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Abstract  57 

Background: Enteric glial cells (EGC) play a crucial role in maintaining gut homeostasis, but 58 

their dysregulation in inflammatory bowel diseases (IBD) remains poorly understood. Emerging 59 

preclinical data suggests activated EGC have beneficial roles in controlling gut pathophysiology. 60 

Objective: Understanding EGC activation and adaptation during experimental and clinical IBD. 61 

Design: We provide the first highly integrated approach to identify EGC activation signature in 62 

IBD. Profiling 390 samples from IBD patients via bulk and single-nucleus (sn) transcriptomics 63 

and replicate the findings on publicly available bulk and single-cell (sc) datasets from 1160 64 

patients and 19,000 single EGC. Preclinical modelling of Th1/Th17 inflammation, reporter-65 

assisted EGC sorting, analysis of regulated cell death, and Casp8 ablation in EGC was 66 

performed. Results: We identified novel IBD type and sampling associated EGC activation 67 

signature. Specific EGC activation markers were shared in biopsies and resection specimens, 68 

and were divergent between Crohn’s disease and Ulcerative colitis. Preclinical modelling of 69 

intestinal inflammation identified combinatorial TNF and IFN-γ-driven activation of EGC, 70 

associated with elevated necroptosis, and negatively impacting gut motility. Genetic-reporter-71 

enabled sorting and downstream analyses confirmed TNF and IFN-γ-driven EGC necroptosis, 72 

potentiated by Casp8 deficiency. Furthermore, snRNA-Seq from IBD patient samples confirmed 73 

elevated cell death signature in activated but not in rare neuroglia progenitor-like cluster. 74 

Conclusion: Our findings identify IBD type-associated activated EGC markers involved in 75 

immune and epithelial homeoastasis. We uncover necroptosis of activated EGCs as a 76 

constituent of intestinal inflammation. Advancing our understanding of activated EGC survival is 77 

pivotal in elucidating their complex roles in maintaining gut immune-epithelial homeostasis. 78 

 79 

 80 

What is already known on this topic 81 

Activated EGC have emerged as important contributors in maintaining epithelial, immune and 82 

neuronal homeostasis. Increasing evidence from mouse studies points to the role of activated 83 

EGC in epithelial regeneration, tolerogenic T-cell activation, relaying psychological stress to the 84 
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enteric nervous system, post-injury neurogenesis, and helminth clearance. Nevertheless, no 85 

consensus has emerged on what might define activated EGC in the context of IBD and how 86 

EGC turnover is affected in gut inflammation, limiting translation of their disease associated 87 

roles. 88 

 89 

What this study adds 90 

By combining bulk with single cell and single nucleus transcriptomes from IBD patients we 91 

identified new IBD type- and location-associated EGC activation signatures. Some of these are 92 

conserved with mouse EGC in gut inflammation models. We identified osteopontin an 93 

immunomodulator and Wnt6 an epithelial morphogen elevated in IBD EGC. We also identified 94 

IBD-associated EGC cell clusters, which display higher expression of cell death pathway 95 

transcripts. To investigate EGC turnover, we utilized preclinical models and found rapid EGC 96 

activation upon Th1/Th17 inflammation. This was associated with elevated EGC activation and 97 

caspase-independent necroptotic cell death. Ex vivo experiments showed a combinatorial 98 

requirement of IFN-γ and TNF in mediating EGC necroptosis. Our findings were replicated on 99 

multiple publicly available sc-RNA sequencing datasets from IBD patients. 100 

 101 

How this study might affect research, practice or policy 102 

Expanding on the available repertoire of EGC activation markers in IBD, both shared and unique 103 

to sampling procedure, disease type, and location will provide researchers with tools to identify 104 

EGC homeostasis during IBD. Moreover, the nature of the identified markers will stimulate 105 

research into specific EGC pathways triggered in inflammation. Adding to this, the rapid 106 

induction in pathological death of activated but not naive EGC upon IFN-γ and TNF stimulation 107 

will shed light on EGC adaptation and turnover. Our identification of markers of activated EGC 108 

with immuno-modulatory and epithelial-regenerative properties, including osteopontin and 109 

wingless family of morphogenes will stimulate further research in EGC-immune and EGC-110 

epithelial communication in the context of IBD.  111 
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Introduction 112 

Inflammatory bowel diseases (IBD) pose a chronic inflammatory challenge, demanding 113 

concerted actions of multiple cells in restoring homeostasis. Enteric glial cells (EGC) display 114 

distinct morphotypes and activation states controlling gut motility, visceral hypersensitivity, and 115 

lymphocyte activation [1, 2, 3, 4, 5]. Data from preclinical models has revealed that activated 116 

EGC subtypes control epithelial, immune, and neuronal homeostasis during intestinal 117 

inflammation. For example, during intestinal inflammation activated EGC express: 1. MHC-II, 118 

inducing tolerogenic T-cells [6], 2. Wnt ligands regulating epithelial regeneration [3], 3. CSF1 119 

promoting monocyte recruitment [2], and 4. CXCL10 promoting helminth clearance [7].  120 

Despite this, the translation of these findings in the context of IBD has been limited largely due to 121 

a lack of consensus on what constitutes activated EGC. Through multiple studies in mouse 122 

models GFAP has emerged as a bona fide activation marker for EGC. However, its expression 123 

and specificity in human EGC is highly contested. Furthermore, the status of S100B, another 124 

prevailing activation marker of human EGC, was also challenged recently [8]. The S100B 125 

regulates survival and can act as a damage-associated molecular pattern and hence its 126 

elevation has been linked with EGC activation. Another broadly expressed maker for EGC is 127 

