocytes as the
primary sourceof IL-1βproduction (Fig. 8f andSupplementary Fig. 8d).
Altogether, our data from mice and patients indicate the relevance of
IL-1R induced glial-TAM interaction in CRC pathogenesis.

Discussion
Using a variety of in vitro and in vivo models, we uncover a positive
feedback loop between EGCs and TAMs in CRC. More specifically, we
found that monocytes andmonocyte-derivedmacrophages within the
TME are the main producers of IL-1, inducing a pro-tumorigenic reac-
tive phenotype in EGCs. IL-1-activated CRC EGCs via IL-6, in turn,
directly promote the differentiation of tumor-infiltrating monocytes
towards SPP1+ TAMs. Importantly, the abundance of EGCs correlates
with worse disease outcomes, as observed in both pre-clinical CRC
mouse models and in patients with CRC.

EGCs are highly plastic cells that can rapidly adapt their functions
under the influence of microenvironmental cues7. Recent studies have
identified specific immunomodulatory factors, including IFN-γ, IL-1, and
ATP, as triggers of enteric glia phenotypic and functional reprogram-
ming in bothhomeostasis anddiseased conditions12,15,17. In particular, IL-
1-mediated EGC reactivity and its effects on immune cell modulation
have been extensively studied in the context of intestinal
inflammation17,37. However, themechanismsunderlying theseprocesses
in CRC were not yet understood. Using an unbiased approach com-
biningmurinebulk andhuman scRNA-seq, our investigationpinpointed
TME-derived IL-1 as the principal initiator of EGC reactivity. Further-
more, we found that this IL-1-triggered EGC activation coincides with a
profoundly immunomodulatory transcriptional signature in CRC EGCs.
Of note, IL-1R signaling in EGCs may hold relevance for additional
functions of CRC EGCs, as in vitro studies indicated the significance of
IL-1 in EGC-cancer stem cell interactions4. Interestingly, we identified
tumor-infiltrating monocytes and macrophages as the main source of
IL-1 within the tumor. Nevertheless, although our in vivo data could not
verify epithelial cells as a significant IL-1 source in CRC, tumor epithelial
IL-1 might also contribute to EGC activation during CRC4.

Our study utilizes single-cell and bulk RNA-seq techniques to
better understand and predict the interactions between EGCs and
TAMswithin the colonicTME. In ourmurineorthotopicCRCmodel, we
identified two distinct subsets of TAMs. The C1Q+ TAMs, which pre-
ferentially express genes involved in phagocytosis and antigen pre-
sentation, coexist in the TME with SPP1+ TAMs that are enriched for
factors regulating angiogenesis and extracellular matrix, suggesting
their key role in colon tumorigenesis. This dichotomy, recently also
identified in patientswith colorectal cancer24 supports the relevance of
our findings to human disease. In our research, we found that the two
types of TAMs—SPP1+ TAMs and C1Q+ TAMs—are regulated by EGCs.
Specifically, EGCs within tumors were effective in promoting the SPP1+

TAM phenotype. In contrast, when monocytes were stimulated with
healthy EGCs, the C1Q+ TAM phenotype was induced. Importantly,
while C1Q+ macrophage differentiation was independent of IL-1R sig-
naling in EGCs, we found that IL-1-activated tumor EGCs drive mono-
cyte differentiation into pro-tumorigenic SPP1+ macrophages via IL-6.
Thereby, our findings underscore a bidirectional EGC-TAM interaction
which was proven to influence tumor burden and SPP1+ TAMs in three
independent CRC mouse models. Of note, IL-6 can be produced by
different cell types in the TME contributing to tumor development
through direct and indirect pathways38. However, utilizing FACS-
sorting and EGC-specific genetic IL-6 and IL-1R depletion models, we
confirmed the critical role of IL-1-triggered EGC-IL-6 release as a reg-
ulator of tumor growth and SPP1+ TAM differentiation. Thereby, our

study identified EGCs as an additional important regulator of SPP1+

TAM differentiation that, together with other cancer-associated stro-
mal cells, may contribute to tumor progression39,40. Consistent with
this, pan-cancer analysis has pinpointed SPP1+ TAMs as the most pro-
tumorigenic macrophage subset across various cancers25,41.

Furthermore, our data also point to a functional association
between CRC EGCs andmonocytemigration, as reflected by increased
Ccl2 expression in CRC glia. Considering that the tumor monocyte
population decreased upon EGC depletion, we speculate that CRC
EGC-derived chemokines (i.e., CCL2 and CXCL5) could also promote
the infiltration ofmonocytes in the colonic tumor site. Thiswould be in
line with our recent findings showing early expression of CCL2 by
reactive EGCs in the context of intestinal inflammation19. However,
further research will need to determine whether the pro-tumorigenic
role of EGCs is exerted solely on the SPP1+ TAMs or whether EGCs also
affect other immune or stromal cells via glial-derived factors. Recent
work by Progatzky et al. provides supportive evidence for this,
demonstrating that EGCs are involved in a protective immune and
stromal response to control parasitic insult in the gut12.

Consistent with the identification of a pro-tumorigenic EGC phe-
notype in three independent CRCmousemodels, we found that also in
patients an increased EGC transcriptomic signature was associatedwith
reduced overall survival in two independent CRC cohorts, the TCGA
cohort and the Sidra-LUMC AC-ICAM cohort35. Therefore, we could
speculate that the EGC gene signature might be used as a potential
biomarker to predict disease outcomes. In line with the stromal nature
of EGCs, we demonstrated that the vast majority of patients with high
EGC involvement belonged to the CMS4, which is characterized by a
mesenchymal-like phenotype, a strong stromal infiltration and the
worst overall and relapse-free survival compared to the other CMS
subtypes36. Gene ontology analysis revealed that also the human tumor
glial cells were enriched for immunomodulatory transcriptional pro-
grams related tomacrophagedifferentiation, leading to the assumption
that CRC EGC-derived signals modulate TAMs also in patients. In line,
human tumor EGCs also displayed enrichment for the GO term “Inter-
leukin-1 signaling” hinting at a similar EGC activation in CRC as in our
preclinical models. Moreover, various studies demonstrated increased
IL-6 levels in both tumor tissues and serum samples of human CRC
patients compared to healthy controls42,43. Consistently, immune-
related pathways, including IL-6 signaling, were enriched in CRC EGCs
in a human single-cell data set published by Qi et al.39.

Our research elucidates the role of the IL-1/IL-6 axis in glial-
immune communication in CRC, which could potentially be of rele-
vance to various other tumors exhibiting neuronal infiltration, a fea-
ture often associated with less favorable disease outcomes44–47. Apart
fromEGCs, peripheral glial cells, including Schwann cells, are known to
play a crucial role in cancer pathophysiology, as demonstrated in
pancreatic ductal adenocarcinoma, lung cancer, and melanoma48–50.
Consistent with the pro-tumorigenic functions of EGCs in CRC, studies
in melanoma models have shown that tumor Schwann cells favor the
differentiation of pro-tumorigenic macrophages enhancing tumor
growth50. Therefore, glial-immune crosstalk might be an overlooked
and conserved component of tumor pathophysiology in many cancer
types beyond CRC.

In conclusion, our study reveals a critical role for IL-1R signaling in
driving enteric glia-macrophage interactions in CRCpathogenesis. Our
research provides insight into a complex neuroimmune mechanisms
underlying CRC development, underscoring potential biomarkers and
specific therapeutic targets that hold the promise of transforming the
management of this devastating disease.

Methods
Animals
All experimental procedures were approved by the Animal Care and
Animal Experiments Ethical Committee of KU Leuven (208/2018, 213/
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2018 and 159/2021) or by the Regional Office for Nature, Environment
and Consumer Protection of North-Rhine-Westphalia, Germany (81-
02.04.2021.A424). WT C57BL/6J (JAX:000664), CCR2−/− (JAX: 004999),
IL-1R1−/− (JAX:003245), PLP1CreERT2iDTR (JAX:005975 and JAX:007900),
PLP1CreERT2Ai14fl/fl (JAX:005975 and JAX:007908), GFAPCreIL-1R1fl/fl

(JAX:012886 and JAX:028398), GFAPCreAi14fl/fl (JAX:012886 and
JAX:007908) and SOX10CreERT2Ai14fl/fl [SOX10CreERT2 (kindly provided by
Dr. Vassilis Pachnis51, (Ai14fl/fl JAX:007908)], SOXCreERT2IL-6fl/fl

(SOX10CreERT2 asmentioned previously and IL-6fl/fl were kindly provided
by Juan Hidalgo’s lab52) mice were originally purchased from Jackson
Laboratory and bred in our animal facilities. All mice were housed in
temperature-controlled specific pathogen–free facilities with ad libi-
tum access to standard chow diet and water under 12-h light–dark
cycles at the KU Leuven or University of Bonn. Criteria for euthanasia
were >20% weight loss for AOM/DSS model (according to 81-
02.04.2021.A424) and tumor growth that interferes with fecal eva-
cuation (>50% of colonic lumen obstruction, Grade 5) for the ortho-
topic model. In cases where limits have been exceeded due to the
natural variety of the models, animals were euthanized according to
ethical regulations. In the case of GFAPCreIL-1R1fl/fl mice, following
recommendation by The Jackson Laboratory (JAX:012886), we used a
strictmating schemeusing only Cre+ carrying femalewithCre-males to
overcome any issues of germline Cre-expression and to produce
only litters with a GFAP-promotor-driven Cre-expression. Specific
GFAPCre recombination was confirmed in the reporter mouse line
GFAPCreAi14fl/fl showing a strong overlap of tdtomato signal with
immunolabelled GFAP and SOX10 cells in colonic tissue, confirming
Cre activity exclusively in enteric glia (Supplementary Fig. 6c).

