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Summary

The epithelium is an integral component of mucosal barrier and host immunity. Following 

helminth infection, the intestinal epithelial cells secrete “alarmin” cytokines, such as 

interleukin-25 (IL-25) and IL-33, to initiate the type 2 immune responses for helminth expulsion 

and tolerance. However, it is unknown how helminth infection and the resulting cytokine milieu 

drive epithelial remodeling and orchestrate alarmin secretion. Here we report that, epithelial 

O-linked N-Acetylglucosamine (O-GlcNAc) protein modification was induced upon helminth 

infections. By modifying and activating the transcription factor STAT6, O-GlcNAc transferase 

promoted the transcription of lineage-defining Pou2f3 in tuft cell differentiation and IL-25 

production. Meanwhile, STAT6 O-GlcNAcylation activated the expression of Gsdmc family 

genes. The membrane pore formed by GSDMC facilitated the unconventional secretion of IL-33. 

GSDMC-mediated IL-33 secretion was indispensable for effective antihelminth immunity and 

contributed to induced intestinal inflammation. Protein O-GlcNAcylation can be harnessed for 

future treatment of type 2 inflammation-associated human diseases.

Graphical Abstract

eTOC blurb

STAT6 is requisite for anti-helminth immunity, but it is presently unclear how STAT6 activity 

is finetuned to orchestrate “alarmin” cytokine responses. Zhao et al reveal that O-GlcNAc 
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modification allows STAT6 to drive the differentiation of IL-25-producing tuft cells and facilitate 

the unconventional IL-33 secretion via GSDMC membrane pores.
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O-GlcNAcylation; Gasdermin; Tuft cell; IL-33; colitis; IL-10

Introduction

More than 1.5 billion people are infected with helminths worldwide, predominantly 

distributed in tropical and subtropical areas. On the other hand, in developed countries 

with markedly reduced infectious diseases, there is a continuing increase in the incidences 

of inflammatory diseases. An under-stimulated immune system resulting from the absence 

of exposure to pathogens, in particular helminths, predisposes to autoimmune and allergic 

inflammation (Yazdanbakhsh et al., 2002; Molodecky et al., 2012; Bach, 2018). There is a 

growing interest in the use of helminth therapy for inflammatory bowel disease (IBD) and 

other autoimmune diseases (Smallwood et al., 2017); however, experimental and clinical 

data have been so far inconclusive. A greater understanding of host defense mechanisms 

against helminths is essential for the development of effective and safe treatments for 

intestinal infections and inflammation.

Type 2 immunity protects the host against tissue damage and helminth parasitism (Oliphant 

et al., 2011; Allen and Sutherland, 2014; Wynn, 2015). Type 2 cytokines, including 

interleukin-13 (IL-13), IL-5, IL-9, and IL-4, mobilize a broad range of downstream events, 

such as smooth muscle contraction, mucous secretion, and luminal fluidity, to promote 

the “weep and sweep” process for worm expulsion (Anthony et al., 2007). The intestinal 

epithelial cells (IECs) are the first responders to invading helminths. Activated IECs secrete 

“alarmins” like thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 to inform and guide 

group 2 innate lymphoid cells (ILC2s) and CD4+ T helper 2 (Th2) cells for a coordinated 

type 2 reaction (Harris and Loke, 2017; Smallwood et al., 2017; Lloyd and Snelgrove, 

2018).

Epithelial tuft cells, instructed by type 2 cytokines and microbiota-derived metabolites (Lei 

et al., 2018; Nadjsombati et al., 2018; Schneider et al., 2018), are the sole source of IL-25 

(Gerbe et al., 2016; Howitt et al., 2016; von Moltke et al., 2016). A feed forward loop 

comprised of tuft cells, ILC2s, and epithelial progenitors supports the epithelial remodeling 

(Schneider et al., 2019; Ting and von Moltke, 2019). Chemosensory tuft cells not only 

initiate anti-parasite immune responses but also reduce chronic gut inflammation (Banerjee 

et al., 2020). Tuft cell development is specified by transcription factors including STAT6, 

POU2F3, and GFI1B (Bjerknes et al., 2012; Gerbe et al., 2016; Howitt et al., 2016; von 

Moltke et al., 2016; Schubart et al., 2019), but it is unclear how these transcription factors 

work in concert downstream of type 2 cytokines to direct tuft cell differentiation.

IL-33 is requisite for IL-13-driven type 2 responses (Hung et al., 2013). As a nuclear 

cytokine of the IL-1 family, IL-33 lacks signal sequences, thus does not follow the 

conventional route of secretion. Proinflammatory IL-1 family cytokines IL-1β and IL-18 are 
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cleaved by inflammasome-activated caspase-1 and released through pyroptotic membrane 

pores formed by the N-terminal domain of Gasdermin proteins (Broz et al., 2020). In 

contrast, proteolytic maturation of IL-33 largely happens extracellularly and is not required 

for its release and basal activity (Morita et al., 2017; Cayrol et al., 2018). IL-33 has 

been proposed to be both passively released from necrotic cells and actively released 

in the absence of cell death (Kouzaki et al., 2011; O’Grady et al., 2013; Uchida et al., 

2017; Srisomboon et al., 2020). Nevertheless, mechanisms of active IL-33 secretion during 

homeostasis and inflammation remain mostly enigmatic (Zhao and Hu, 2010; Cayrol and 

Girard, 2018).

In this study, we investigated protein modification by a single O-linked N-

Acetylglucosamine (O-GlcNAc) moiety at serine or threonine residues, termed O-

GlcNAcylation in intestinal homeostasis and mucosal host defense. Analogous to 

phosphorylation, O-GlcNAcylation plays a central role in signaling pathways relevant to 

chronic human diseases such as diabetes, cancer, and immune disorders (Ruan et al., 

2013b; Yang and Qian, 2017; Chang et al., 2020). O-GlcNAc transferase (OGT), using 

UDP-GlcNAc derived from the hexosamine biosynthetic pathway as the substrate (Figure 

S1A), controls diverse biological processes such as gene transcription, protein stability, and 

cell signaling (Hanover et al., 2012; Ruan et al., 2012; Ruan et al., 2013a; Ruan et al., 2014). 

O-GlcNAcase (OGA) mediates the removal of O-GlcNAcylation from proteins. We and 

others have demonstrated that protein O-GlcNAcylation senses glucose availability (Ruan 

et al., 2012; Hardiville and Hart, 2014), hormonal cues (Whelan et al., 2008; Ruan et al., 

2014; Ruan et al., 2017), cellular stress (Martinez et al., 2017; Ruan et al., 2017), and 

immune and bacterial signals (Zhao et al., 2018; Liu et al., 2019; Chang et al., 2020; Zhao 

et al., 2020). Here, we show that STAT6 O-GlcNAcylation, by promoting the differentiation 

of IL-25-producing tuft cells and facilitating IL-33 secretion from IECs, functions as a 

posttranslational regulatory switch to turn on epithelial alarmin responses to helminths, thus 

initiating type 2 immune responses for tissue repair and inflammation control.