PLP1, with established role in myelination in the peripheral nervous system. However, its 128 

regulation during gut inflammation and its functions in the non-myelinated ENS are poorly 129 

defined with recent studies pointing to a role in the regulation of gut motility in mice [4]. This is 130 

reflected in the disparity in previous reports, some indicating EGC elevation, whereas other 131 

showing EGC apoptosis and reduction in EGC frequency in IBD [9, 10, 11, 12, 13, 14]. This is 132 

fuelled by challenges in analysing all EGC subsets from patient samples, since translational 133 

research is dominated by data derived from mucosal biopsies, which miss out on myenteric and 134 

longitudinal muscle EGC, limiting a clearer insight on EGC activation markers in IBD. 135 

An early consequence of gut inflammation is dysmotility, induced in acute conditions and 136 

sustained by dysbiotic microbial insults. This can trigger enteric neuronal pyroptosis and, as we 137 

have recently shown, neuronal, but not EGC ferroptosis [15, 16, 17]. It is currently unknown 138 

whether and how EGC may evade programs of cytokine-mediated pathological cell death such 139 

as necroptosis and how this affects EGC turnover in IBD. This is especially important in the 140 

context of anti-TNF therapy, TNF being an upstream inducer of necroptosis, where few studies 141 

in experimental colitis have investigated neuroglia protection after anti-TNF treatment [18].  142 

Based on these considerations, we took a highly integrated approach to first identify EGC 143 

activation markers in IBD types, comparing biopsy and resection tissues in bulk, single nucleus 144 
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(sn), and single cell (sc) transcriptomes from IBD patients. We uncovered that specifically the 145 

activated EGC subsets display elevated expression of cell death pathway signatures. Analysis of 146 

sorted EGC revealed a combined requirement of TNF and IFN-γ in mediating EGC necroptosis. 147 

Our study provides novel EGC-specific activation markers elevated in IBD, which regulate EGC-148 

immune and EGC-epithelial homeostasis and highlight TNF and IFN-γ mediated activated EGC 149 

necroptosis as a component feature in Th1/Th17-driven intestinal inflammation. Further studies 150 

aimed at investigating EGC turnover, cellular states, and EGC -immune and -epithelial crosstalk 151 

are necessary for teasing out the translational impact of crucial EGC functions in IBD. 152 

 153 

Results 154 

Identification of EGC activation markers across IBD 155 

An initial analysis of resection and mucosal biopsy data from IBD patient transcriptomes 156 

(IBDome cohort) and previous microarray datasets from IBD patients revealed a divergent 157 

expression of the canonical EGC markers S100B and PLP1 (Supplemental Fig 1A-D). To 158 

identify IBD-associated EGC-specific markers, we leveraged the scIBD atlas of over 1.1 million 159 

IBD sc- transcriptomes. Comparing these sc expression profiles of EGC versus all other cells, 160 

top IBD- associated EGC markers were extracted and tracked across the bulk transcriptomes of 161 

our IBDome patient cohort and the Mount Sinai Crohn’s and Colitis Registry (MSCCR). This 162 

enabled comparison of IBD-associated, EGC-specific markers across disease types, tissues, 163 

and sampling procedures (Fig. 1A) [19, 20].  164 

Based on their expression across all samples included in our IBDome cohort, correlations could 165 

be established not only between the expression of the identified EGC markers in a given 166 

sample, but also with the respective histological inflammation scores for that sample. For 167 

example, this could be visualized for colonic biopsy samples as a correlation network identifying 168 

new EGC activation markers SPP1, MIA, and ART3 that correlated well with the Riley score for 169 

UC and to some degree with the Naini Cortana score for CD, but poorly with naïve/ canonical 170 

EGC-specific markers such as PLP1 (Supplemental Fig. 1E).  171 

Analysis of scaled expression compared against non-IBD control samples, revealed several new 172 

inflammation-associated markers in colonic biopsies and resection samples of inflamed UC 173 

patients (Fig. 1B, C). The analysis also revealed that a number of these EGC markers 174 

associated with inflammation status, irrespective of sampling procedure, implying a conserved 175 
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regulation in mucosal and myenteric EGC (Fig. 1D = resection, Fig. 1E = biopsy).  Among these, 176 

SPP1 and COL8A1 were upregulated in inflamed UC, but not CD colon biopsies, correlated 177 

tightly with modified median Riley scores on the IBDome cohort, were concordant in the 178 

resections, and were replicated on the MSCCR cohort Supplemental Fig. 1E, G). Both ART3 179 

and MIA were upregulated in inflamed UC and CD colonic biopsies and resections, and 180 

correlated with the canonical activation marker S100B (Fig. 1B-C, Supplemental Fig. 1E, G). 181 

Whereas, SCN7A showed a downregulation that was specific to biopsies from inflamed CD 182 

colons in both cohorts (Fig. 1B-C, Supplemental Fig. 1E, G). Interestingly, the increase in WNT6 183 

was restricted to the colonic inflamed samples and was discordant between the CD and UC 184 

samples in the IBDome and MSCCR cohorts, whereas that of IL31RA was significant at both 185 

tissue locations in biopsies from MSCCR cohort, only reaching significance in the colonic 186 

biopsies for the IBDome cohort (Fig. 1B-C, Supplemental Fig. 1F, G). 187 

The overall change in expression seen in the ileal biopsies was more modest than that from the 188 

colon biopsies with three genes, namely S100B, SPP1, and TFAP2A being significantly elevated 189 

in inflamed samples in both locations from both cohorts (Fig. 1B, Supplemental Fig. 1F-G). The 190 

expression of these markers from colon resections showed a significant UC-specific induction 191 

(Fig. 1C). The strong UC versus CD disparity in cluster 1 colonic biopsy samples from the 192 

IBDome cohort (Fig. 1B) was recapitulated only for SPP1, COL28A1, COL8A1, and NRXN3 on 193 

the MSCCR cohort colonic biopsies (Supplemental Fig. 1G). These findings highlight new 194 

inflammation associated EGC markers including the immunomodulatory SPP1 and IL31RA in 195 

mucosal and resection samples as well as in CD and UC, and the epithelial morphogen WNT6 in 196 

colonic resection samples. 197 

 198 

Single nuclei RNASeq identifies IBD-associated EGC clusters with elevated cell death signature. 199 