In vitro tumor EGCs model
Both orthotopic tumors and healthy colons of C57BL/6J, CCR2+/+ or
CCR2-/- mice were digested for 30min in DMEMwith 2.5% FBS, 100 µg/
mL Penicillin and Streptomycin, 200U/mL collagenase IV (Gibco,
ThermoFisher Scientific) and 125μg/mL type II dispase (Gibco, Ther-
moFisher Scientific) to obtain a single-cell suspension. Tumor micro-
environment conditioned medium (TME-CM) and healthy colon
conditionedmedium (H-CM) were generated by culturing 5 × 105 cells/
mL in DMEM-complete medium overnight. Next, primary murine
embryonic neurosphere-derived EGCs were stimulated with the TME-
CM or H-CM for 6, 12, or 24 h. For IL-1R blocking experiments, primary
embryonic neurosphere-derived EGCs were incubated for 24 h with
TME-CM together with 5 µg/mL isotype IgG (BioXCell) or 5 µg/mL anti-
IL-1R (BioXCell).

Orthotopic CRC model
Orthotopic colonic sub-mucosal implantation of CRC cells was per-
formed aspreviously described20. Briefly,MC38 cells53 or AKPT cells29,31

were intracolonically (i.c.) injected via endoscopy as a single-cell sus-
pension containing between 75,000–750,000 cells/100 µL PBS
depending on the susceptibility of the mouse strain. Both male and
female mice were used for orthotopic tumor implantation. AKPT cells
were received from Prof. Owen Sansom (UK). For the EGCs supple-
mentationmodel, primary embryonic neurosphere-derivedWT and IL-
1R1−/− EGCs were isolated with 0.05% Trypsin-EDTA (Gibco, Thermo-
Fisher Scientific) and treated with HBSS (Gibo, ThermoFisher Scien-
tific) supplemented with 100 µg/mL DNAse I (Roche) and 5mMMgCl2
(Sigma-Aldrich) for 30min at RT. Subsequently, EGCs were first
washed with HBSS with 5mM MgCl2 and then with PBS. Finally, EGCs
were resuspended in PBS together with MC38 cells in a ratio of 1:1 and
orthotopically co-injected in C57BL/6J WT mice. Two weeks prior to
the start of each experiment, PLP1CreERT2iDTRmice, SOXCreERT2IL-6fl/fl and
SOXCreERT2IL-6wt/wt were injected intraperitoneally (i.p.) 2 times every
other day with 100mg/kg Tamoxifen (Sigma-Aldrich) dissolved in
100 µL MIGLYOL®812 (Sigma-Aldrich). For EGCs in vivo depletion
experiments, PLP1CreERT2iDTR and C57BL/6J WT mice were injected i.c.

with 2mg/kg Diphtheria toxin (DT) (Merck, Sigma) dissolved in 100 µL
of saline, three and five days prior to the start of the tumor implanta-
tion. Tumor volume was determined by caliper measurements and
calculated based on the height (h), length (l) and width (w) of the
tumor, according to the formula: (π/6)*h*l*w.

AOM-DSS model
Female GFAPCreIL-1R1fl/fl, GFAPWtIL-1R1fl/fl littermate and GFAPCreAi14fl/fl

mice (10–14weeks of age) were injected i.p. with azoxymethane (AOM;
10mg/kg; Sigma-Aldrich) a week prior starting three cycles of DSS
colitis using 1.5% DSS in drinking water (MP Biomedicals) for 5 days
followed by 16 days of recovery with normal drinking water54. On day
70, colonic tumordevelopmentwasdetermined. For Sox10CreERT2Ai14fl/fl

mice subjected to the AOM/DSS model, slight adjustments were made
to the protocol. Female Sox10CreERT2Ai14fl/fl mice were i.p. injected with
Tamoxifen (MP biomedicals, 1mg in 100 µL sterile corn oil) on days −7,
−6, and −5. On day 0, the AOM/DSS model was started as described
above, but here mice were subjected to a DSS concentration of 2% in
drinking water since this strain was less susceptible to DSS. On day 70,
colons were harvested and cryo-embedded as Swiss rolls for
immunohistochemistry.

MC38 cell line
Murine colon adenocarcinoma cell line MC38 (NCI, ENH204-FP) was
kindly provided by Prof. Max Mazzone (VIB - KU Leuven). The MC38
cell line wasmaintained in 5% CO2 at 37 °C in high glucose Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, ThermoFisher Scientific)
supplemented with 10% Fetal Bovine Serum (FBS) (Biowest), 100 µg/
mL Penicillin and Streptomycin, 2 mM L- glutamine, 10 mM N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), 1mM
sodium pyruvate, 50μM 2-Mercaptoethanol and 1X Non-Essential
Amino Acids (all from Gibco, ThermoFisher Scientific).

AKPT cell line
Murine small intestine villinCreER Apcfl/fl KrasG12D/+ Trp53fl/fl TrgfbrIfl/fl

(AKPT) tumor-derived cells were kindly provided by Prof. Owen J.
Sansom (Cancer Research UK Beatson Institute). The AKPT cells were
maintained in 5% CO2 at 37 °C in DMEM/F-12 (1:1) with L-glutamine and
2.438g/L sodium bicarbonate (Gibco, ThermoFisher Scientific), 10%
FBS (heat inactivation: 30min at 56 °C, PAN Biotech) and Penicillin
100U/ml and streptomycin 100 µg/ml (Gibco, ThermoFisher
Scientific).

Embryonic neurosphere-derived enteric glial cell culture
Embryonic neurosphere-derived EGCs were obtained as previously
described19. Briefly, total intestines from E13.5 C57BL/6J mice were
digested with collagenase D (10mg/mL; Roche) and DNase I (0.08mg/
mL; Roche) in DMEM/F-12 (Gibco, ThermoFisher Scientific) for 1 h at
37 °C under gentle agitation. After digestion, tissue was filtered
through a 70 µmcell strainer and cells were cultured in aCO2 incubator
at 37 °C inDMEM/F-12, 100 µg/mLPenicillin and Streptomycin, 2mML-
glutamine, 10mM HEPES, 1mM sodium pyruvate, 50μM
2-Mercaptoethanol supplemented with 1× B27 (Gibco, ThermoFisher
Scientific), 40 ng/mL Epidermal Growth Factor (EGF) (Stemcell Tech-
nologies) and 20ng/mL Fibroblast Growth Factors (FGF) (Invitrogen,
ThermoFisher Scientific). After a minimum of 1 week of culture, neu-
rospheres were treated with NeuroCult™ Chemical Dissociation Kit
(Stemcell Technologies) according to themanufacturer’s protocol and
filtered through a 70-µm cell strainer. Cells were seeded on Poly-D-
Lysine (PDL solution, 1.0mg/mL, Sigma Aldrich) coated plates and
differentiated in DMEM medium supplemented with 10% FBS, 100 µg/
mL Penicillin and Streptomycin, 2mM L- glutamine, 10mM HEPES,
1mM sodium pyruvate, 50μM 2-Mercaptoethanol (DMEM complete
medium) until confluence for 5 days to obtain primary EGCs. For IL-1
stimulation experiments, 5 × 104 neurosphere-derived EGCs/mL were
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stimulated with or without recombinant murine 10 ng/mL IL-1α (Pep-
trotech) and/or 10 ng/mL IL-1β (Sigma Aldrich) for 24h.

Neurosphere-derived adult enteric glial cell culture
Neurosphere-derived adult EGC cultures were obtained as described
previously17. Briefly, small intestines of 8–16 weeks old C57BL/6 mice
were harvested, cleaned, cut into 3–5 cm long segments and kept in
oxygenated Krebs-Henseleit buffer (126mM NaCl; 2.5mM KCl: 25mM
NaHCO3; 1.2mM NaH2PO4; 1.2mM MgCl2; 2.5mM CaCl2, 100 IU/mL
Penicillin, 100 IU/mL Streptomycin and 2.5μg/mL Amphotericin). For
each segment, the muscularis layer was peeled and collected for
digestion. Muscularis tissues were incubated for 15min in DMEM
containing Protease Type 1 (0.25mg/mL, Sigma-Aldrich) and Col-
lagenase A (1mg/mL, Sigma-Aldrich) at 37 °C and 150 rpm. Digestion
was stopped with DMEM containing 10% FBS (Sigma-Aldrich) and cells
were cultured in proliferation medium (neurobasal medium with 100
IU/Penicillin, 100μg/mL Streptomycin, 2.5μg/mL Amphotericin (all
ThermoFisher Scientific), FGF and EGF (both 20 ng/mL, Immunotools)
at 37 °C, 5% CO2 to promote neurosphere formation. After 1 week in
culture, enteric neurospheres were dissociated with trypsin (0.25%,
ThermoFisher Scientific) for 5min at 37 °C and differentiated at 50%
confluency onMatrigel (100 µg/mL, Corning) coated six well plates for
1 week in differentiation medium (neurobasal medium with 100 IU/
Penicillin, 100μg/mL Streptomycin, 2.5μg/mL Amphotericin, B27, N2
(all Thermo Scientific) and EGF (2 ng/mL, Immunotools). For liquid
chromatography/mass spectrometry (LC/MS) experiments, mature
EGCs were treated with or without IL-1β (10 ng/mL, Immunotools) for
24 h. Conditioned media were collected and concentrated using
Pierce™ Protein Concentrators, 3 K MWCO (ThermoFisher Scientific)
according to the manufacturer’s instructions. After denaturation at
95 °C for 5min, samples were snap-frozen and kept at −80 °C until
further processing.