Results

Epithelial OGT is required for the tuft cell hyperplasia and helminth expulsion.

When infecting its natural host mouse (Camberis et al., 2003), the helminth 

Heligmosomoides polygyrus induced the expression of intestinal alarmin genes including 

Il25, Il33 and Tslp (Figure S1B). Along with the rapid induction of a type 2 reaction as 

shown by STAT6 tyrosine phosphorylation, H. polygyrus infection increased and sustained 

global protein O-GlcNAcylation in the small intestine (Figure 1A and Figure S1C, D), 

indicative of the potential involvement of O-GlcNAcylation in regulating anti-helminthic 

STAT6 signaling. We generated Vil1-Cre;OgtF/Y mice to delete the X-chromosome-located 

Ogt gene specifically in IECs (IECΔOgt). Both tuft cell number (Figure 1B, C) and the 

expression of its marker genes including Dclk1, Trpm5, Gfi1b, and Pou2f3 were reduced in 

naïve IECΔOgt mice (Figure 1D), when compared to wildtype littermates. The observed tuft 

cell defect was not caused by common protozoa colonization or difference thereof (Figure 

S1E, F). H. polygyrus infection led to tuft cell hyperplasia in wildtype mice as expected, 

but not in IECΔOgt mice (Figure 1E, F). As a result, the expression of tuft cell-restricted 
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Il25 was diminished in infected IECΔOgt mice (Figure 1G), causing increased H. polygyrus 
egg output into the feces (Figure 1H). This increased egg output in IECΔOgt mice was not 

because of reduced helminth colonization (Figure S1G).

The nematode Nippostrongylus brasiliensis induces a stronger type 2 immune response in 

mice that clears worms in 7–10 days. Similar to what were observed after H. polygyrus 
infection, N. brasiliensis-induced tuft cell hyperplasia (Figure 1I, J) and Il25 expression 

(Figure 1K) were largely ablated in IECΔOgt mice. Impaired N. brasiliensis expulsion was 

observed in IECΔOgt mice, as shown by increased live worms in the intestine (Figure 1L) 

and more eggs produced in the feces (Figure 1M), when compared to wildtypes. These 

results show that intestinal epithelial O-GlcNAc signaling is indispensable for tuft cell 

development, IL-25 secretion, and anti-helminth responses.

Epithelial OGT deficiency impairs type 2 immunity.

Tuft cell-derived IL-25 initiates a type 2 immunity – IEC circuit for anti-helminth responses 

(Harris and Loke, 2017; Diefenbach et al., 2020). As a result of defective tuft cell 

hyperplasia, IECΔOgt mice at 14 days post H. polygyrus infection showed a reduced 

frequency of Th2 cells (Figure 2A, B and Figure S2A) and reduced proliferation of ILC2 

cells in the lamina propria (Figure 2C, D). ILC2 number did not change after infection 

(Ferrer-Font et al., 2020) and was comparable between the two genotypes (Figure S2B, 

C). Type 2 cytokine genes Il13 and Il4 (Figure 2E) and recruitment of eosinophils (Figure 

2F, G and Figure S2D) were diminished in infected IECΔOgt mice. Helminth infection-

activated type 2 cytokine milieu induces goblet cell hyperplasia and mucus hypersecretion 

for host protection. However, the increase in goblet cell number and size after H. polygyrus 
infection was largely blunted in IECΔOgt mice (Figure 2H–J). Defective type 2 responses in 

IECΔOgtmice were not unique to the H. polygyrus infection. Upon N. brasiliensis infection, 

IECΔOgt mice showed lower Il13 mRNA expression in the intestine than wildtype mice 

(Figure 2K). Goblet cell hyperplasia and hypertrophy were also ablated in N. brasiliensis 
infected IECΔOgt mice (Figure 2L–N). Together, these data establish the critical role of 

epithelial OGT in mounting anti-helminth type 2 immune responses.

OGT promotes the differentiation of tuft cells from intestinal epithelial progenitors.

To extend findings in IECΔOgt mice, we also overexpressed OGT in IECs using the Rosa26-
LSL-rOGT line that harbors an inducible rat OGT transgene in the mouse Rosa26 locus 

(Yang et al., 2020; Zhao et al., 2020) (Figure 3A). rOGT overexpression increased DCLK1 

protein expression and tuft cell number in the small intestine (Figure 3B, C). Tuft cell 

hyperplasia following H. polygyrus infection was amplified in IECrOGT-Tg mice (Figure 

3C), while fecal eggs were reduced (Figure 3D). Conversely, when mouse O-GlcNAcase 

(mOGA) was overexpressed in IECs to reduce protein O-GlcNAcylation (Figure 3E), the 

expression of tuft cell markers was substantially reduced, even in uninfected IECmOGA-Tg 

mice (Figure 3F). This shows that O-GlcNAc is required and also sufficient to drive 

helminth infection-associated epithelial remodeling.

Next, we sought to examine whether OGT acts in mature tuft cells to support anti-

helminth immunity. We ablated OGT in tuft cells using the Dclk1-CreER mice (Figure 
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3G) (Westphalen et al., 2014). We could observe weaker protein O-GlcNAcylation in 

wildtype tuft cells than neighboring enterocytes (Figure 3H, top panels). After feeding 

with tamoxifen-spiked food, specific O-GlcNAc depletion in DCLK1+ cells was achieved in 

TuftΔOgt mice (Figure 3H and Figure S3A, B). Nonetheless, tuft cell numbers both at the 

steady state and after H. polygyrus infection were comparable between control and TuftΔOgt 

mice (Figure 3I, J and Figure S3C, D). In turn, goblet cell hyperplasia (Figure S3E) and 

fecal egg output (Figure 3K) were not affected by OGT deficiency in tuft cells. Similarly, 

tuft cell hyperplasia following N. brasiliensis infection was not impaired either in TuftΔOgt 

mice (Figure 3L, M). These data indicate that OGT in mature tuft cells is dispensable for 

their function.

To determine if OGT in epithelial progenitors promotes the differentiation toward tuft cells, 

we generated inducible OGT deletion in intestinal stem cells (ISCΔOgt) mice using the 

Olfm4-CreERT2 line (Figure 3N) (Schuijers et al., 2014). Treating small intestinal organoids 

with 4-hydroxytamoxifen (4-OHT) to knock down the Ogt gene (Figure 3O), diminished the 

ability of IL-13 to induce Dclk1 gene expression (Figure 3P). It is therefore concluded that 

OGT acts in intestinal stem cells, not tuft cells, to remodel the epithelium upon helminth 

infections.