So far, we found an induction in specific inflammation-associated EGC activation markers and a 200 

slight, but significant reduction in PLP1 from IBD patient cohorts (Fig. 2B, 1B, Supplemental Fig. 201 

1A-C). This led us to hypothesize that inflammation may trigger a repression in PLP1 expression 202 

or elevated cell death of PLP1 expressing EGC subsets. To analyse this more directly, we 203 

performed sn-RNASeq from full-thickness FFPE tissue sections from the samples in our IBDome 204 

patient cohort and non-IBD controls (Supplemental Fig. 2A). After quality control steps, we 205 

identified a cluster of 5774 EGC nuclei, identified based on the expression of canonical EGC 206 

genes derived from previous literature (Supplemental Fig. 2B) [7, 21, 22, 23, 24]. Sub-clustering 207 
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of EGC nuclei revealed 9 clusters (Fig. 2A, B). Among these, cluster 4 and 5 were 208 

overrepresented in IBD samples with elevated expression of SRGN and CD74 in cluster 4, and 209 

NNMT and SOCS3 in cluster 5, resembling reactive and activated glia [25, 26, 27]. Interestingly, 210 

the proportion of PLP1 expressing EGC was slightly lower in these reactive and activated 211 

clusters 4 and 5 (Fig. 2B) akin to the slight but significant reduction in PLP1 expression that we 212 

found in the analysis of bulk transcriptomes. This hinted that activated or reactive EGC subsets 213 

might be predisposed to elevated cell death and a downregulation of PLP1. To analyse whether 214 

EGC subtypes may succumb to extrinsic inflammation triggered cell death, we analysed the 215 

expression of cell death pathway signature (Supplemental material table ST3), segregated by 216 

IBD type and EGC clusters. This revealed a significant elevation in cell death pathway signature 217 

in both UC and CD EGCs, specifically showing an elevation in the reactive and activated EGC 218 

clusters 4 and 5, which also showed an elevated expression of the chemokine CCL2 (Fig. 2 C-219 

E).  220 

Apart from these changes, the expression of several IBD-associated EGC-specific markers 221 

identified in our analysis earlier (Fig. 1 and Supplemental Fig.1), were recapitulated in our 222 

snRNA-Seq data (Fig. 2E). Among these, most prominent were the upregulation of SPP1 and 223 

WNT6 regulating EGC -immune, -epithelial crosstalk along with the downregulation of NRXN1 224 

and GFRA3 regulating EGC -neuron crosstalk (Fig. 2E). In addition, we were also able to detect 225 

other genes that were regulated in a disease-specific manner such as FOS, CCL2, and SOCS3 226 

(Fig. 2E). These genes have broad roles in immune homeostasis in many cells and since their 227 

expression is not restricted to EGC, they did not appear in the top EGC-specific list in our 228 

analysis from Fig 1. 229 

Next, we replicated these findings on 1,797 IBD single EGC transcriptomes reanalysed from 230 

Oliver et al [28] (Fig. 2E). This dataset has a broader annotation for disease types and we could 231 

observe that several of the gene expression patterns detected from our study were concordant 232 

with one or the other IBD-related disease types from the Oliver et al. dataset (Fig. 2F). This 233 

included the elevations in the cell death pathway signature, SPP1, ART3, CCL2, SOCS3, and 234 

FOS among others (Fig. 2F). Interestingly, these changes were accompanied with a slight but 235 

significant reduction in PLP1 expression, specifically in the UC inflamed EGC (Fig. 2G and 236 

Supplemental Fig. 2C), which was similar with our bulk transcriptomic analyses (Fig. 1, 237 

Supplemental Fig. 1). Furthermore, the same cluster of EGC from inflamed UC samples showed 238 

a significant elevation in the expression of the chemokine CXCL9, an IFN-γ target gene 239 

recapitulating the recent report by Progatzky et al. which showed elevated IFN-γ signalling in UC 240 

EGC [7]. In addition, this cluster of EGC from inflamed UC samples also showed a significant 241 
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elevation in the expression of the cell death pathway signature (Fig. 2G and Supplemental Fig. 242 

2C). We further confirmed our findings of this elevated expression of cell death pathway 243 

signature, CXCL9, and reduction in PLP1 expression on single EGC transcriptomes from the 244 

report by Kinchen et al [29], and from the integrated scIBD dataset by Nie et al (Supplemental 245 

Fig. 2D-E) [20]. In addition, we also reanalysed 13,440 single EGC transcriptomes from in the 246 

dataset by Thomas et al [30], confirming the significant upregulation of CXCL9 and cell death 247 

pathway signature expression and a downregulation of PLP1 in EGC from inflamed UC and CD 248 

patients (Supplemental Fig. 2F-H). 249 

Taken together, our data identify a preferential IBD type-related induction of specific EGC 250 

markers along with an induction in cell death pathway expression specifically in activated EGC 251 

from inflamed IBD (UC > CD) patients. 252 

 253 

Rapid induction of EGC activation and cell death in response to Th1/Th17-driven small intestinal 254 

inflammation 255 

To gain mechanistic insights, we screened several mouse models of experimental intestinal 256 

inflammation for canonical EGC markers. For this, we choose different preclinical modelling 257 

paradigms of intestinal inflammation to investigate the impact on EGC homeostasis. These 258 

included the Th1-driven ileitis model of E. vermiformis infection (E.veri) [31], the TNF dominant 259 

ileitis model of constitutive TNF production (TNFdARE) [32], the Th1/Th17-driven model of acute 260 

ileitis via in vivo T-cell activation (aCD3) [33], and the IL-33 dominant model of ablating Casp8 261 

specifically in intestinal epithelial cells (Casp8_Ile) [34]. We recently reported analysis of the 262 

whole transcriptomes from these models leveraging which, we performed the initial screening 263 