Bone marrow-derived monocyte isolation and stimulation
Murine bone marrow (BM)-derived monocytes were isolated from
C57BL/6mice. Briefly, the tibia and femurwere dissected, and BMcells
were flushed with DMEM high glucose supplemented with 10% FBS.
After cells were collected and counted, monocytes were isolated with
the EasySepTMMousemonocyte isolation kit (Stemcell Technologies)
according to the manufacturer’s instructions. Next, 5 × 105 monocytes
were stimulated for 48 h with 1mL of H-CM, TME-CM, or with the
supernatant of in vitro embryonic neurosphere-derived EGCs pre-
incubated for 24 h with H-CM or TME-CM. For IL-1R blocking experi-
ments, 5 µg/mL isotype IgG (BioXCell) or 5 µg/mL anti-IL-1R (BioXCell)
was removed from the EGCs supernatant by using 20 µL/mL Dyna-
beads™ Protein G (ThermoFisher Scientific) according to the manu-
facturer’s instructions. For IL-6 neutralization experiments, 20 µL/mL
Dynabeads™ Protein G (ThermoFisher Scientific) together with 5μg/
mL anti-IL-6 (R&D Systems) or 5μg/mL isotype IgG (R&D Systems) was
added to the supernatant of H-CM EGCs and TME-CM EGCs and
incubated for 2 h before removal by taking advantage of magnetiza-
tion with the DynaMag™−2 Magnet (ThemoFisher Scientific).

MILAN multiplex immunohistochemistry
Multiplex immunohistochemistry and analysis were performed
according to a previously published method55–57 and https://doi.org/
10.21203/rs.2.1646/v5. Briefly, tissue sections (3 µm thickness) were
prepared from formalin-fixed paraffin-embedded human CRC samples
(collected at the UZ/KU Leuven biobank with informed consent from
the patients according to protocol S66460, approved by the Ethics
Committee Research UZ/KU Leuven). First, FFPE-tissue slides were
deparaffinized by sequentially placing them in xylene, 100% ethanol
and 70%ethanol. Followingdewaxing, antigen retrievalwas performed
using PT link (Agilent) using 10mM Ethylenediaminetetraacetic acid
(EDTA) in Tris-buffer pH 8. Immunofluorescence staining was

performed using Bond RX Fully Automated Research Stainer (Leica
Biosystems) with the primary antibodies mouse anti-pan cytokeratin
(1:500, Invitrogen, ThermoFisher Scientific), rabbit anti-S100B (1:500,
Dako) or mouse anti-CD68 (1:100, Invitrogen, ThermoFisher Scien-
tific). The sections were incubated for 4 h with the primary antibodies,
washed several times and afterwards stained for 30min with fluores-
cently labeled secondary antibodies (1:800, Alexa fluor 647 donkey
anti-rabbit and 1:800, Alexa Fluor 488 goat anti-mouse respectively).
Slides were then incubated for 10min with a buffer containing 4,6-
diamidino-2-phenylindole (1:1000, DAPI), after which mounting med-
ium (50% glycerol; 584mM C12H22O11; 10mM Phosphate, 154mM
NaCl; pH 7,5) and a coverslip (Agilent, ref. CR12230-7) were manually
applied to the slides. Then the slides were scanned using a Zeiss Axio
Scan Z.1 (Zeiss) at 10x magnification. After completion of the staining
procedure, the coverslips were manually removed after 30min
soaking in the washing buffer. Consecutive washing steps were
thereafter performed using TBS. Stripping of the antibodies was
performed in a buffer containing 1% SDS and β-mercaptoethanol for
30min at 56 °C. After this stripping process, the slides were washed
in a washing buffer for 45min with frequent changes in the buffer.
The staining procedure was repeated until all markers were stained
and scanned on each of the slides. Utilize ImageJ (1.53T) and Qu path
(0.3.2)were used for the region selection and to subtract background
and tissue autofluorescence. Further analysis was performed by
using ImageJ.

Immunohistochemistry and Immunofluorescence
Orthotopic tumors were fixed overnight (ON) at 4 °C in Periodate-
Lysine-Paraformaldehyde (PLP) buffer consisting of Milli-Q Water
supplemented with 1% paraformaldehyde, 0.075M lysine (pH 7.4),
0.037M sodiumphosphate (pH 7.4) and 0.01MNaIO4 (all from Sigma-
Aldrich). Samples were washed three times with Milli-Q Water sup-
plemented with 0.037M sodium phosphate (pH 7.4), followed by a
minimum of 4 h incubation in 30% sucrose (VWR chemicals) in PBS.
Then, samples were embedded in OCT (Scigen) and stored at −80 °C
until usage.

Preceding immunohistochemical staining, 7-μm orthotopic
tumor tissue sections on SuperFrost Plus™ Adhesion slides (Epredia)
were exposed to two washes with HistoChoice Cleaning Agent for
2min each (Sigma-Aldrich) and subsequent hydration with Ethanol
100% for 2min each (Merck) followed by deionized water. Then hae-
matoxylin and eosin (both from Leica) staining was performed using
standard procedures. Imaging was performed with Nikon Marzhauser
Slide Express2, processed and analyzed using ImageJ.

Preceding immunofluorescent staining, tissues were sectioned to
7-μm thickness on SuperFrost Plus™ Adhesion slides (Epredia) and
blocked with blocking buffer consisting of PBS containing 0.02%
Sodium azide (Sigma-Aldrich), 0.3% donkey serum (Jackson), and 3%
Bovine Serum Albumin (BSA, Serva) for 2 h at room temperature (RT).
Subsequently, samples were incubated ON at 4 °C with the following
primary antibodies: rat anti-F4/80, (1:500, BioRad) and rabbit anti-
GFAP (1:300, Dako) or chicken anti-IBA1 (1:400, Synaptic Systems), rat
anti-CD326 (EPCAM) (1:1000, Biolegend) and rabbit anti-Ki67 (1:400,
Abcam) in staining buffer consisting of blocking buffer supplemented
with 0.3% Triton X-100 (ThermoFisher, Scientific). Then, samples were
washed in PBS and incubated with DAPI (4′,6-Diamidine-2′-pheny-
lindole dihydrochloride; Sigma-Aldrich) combined with the secondary
antibodies: donkey anti-rat AF488 (1:1000, Invitrogen, ThermoFisher
Scientific), and donkey anti-rabbit Cy5 (1:400, Jackson) or donkey anti-
chicken Cy3 (1:800, Invitrogen, Thermo Fisher Scientific), donkey anti-
rat 488 (1:800, Invitrogen, Thermo Fisher Scientific) and donkey anti-
rabbit AF647 (1:800, SouthernBiotech) in staining buffer for 2 h at RT.
Finally, samples were rinsed three times in PBS and mounted with
SlowFade Diamond Antifade mounting (Invitrogen, ThermoFisher
Scientific). Imaging was performed on the ZEISS LSM 880 confocal
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microscope or the Nikon ECLIPSE Ti2 microscope using NIS-Elements
AR software (version 5.41.01). Pictures were analyzed using ImageJ.

For immunofluorescent staining of AOM/DSS or naive Swiss rolls
of GFAPCreAi14fl/fl, GFAPCreIL-1R1fl/fl, and SOX10CreERT2Ai14fl/fl mice were
fixed ON at 4 °C in 4% PFA. Samples were washed once with PBS fol-
lowed by ON incubation at 4 °C in 30% sucrose (Sigma) in PBS. Sub-
sequently, swiss rolls were embedded in Tissue-Tek® O.C.T.™
Compound (Sakura) and stored at −80 °C until usage.

Prior to immunofluorescent staining, AOM/DSS or naive
GFAPCreAi14fl/fl, GFAPCreIL-1R1fl/fl, and SOX10CreERT2Ai14fl/fl samples were
sectioned to 14 µm thickness on SuperFrost Plus™ Adhesion slides
(Epredia). Slides were washed three times in PBS and blocked with
blocking buffer (PBS containing 3% donkey serum and 0.1% Triton X-
100) for 1 h at RT. Subsequently, primary antibody staining was
performed ON at 4 °C in staining buffer (blocking buffer diluted with
PBS in a 1:1 ratio) using the following antibodies: rabbit anti-IBA1
(1:400, Abcam), chicken anti-IBA1 (1:400, Synaptic Systems) and rat
anti-CD326 (EPCAM) (1:1000, Biolegend), or rabbit anti-IL-6 (1:100,
Abcam), or chicken anti-GFAP (1:1000, Biolegend). For IgG control
staining, rabbit IgG (Dianova) was used in the same antibody con-
centration as rabbit anti-IL6. Slides were washed three times in PBS
and secondary antibody staining was performed for 2 h at RT with
donkey anti-rabbit FITC (1:800, Dianova), donkey anti-chicken CF633
(1:800, Sigma), donkey anti-rat 488 (1:800, Invitrogen, ThermoFisher
Scientific), or donkey anti-chicken FITC (1:800, Jackson) in staining
buffer. After three more washes with PBS, slides were incubated
with DAPI (Sigma-Aldrich) for 5min at RT. After a final wash with
PBS, slides were mounted with Shandon™ Immu-Mount™ (Epredia).
Imaging was performed on the Nikon ECLIPSE Ti2 microscope
using NIS-Elements AR software (version 5.41.01) or a Leica SP8 with
LAS AF v3.x software for confocal images. Pictures were analyzed
using ImageJ.

For whole-mount samples of PLP1CreERT2Ai14fl/fl mice and
GFAPCreAi14fl/fl mice, the terminal colon was opened longitudinally,
fixedwith 4% PFA for 30min, andwashedwith PBS.Muscularis externa
was peeled off the colonic tissue and blocked with blocking buffer
consisting of PBS containing 0.02% Sodium azide (Sigma-Aldrich),
0.3% donkey serum (Jackson), and 3% BSA (Serva) for 2 h at RT. Sub-
sequently, samples were incubated 2 ONs at 4 °C in staining buffer
consisting of blocking buffer supplemented with 0.3% Triton X-100
(ThermoFisher, Scientific) with following primary antibodies for
PLP1CreERT2Ai14fl/fl mice: rabbit anti-GFAP (1:300, Dako) and goat anti-
SOX10 (1:300, R&D Systems), and forGFAPCreAi14fl/flmice: chicken anti-
GFAP (1:1000, Biolegend) and goat anti-SOX10 (1:1000, custom-made
aliquot kindly provided by Prof. Wegner, University of Erlangen58.
Then, samples were washed in PBS and incubated with DAPI (Sigma-
Aldrich) combinedwith the secondary antibodies in staining buffer ON
at 4 °C. Secondary antibodies used for PLP1CreERT2Ai14fl/fl mice; donkey
anti-rabbit Cy5 (1:400, Jackson) and donkey anti-goat AF488 (1:500,
Invitrogen, ThermoFisher Scientific) and for GFAPCreAi14fl/fl mice:
donkey anti-chicken FITC (1:800, Jackson) and donkey anti-goat CF647
(1:800, Sigma). Lastly, samples were rinsed three times in PBS and
mounted with SlowFade Diamond Antifade mounting (Invitrogen,
ThermoFisher Scientific). Imaging was performed on the ZEISS LSM
880 confocal microscope (PLP1CreERT2Ai14fl/fl) or Leica SP8 with LAS AF
v3.x software (GFAPCreAi14fl/fl) and the pictures were analyzed using
ImageJ.