Pou2f3 transcription and tuft cell development is driven by STAT6 O-GlcNAcylation.

IL-13 and IL-4 exert their biological effects via STAT6 activation. Whole body Stat6−/− 

mice show severe defects in tuft cell development and type 2 responses upon helminth 

infections (Khan et al., 2001; Howitt et al., 2016). On the other hand, IEC-specific STAT6 

activation promotes tuft cell differentiation and protects against helminths (Schubart et al., 

2019). To address how epithelial STAT6 activity is fine-tuned, we first cultured wildtype 

and Stat6−/− organoids that only contained epithelial cells and found that epithelial STAT6 

was required for stochastic and IL-13-stimulated differentiation of tuft cells and goblet 

cells (Figure S4A, B). Our previous transcriptomic analysis has predicted a possible role of 

STAT signaling in regulating OGT-dependent gene expression in IECs (Zhao et al., 2018). 

Indeed, we observed strong STAT6 staining in the nucleus of OGT-sufficient IECs following 

H. polygyrus infection (Figure 4A), indicative of STAT6 activation; while OGT-deficient 

IECs showed diffused STAT6 cellular localization (Figure 4A, B). This observation was 

further confirmed by immunofluorescent (Figure 4C) and immunoblotting (Figure 4D) of 

tyrosine-641 phosphorylated (pY641) STAT6, which is activated by IL-13 and IL-4 and 

required for its nuclear translation. Nuclear location of STAT6 was not perturbed in TuftΔOgt 

mice (Figure S3F), again pointing to OGT’s dispensability in mature tuft cells. We then 

sought to determine how OGT regulates STAT6 signaling activity.

In fact, STAT6 protein itself could be O-GlcNAc modified (Figure 4E) (Gewinner 

et al., 2004; Qin et al., 2017). OGT overexpression substantially increased STAT6 O-

GlcNAcylation, with a concomitant elevation of STAT6 pY641 phosphorylation (Figure 

4E). On the other hand, OGT inhibition with ST045849 or OSMI-1 suppressed IL-4-induced 

STAT6 tyrosine phosphorylation (Figure 4F). Importantly, STAT6 was O-GlcNAcylated in 

IECs, dependent on OGT (Figure 4G). O-GlcNAcylation downregulation in organoids by an 

OGT inhibitor (Figure 4H) or OGA overexpression (Figure 4I), diminished IL-4-stimulated 
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pY641-STAT6. Using a luciferase reporter containing two tandem copies of STAT6 binding 

sites (Mikita et al., 1996), we found that OGT promoted the transcriptional activity of 

STAT6, but a catalytically-dead (CD) OGT did not (Figure 4J). The OGT inhibitor OSMI-1 

diminished basal and IL-4-stimulated STAT6 transcriptional activation (Figure 4K).

To identify sites of STAT6 O-GlcNAcylation, we immunopurified STAT6 from HEK 293 

cells co-expressed with OGT and subjected it to liquid chromatography with tandem mass 

spectrometry using electron transfer dissociation. Three clusters of eight O-GlcNAcylation 

sites were identified (Table S1), with the first cluster (S643/T644/T645) right after Y641 

and two clusters (S746/T7575/S778 and S810/S825) in the transactivation domain (TAD) 

(Figure 4L). The two clusters within the TAD domain were the major O-GlcNAc sites, 

as mutating these sites to alanine (mtTAD) essentially ablated STAT6 O-GlcNAcylation 

(Figure 4M) and reduced its transcriptional activity (Figure 4N). O-GlcNAc-mutant STAT6 

did not show defects in IL-4-stimulated Y641 phosphorylation (Figure S4C–E), indicating 

tyrosine phosphorylation-independent regulation of STAT6 activity by OGT. Instead, we 

found that O-GlcNAc mutants promoted the inhibitory serine phosphorylation of STAT6 

(Figure 4O) (Wang et al., 2004; Maiti et al., 2005), thus leading to reduced binding 

to the transcriptional co-activator P300 (Figure 4P) (Gingras et al., 1999). To examine 

if STAT6 O-GlcNAcylation is functionally important for tuft cell development, we did 

lentiviral transduction of STAT6 into organoids followed by IL-4 treatment. Compared to 

the wildtype, STAT6-mtTAD showed diminished ability to induce the expression of tuft cell 

marker genes including Dcl1k, Pou2f3, Gfi1b, and Ptgs1 (Figure 4Q).

We then asked how STAT6 O-GlcNAcylation controls tuft cell development. POU2F3 

is a lineage-defining transcription factor for tuft cells, and its gene expression was 

downregulated in the IECΔOgt intestine (Figure 1D). Using Stat6−/− organoids, we found 

that IL-4-induced upregulation of Pou2f3 was absolutely dependent on STAT6 (Figure 

4R). OGT overexpression increased the Pou2f3 promoter activity (Figure 4S), while OGT 

inhibition by OSMI-1 suppressed it (Figure 4T). Co-immunoprecipitation could not detect 

any physical interaction between ectopically expressed OGT and POU2F3 proteins (Figure 

S4E). However, O-GlcNAcylation was required for STAT6 to promote Pou2f3 transcription, 

as STAT6-mtTAD showed blunted activity in Pou2f3 luciferase assay (Figure 4U). Taken 

together, our results show that epithelial OGT, via STAT6 O-GlcNAcylation-dependent 

transcription of Pou2f3, drives tuft cell differentiation, IL-25 secretion, and subsequent 

mounting of anti-helminth immunity.

Identifying Gsdmc genes as targets of STAT6 O-GlcNAcylation.

OGT mediates pleiotropic activities in intestinal homeostasis and inflammation. We sought 

to test whether STAT6 O-GlcNAcylation in IECs controls any other tuft cell- and IL-25-

independent events in antihelminth immunity. RNA-seq of IECs from IECΔOgt mice revealed 

that Gsdmc2, 3, and 4 were among the most downregulated genes (Figure 5A). The 

encoding GSDMC proteins are the least studied members of the Gasdermin family that 

can be cleaved to release the N-terminal pore forming domain (Broz et al., 2020). Gsdmc1–4 
genes reside in a cluster on mouse Chromosome 15 and Gsdmc1 expression is not detectable 

in the mouse intestine (data not shown). RT-PCR and Immunoblotting confirmed the nearly 
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total ablation of Gsdmc2–4 genes (Figure S5A) and GSDMC protein (Figure 5B) in the 

IECΔOgt intestine. On the other hand, Gsdmc2–4 genes were among the most upregulated 

genes after treating wildtype organoids with IL-4 (Figure 5C). The drastic changes in 

Gsdmc2–4 gene expression upon OGT deficiency or IL-4 signaling activation prompted us 

to investigate their regulation by STAT6 and their role in antihelminth immunity.