[35]. This analysis showed a rapid (within 6h) and strong increase in the aCD3 model for the 264 

mouse EGC activation marker Gfap, and a repression of Plp1, akin to our observations from 265 

patient datasets. The infectious model E.veri also paralleled the strong repression for certain 266 

EGC markers but showed only mild induction of the activation marker Gfap. Compared with 267 

these, the Casp8_Ile had a mild impact on the overall expression of the EGC markers (Fig. 3A). 268 

Similar to our earlier report, analysis of several widely used colitis models showed a distinct 269 

impact on EGC markers with a hallmark Gfap induction and Kcna1 repression only observed in 270 

the trinitrobenzene sulfonic acid (TNBS)-induced colitis (Supplemental Fig. 3A) [35, 36].  271 

To broaden the available EGC activation markers in preclinical models, we adopted the same 272 

approach as that used for analysing the human cohorts. For this, we extracted top EGC enriched 273 
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genes from sorted EGC versus non-EGC in the setting of preclinical gut inflammation, 274 

reanalysed from Progatzky et al (Supplemental Fig. 3B) [7]. This analysis showed a rapid 275 

regulation in several specific EGC markers, some of which were conserved with the changes 276 

seen in the IBD patient datasets. Intrigued by its rapidity and to minimize the influence of the 277 

environmental and microbial components we focused on the aCD3 model to directly assess the 278 

impact of Th1/Th17-driven gut inflammation on EGC for further characterization. These included 279 

the induction of Gfap, and Art3 and a downregulation of Plp1 and Lgi4 among others (Fig. 3B). 280 

Selected pathway ontologies from the transcriptomes of the 6h and 24h aCD3 gut 281 

transcriptomes showed an overall repression in pathways associated with neuromuscular 282 

function and myelination (Fig. 3C, D). These transcriptomic changes were accompanied by 283 

CD4⁺ T-cell infiltration in the vicinity of enteric plexuses, increased levels of cytokines IFN-γ, 284 

TNF, and IL-17A in the tissues, and muscularis inflammation at 6h and 24h after aCD3 induction 285 

(Fig. 3E-F, Supplemental Fig. 3C-E). Moreover, the rapid repression in Plp1 transcripts shown 286 

earlier was accompanied with a reduction in PLP1 protein level (Supplemental Fig. 3F). 287 

Alongside these EGC related transcriptomic, cellular, and protein level alterations, we also 288 

observed a rapid and significant reduction in small intestinal motility in the aCD3 model, a crucial 289 

process regulated by EGC (Fig. 3G, H).  290 

Given these rapid alterations in EGC homeostasis and the functional consequences in response 291 

to elevated Th1/Th17 activation, we established the aCD3 model in Plp1CreERT; Rosa26-292 

tdTomato+ reporter mice enabling us to sort tdTomato+ EGCs for analysis (Fig. 4A, 293 

Supplemental Fig. 4A). Six hours post-aCD3, the sorted EGC showed a significant alteration in 294 

their transcriptomes compared to isotype (Iso) controls with the first principal component 295 

accounting for 81% of the variation among the groups (Fig. 4B). As expected from tissue 296 

cytokine measurements, several interferon-driven genes such as Cxcl9 and Cxcl10, the EGC 297 

activation marker Gfap (7.7 log2 fold), and interestingly the necroptotic executioner Mlkl (4.4 298 

log2 fold) were highly upregulated (Fig. 4C). Consequently, gene ontology analysis showed the 299 

upregulation of interferon and TNF signalling, gliogenesis, and necroptotic processes (Fig.4D). 300 

Interestingly, several downregulated genes such as Chp2, Cx3cr1, Stap1 and Epor hinted at 301 

repressed adaptive immune and stress responses (Fig. 4C). Similar to the opposite regulation of 302 

Gfap and Cx3cr1 on our sorted EGC transcriptomes, reanalysis of a previous scRNA-Seq study 303 

also showed differential EGC-activation-related expression of these, and other immune 304 

homeostatic and metabotropic genes (Supplemental Fig. 4B [7]). Altogether, several 305 

downregulated ontologies related with microglia activation and regulation of neuroinflammatory 306 

and stress response genes (Fig. 4E). Pathway and transcription factor activity inference analysis 307 
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from the transcriptomes of our sorted EGC reconfirmed TNF, JAK-STAT, and NFkB as upstream 308 

pathways and STAT1, IRF1, and the RFX family as the main transcription factors (TF) 309 

contributing to the transcriptomic alterations seen in the sorted EGC from the aCD3 model (Fig. 310 

4F-H) [37, 38, 39, 40]. A high enrichment score was also observed for the TF HES1, which has 311 

known roles in the regulation of ENS development and EGC differentiation (Fig. 4G).  312 

These findings pointed at an induction in pathways related with EGC activation and necroptosis 313 

upon Th1/Th17-induced intestinal inflammation. We could also confirm such EGC activation-314 

associated elevation in cell death pathway signature by reanalysing the dataset by Progatzky et 315 

al. [7] (Supplemental table ST2). Interestingly, the cluster with elevated cell death from this 316 

analysis also showed increased expression of Ifngr1 and Tnfrsf1a receptors, which was in line 317 

with our observations from our sorted EGC transcriptomes from the aCD3 model (Fig. 5A, 4C-318 

D). 319 

Next, we directly measured whether such activation-associated EGC death was indeed 320 

observable in the acute Th1/Th17- driven intestinal inflammation. In mouse EGC, activation is 321 

known to be associated with elevation in GFAP and MHC-II [6]. Hence, flow cytometry analysis 322 

was performed on tdTomato+ EGC for activation coupled with fixable cell death dye from gut 323 

tissues of aCD3 versus Iso-challenged Plp1CreERT+; Rosa26tdTomato+ reporter mice. Analysis 324 

revealed a two-fold induction in tdTomato+, GFAP+, MHC-II+ EGCs and a 2.5-fold increase in 325 

tdTomato+, GFAP+, fixable dead stain+ EGC in the aCD3 versus the Iso group (Fig. 5B, C, 326 