Enzyme-linked immunosorbent assay (ELISA)
Healthy and tumor-conditioned medium EGCs supernatants were
collected and analyzed for IL-6 and IL-1β content using sensitive
commercial ELISA kits (R&D Systems,Minneapolis,MN and V-Plex Pro-
inflammatory panel Meso Scale Discovery; MSD respectively) accord-
ing to themanufacturer’s instructions. Thedatawereanalyzedwith the
Discovery Workbench 4.0 software (MSD).

Western blot
Total proteins were extracted from mouse colonic tissues in T-PER
buffer (ThermoFisher, Scientific) supplemented with 1mM dithio-
threitol, 10mg/mL aprotinin, 10mg/mL leupeptin, 1mM phe-
nylmethylsulfonyl fluoride, 1mM Na3VO4 and 1mM NaF (all from
ThermoFisher, Scientific), by homogenization for 1minute at 30Hz
(TissueLyser II, Qiagen). Lysates were clarified by centrifugation at
4 °C, 12,000 g for 30min and separated on sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. Blot was incubated with the
GFAP antibody (1:500, Cell Signaling) followed by a secondary anti-
body conjugated to horseradish peroxidase (HRP) (1:5000; Dako Agi-
lent Technologies). HRPwasdetected using the SuperSignalWestDura
Extended Duration Substrate kit (ThermoFisher Scientific). To ascer-
tain equivalent loading of the lanes, the blot was stripped and incu-
bated with an anti-vinculin antibody (1:5000, Sigma-Aldrich) followed
by a secondary antibody conjugated to horseradish peroxidase
(1:5000; Dako Agilent Technologies) and HRP detection as described
above. Computer-assisted scanning densitometry (GE Healthcare
ImageQuant LAS 4000 Luminscent Image Analyzer) was used to ana-
lyze the intensity of the immunoreactive bands.

Liquid chromatography/mass spectrometry (LC/MS)
LC/MS analysis of adult neurosphere-derived EGC supernatants trea-
ted with or without IL-1βwas performed by the Core Facility Analytical
Proteomics of the University of Bonn as described in the following. All
chemicals from Sigma unless otherwise noted. For LC/MS sample
preparation, 70 µg of protein per sample was subjected to in-solution
preparation of peptides with the iST-NHS 96x sample preparation kit
(Preomics GmbH, Martinsried, Germany) according to the manu-
facturer’s recommendations. 0.4mg TMT10plex isobaric Mass Tag
Labeling reagent (Thermo Scientific) was added to each sample and
incubated at room temperature for 1 h. 10 µL 5% hydroxylamine was
used to quench the reaction. The preparation procedure was con-
tinued according to the iST-NHS kit instructions. Peptide concentra-
tion was determined with a colorimetric peptide assay (Thermo
Scientific). Equal amounts of peptides were pooled and dried in a
vacuumconcentrator, dissolved in 20mMammonium formate (pH 10)
and fractionated by reversed phase chromatography at elevated pH
with a Reprosil100 C18 column (3 µm 125 ×4mm, Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany). 60 fractions were combined into 6
pools and dried in a vacuum concentrator.

Before measurement, peptides were re-dissolved in 0.1% formic
acid (FA) to yield a 1 g/L solution and separated on a Dionex Ultimate
3000 RSLC nano HPLC system (Dionex GmbH, Idstein, Germany). The
autosampler was operated in μL-pickup mode. 1 µL was injected into a
C18 analytical column (self-packed 400mm length, 75 µm inner dia-
meter, ReproSil-Pur 120 C18-AQ, 1.9 µm, Dr. Maisch). Peptides were
separated during a linear gradient from 5% to 35% solvent B (90%
acetonitrile, 0.1% FA) at 300 nL/min during 150min. The nano-HPLC
was coupled online to an Orbitrap Fusion Lumos Mass Spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Peptide ions between
330 and 1600m/z were scanned in the Orbitrap detector every three
seconds with a resolution of 120,000 (maximum fill time 50ms, AGC
target 100%). FromMS3-basedquantification, peptideswere subjected
either to collision-induced dissociation for identification (CID: 0.7Da
isolation, normalized energy 30%) and fragments analyzed in the linear
ion trap with AGC target 50% and a maximum fill time 35ms, rapid
mode. Fragmented peptide ions were excluded from repeat analysis
for 30 s. The top 10 fragment ions were chosen for synchronous pre-
cursor selection and fragmented with higher energy CID (HCD: 3Da
MS2 isolation, 65% collision energy) for detection of reporter ions in
the Orbitrap analyzer (range 100–180m/z, resolution 50,000, max-
imum fill time 86ms, AGC target 200%). Alternatively, peptides were
only fragmented by HCD and fragment ions and reporter ions were
analyzed in the same spectrum (Orbitrap resolution 50,000).
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Raw data processing and database search were performed with
Proteome Discoverer software 2.5.0.400 (Thermo Fisher Scientific).
Peptide identificationwasdonewith an in-houseMascot server version
2.8.1 (Matrix Science Ltd, London, UK). LC/MS data were searched
against the Uniprot reference proteome mouse database (2022/05,
63628 sequences) and contaminants database (cRAP1)59. Precursor Ion
m/z tolerance was 10 ppm, fragment ion tolerance 0.5Da (CID).
Tryptic peptides with up to two missed cleavages were searched.
C6H11NO-modification of cysteines (delta mass of 113.08406) and
TMT10plex on N-termini and lysines were set as static modifications.
Oxidationwas allowed as dynamicmodification ofmethionine.Mascot
results were evaluated by the Percolator algorithm version 3.02.12 as
implemented in Proteome Discoverer60. Spectra with identifications
above 1% q value were sent to a second round of database search with
semi-tryptic enzyme specificity (onemissed cleavage allowed). Protein
N-terminal acetylation, methionine oxidation, TMT10plex, and
cysteine alkylation were then set as dynamic modifications. Actual
false discovery rates (FDR) values were 0.2% (peptide spectrum mat-
ches) and 0.9% (peptides). Reporter ion intensities (most confident
centroid) were extracted from the MS3 level, with SPS mass
match >65%.

The statistical analyses of the peptide-spectrum match (PSM)
level data were done by the Core Unit for Bioinformatics Data Ana-
lysis of the University of Bonn. Analyses were carried out in R envir-
onment (R version 4.2) using an in-house developed workflow. Non-
unique peptides and single-hit proteins (proteins identified/quanti-
fied by only one peptide) were filtered-out prior to the statistical
analysis. From all available fractions, only those with the least num-
ber of missing values per feature and maximum average intensity
across all TMT labels were selected. The PSM-level data were then
log-transformed and scaled such that all the samples have the same
median values (median normalizationmethod). Next, the normalized
data was aggregated to protein-level by applying the Tukey’s median
polish method. The statistical analysis was performed using the R
package limma61. For each statistical contrast, the resulting P values
were adjusted for multiple testing. The FDR were calculated by the
Benjamini-Hochberg method.

Isolation of tumor-infiltrating cells
Tumor-bearingmicewere sacrificed at the described timepoints. After
peeling off the muscularis layer from the orthotopic tumors, tissues
were first cut into 1mm pieces and then went under mechanical and
enzymatic digestion for 30min in DMEM with 2.5% FBS, 100μg/mL
Penicillin and Streptomycin, 200U/mL collagenase IV (Gibco, Ther-
moFisher Scientific) and 125μg/mL type II dispase (Gibco, Thermo-
Fisher Scientific). AOM/DSS-induced tumors and healthy colon
samples were peeled off themuscularis layer and underwent epithelial
removal by vigorous shaking in Hanks’ balanced salt solution (HBSS)
with phenol red (Gibco, ThermoFisher Scientific) containing 1% FBS,
100 µg/mL Penicillin and Streptomycin, 1mM EDTA (Invitrogen,
ThermoFisher Scientific) and 1mM dithiothreitol (DTT) (Sigma-
Aldrich) for 8min at 37 °C. A second incubation step was performed
for 8min at 37 °C in the same medium without DTT. After washing in
wash medium (DMEM with 2.5% FBS and 100μg/mL Penicillin and
Streptomycin), the remaining tissue was cut into small pieces and
digested for 30min at 37 °C in pre-warmed alpha Minimum Essential
Medium (MEM) (Lonza) containing 5% FBS, 100 µg/mL Penicillin and
Streptomycin, 5 U/mL DNase (Roche), 1mg/mL dispase (Gibco, Ther-
moFisher Scientific), 1.25mg/mL Collagenase D (Roche) and 0.85mg/
mL Collagenase V (Sigma-Aldrich). For FACS sorting of tdTomatopos

and tdTomatoneg cells, tumors of AOM/DSS-treated mice were cut out
and collected, while non-tumorous tissue was excluded. Naive and
tumor tissues were enzymatically digested with 0.15 U/ml Liberase™
TH (Roche) and 0.15mg/ml DNase (DN25, Sigma) inHBSS for 35min at
37 °C in a shaking water bath. Independent of tumor origin, cells were

then filtered through a 70-µm cell strainer (BD Falcon), washed with
PBS, and stained with fluorophore-conjugated antibodies.