Compared to other Gasdermin genes, Gsdmc2–4 had highest expression in the IECs (Figure 

5D and Figure S5B) and were the only ones induced by H. polygyrus infection (Figure 5E) 

or IL-4 (Figure S5C). RNA in situ hybridization revealed that the expression of Gsdmc2–4 
genes was restricted to IECs (Figure 5F). The induction of expression peaked around day 

6 after infection and was most prominent in crypts adjacent to H. polygyrus granulomas 

(Figure 5F). Moreover, GSDMC protein cleavage could be readily induced by H. polygyrus 
infection (Figure 5G), following the induction of O-GlcNAcylation and pY-STAT6 (Figure 

1A). In infected IL-4Rα-deficient mice, in which both IL-13 and IL-4 signaling is disrupted, 

GSDMC expression and subsequent cleavage were completely absent (Figure 5H). While 

it is still unclear which enzyme(s) are responsible for epithelial GSDMC cleavage, IL-4 

treatment could enhance the amounts of GSDMCN in cultured organoids (Figure 5I).

We went on to examine whether OGT controls Gsdmc gene expression by O-GlcNAcylating 

STAT6. Treating wildtype organoids with IL-4 for 6 hours, a time point that had not 

induced tuft cell and goblet cell markers such as Pou2f3, Dclk1, and Muc2 (Figure S5D–

F), increased mRNA amounts of Gsdmc2–4 (Figure 5J, K). However, such effect of IL-4 

was totally ablated in Stat6−/− organoids (Figure 5J, K), even after 2 days of treatment 

(Figure S5G). On the other hand, transgenic expression of a constitutively active STAT6 in 

the intestinal epithelium in mice significantly increased Gsdmc2–4 gene expression (Figure 

5L). To directly assess transcriptional regulation, we constructed a luciferase reporter for 

the Gsdmc2 gene. Gsdmc2 promoter activity was elevated when OGT was overexpressed, 

while suppressed by OGA overexpression or an OGT inhibitor, OSMI-1 (Figure 5M, N). 

In addition, wildtype STAT6 but not STAT6-mtTAD activated Gsdmc2 promoter (Figure 

5O). We also did lentiviral transduction of O-GlcNAc-sufficient and -deficient STAT6 into 

intestinal organoids, and found reduced endogenous Gsdmc4 expression in STAT6-mtTAD 

organoids (Figure 5P). Worth noting, Gsdmc transcription was not dependent on tuft cells, as 

expression of Gsdmc2–4 genes was maintained in uninfected Pou2f3−/− mice (Figure S5H). 

These results demonstrate that, in parallel with Pou2f3 induction, STAT6 O-GlcNAcylation 

boosts Gsdmc family gene expression during helminth infections.

To determine the functional impact of GSDMC, we generated Gsdmc1–4-floxed mice and 

mated them with Vil1-Cre to produce IECΔGsdmc mice (Figure 5Q). H. polygyrus-induced 

hyperplasia of both tuft cells and goblet cells was diminished in IECΔGsdmc mice (Figure 

5R–T). As a result, more worm eggs were present in the feces of IECΔGsdmc mice, compared 

to controls (Figure 5U). Collectively, these data establish GSDMC as a helminth infection-

induced, STAT6- and O-GlcNAc-dependent protein that mediates type 2 immunity.

GSDMC mediates unconventional IL-33 secretion.

Culturing GSDMC-sufficient and -deficient organoids, followed by IL-4 treatment for 2 

days, did not change the expression of goblet and tuft cell markers (Figure 6A and Figure 
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S6A, B) nor the number of these cells (Figure S6C, D). The release of cytosolic lactate 

dehydrogenase (LDH) into culture medium was slightly reduced in IECΔGsdmc organoids 

(Figure S6E), suggesting that GSDMCN pore could mediate membrane permeability. 

LDH concentrations before and after IL-4 treatment were far lower than Triton-X-

induced permeabilization (Figure S6E), indicating no substantial pyroptosis happened. 

RNA sequencing revealed that both control and IECΔGsdmc organoids reprogramed the 

transcriptomics upon IL-4 stimulation, while very few differentially expressed genes 

between GSDMC-sufficient and -deficient cells were found before or after IL-4 treatment 

(Figure 6B and Figure S6F, G). This suggests that cell autonomous GSDMC is dispensable 

for IL-4-stimulated epithelial remodeling ex vivo. Moreover, we treated animals with mouse 

IL-4 and anti-IL-4 antibody complexes that mimic STAT6 activation (von Moltke et al., 

2016), and found equally increased tuft cell and goblet cell markers in wildtype and 

IECΔGsdmc mice (Figure S6H), indicating that GSDMC is not required for appropriate IL-4 

actions in vivo.

We went on to identify the cell-non-autonomous mechanism for GSDMC. In addition to tuft 

cell-derived IL-25, IL-33 is another alarmin requisite for type 2 immune activation (Hung 

et al., 2013). However, the cellular source and secretion mechanism of this unconventional 

nuclear cytokine are largely unknown. We hypothesized that the GSDMCN pore, analogous 

to GSDMDN in mediating IL-1β secretion, functions as a conduit for the release of intestinal 

epithelial IL-33. While being abundant in the lamina propria, IL-33 is also expressed by the 

epithelium and stimulates type 2 immunity (Hung et al., 2020). IL-33 staining was absent 

in epithelial cells but still present in lamina propria cells in IECΔIl33 mice (Figure S7A), 

demonstrating the specificity of IL-33 antibody used. Epithelial IL-33 did not co-localize 

with DCLK1+ tuft cells in naïve or infected mice (Figure S7B). Instead, IL-33 was localized 

to goblet cells in the villus (Figure 6C–E) and Paneth cells in the crypt (Figure 6C–E and 

Figure S7C, D), that are both labelled by AG2 and FCGBP. The localization of crypt IL-33 

in Paneth cells was confirmed by co-staining with Lysozyme (Figure S7E). In helminth-

infected small intestine, Gsdmc2–4 RNA was generally restricted in transit amplifying cells 

(Figure 6F). But at the protein level, GSDMC expression was more abundant in the villus 

than the crypt (Figure 6G), representing the spatial discordances between mRNAs and 

proteins in the intestinal epithelium (Harnik et al., 2021). Membrane localization of GSDMC 

was apparent after helminth infection (Figure 6G), suggesting active pore formation.