Supplemental Fig. 5 A-B). Moreover, whole mount immunostaining showed higher GFAP+ 327 

tdTomato+ EGC in the submucosal plexuses of aCD3, but not Iso treated mice (Fig. 5D). An 328 

elevated immunopositivity for phosphorylated Ser345 MLKL (pMLKL) was seen in tdTomato+ 329 

cells in the aCD3, but not in the Iso group (Fig. 5E). This was accompanied by a generalized 330 

reduction in the overall tdTomato signal in the aCD3 compared with Iso tissues (Fig. 5D, E). 331 

These data indicate acute cytokine-mediated EGC activation in conjunction with EGC regulated 332 

necrosis in a Th1/Th17 dominant intestinal inflammation. 333 

 334 

IFN-γ and TNF drive activation and necroptosis induction in sorted EGC ex vivo  335 

To directly evaluate the impact of Th1/Th17 cytokines on the EGC activation and cell death, we 336 

established protocols to culture and analyse FACS-sorted EGC from the muscularis of 337 

Plp1CreERT+; Rosa26tdTomato+ reporter mice (Supplemental Fig. 6A). The sorted tdTomato+ cells 338 

were confirmed immunopositive for the canonical EGC markers SOX10 and S100B with some 339 
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TUBB3 expression after 10 days in culture (Supplemental Fig. 6B-E) [41]. Ex vivo culturing 340 

enabled the direct investigation of how IBD-associated cytokines impact EGC. Based on our 341 

data so far and on previous reports, we selected IFN-γ, TNF, IL-17A, and IL1-β [7, 24, 42, 43]. 342 

Sorted EGCs in ex vivo culture displayed strong transcriptomic responses to IFN-γ, TNF, and 343 

IL1-β, whereas IL-17A elicited only a weak transcriptomic change (Fig. 6A-B, Supplemental Fig. 344 

6F, G). Both IFN-γ and TNF led to common upregulation of inflammation associated transcripts 345 

including chemokines Cxcl9 and Ccl2, similar to that found our earlier finding from sn- and sc- 346 

RNA-Seq datasets from inflamed human EGC (Supplemental Fig. 6H). There was also a very 347 

high degree of transcriptomic overlap (R2 0.927) between the IL1-β and TNF stimulated EGC 348 

owing to autocrine TNF expression upon IL1-β stimulation (Supplemental Fig. 6I). Given these 349 

data and the simultaneous presence of both IFN-γ and TNF at high levels in the tissues of the 350 

aCD3 model (Fig. 3F), we postulated a combinatorial action of these cytokines in shaping EGC 351 

responses during inflammation. To investigate this, we analysed transcriptomes of sorted EGC 352 

upon IFN-γ and TNF co-stimulation. Interestingly, co-stimulation with IFN-γ and TNF led to a 353 

strong upregulation in several genes including Mlkl, Cd274, Gbp2, and Ifi205 that were also 354 

highly upregulated in the transcriptomes of EGC sorted from the aCD3 model (Fig. 6C and Fig. 355 

4C). Surprisingly, IFN-γ and TNF co-stimulation caused several gene ontologies related with 356 

necroptotic cell death to be upregulated. Most interestingly, the gene ontology terms for 357 

inhibition of Caspase-8 activity, necroptotic signalling, and programmed necrotic cell death were 358 

upregulated besides those indicative of EGC activation such as MHC Class II protein complex 359 

assembly (Supplemental Fig. 6J). This was interesting given that inhibition of Caspase-8 activity 360 

promotes necroptosis [44]. Moreover, the IFN-γ and TNF co-stimulation also led to a strong 361 

downregulation of several key genes Ret, Phox2b, Gpr37l1, Edn3, and Ascl1 involved in 362 

controlling ENS homeostasis (Fig. 6C). This was reflected in significant enrichment in selected 363 

downregulated gene ontology terms related with glial cell and enteric nervous system 364 

differentiation (Supplemental Fig. 6K).  365 

These data confirmed that combinatorial action of IFN-γ and TNF drives EGC activation, 366 

necroptosis induction, and reduction in glial replenishment during intestinal inflammation. Next, 367 

we directly assessed cell viability via time lapse imaging of sorted tdTomato+ EGC over a 48h 368 

period in response to IFN-γ, TNF, or their combination (Fig. 6D-F). Analysis revealed that neither 369 

TNF nor IFN-γ on their own were enough to drive actual cell death of EGC. However, when EGC 370 

were treated with a combination of TNF and IFN-γ, a significant increase in cell death and a 371 

consequent reduction in the area covered by EGC were observed (Fig. 6D-F). Attempts to 372 

rescue this TNF and IFN-γ induced cell death from apoptosis or pyroptosis via pharmacological 373 
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blockade of all caspases using zVAD-fmk (Z) failed (Fig. 6D-E). In fact, the addition of the pan-374 

caspase inhibitor led to a further accentuation of cell death, a characteristic of regulated necrosis 375 

(Fig. 6D-E) [45]. Based on these data from the IFN-γ and TNF co-stimulated EGC showing 376 

elevated Mlkl expression and the ontology term inhibition of Caspase 8 activity, we analysed the 377 

functional induction of MLKL by immunostaining for pMLKL. A significant elevation in pMLKL, 378 

and pMLKL to tdTomato signal intensity was detectable only in sorted EGC co-stimulated with 379 