FACS staining and analysis
Single-cell suspensions (obtained as described above) were incubated
for 15min withmouse FcR Blocking Reagent (1:100 BD Pharmingen) at
4 °C. Next, cells were stained for surface markers (see Supplementary
Table 1 for antibodies list) and incubated for 20min incubation at 4 °C.
Then cells were washed with FACS buffer (0.5% FBS and 2mMEDTA in
PBS) and resuspended in FACS buffer containing the viability marker
7-AAD (1:100 BD Pharmingen) before filtering through a 70-µm
strainer.

For the intracellular measurement of IL-1α and IL-1β, single-cell
suspensions were pre-cultured in DMEM with 2.5% FBS, 100μg/mL
Penicillin and Streptomycin and stimulated with BD GolgiStop™
(1:1000, BD Biosciences) for 4 h in 5% CO2 at 37 °C followed by a pre-
incubation with the viability dye eFluor 506 (1:400 eBioscience) for
20min at 4 °C. Then cell suspensions were washed, blocked with FcR
Blocking Reagent (1:100 BD Pharmingen) and stained with surface
antibodies (see Supplementary Table 1 for antibodies list) as described
above. After a washing step with FACS buffer, cells were incubated for
45min in Fix/Perm buffer (eBioscience, Invitrogen, ThermoFisher
Scientific), followed by 5min incubation in 1X Permeabilization buffer
(eBioscience, Invitrogen, ThermoFisher Scientific). Next, the cells were
stained for a minimum of 1 h in 1X Permeabilization buffer containing
FcR Blocking Reagent (1:600 BD Pharmingen) and intracellular mar-
kers (see Supplementary Table 1 for antibody details). Cells were
subsequently washed and resuspended in a Permeabilization buffer
before filtering through a 70-µm strainer.

For cell counting goals, counting beads (1:100 Spherotech) were
added per sample. Flow cytometry analyses were performed on a BD
Symphony A5 Cell Analyzer (BD Biosciences) and subsequently ana-
lyzed using FlowJo v.10.6.1.

FACS sorting of EGCs
FACS-sortingof tdTomatopos and tdTomatoneg cellswas performedona
BD FACSAria III cell sorter using BD FACSDiva 9.0.1 software (both BD
Biosciences). A non-fluorescent samplewas used asnegative control to
determine background fluorescence. Sorted cells were collected,
centrifuged and pellets were snap frozen. RNA isolation was done
using TRIzolTM reagent (Thermo Fisher Scientific) and the RNeasy
Micro Kit (Qiagen) according to the manufacturers’ instructions.

Tumor-infiltrating monocyte sorting for EGCs stimulation
Tumor-infiltrating monocytes were sorted from orthotopic tumors
based on the expression of the viability marker 7-AAD, CD45, CD64,
Ly6C, MHCII, SiglecF and Ly6G (see Supplementary Table 1 for anti-
bodies details) using a SonyMA9000 sorter. Next, 1 × 105 tumororBM-
derived monocytes were cultured in a complete DMEM medium
overnight in 5% CO2 at 37 °C. The conditioned medium of these
monocytes was collected and used to stimulate primary embryonic
neurosphere-derived EGCs (5 × 104 cells/mL) in the presence of 5 µg/
mL IgG (BioXCell) or 5 µg/mL anti-IL-1R (BioXCell) for 24 h in 5%
CO2 at 37 °C.

RNA extraction and gene expression
RNA was isolated using the innuPREP RNA Mini Kit (Analytik Jena) or
RNeasy Mini Kit (Qiagen) for tissue and high cell numbers or RNeasy
Plus Micro Kit (Qiagen) for low cell numbers according to the manu-
facturer’s instructions. Dependent on RNA concentrations, total RNA
was transcribed into cDNA by the qScript™ cDNA SuperMix (Qianta-
Bio) or the High-Capacity cDNA Reverse Transcription Kit (Thermo-
Fisher Scientific) according to manufacturer’s instructions. qRT-PCR
was performed with the LightCycler 480 SYBR Green I Master (Roche)
on the Light Cycler 480 (Roche) or with the PowerSYBR Green PCR
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Master Mix (Thermo Fisher Scientific) on the QuantStudio5 cycler
(Thermo Fisher Scientific) (primers listed in Supplementary Table 2).
Results were quantified using the 2−ΔCt method or were applicable to
the 2−ΔΔCt method, usage stated by “relative to”. The expression levels
of the genes of interest were normalized to the expression levels of the
reference gene Rpl32.

Bulk RNA sequencing
For Bulk RNA-seq of the in vitro tumor EGCs model, total RNA from
in vitro generated unstimulated, H-CM and TME-CM primary
embryonic neurosphere-derived EGCs was provided to the Genomics
core (KU Leuven). QuantSeq 3′ mRNA libraryprep (015, Lexogen) was
used to generate cDNA libraries, followed by sequencing on the
HiSeq4000 system. Quality control of raw reads was performed with
FastQC v0.11.7 (Andrews S. FastQC: a quality control tool for high
throughput sequence data. Available online at: http://www.
bioinformatics.babraham.ac.uk/projects/fastqc, 2010.). Adapters
were filtered with ea-utils fastq-mcf v1.05 (Erik Aronesty. ea-utils:
Command-line tools for processing biological sequencing data. Avail-
able online at: https://github.com/ExpressionAnalysis/ea-utils, 2011.).
Splice-aware alignment was performed with HISAT262 against the
reference genome mm10 using the default parameters. Reads map-
ping to multiple loci in the reference genome were discarded.
Resulting BAM alignment files were handled with Samtools v1.563.
Quantification of reads per gene was performed with HT-seq Count
v0.10.0, Python v2.7.1464. Count-based differential expression analysis
was done with R-based (The R Foundation for Statistical Computing,
Vienna, Austria) Bioconductor package DESeq265. Reported p values
were adjusted for multiple testing with the Benjamini-Hochberg pro-
cedure, which controls FDR. Data visualization was prepared using
ggplot2 R package (v3.4.1) or pheatmap (v1.0.12).

For 3′mRNA sequencing of naive and AOM/DSS-treated mice,
isolated RNA was provided to the Genomics Core Facility of the Uni-
versity Hospital Bonn, which performed library preparation using
QuantSeq FWD 3′mRNA-Seq kit (Lexogen) according to the manu-
facturer’s instructions. Sequencing was performed on the Nova-
Seq6000 with a sequencing depth of 10M raw reads. Data were
analyzed using PartekFlow software (V10.0.23.0720) available from
https://www.partek.com/partek-flow/#features with the Lexo-
gen12112017 pipeline and Ensemble transcripts release 102 for mm10
mouse alignment. Briefly, two adapter-trimming steps and one base-
trimming step were performed before alignment was done by
star2.5.3a. Post-alignment QC was performed and reads were quanti-
fied to the annotation model. Gene counts were normalized and data
were further analyzed by gene-specific analysis. Visualizationwasdone
with PartekFlow software (V10.0.23.0720) and GraphPad Prism
6 (V6.07).

To quantify the transcripts permillion (TPM) values from the bulk
RNA-seq data of adult derived EGCs (previously published in refs. 15,17,
PartekFlow software (V10.0.23.0720) available from https://www.
partek.com/partek-flow/#features. The TPM values for bulk RNA-seq
of embryonic neurosphere-derived EGCs were obtained by processing
fastq files using nf-core/rnaseq pipeline (nf-co.re/rnaseq/3.12.0) where
GRCh37 was used as reference genome and Salmon was used for
quantification66.

Weighted gene correlation network analysis (WGCNA)
First, variance stabilizing transformation was performed on the bulk
RNA-seq data generated from unstimulated, H-CM and TME-CM pri-
mary neurosphere-derived EGCs using the DESeq265 package in R
(v4.2.2). PCA was performed after variance stabilizing transformation
using DeSeq2 package by selecting samples stimulated for 24 h. The
function prcomp() was used for obtaining the gene strength towards
each PC. Next, WGCNA67 was performed using the R package WGCNA
(v1.72.1). To distinguish the modules with different expression

patterns, a soft threshold power of 12, which was the lowest power for
the scale-free topology fit index of 0.85, was selected to produce a
hierarchical clustering tree (dendrogram). The function “blockwise-
Modules”wasused for automatic block-wisenetwork construction and
module identification. The number of modules was detected auto-
matically by the algorithm, with the number of genes in a module
limited to between 30 and 5000 genes. The co-expression networks
were created based on the similarity of expression patterns of genes
and the networks were established by merging genes with similar co-
expression patterns into modules. The clusterProfiler68 package was
used to implement enrichGO() for gene ontology over-representation
test using the genes of modules 4, 7, and 8.