To test if GSDMCN pores promotes IL-33 secretion in cells, we generated an inducible 

GSDMCN overexpression plasmid and co-transfected it with IL-33. Doxycycline induced 

GSDMCN expression and IL-33 secretion into the culture medium, along with reduced 

IL-33 inside the cell (Figure 6H). The release was not merely a result of cell death, as 

supplementing osmoprotectant glycine to prevent pyroptosis-associated membrane rupture 

did not prevent IL-33 release (Figure 6H and Figure S7F). To determine if GSDMC 

was required for epithelial IL-33 secretion, we isolated fresh IECs from wildtype and 

IECΔGsdmc mice and incubated them in serum-free medium. IL-33 protein could be readily 

detected in the medium of wildtype cells by Immunoblotting and ELISA, but not in that 

of GSDMC-deficient IECs (Figure 6I, J). Consistent with the villus expression of GSDMC, 

the GSDMC-dependent secretion of IL-33 and LDH was more evident in the villus than the 

crypt (Figure 6J, K). In IL-4Rα-deficient IECs, in which GSDMC was absent even after 
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helminth infection, IL-33 secretion was essentially ablated (Figure 6L). Collectively, these 

results imply that GSDMC pore formation in villus epithelial cells, goblet cells included, 

controls the unconventional secretion of IL-33.

To determine if reduced IL-33 secretion accounts for defective antihelminth responses, we 

treated H. polygyrus-infected IECΔGsdmc mice with recombinant IL-33 (Figure 6M). Tuft 

cell numbers in IECΔGsdmc mice could be rescued by IL-33, to a level comparable to 

treated wildtype mice (Figure 6N). The reduction in goblet cell number and size observed 

in untreated IECΔGsdmc mice was also absent after IL-33 administration (Figure 6O, P). In 

turn, IL-33 decreased fecal egg output in IECΔGsdmc mice (Figure 6Q). IL-33 did not further 

boost antihelminth responses in wildtype mice, indicating that endogenous IL-33 and other 

alarmins were sufficient to drive normal type 2 immunity.

Epithelial GSDMC promotes type 2 inflammation.

Gasdermin family proteins have been linked to human inflammatory diseases. GSDMB 

SNPs are reported to increase susceptibility to IBD and asthma (Chao et al., 2017; Das 

et al., 2017), independent of pyroptosis (Rana et al., 2022). GSDMB overexpression in 

mice induces airway remodeling and an asthma phenotype (Das et al., 2016). GSDMD in 

macrophages restrains colitis (Ma et al., 2020), while epithelial GSDMD promotes IL-1β 
release and experimental colitis in mice (Bulek et al., 2020).

Following the administration of dextran sulfate sodium (DSS) to induce acute colitis in 

mice, there was a transient increase in the expression and cleavage of GSDMC in the colon 

(Figure 7A). When subjecting IECΔGsdmc mice and whole-body Gsdmc−/− mice to acute 

DSS colitis, no changes in weight loss or colitis severity were observed (Figure 7B, C and 

data not shown). We wondered if this was due to the low expression of GSDMC, so we 

pre-infected the mice with H. polygyrus to induce GSDMC expression (9–14 days after 

infection) during the acute damage phage of DSS (Figure S8A). Compared to uninfected 

mice, helminth infection and presumably the persisting type 2 inflammation, exacerbated 

acute colitis (Figure S8B, C). However, we did not observe noticeable changes in weight 

loss, colon length or histopathology between wildtype and Gsdmc−/− mice (Figure S8D–F), 

despite there was a trending decrease of inflammatory gene expression in Gsdmc−/− mice 

(Figure S8G). These results indicate GSDMC is not essential for acute DSS damage.

Since type 2 cytokines are suggested to be involved in the pathogenesis of chronic intestinal 

inflammation (Bamias and Cominelli, 2015), we then infected mice with H. polygyrus 
after the administration of DSS to induce GSDMC expression during the reparative phase 

(Figure 7D). Again, H. polygyrus infection aggravated colitis-associated body weight loss 

(Figure 7E). But IECΔGsdmc mice recovered faster from DSS-induced weight loss than their 

littermate controls (Figure 7F). Histological assessment of inflammatory cell infiltration 

and epithelial architecture (Figure 7G, H) and quantification of gene expression (Figure 7I) 

revealed potent resolution of inflammation in IECΔGsdmc mice. The immunoregulatory IL-10 

is essential for intestinal homeostasis and IL-10-deficient mice develop spontaneous colitis 

(Kuhn et al., 1993). Notably, there was increased GSDMC expression and cleavage in young 

Il10−/− mice (Figure 7J). To test if GSDMC contributes to the development of colitis in 

Il10−/− mice, we generated Gsdmc−/−;Il10−/− mice and subjected them to induced colitis. We 
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found profound protection from weight loss and colon shortening in Gsdmc−/−;Il10−/− mice, 

in comparison with Il10−/− mice (Figure 7K, L). Taken together, our data establish a pivotal 

role of GSDMC in promoting colonic inflammation.

Discussion

During helminth infections, intestinal epithelial cells (IECs) are among first responders from 

the host to rapidly secrete “alarmin” molecules including IL-25 and IL-33, which in turn 

drive the type 2 immune activation and subsequent epithelial remodeling. This feedforward 

circuit is dependent on epithelial STAT6; however, the upstream regulation and downstream 

mechanisms of IEC-intrinsic STAT6 are not fully understood. In this study, we show that the 

O-GlcNAc modification of STAT6 by OGT is promptly induced by helminth infections and 

supports a concerted alarmin response by promoting IL-25 production from hyperplastic tuft 

cells and GSDMC-mediated unconventional IL-33 secretion from IECs. Our results reveal 

an important role of epithelial OGT, STAT6 O-GlcNAcylation, and GSDMC for protective 

immunity against helminths and intestinal homeostasis.

Protein posttranslational modifications provide versatile tools used by pathogens for their 

infections (Ribet and Cossart, 2010) and play fundamental roles in host immune responses 

(Liu et al., 2016). Since its discovery in 1980s, intracellular O-GlcNAcylation has been 

shown to be activated following diverse immunological stimuli and control the development 

and function of innate and adaptive immune cells, including but not limited to macrophages, 

neutrophils, NK cells, T cells, and B cells (Chang et al., 2020). Bacterial and viral signals, 

via pattern recognition receptors and antigen presentation, are capable of control donor 

substrate availability, enzyme expression or activity to fine tune O-GlcNAcylation within 

immune cells (Chang et al., 2020). Here, we provide evidence that intestinal epithelial 

O-GlcNAcylation is also responsive to helminth infections and required for proper type 

2 immune activation and worm expulsion. With data not shown, we found that IL-13 or 

IL-4 did not evidently change O-GlcNAcylation in cultured cells and organoids. Succinate 

produced by helminths and gut microbiota can be detected by the succinate receptor 

(SUCNR1) on tuft cells to trigger type 2 immune responses (Lei et al., 2018; Nadjsombati et 

al., 2018). We did not observe noticeable changes of intestinal protein O-GlcNAcylation in 

succinate-fed or Sucnr1−/− mice (data not shown). Helminth-dependent signals that activate 

epithelial O-GlcNAcylation merit further investigations in the future.