IFN-γ and TNF (Fig. 6G).  380 

Given that the coordinated action of IFN-γ and TNF showed transcriptomic induction of the 381 

ontology term inhibition of Caspase 8 along with functional induction of necroptosis, we 382 

hypothesized that an ablation of Casp8 in EGC would potentiate this susceptibility. In order to 383 

investigate this, we generated Plp1CreERT+; Casp8flox/flox (Casp8iΔGlia) mice, in which Casp8 deletion 384 

can be induced specifically in glial cells. Caspase-8 is a critical regulator of extrinsic cell death 385 

downstream of TNF and reports from others and us have shown that Casp8 ablation 386 

predisposes to necroptosis in various cell types [34, 44, 46]. Time lapse tracking of cell death 387 

from plexanoid cultures (Supplemental Fig.6L, M) derived from the muscularis of Casp8iΔGlia and 388 

Casp8flox mice revealed that TNF alone was sufficient to induce significant elevation in cell death 389 

without the additional requirement of IFN-γ (Fig. 6H). As expected, given that EGC necroptosis 390 

was already elevated in in the aCD model, the aCD3-induced muscularis inflammation, disease 391 

scores and muscle thickness remained comparable between Casp8iΔGlia and Casp8flox mice. 392 

However, a higher presence of red blood cells in the lumen and tissue parenchyma was 393 

observed in the Casp8iΔGlia group (H&E -bleeding) (Supplemental Fig.6N-P). Taken together, 394 

these data indicate that pathological programmed necrosis of EGC in the gut is coordinated by 395 

IFN-γ and TNF and that Casp8 ablation renders EGC susceptible to TNF-induced cell death 396 

without the requirement of IFN-γ. 397 

Overall, our data identify new EGC-specific activation markers across clinical and preclinical IBD 398 

and identify regulated necrosis of activated EGC coordinated by IFN-γ and TNF in acute 399 

intestinal inflammation. 400 

 401 

Discussion 402 

The precise roles and the impact of inflammation on EGC in IBD are underrecognized. 403 

Traditionally considered neuroprotective and neurotrophic, the immune and epithelial regulatory 404 

roles of activated EGC in inflamed guts are just beginning to be uncovered [47]. Enteric and 405 
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peripheral neuropathy is frequently observed in IBD, although the exact origins remain elusive 406 

with speculation that the path to immune attack on neuroglia might be paved first via 407 

dysfunctional immune-EGC crosstalk. There is growing evidence from mouse models 408 

suggesting that specifically, the Gfap expressing, activated EGC exert several beneficial 409 

functions. This includes activated EGC-derived Wnt in improved epithelial recuperation post-410 

injury as well as improved helminth clearance [3, 48]. Moreover, in mice activated EGC can 411 

induce tolerogenic T-cells via MHC-II mediated intrinsic antigen presentation [6]. Despite these 412 

reports, recent single cell studies have cast some doubt on the specificity of GFAP in labelling 413 

EGC [8, 9, 49]. Therefore, there is an emergent need for the identification of EGC-specific 414 

markers which are also inflammation associated. Our study addressed this need by extracting 415 

EGC enriched genes from an integrated collection of IBD single cell transcriptomes. This led us 416 

to some interesting an unexpected EGC-enriched genes with as yet unknown implications in 417 

immune and epithelial crosstalk. For instance, we found that EGC from inflamed IBD samples 418 

displayed higher expression of SPP1 on multiple datasets from colon tissues of IBD. Previous 419 

reports indicate that in mice small intestinal intra-epithelial lymphocytes can express SPP1. 420 

However, its dominant cellular source in the human colon has not been defined. Similarly, 421 

WNT6, which was induced in EGC from inflamed IBD samples, is a crucial epithelial morphogen, 422 

which in the small intestine is sourced from Paneth cells, however its source in the colon is 423 

unknown. 424 

Another important function of EGC, which has become increasingly appreciated in recent years 425 

is their ability to carry out injury-induced neurogenesis, replenishing lost enteric nervous system 426 

(ENS) cells in mouse models [50, 51, 52, 53]. This is enabled due to the existence of a 427 

multipotent proteolipid protein 1 (PLP1) expressing glia-like quiescent cell in the myenteric 428 

plexus. Data from IBD patients has so far not reported the presence of such a population. One of 429 

the EGC subclusters identified on our snRNA-Seq is a PLP1 high cluster, which simultaneously 430 

co-expressed a number of neural crest precursor genes including PHOX2B, SOX2, and RET. 431 

Moreover, this cluster was rich in patient EGC compared with those from non-IBD controls 432 

indicating that inflammation may trigger the emergence of neurogenic EGC in IBD. Ours is the 433 

first report to describe such a cluster, presumably given that we analysed single nuclei from full-434 

thickness gut tissues, avoiding the cell health related losses that affect single cell isolation 435 

protocols. Interestingly, this cluster was spared from the induction in cell death pathway 436 

signature that was observed in the activated EGC clusters.  437 

Pathological, caspase-independent TNF- and IFN-γ-driven cell death has been previously 438 

reported in brain oligodendrocytes [54]. However, ours is the first report on extrinsic necroptosis 439 
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induction in response to inflammatory cytokines in EGC. This is particularly relevant in IBD, 440 

where immune cell infiltration into ENS plexuses alters neuroglial function via local cytokine 441 

production [55], but its impact on EGC health has been largely ignored. Elevation of TNF and 442 

IFN-γ in tissues is known to synergistically coordinate inflammatory, necroptosis via heavily 443 

inducing expression and phosphorylation of the necroptosis executioner MLKL [56]. Both TNF 444 

and IFN-γ levels were elevated in the tissues of our Th1/Th17 intestinal inflammation model 445 

concomitant with activation of EGCs, increased transcription, and phosphorylation on of MLKL. 446 

Other gastrointestinal cell types have also been shown to undergo necroptosis in response to 447 

interferon-induced MLKL upregulation, and our findings extend this paradigm to EGCs [46, 57, 448 

58]. Overall, our study provides new insights into the inflammatory regulation of EGC turnover 449 

via specific culling of activated EGC in Th1-Th17 dominant intestinal inflammation. 450 