Single-cell RNA sequencing of orthotopic murine tumors
Cell suspensions of orthotopic murine tumors were processed with a
10x Chromium Next GEM Single Cell 5′ kit and loaded on a 10x chro-
mium controller to create Single Cell Gel beads in Emulsion (GEM). A
cDNA library was created using a 10× 5′ library kit and was then paired-
end sequenced on an Illumina Novaseqdevice following 10x’s guidelines
(https://www.10xgenomics.com/support/single-cell-immune-profiling/
documentation/steps/sequencing/sequencing-requirements-for-single-
cell-v-d-j). Sampledemultiplexing anddata analysis was performedusing
10x’s Cellranger suite (https://support.10xgenomics.com/single-cell-vdj/
software/pipelines/latest/using/vdj) using the standard parameters.

scRNA-seq clustering and dimensionality reduction
The countmatrices obtained after pre-processingwithCellrangerwere
concatenated to obtain a combined raw count matrix which was then
analyzedusing the SeuratRpackage (v3.1.3).Cellswith less than300or
more than 6000 genes and cells with more than 15% mitochondrial
genes were discarded from the analysis. Normalization and scaling
were done with default variables with top variable genes identified
using FindVariableFeatures function. After principal component ana-
lysis, 1st 39 principal components were used based on the elbow plot
for creating a nearest neighbor graph using FindNeighbours function
in Seurat. After clustering at a resolution of 1, clusters were classified
into immune and non-immune clusters. Six small doublet clusters with
markers of two or more distinct cell types were removed. Also, two
clusters with low nUMI and lacking distinguishing markers of any cell
types were removed. A subset of Seurat Object with immune clusters
alone was created and the same pipeline was followed from Normal-
ization to Clustering (number of principal components used = 32).
After clustering at resolution 1, the clusters were manually annotated
following Zhang et al.24. Clusters annotated as monocytes or macro-
phages were re-clustered similarly to identify the subclusters. These
sub-clusters were annotated manually based on the expression of
Ly6c2, Ccr2, H2-Ab1, Spp1, C1qa, Cx3cr1, and Mki67. Further to learn
potential differentiation trajectory, Monocle-3 was used. (Parameters:
n center = 300, minimal branch length = 10, nn.k = 20). Genes upre-
gulated or downregulated in SPP1+ TAMs compared to C1Q+ TAMs
were functionally annotated using universal enrichment function
“enricher” from the “ClusterProfiler” package (v4.6.0) with a gene
annotation database aggregation containing all terms from Human
Phenotype, Transcription factor, and Hallmark from Molecular Sig-
nature Database (MSigDB), BIOCARTA, REACTOME, GO and KEGG
Markers for different clusters were determined using a Wilcoxon rank
sum test with FindMarkers or FindAllMarkers functions in Seurat.

Inferring cell–cell communication using NicheNet
NicheNet (nichenetr R package; v1.1.0) was used to study the interac-
tions betweenEGCs and tumor-infiltratingmonocytes. To identify TME
EGC-derived ligands potentially inducing the differentiation of
monocytes into SPP1+ TAMs, bulk RNA-seq data from in vitro TME-CM
EGCs was used. Ligands were identified after filtering for genes upre-
gulated in 24 h time point TME-CM EGCs with respect to 24 h
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timepoint H-CM EGCs (adjusted p value < 0.05). Genes differentially
expressed between SPP1+ TAMs and monocytes (adjusted p value <
0.05) were considered as the gene set of interest.

NicheNet was also used to study the interaction between tumor-
infiltrating immune cells and EGCs. To identify immune cell-derived
ligands potentially inducing differentiation of 24 h time point H-CM
EGCs into 24 h time point TME-CM EGCs, scRNA-seq data of the
immune compartment of the in vivo murine orthotopic CRC model
was used. Using get_expressed_genes function from NichenetR, genes
expressed in at least 5 % of immune cell clusters were considered as
potential ligands. Genes differentially expressed between TME-CM
EGCs and H-CM EGCs (adjusted p value < 0.001) were considered as
the gene set of interest.

Bio-informatic analysis: KUL3 dataset
Bio-informatic analysis of the CRC tumor microenvironment of
patients with CRC was performed making use of the published KUL3
dataset33. Integration of the data, dimensionality reduction, unsu-
pervised clustering and differential gene expression analysis was
performed in R using Seurat with SCTransform - Integration pipeline.
For downstream analysis, “border” and “tumor” samples were taken
together and considered as tumor samples. Patient KUL31 was
excluded from all EGCs analysis, due to extremely low cell numbers.
Pathway enrichment analysis was done using Ingenuity pathway
Analysis (IPA, Qiagen). Modules identified using WGCNA on mouse
bulk RNA-seq data was converted to one-to-one human orthologs
and then used for single-sample Gene Set Enrichment Analysis GSEA
as implemented in single-cell Gene Set Variation Analysis R pack-
age (v0.0.11).

Bio-informatic analysis: TCGA and LUMC AC-ICAM dataset
The processed gene expression RNA-seq (IlluminaHiSeq) data of the
Cancer Genome Atlas (TCGA) colorectal adenocarcinoma (COAD-
READ) was downloaded from the University of California SantaCruz
(UCSC) Xena using the UCSCXenaTools (https://doi.org/10.21105/joss.
01627) R library. The details of data integration and processing are
described in UCSC-Xena browser (https://xenabrowser.net/). The
clinical information and overall survival (OS) data of the patients were
also obtained using UCSCXenaTools (data subtype: “phenotype”).
According to their age, the patients were classified as above 65 years
(>=65) and below 65 years. Patients with tumor stage I and IA were
clustered as stage I, patients with stage II, IIA, IIB as stage II, patients
with stage III, IIIA, IIIB, IIIC as stage III, and patients with stage IV, IVA,
IVB as stage IV. Patients with microsatellite stability were classified as
MSS and patients with microsatellite instability high and low as MSI.
The consensus molecular subtypes (CMS) were predicted using the R
package CMSClassifier (v1.0.0) and the iCMS classification of the
patients was performed as previously described69. The 376 patients
with CRC were hierarchically clustered according to the high and low
expression patterns of the specific gene signatures (Supplementary
Table 3) in the tumor samples which resulted in 2 patient categories
(EGC high and EGC low). The R packages survival (v3.5.5) and surv-
miner (v0.4.9) were used for survival analysis and plotting the Kaplan-
Meier (KM) survival curve. A statistically significant difference in sur-
vival was indicated by a log-rank test p-value of p < 0.05. Survival
analysis with univariate and multivariate proportional hazards
regression models (Cox regression) was performed to adjust for age,
gender, radiation therapy, stage and EGC signature expression. The R
packages pheatmap, gtsummary, and ggplot2 were used for
visualization.

The second CRC cohort used was the Sidra-LUMC AC-ICAM
dataset, published by Roelands et al.35. The 348 patients were hier-
archically clustered and survival analysis was performed as
described above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA-seq (related to Fig. 3 and Supplementary Fig. 4) and bulk
RNA-seq (related to Fig. 2 and Supplementary Fig. 3 and 5b) data
generated for this study are deposited in the Gene Expression Omni-
bus (GEO) database under the GEO accession code GSE231804. The
bulkRNA-seq (related to Supplementary Fig. 6), data generated for this
study are deposited in the Gene Expression Omnibus (GEO) database
under the GEO accession code GSE231709. The mass spectrometry
proteomics data generated for this study (related to Fig. 4) have been
deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD045911. Bulk RNA-seq data
(related to Supplementary Fig 5b) were published previously15,17 and
can be accessed via GSE205610 and GSE134943. The remaining data
are available within the Article, Supplementary Information or Source
Data file. Source data are provided in this paper.
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4. Discussion 

Over the past two decades, the focus on EGCs and unraveling their role in intestinal 

homeostasis and disease has risen. Several studies already identified EGCs as important 

mediators of intestinal inflammation and their active contribution to disease outcomes 

through the secretion of cytokines and chemokines as well as their interaction with other 

cells 1. My thesis advanced the current knowledge about EGCs by identifying novel 

molecular pathways of glial homeostasis and activation involving the ECM 2, adrenergic 

signaling 3, and IL-1 signaling 4, 5. Utilizing in vitro studies, we optimized EGC primary 

cultures and identified Matrigel and laminin as superior coating substrates to advance 

enteric glial yield, network formation, and immune reactivity 2. Furthermore, we used our 

glial culture system and the postoperative gut inflammation model of POI to define the role 

of adrenergic 3 and IL-1-mediated 4 activation of EGCs during acute inflammation of the 

musclaris externa. Finally, we studied the role of reactive EGCs in CRC development 5. 

Thereby, we unraveled a pro-tumorigenic reactive glial phenotype in CRC and a 

bidirectional signaling cascade between EGCs and macrophages that drives disease 

progression 5.  

4.1 Activation of EGCs in acute intestinal inflammation 

Previously, our group and others identified several inducers of enteric glial reactivity in 

acute intestinal inflammation 6–10, with the first evidence of molecular interactions being 

derived from in vitro studies. EGC primary cultures are a valuable tool widely used to study 

the interplay of EGCs with other cell types or their distinct reaction to specific molecular 

stimuli. However, the culture conditions differ strongly between groups, varying in isolation 

protocols, media composition, or cell culture coating substrates. Surface coating, used to 

facilitate cell adhesion, is usually done with proteins that naturally occur in the cells’ ECM. 

However, the ECM also serves as an important regulator of cellular properties in the 

intestine, as shown for monocyte differentiation 11, transmigration 12, or 

immunosuppression 13. Therefore, we speculated on the involvement of ECM substrates 

in glial reactivity. Notably, comparing different ECMs to improve EGC culture purity and 

quality is not new. Previous studies showed that laminin promotes the expression of glial 

markers over neuronal markers in ENS cultures 14 and identified the differentiation-driving 
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effects of ECM substrates on ENS progenitors in vitro 15. However, none of these studies 

addressed the impact of ECM substrates on potential changes in glial network formation 

and the immune response and reactivity of EGCs. In our work, we demonstrated Matrigel 

and laminin as superior coating substrates in EGC purity and network formation and 

investigated the differential influence of ECM compounds on glial reactivity after IL-1β 

treatment 2, a stimulus well-known in glial activation 4, 16. When looking at the 

IL-1β-induced gene expression, pathways related to myeloid differentiation and 

macrophage activation were induced in glia on Matrigel and laminin. This aligns with the 

herein-characterized glia-macrophage interactions after IL-1β stimulus 4, 5. Furthermore, 

previous works described the close proximity of EGCs and macrophages 17 and a glial-

induced differentiation of the latter 16, hinting at a bidirectional communication of those cell 

types. Conversely, poly-L-ornithine coating resulted in GO term enrichment related to 

lymphocytes in EGC cultures. While interactions between EGCs and lymphocytes are 

mostly unexplored, a few studies have suggested T cell-EGC interactions in Crohn’s 

disease 18, EGC-mediated T cell activation via antigen presentation 19, or EGC-mediated 

control of cytokine release by innate lymphoid cell type 3 20. Nevertheless, the changes in 

glial immune function, at least on the transcriptional level, were less pronounced than the 

effects of ECM substrates on cell numbers and network formation capacity. On this base, 

we identified Matrigel and laminin as superior coatings, which we will use in future EGC 

in vitro studies. A shortcoming of this study is the lack of double-coatings, which other 

studies have already used for ENS cultures 14, 21–23. As Matrigel, similar to the ECM in 

vivo, is a mixture of ECM proteins, including laminin, collagen IV, and entactin 24, it is likely 

that combinatorial coating approaches might further advance EGC network formation and 

reactivity. Additionally, we did not address the ECM protein agrin, which was recently 

described as part of a specific ECM composition surrounding enteric ganglia and 

implicated to be important in intestinal inflammation and neural cell migration 17, 25. Future 

work is needed to decipher the effect of ECM molecules on glial-immune interactions in 

vivo. 