The necessity of STAT6 for helminth-associated epithelial remodeling is supported by 

findings in Stat6−/− mice (Khan et al., 2001; Howitt et al., 2016) and intestinal organoids 

in this study. The sufficiency of epithelial STAT6 in driving tuft and goblet cell hyperplasia 

is demonstrated by IEC-specific constitutive STAT6 overexpression in two mouse models 

generated by Schubart et al. (2019) and us. Therefore, STAT6 activity must be precisely 

controlled during homeostasis and infection. Upon IL-13 or IL-4 stimulation, STAT6 

is tyrosine phosphorylated by JAK kinases, dimerized via the SH2 domain, and then 

translocated to the nucleus for DNA binding and gene transcription. Notably, majority of 

O-GlcNAc sites we have identified are located in the proximity of STAT6 transactivation 

domain. Mutating these O-GlcNAc sites increases serine phosphorylation, diminishes 

cofactor binding and transcriptional activity, but has no effect on tyrosine phosphorylation. It 
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suggests that O-GlcNAcylation is not a prerequisite for tyrosine phosphorylation-dependent 

STAT6 dimerization and OGT could at the same time modify upstream regulators such as 

JAK kinases to control STAT6 tyrosine phosphorylation. OGT and O-GlcNAcylation are 

predominantly found in the nucleus of IECs (Zhao et al., 2018). We postulate that nuclear 

STAT6 needs to be O-GlcNAc modified for its optimum transcriptional activation. It is 

worth noting that, in addition to driving epithelial remodeling upon helminth infections, 

O-GlcNAc signaling in IECs is active in naïve conditions, thus maintaining the steady-state 

intestinal homeostasis (Zhao et al., 2018).

While absolutely required for helminth-induced epithelial remodeling (Howitt et al., 2016), 

it is unknown how STAT6 signaling drive tuft cell hyperplasia (Billipp et al., 2021). 

Here we demonstrated that STAT6 promotes the transcription of the Pou2f3 gene, a 

transcription factor specifically defining the tuft cell lineage (Gerbe et al., 2016). O-

GlcNAcylation is vital for basal, IL-13- or IL-4-stimulated, and infection-induced Pou2f3 
gene expression and tuft cell differentiation from the stem and progenitor compartment. 

Once differentiated, tuft cells are not dependent on OGT anymore, as tuft and goblet cell 

pool and helminth expulsion ability were largely intact in TuftΔOgt mice. Mature tuft cells 

rely on chemosensory membrane receptors, such as G protein-coupled taste receptors, cation 

channel TRPM5, and SUCNR1, to detect the presence of helminth worms and in turn 

secrete effector molecules, IL-25 and Cysteinyl leukotrienes (McGinty et al., 2020; Billipp 

et al., 2021). This raises the possibility that IL-13-STAT6 signaling might also not be 

necessary for effector function of mature tuft cells, which certainly requires future studies.

Recent evidence points to the cellular context of IL-33 in dictating anti-helminth immunity. 

While intestinal epithelial IL-33 stimulates ILC2s and helminth clearance, IL-33 derived 

from dendritic cells enhances regulatory T (Treg) cell function and impairs host-protective 

responses (Hung et al., 2020). As an IL-1 family cytokine that does not possess a signal 

peptide, IL-33 is exported from dendritic cells via the pore-forming protein perforin-2 (Hung 

et al., 2020). In this study, we identified the cellular source and secretion mechanism of 

IEC-derived IL-33. Epithelial IL-33 expression could be detected in goblet and Paneth 

cells, but not tuft cells. Paneth cell hyperplasia has been observed in the small intestine of 

helminth-infected mice (Kamal et al., 2002) and is controlled by IL-13, IL-4 and STAT6 

signaling (Stockinger et al., 2014; Schubart et al., 2019). The involvement of Paneth 

cells and their derived IL-33 in anti-helminth immunity; however, is yet experimentally 

determined. In terms of secretion, we found that the membrane pore formed by GSDMCN 

is sufficient to act as a conduit to facilitate IL-33 export from IECs. This is analogous to 

the unconventional secretion of IL-1β and IL-18 via GSDMDN pores formed on myeloid 

cells after inflammasome activation (Broz et al., 2020). Compared to other Gasdermin 

family genes, Gsdmc2–4 genes are highly expressed by IECs in the intestine and the 

only ones induced by worm infection. We also found that Gsdmc2–4 are among the 

most upregulated genes by IL-4, consistent with a recent publication (Xi et al., 2021). 

Additionally, our current study demonstrated that Gsdmc2–4 transcription is dictated by 

STAT6 O-GlcNAcylation and the loss of GSDMC in IECs renders mice less effective to 

expel helminths. Xi et al. (2021) proposed a correlation between GSDMCN and pyropotic 

cell death. However, the fact that helminth infections induce GSDMCN accumulation and 

increase goblet cell number argues against the substantial existence of goblet cell pyroptosis. 
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Instead, we show that GSDMCN pores support IL-33 secretion independently of pyroptosis. 

GSDMC can be cleaved by caspase-8 to form GSDMCN pores in cancer cells (Hou et 

al., 2020; Zhang et al., 2021). It is important to determine in the future whether intestinal 

epithelial cells utilize the same mechanisms for GSDMC activation and whether IL-33 

effector function (stimulation vs. suppression of anti-helminth immunity) is dependent on 

what plasma membrane conduit is used for secretion.

Certain helminth species have a protective role in different mouse models of IBD 

(Varyani et al., 2017); however, H. polygyrus exacerbates bacterial, chemical, and T 

cell-mediated colitis (Pastille et al., 2017; Su et al., 2018). Likewise, type 2 immune 

responses have both protective and inflammatory effects on the intestine (Bamias and 

Cominelli, 2015). Using the DSS colitis model followed by H. polygyrus infection or 

in Il10−/− mice, we found that GSDMC exacerbated intestinal inflammation. Whether 

such effect is dependent on IL-33 is still unknown. IL-33 reportedly has both pro- and 

anti-inflammatory roles in IBD pathogenesis (Hodzic et al., 2017; Williams et al., 2019), 

attributed to divergences in experimental models, cellular origins, and molecular targets. 

Future investigations are needed to test the possibility that GSDMCN-exported IL-33 from 

IECs drives type 2 inflammation while perforin-2-delivered IL-33 from myeloid cells serves 

an immunosuppressive role by activating Treg cells (Hung et al., 2020).