A differential impact of inflammation on EGC subtypes and the functional consequences to gut 451 

physiology in IBD remains an open question. It is likely that EGC turnover is influenced in 452 

patients who respond to anti-TNF therapy via reduced activation and associated cell death. 453 

Given that EGC subsets regulate gut motility, it is interesting to note that previous and ongoing 454 

clinical trials in CD have proposed that magnetic resonance imaging-assisted monitoring of 455 

gastrointestinal motility might be a predictor of anti-TNF therapy response [59, 60]. The 456 

protection from cytokine-induced EGC death may extend to EGC clusters with different 457 

functions. Further studies aimed at understanding the molecular and functional diversity of EGC 458 

subtypes and their implications in IBD will provide an improved understanding of the complex 459 

crosstalk between the enteric nervous system’s role in maintaining neuro-immune-epithelial 460 

homeostasis in the gut. 461 

Materials and methods 462 

Detailed materials and protocols are provided in the supplemental information section. 463 

Figure legends 464 

Figure 1. IBD subtype, sampling procedure, and inflammation-associated enteric glia 465 

signatures A) Scheme depicting the composition of the IBDome cohort with number of patients 466 

split by sampling procedure (b = biopsy, r = resection), the extraction of enteric glial cell (EGC) 467 

enriched gene signature from the integrated single cell IBD transcriptomes [20] and comparison 468 

and replication strategy on the Mount Sinai Crohn’s and Colitis Registry cohort [19]. B & C) 469 

Heatmaps comparing mean z-scores calculated from normalized counts for indicated EGC 470 
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genes across IBD samples from the IBDome cohort from colonic (Col_) biopsies (B) or 471 

resections (C) with red dots indicating genes of interest. Asterisk indicate p-values < 0.05 from 472 

Mann-Whitney test applied on normalized counts against the Non_IBD group. D & E) Heatmaps 473 

showing sample-wise z-scores for the EGC enriched genes as in (B) & (C) with top annotations 474 

sorted by descending order for the median (med_) histologic severity scores by IBD type from 475 

resections (D) and biopsies (E).  476 

Figure 2. Specific IBD-associated EGC clusters reinforce new activation markers and 477 

induction of cell death signature. A) Uniform manifold approximation and projection (umap) 478 

clustering of mRNA sequencing from single EGC nuclei, split by IBD subtype UC, CD and non-479 

IBD controls (CTRL). B) Dot plot showing expression levels of selected canonical EGC and 480 

cluster enriched markers. C) Violin plots showing quantitative differences in the expression 481 

levels of the cell death pathway signature aggregated over all EGC clusters from (A) and 482 

segregated by IBD subtype versus CTRL, numbers comparing groups indicate the FDR 483 

corrected p-values derived from the two-tailed Mann-Whitney U test. D) Scaled average 484 

expression of the cell death pathway signature segregated by IBD subtype and CTRL on the 485 

umap space. E&F) Dot plot showing the expression levels of indicated genes and that of the cell 486 

death pathway signature, split by IBD type and CTRL from our snRNA-Seq experiment (E) and 487 

from the scRNA-Seq dataset from Oliver et al. [28] (F). Bars indicate cell counts per group. The 488 

red dots highlight genes of interest identified in Fig. 1. Column abbreviations in F indicate 489 

disease type (CD = Crohn’s disease, Neigh-Inf = neighbouring inflamed, Pedi-IBD = paediatric 490 

IBD, UC = ulcerative colitis) G) umap plots for EGC clusters labelled for gene, or pathway 491 

expression, or the cluster annotations for the indicated groups from the single EGC 492 

transcriptomes of IBD patients reanalysed from Oliver et al. [28]. Annotation abbreviations are as 493 

follows inflammation status (inf_status: Inf = inflamed; Neigh-Inf = neighbouring inflamed; non-Inf 494 

= non-inflamed), disease type (disease: CD = Crohn’s disease, Neigh-Inf = neighbouring 495 

inflamed, Pedi-IBD = paediatric IBD, UC = ulcerative colitis), and organ groups (organ: Int. = 496 

intestine). 497 

Figure 3. Rapid impact on enteric glial cell (EGC) homeostasis and gut motility by 498 

Th1/Th17- driven intestinal inflammation A) Radar charts showing log2 fold changes of key 499 

mouse EGC genes in different modelling paradigms of intestinal inflammation [aCD3 = in vivo 500 

anti-CD3 antibody- induced T-cell driven intestinal inflammation, Casp8_Ile = ileitis induced by 501 

intestinal epithelial specific-ablation of Casp8, E.veri = Eimeria vermiformis infection-induced 502 

intestinal inflammation ] [35]. Asterisk indicate p-values < 0.05 from the DESeq2 Wald statistic. 503 
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B) Heatmap showing log2 fold changes of mouse EGC-enriched genes extracted from sorted 504 

EGC transcriptomes published previously [7] and tracked on indicated modelling paradigms of 505 

intestinal inflammation [aCD3, Casp8_Ile, E.veri as in A above. 6h and 24h indicate 2 different 506 

time points post aCD3 injection; TNFdARE = intestinal inflammation induced by constitutive TNF 507 

expression [32]. Asterisk indicate p-values < 0.05 from the DESeq2 Wald statistic. C-D) Selected 508 

gene ontologies downregulated in the transcriptomes at the 6h (C) and 24h (D) time points after 509 

aCD3-induced gut inflammation. Blue boxes indicate significantly enriched ontologies of interest. 510 

E) Representative photomicrographs of immunostained jejunal tissues from the aCD3 versus 511 

isotype (Iso) control tissues after 6h, showing high levels of CD4+ positive cells in close 512 

proximity to S100B positive plexi compared with isotype treated controls. F) Levels of indicated 513 

cytokines measured from duodenum of mice treated with Iso versus aCD3 groups from the 514 

indicated time points. Data are derived from three to four biological replicates per group. Asterisk 515 

indicate p < 0.05 from one-way ANOVA followed by the Kruskal-Wallis post-hoc test. G & H) 516 