While in vitro cell culture models greatly help to get mechanistic insight into cellular 

functions, in vivo models are necessary to study the role of EGC reactivity in the context 

of inflammation-driven diseases and disorders. A common in vivo model to study acute 

intestinal inflammation is the model of small bowel manipulation. Sterile manipulation of 
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the intestine, mimicking the surgeons’ handling and surgical trauma to the gut surface, 
results in acute inflammation of the tunica muscularis, which finally results in transient 

motility disturbances 26, clinically known as POI 27. In a previous study, our group 

investigated the transcriptional changes of EGCs during those inflammatory processes 

and introduced the term “enteric gliosis”, a reactive enteric glial phenotype 6 identifying 

EGCs as important contributors to disease outcomes. Continuing to analyze the enteric 

glial tissue microenvironment as a potential inducer of glial reactivity, we next focused on 

mediators of the SNS, known to control homeostasis and inflammatory conditions. 

Therein, neurotransmitters of the SNS can bind to adrenergic receptors (AR) on 

EGCs 28, 29. Additionally, the SNS has recently been shown to influence immune cell 

infiltration into the muscle layer of the intestine 30. However, the direct effect of 

adrenergic activation of EGCs on intestinal inflammation was unknown. In our recent 

work, we performed a time course analysis using glial-specific transcriptomes 31 at 

different time points during POI. Thereby, SNS-mediated glial activation was identified 

as an early trigger during intestinal trauma, already induced by the first surgical skin 

incision and even more pronounced by intestinal manipulation 3. We demonstrated that 

the neurotransmitter norepinephrine (NE) induces glial reactivity and pinpointed 

adrenergic signaling via β1- or β2-ARs, or both, as responsible for NE-induced glial 
activation in vitro. Of note, an immunomodulatory function of adrenergic pathways has 

been described before: NE is already known to regulate motility 32 and immune 

responses of a variety of immune cells in the gut 33, which express the β2-ARs 34, too. 

Interestingly, NE has rather anti-inflammatory effects on immune cells 35, while here, we 

found proinflammatory cytokine release by EGCs activated via the same mechanism. 
However, since the direct impact of NE on EGCs was tested in vitro, we can only 

speculate on its influence on disease outcomes in vivo. Potentially, longer NE exposure 

might have other effects on EGC reactivity, allowing them to contribute to the beneficial 

impact of the SNS during chronic diseases 36–38. In addition, in a colitis model that was 

aggravated by psychological stress, increased NE levels were detected, and abrogation 

of adrenergic signaling worsened the disease outcome 39, further hinting at a rather 

beneficial involvement of adrenergic signaling during chronic inflammation. However, 

prolonged activation of β-ARs resulted in desensitization, phosphorylation, or even 

internalization of β-ARs 40, 41, which we did not assess in this context. Future work
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with glial-specific knockouts in adrenergic pathways needs to determine if and when EGC 

activation via NE aggravates or resolves intestinal inflammation in vivo. 

With acute intestinal inflammation forming a dynamic and fast-changing tissue 

microenvironment in the gut, we aimed to identify additional mediators contributing to POI 

progression. IL-1 is a well-known and strong immune modulator in several inflammatory 

processes. IL-1, alone or together with inflammasomes as its activators, has been widely 

discussed 42, 43, and increased IL-1 levels were found in IBD patients 44–47. However, IL-1 

can have both inflammatory and pro-resolving effects dependent on the phase and time 

of the disease 48. Our group previously showed that a systemic deficiency of IL-1R1 

protected mice from POI. Interestingly, IL-1R1 was also co-expressed with glial markers 

in immunohistochemistry 10. Moreover, IL-1 expression has directly been correlated with 

the production of inflammatory cytokines, such as IL-6 and CCL2 49. An earlier study by 

Rühl et al. already demonstrated IL-1 as an important trigger of glial activity in EGC 

cultures 50. However, the role of IL-1-induced glial reactivity in POI has not yet been fully 

investigated. Therefore, we expanded this knowledge using glial-specific IL-1R1-deficient 

mice and glial-specific transcriptomic analysis after intestinal manipulation in early (3h) 

and peak (24h) disease time points. We identified gliosis gene signatures in both 

IL-1-treated EGC cultures and glial-specific transcriptomes 3h after intestinal 

manipulation. At the peak of the disease, the recruitment of intestinal macrophages, 

previously demonstrated as key regulators of intestinal inflammation 51–53, was 

significantly reduced in glial-IL-1R1-deficient mice 4. Comparing the gene expression of 

glial IL-1R1-deficient versus glial IL-1R1-competent mice, we found significantly reduced 

expression levels of inflammatory mediators, such as Csf1, Ccl2, Il6, or Cxcl2 4. The direct 

influence of these mediators on macrophages and their recruitment 54, 55 underlines the 

importance of IL-1-activated EGCs as immune regulators in intestinal inflammation. Of 

note, different macrophage subpopulations have been identified in the intestine 52, 56, and 

glial activation was correlated to specific pro-resolving macrophages in POI 16, underlining 

the relevance of glial-macrophage interactions.  

Interestingly, IL-1-induced gene expression in EGCs shared transcriptomic similarities 

with activated EGCs after infection 57 and during colitis 58. Although this hints at an 

overarching gliosis signature of EGCs during different intestinal inflammatory conditions, 
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the described analyses used different intestinal regions and transcriptomic methods, 

underlining the need for a more in-depth analysis in the future to evaluate the 

transferability between approaches. 

4.2 Potential interactions of different glial activators in the inflammatory 
environment 

Having identified ECM compounds, adrenergic signaling, and IL-1β as potent regulators 

of glial biology and reactivity, we were intrigued by the possible interconnections of those 

pathways. Literature screening for potential interactions of ECM and the SNS revealed 

that ECM collagens were affected by sympathectomy 59 and that NE led to increased 

collagen expression via β-ARs 60 in the vascular system, hinting at a requirement of SNS 

signaling for the production of ECM proteins. Additionally, the ECM compound laminin 

was postulated to be critical for cell proliferation and differentiation in the SNS 61. On the 

other hand, neurons and glia were shown to synthesize proteoglycans 62, which are major 

components of the ECM, and Schwann cell-derived ECM even serves as a treatment for 

peripheral axon regeneration 63, suggesting important bidirectional pathways between 

ECM and the SNS in periphery organs. 

Similarly, dual effects were described for the connection of the SNS and IL-1. In several 

early studies, IL-1β suppressed the release of NE in rodents, being potentially involved in 

neurogenic dysfunctions 64–66. Conversely, sympathectomy significantly reduced IL-1β 

and IL-6 levels in a study of lung inflammation 67, which aligns with our work, showing 

reduced inflammatory mediators after sympathectomy 3. This indicates that the SNS 

greatly affects cytokine release during inflammation and, potentially, vice versa.  

Previous studies have also reported bidirectional signaling in the interplay of IL-1 and the 

ECM. On the one hand, fibroblast-derived cytokines, such as IL-1β and IL-6, decreased 

the synthesis of the ECM molecules glycosaminoglycans and collagen in the skin 68, and 

similar IL-1β-mediated ECM impairment was found for articular cartilage cells 69. This hints 

at an inflammation-induced ECM dysfunction, as shown for ECM remodeling 70, 71. 

IL-1β-treatment also stimulated ECM protein production in fibroblasts 72 related to 

fibrogenesis 73. On the other hand, ECM-derived fragments but not intact ECM molecules 

were reported to trigger monocyte/macrophage secretion of inflammatory cytokines, 
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including IL-1 74, indicating the involvement of ECM-mediated inflammation during tissue 

damage. In a model of acute brain injury, IL-1-triggered endothelial activation was 

significantly influenced by ECM compounds 75. Moreover, attachment to ECM substrates 

in vitro was described to significantly impact IL-1-mediated astrocyte activation 76, which 

strongly resembles the differential outcomes from our IL-1β-treated reactive EGC cultures 

on different ECM substrates 2. 

Taken together, we identified three major components of the intestinal tissue 

microenvironment and their individual effects on EGC homeostasis and reactivity, as well 

as their effects on intestinal inflammation. The following literature screening exposed 

distinct connections between the individual pathways, leading to the hypothesis that EGCs 

are regulated by a well-orchestrated signaling network, including ECM compounds, 

adrenergic signaling, IL-1 signaling, and others during intestinal inflammation. However, 

we did not test the connection of those pathways in vivo, leaving their sequential order 

and potential phase-dependent actions that might change over the disease course 

undiscovered. Future work is needed to unravel the dynamics of this complex signaling 

network involved in glial activation. 

4.3 IL-1-mediated, tumor-promoting signaling cascade between EGCs and 
macrophages in colorectal cancer 

So far, EGCs have been discussed as inflammatory mediators in different intestinal 

diseases, but their potential role in CRC is just emerging. Initial studies showed that EGC 

depletion reduces tumor burden, identifying them as important regulators of tumor 

formation 77. However, the underlying molecular mechanisms remained unknown. Another 

study then used tumor stem cell cultures treated with an EGC-conditioned medium or vice 

versa and recognized IL-1 as a promising trigger for the tumor-promoting phenotype of 

EGCs 78. Nevertheless, in vivo evidence and the molecular mechanisms of tumor 

promotion by IL-1-triggered EGCs remained elusive.  