In conclusion, our data define O-GlcNAcylation a regulatory mechanism of intestinal 

epithelial STAT6 activation following helminth infections. STAT6 O-GlcNAcylation 

accelerates the establishment of type 2 immunity by orchestrating an alarmin reaction in 

the intestinal epithelium – IL-25 production from POU2F3-defined tuft cells and IL-33 

secretion via membrane pores formed by GSDMCN. The immunoregulatory O-GlcNAc 

signaling can be harnessed for the future treatment of helminth infections and type 2 

inflammation-associated diseases.

Limitations of the study

Our study has not determined how O-GlcNAc signaling is activated during helminth 

infections. Both helminth-derived molecules and tissue damage-associated signals warrant 

future investigations. While we only focused STAT6 O-GlcNAcylation, OGT could modify 

non-STAT6 targets to control alarmin responses and anti-helminth immunity. In the 

intestinal epithelium, the expression of GSDMC and IL-33 does not fully overlap, raising 

the following yet-to-be-resolved possibilities: GSDMCN pores mediating the secretion of 

other molecules and IL-33 being released via GSDMC-independent mechanisms. Finally, 

proteolytic enzymes that cleave GSDMC and mechanisms that preventing intestinal 

pyroptosis after GSDMCN pore formation remain to be determined.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Requests for further information and resources can be directed to the Lead 

author: Hai-Bin Ruan (hruan@umn.edu)
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Materials Availability—Plasmids generated in this study are available upon request.

Data and Code Availability—RNA-seq data reported in this paper have been deposited 

to The Minnesota Supercomputing Institute. Original western blot images and microscopy 

data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal—Ogt-floxed mice (Shafi et al., 2000) and Rosa26-rOGT-floxed mice on the 

C57BL/6 background were kindly provided by Dr. Xiaoyong Yang (Yang et al., 2020). 

Dclk1-CreER knockin mice were generated, validated, and kindly provided by Dr. Timothy 

Wang at Columbia University. Gsdmc-floxed mice and IECCA-STAT6-Tg mice on the 

C57BL/6 background were generated at GemPharmatech. C57BL/6J mice (stock no. 

000664), Vil1-Cre mice (stock no. 004586), Il-10−/− (stock no. 002251), and Stat6−/− 

mice (stock no. 005977) were purchased from the Jackson Laboratory. Homozygous floxed 

OgtF/F mice were bred to Vil1-Cre and Dclk1-CreER mice to generate IECΔOgt and TuftΔOgt 

mice, respectively. TuftΔOgt mice and littermate controls were feed tamoxifen supplemented 

diet (Teklad TD. 130860) from 2 days before helminth infection until sacrifice. Homozygous 

floxed Rosa26-LSL-rOGT and Rosa26-LSL-mOGA mice were bred to Vil1-Cre mice to 

generate IECrOGT-Tg and IECmOGA-Tg mice. Whole-body Gsdmc−/− mice were generated 

by crossed Gsdmc-floxed mice to CMV-Cre. Cre-negative Gsdmc−/− mice were mated with 

Il-10−/− to generate Gsdmc−/−;Il10−/− mice. All animals were kept on a 14 h: 10 h light: 

dark cycle in the animal facilities at the University of Minnesota, Nanjing Univeristy, 

and Xinxiang Medical University. Mice were group-housed unless otherwise mentioned, 

with free to access water and standard chow diet. All procedures involving animals were 

conducted within IACUC guidelines under approved protocols.

METHOD DETAILS

Helminth infection—L3 larvae of H.polygyrus and N.brasiliensis were maintained in the 

von Moltke laboratory and used to infect mice immediately upon arrival. N.brasiliensis 
was inoculated at the dose of 500 L3 larvae per mouse using subcutaneous injection, 

administered in 0.2ml PBS. H.polygyrus was gavaged at the dose of 200 L3 larvae per 

mouse in 0.1 ml of PBS.

Small intestinal epithelial cell and organoid culture—Small intestinal IECs were 

isolated by shaking intestinal tissue in PBS with 2 mM EDTA at 37°C for 30 min, aspirating 

buffer to the top of tissue and centrifugation. To isolate crypts, the EDTA-treated tissue was 

further shaken for 2 minutes by hands in sterile 54.9 mM D-sorbitol and 43.4 mM sucrose 

in PBS. Isolated crypts were filtered with 70 μm strainer, counted, and cultured in Matrigel 

following a published protocol (Mahe et al., 2013). Growth medium consists of Advanced 

DMEM/F12 with Glutamax, HEPES, Pen/Strep, 1x N2 supplement, 1x B27 supplement, 
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EGF (50 ng/ml), Noggin (100 ng/ml), and R-spondin conditioned media. Organoids were 

maintained at 37°C and medium was changed every 3 days. Cultures were split weekly 

by mechanical disruption of organoids. Passage 3–5 were used for experiments. Organoids 

were treated with 50 μM OSMI-1 or 50 ng/ml murine IL-4 for 2 days. For IL-33 secretion, 

isolated villus IECs and crypts were culture in DMEM with 1% FBS and Pen/Strep for 

5 h. Media were collected by centrifuging at 1,500 rpm for 5 min and concentrated 

using Amicon Ultra-0.5 Centrifugal Filter Units (UFC500324). IL-33 concentrations were 

determined by Immuno blotting or ELISA (Abcam, ab213475).

Lentiviral transduction—Lentivirus was prepared by transfecting HEK293T cells with 

1.5 μg pSPAX2, 0.5 μg pMD.G, and 2 μg pCDH-mSTAT6 lentiviral vector. Viral supernatant 

was collected for 3 consecutive days, filtered and concentrated before use. Murine intestinal 

organoids were infected with lentivirus based on a protocol previously described by the 

Hans Clevers lab with some modifications (Koo et al., 2013). Briefly, organoid media was 

changed to growth media plus 10 mM nicotinamide and 10μM CHIR99021 for 2 days. 