Assessment of small intestinal transit in Iso and aCD3 groups (G) representative images of dye 517 

transit in the gut tissues of indicated groups, and (H) normalized intensity along the gut (top) with 518 

geometric means of fluorescence (bottom). Asterisk indicate p < 0.05 between the groups from 519 

the two-way ANOVA followed with Tuckey’s post-hoc test (top) and the non-parametric Mann 520 

Whitney test (bottom) from four independent biological replicates per group. 521 

Figure 4. Sorted enteric glial cell (EGC) transcriptomes reveal immune-driven activation 522 

and necroptosis programs A) Schematic depiction of fluorescence activated cell sorting of 523 

EGC from Plp1CreERT; tdTomato+ glia reporter mice in the aCD3 model for bulk 524 

transcriptomics. B) The first and second principal components (PC) from the transcriptomes of 525 

the isotype (Iso) and the aCD3 treated mice. C) Volcano plot showing transcriptomic impact of 526 

aCD3 on sorted EGC versus Iso control EGC. Data is derived from three independent biological 527 

replicates per group. Dashed brown line along the x-axis denotes adjusted p-value threshold of 528 

0.05 from the DESeq2 Wald statistic. Vertical dashed brown lines indicate absolute log2 fold 529 

change threshold of 0.58. D & E) Selected gene ontologies that are (D) upregulated and (E) 530 

downregulated in the sorted EGC from aCD3 versus Iso groups. Boxes with green and brown 531 

outlines indicate significantly enriched ontology terms of interest. F) Heatmap showing 532 

enrichment scores (ES) from the inference of upstream pathways contributing to the observed 533 

transcriptomic changes in (C) above, via PROGENy [37]. Asterisk indicate p < 0.05 from the 534 

multivariate linear modelling. G-H) Analysis of inferred transcription factors (TFs) contributing to 535 

the transcriptomic changes in (C) above, via CollectTri [39] (G) Dot plot showing enrichment 536 

scores (ES) and p-values for indicated TFs and (H) Volcano plot for predicted IRF1 targets 537 
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(positive targets = green dots and negative targets = brown dots) and their log2 fold changes 538 

from the transcriptomes of EGC sorted from aCD3 versus Iso treated mice as shown in (C) 539 

above. 540 

Figure 5. Induction of necroptosis in activated enteric glial cells (EGC) in Th1/Th17-driven 541 

intestinal inflammation A) Uniform manifold approximation and projection (umap) plots from 542 

single mouse EGC transcriptomes from Progatzky et al. showing the thresholded expression 543 

levels for the mean cell death signature and Plp1 alongside ridge plots for Ifngr1 and Tnfrsf1a 544 

showing cluster of activated EGC (Glia_2) [7] with higher expression of the cell death pathway 545 

signature and lower Plp1 expression. B-C) Density plots from flow cytometry analyses of 546 

indicated EGC activation markers and fixable cell death dye gated for tdTomato+ and isolated 547 

from the muscularis of mice 6h post-injection of anti-CD3 antibody (aCD3) versus isotype (Iso) 548 

control. D-E) Photomicrographs from whole-mount immunofluorescence staining showing 549 

colocalization of the tdTomato EGC reporter with mouse EGC activation marker GFAP (D), and 550 

(E) that of the necroptosis executioner phospho-Ser345 MLKL from the submucosal plexi of 551 

aCD3 and Iso controls. 552 

Figure 6. IFN-γ and TNF coordinate caspase-independent death of enteric glial cells (EGC) 553 

accentuated by glial Casp8 ablation A-C) Volcano plots showing transcriptomic impact of the 554 

cytokines (A) IFN-γ, (B) TNF, and their combination (C) IFN-γ + TNF on sorted EGC ex vivo. 555 

Data is derived from three to four independent biological replicates per group, dashed brown line 556 

along the x-axis denotes adjusted p-value threshold of 0.05 from the DESeq2 Wald statistic. 557 

Vertical dashed brown lines indicate absolute log2 fold change threshold of 0.58. D) Live cell 558 

tracking of cell death in sorted tdTomato+ EGC stimulated with recombinant mouse cytokines 559 

TNF (T), IFN-γ (I) and the pan caspase inhibitor zVAD-fmk (Z), either alone or in combinations 560 

as indicated, over a period of 48 hours. E) Analysis of cell body area at the end of the 561 

experiment in (D), normalized to day 0. For (D) and (E) n = 4 biological replicates per condition, 562 

information on statistical testing is included below the figures. F) Representative images from 563 

indicated time points and treatment groups of the sorted EGC live cell imaging experiment in (D) 564 

and (E) [Veh = vehicle control]. G) Representative photomicrographs of tdTomato+ sorted EGC, 565 

stimulated ex vivo with the indicated cytokines or vehicle (Veh) control for 48 hours and 566 

immunostained for phosphorylated Ser345 MLKL (pMLKL) followed by quantification of the 567 

pMLKL to tdTomato ratio in each group for three independent biological replicates per treatment 568 

group. Asterisk indicate p < 0.05 from one way ANOVA followed by Tuckey’s post-hoc test. H) 569 

Live cell monitoring for cell death via propidium iodide in plexanoids isolated from littermate mice 570 
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either with glia-specific inducible ablation of Casp8 (Plp1CreERT+; Casp8fl/fl = Casp8iΔGlia) or Cre 571 

controls (Plp1CreERT-; Casp8fl/fl = Casp8flox). Both groups were treated with 4-hydroxytamoxifen 572 

(500nM) before stimulation with recombinant mouse TNF (T) (50ng.ml-1). Data is from three 573 

independent biological replicates per group. Information on statistical testing is included below 574 

the figure.  575 
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