Using orthotopic CRC models, we confirmed IL-1 as the main activator of EGC reactivity 

in CRC in vivo and identified tumor-infiltrating monocytes and macrophages as its cellular 

source within the TME. While we here described an IL-1R1-dependent glia-macrophage 

interaction, IL-1R1-activated EGCs might also exert additional tumor-promoting functions, 
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as previous in vitro work suggested the interaction of EGCs and cancer stem cells via 

IL-1 78. Furthermore, we confirmed the tumor-promoting effect of IL-1-activated EGCs via 

the secretion of inflammatory cytokines that regulate TAM phenotypes in orthotopic and 

AOM/DSS-induced murine CRC models. We classified two distinct macrophage subsets 

coexisting in the CRC TME: C1Q+ TAMs associated with phagocytosis and antigen 

presentation and SPP1+ TAMs related to angiogenesis and the ECM. Similar TAM subsets 

have recently been described by transcriptomic analysis in human CRC 79. While 

C1Q+ TAMs were found in the colonic mucosa of healthy and ulcerative colitis patients, 

SPP1+ TAMs were almost exclusively present in cancerous tissues, suggesting their key 

role in the CRC TME 79. SPP1+ TAMs have recently been described as a tumor-promoting 

macrophage subset in the CRC TME 80 and have also been shown to interact with other 

stromal cells in the TME 81. Importantly, SPP1+ TAMs are currently understood as the 

most tumor-promoting TAM subset across multiple cancers 82.  

The present study pinpointed IL-6 as the main trigger of SPP1+ macrophage differentiation 

among EGC-secreted cytokines after glial IL-1 stimulation. The importance of IL-6 in CRC 

has been shown previously, as IL-6 expression in tissue samples correlated with poor 

survival, metastasis formation, and advanced disease stages in CRC 83. Since then, 

several studies focused on cell-specific roles of IL-6 in the CRC TME, identifying 

IL-6-mediated inhibition of dendritic cell maturation, blockade of CD8+ T cell effector 

functions, obstruction of anti-PD-L1 treatment in mice, and TAM-induced cancer cell 

chemoresistance 84, 85. Herein, we expanded this knowledge and described a bidirectional 

interaction of EGCs and TAMs in the CRC TME, with tumor-infiltrating monocytes 

secreting IL-1, which triggers EGC reactivity and cytokine secretion. Then, among those 

EGC-secreted cytokines, IL-6 promotes monocyte differentiation towards tumor-

promoting SPP1+ TAMs.  

EGC-secreted cytokines might also be involved in monocyte recruitment to the CRC TME. 

Among the EGC-secreted factors, we found increased expression of Ccl2, known as a 

potent chemoattractant for monocytes 86 in CRC, suggesting that EGCs not only drive the 

differentiation of tumor-infiltrating monocytes towards TAMs but also contribute to their 

recruitment. 
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The herein-identified neuro-immune interaction might also be relevant for other cancer 

types, as strongly innervated organs, such as the pancreas, are the current focus of 

cancer research. Various cancers exhibit neuronal infiltration, often correlated with worse 

disease outcomes 87–90. Another peripheral glial cell type, namely Schwann cells, was 

described as an important contributor to cancer progression in pancreatic ductal 

adenocarcinoma, melanoma, breast cancer, or lung cancer 91–94. Schwann cells were also 

shown to promote a malignant type of cancer-associated fibroblasts in the pancreatic 

TME 95. Interestingly, some studies highlighted glial-induced factors as responsible for 

the polarization of macrophages towards a pro-tumorigenic phenotype across several 

types of cancer 91, 93, 96, which is consistent with the EGC actions in our study. Of note, a 

recent study using a breast cancer mouse model correlated glial-induced macrophage 

modulation with cancer pain, further highlighting the potential of glial-immune interactions 

in cancer pathophysiology 94. 

Overall, our study revealed a tumor-promoting IL-1-induced glia-macrophage interaction 

in CRC. Thereby, we unraveled important molecular mechanisms of CRC pathogenesis, 

presenting potential therapeutic targets for disease treatment. 

 
4.4 Clinical translation and potential therapeutic targets 

Although animal models are relevant tools for gaining mechanistic insights in vivo, the 

translation to other species, let alone humans, remains challenging 97, 98. Latest 

technologies, such as single cell 99 or single nuclei sequencing 100, might help to identify 

the role of the hard-to-isolate EGC population 101. However, isolating the fragile glial cell 

networks will remain challenging considering the complex tissue microenvironment, in 

which epithelial cells and fibroblasts are the most numerous cell types. Therefore, it is 

crucial to substantiate the murine findings and the identified molecular mechanisms with 

human data via human specimens or human datasets. Our group’s previous work 

introduced the term “enteric gliosis” to describe the reactive glial phenotype observed 

during acute intestinal inflammation 6. Transferring this phenotype to human specimens, 

we verified comparable enteric gliosis signatures in humans 6. Similarly, in the herein- 

presented work, the IL-1-activation of EGCs and corresponding cytokine release could be 

confirmed in human primary EGCs 4, and EGC-macrophage co-localization was verified
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in human intestinal specimens. This proximity was also confirmed in patient samples of 

CRC 5. Additionally, high expression of the EGC gene signature correlated with worse 

patient survival, and tumor EGCs were enriched in GO terms related to IL-1 signaling, 

gliosis, and macrophage activation. This high expression of EGC gene signatures also 

correlated with the high expression of SPP1+ TAM genetic signatures in 75 % of CRC 

patients. We further analyzed the correlation of EGC signatures and consensus molecular 

subtypes (CMS), a gene expression-based classification of CRC patients. Interestingly, 

patients with high EGC signatures were classified as CMS4, which is described to 

correlate with the worst overall survival and shows strong stromal infiltration 102. Given the 

stromal nature of EGCs, this underlines the involvement of EGCs in human CRC 

development as well. These data hint at a conserved glia-immune mechanism in CRC 

and, potentially, also in other intestinal diseases. 

Consistent with the bidirectional communication found in murine CRC models, the 

enrichment of IL-1 signaling in human CRC EGCs, together with increased IL-6 levels 

detected in serum and tissue samples of CRC patients 103, 104, hint at a conserved role of 

IL-1/IL-6 signaling in CRC pathogenesis. Glial IL-1 signaling or IL-6 release might serve 

as potential therapeutic targets in immunotherapy, a currently studied treatment option for 

intestinal inflammatory diseases targeting specific immune pathways. The IL-1 antagonist 

anakinra has already been studied in the context of POI 4, 10 and was applied in clinical 

trials 105. A case report recently described the successful application of anakinra in 

ulcerative colitis treatment 106. Moreover, its use has been reported in treating several 

types of cancer 107, including breast cancer 108–110, pancreatic ductal 

adenocarcinoma 111, 112, and CRC 113. Interestingly, anakinra treatment was correlated 

with reduced IL-6 levels in myeloma patients 114, hinting at the potential of the IL-1/IL-6 

axis in human carcinogenesis. However, most signaling pathways, including IL-1 

signaling, are not solely detrimental but fulfill additional functions, potentially resulting in 

adverse immunotherapy- induced side effects 115. Furthermore, the relevance of glial-

restricted IL-1 signaling and IL-6 release might only be part of a complex puzzle. 

Therefore, it is crucial to gain detailed molecular insights into immune-related signaling 

pathways, such as their cellular specificities and clinical relevance, to develop more 

restricted treatment options, potentially targeting individual cell populations or specific 

cell-cell interactions. 
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Another avenue for potential clinical interventions in intestinal diseases is the 

herein-identified adrenergic signaling via β1/2 receptors on EGCs. With only a limited 

number of studies exploring the use of β-blockers, the results are rather controversial 

between acute and chronic inflammation: while β1-blockade reduced acute inflammation 

after abdominal surgery in rodents 116, it is also correlated with higher relapse risk in IBD 

patients 117. For CRC, on the other hand, the effects of β-blocker usage seem to depend 

on the disease state: while the risk of developing CRC could not be reduced by β-blockers 
118, they improved the prognosis of CRC patients, especially in patients with advanced 

cancer stages 119. Similar to IL-1 or IL-6 signaling, future work using cell-specific and time-

restricted β-blocker treatments must provide further insights into their potential in clinical 

interventions.  

4.5 Overall impact 

This work refined the knowledge about EGC reactivity in intestinal diseases, specifically 

characterizing new interaction partners and corresponding signaling molecules in 

intestinal immunity. Before, EGCs were described as contributors to gut inflammation, 

shaping the tissue microenvironment. Herein, we identified specific players of the 

intestinal tissue microenvironment, such as ECM proteins, the SNS, and intestinal 

macrophages, as important interaction partners for EGCs. We improved primary EGC 

culture conditions by comparing different ECM substrates and their impact on EGC 

reactivity, allowing us to recommend Matrigel and laminin as preferred substrates for 

EGCs in vitro studies. Additionally, we determined NE and IL-1 as triggers of EGC 

reactivity, providing new molecular mechanisms of this activated glial phenotype in acute 

intestinal inflammation.  

The clinically most interesting novelty of this study is the identification of the 

pro-tumorigenic role of EGCs in CRC. We identified a bidirectional signaling cascade 

between EGCs and macrophages, in which EGCs switch into a reactive phenotype 

triggered by IL-1 signaling and, in turn, secrete IL-6 as an inflammatory cue to promote 

pro-tumorigenic SPP1+ macrophage differentiation. This previously unknown cellular 

interaction and the corresponding molecular pathways not only promise further research 

of glial functions in CRC but also indicate that they might be potential novel targets for 
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clinical intervention or useful diagnostic tools. From the latter perspective, EGC presence 

in CRC is associated with poorer outcomes, and future studies could focus on whether 

glial presence or reactivity might be used as a stratification marker for different treatment 

regimes. 
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