Then organoids were disrupted mechanically by pipetting up and down 30 to 50 times 

and gently dissociated enzymatically with 1X TrypLE Express at 37 °C for 3 minutes. At 

this stage, the organoids were ideally small clumps of < 10 cells. Organoids were then 

resuspended in a 24-well plate with growth media supplemented with 10 μM Y27632, 10 

mM nicotinamide, 10μM CHIR99021 and 8 μg/ml Polybrene. The plate was incubated at 

37 °C for 4 hours. Infected organoids were then embedded in Matrigel and cultured with 

growth media plus 10 μM Y27632, 10 mM nicotinamide and 10μM CHIR99021 for 3 days 

and then selected by 1.5μg/ml puromycin for 2 days. The survived organoids expressing 

mSTAT6 were transferred back to regular growth medium and expanded for experiments,

Chemicals, plasmids, transfection, and luciferase assay—ST045849 (TimTec, 20 

μM) and OSMI-1 (Sigma, 50 μM) was used when indicated. The Myc-hOGT plasmid was 

provided by Dr. Xiaochun Yu at the University of Michigan (Chen et al., 2013). Gsdmc2-luc 

and Pou2f3-luc plasmids were generated by inserting the −999 to +102 bp upstream of 

the mouse Gsdmc2 gene and the −1000 to +101 bp upstream of the mouse Pou2f3 gene 

between the KpnI and XhoI sites of the pGL3-basic vector, respectively. STAT6 mutants 

were generated with the QuikChange XL II Site-Directed Mutagenesis Kit (Agilent). 293T 

cells were transfected with expression plasmids, luciferase reporters, and Renilla-luciferase 

using Lipofectamine 3000 (Invitrogen) or FuGENE HD (Promega). Cells were lysed and 

luciferase enzyme activities were measured using kits from Promega. Relative luciferase 

activity was determined by normalizing to Renilla-luc activity.

Mass spectrometry—Mouse STAT6-Myc/DDK and Myc-human OGT were co-

transfected into 15cm-dishes of 293T cells and purified by immunoprecipitation with M2 

Flag beads (Sigma) followed by 3xFlag peptide (Sigma) elution according to established 

procedures (Ruan et al., 2012). IP eluates were denatured in 0.2% Rapigest SF (Waters), 

reduced with 5 mM DTT, alkylated with 10 mM Iodoacetamide, and finally digested 

overnight at 37 °C with 5% (w:w) sequencing grade Trypsin (Promega). Digests were 

acidified with formic acid for 30 mins to degrade the Rapigest and peptides were then 

recovered and desalted with C18 OMIX tips (Agilent).
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Tryptic peptides were analyzed by on-line LC-MS/MS using an Orbitrap Fusion Lumos 

(Thermo) coupled with a NanoAcquity UPLC system (Waters). Peptides were separated 

over a 15 cm × 75 μm ID 3 μm C18 EASY-Spray column (Thermo). Precursor ions were 

measured from 350 to 1800 m/z in the Orbitrap analyzer (resolution: 120,000; AGC: 4.0e5). 

Ions charged 2 + to 8 + were isolated in the quadrupole (selection window: 1.6 m/z units; 

dynamic exclusion window: 30 s; MIPS Peptide filter enabled), fragmented by EThcD 

(Maximum Injection Time: 250 ms, Normalized Collision Energy: 25%) and measured in 

the Orbitrap (resolution: 30,000; AGC; 5.0e4). The cycle time was 3 s.

Peaklists were generated using PAVA (UCSF) and searched using Protein Prospector 5.23.0 

against the SwissProt database and a randomized concatenated database with the addition 

of the recombinant STAT6 sequence. Cleavage specificity was set as Trypisn allowing 2 

miscleavages. Carbamidomethylation of Cys was set as a constant modification and two 

of the following variable modifications were allowed per peptide: acetylation of protein N-

termini, oxidation of Met, oxidation and acetylation of protein N-terminal Met, cyclization 

of N-terminal Gln, protein N-terminal Met loss, protein N-terminal Met loss and acetylation, 

acetylation of Lys, phosphorylation of Ser, Thr, Tyr, HexNAc on Asn within the N glycan 

motif (NXST), HexNAc on Ser, Thr, Tyr, and PhosphoHexNAc on Ser or Thr. Precursor 

mass tolerance was 20ppm and fragment mass tolerance was 30 ppm. Phosphorylated and 

HexNAcylated peptides were manually verified.

Histology, immunohistochemistry, and immunofluorescence—Tissues and 

organoids were fixed in 10% neutral buffered formalin. Organoids were then embedded 

in 5% gelatin before paraffin embedding. Goblet cell staining was carried out using Alcian 

blue stain kit (Vector) following manufacturer’s instruction. Antigen retrieval was performed 

in Citric buffer using a 2100 Retriever (Aptum Biologics). For immunofluorescence, tissue 

slides were blocked with 3% BSA, 0.2% TWEEN 20 in PBS, incubated with primary 

antibodies (1:100 to 1:200 dilution) overnight, and secondary antibodies (1:400 dilution) for 

1h. A Nikon system was used for fluorescence detection. For cell number quantification, 

3–5 random fields per sample were captured. Stained cell specifically on the epithelium 

were counted. In the intestine, cell number was normalized to the number of crypt/villus 

units (ileum) or crypts (colon). In the organoid, cell number was normalized to nuclei 

number as indicated by DAPI staining. For the quantification of O-GlcNAcylation intensity 

in intestinal epithelium, the nucleus and cytoplasm region in the epithelium were selected 

and quantification was performed by FIJI.

Immunoprecipitation and Immuno Blot—Tissues and cells were lysed in RIPA buffer 

containing proteinase inhibitors, protein phosphatase inhibitors and an OGA inhibitor. For 

immunoprecipitation, whole‐cell lysates were incubated with and precipitated by anti-Flag 

beads (Millipore Sigma). Equal amounts of whole lysates or immunoprecipitation samples 

were electrophoresed on TGX precast gels (Bio-Rad) and transferred to nitrocellulose 

membrane. Membranes were incubated with primary antibodies at 4 °C for overnight. 

Immuno blotting was visualized by using IRDye secondary antibodies and the Odyssey 

imaging system (LI-COR Biosciences). Densitometry data was generated using Photoshop.
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RNA and real time PCR—Total RNA was extracted from mouse tissues and organoids 

using TRIzol reagent (Invitrogen). cDNA was reverse transcribed (Bio-Rad) and amplified 

with SYBR Green Supermix (Bio-Rad) using a C1000 Thermal Cycler (Bio-Rad). All data 

were normalized to the expression of the Rplp0 gene. Primer sequences are listed in Table 

S2.

In situ Hybridization—Intestinal tissue was processed for in situ hybridization using 

BaseScope™ Detection Reagent Kit v2-RED (323900, Advanced Cell Diagnostics) 

according to the manufacturer’s protocol. The test BaseScope probes 1) BA-Mm-Gsdmc2–

3-zz and 2) BA-Mm-Gsdmc4-zz were ‘ZZ’ antisense probes designed to targeting mouse 

Gsdmc2–3 and Gsdmc4, respectively. The positive control probe is BA-Mm-Ppib-3zz and 

negative control probe: BA-Dapb-3zz.

Briefly, deparaffinized and dried sections were incubated with RNAscope® Hydrogen 

Peroxide for 10 min at room temperature and then 1xRNAscope® Target Retrieval Reagents 

for 15 min at 98~102°C. The samples were then incubated with RNAscope® Protease IV in 

HybEZ™ Oven (Advanced Cell Diagnostics, Hayward, CA) at 40°C for 30 min. Then each 

sample was hybridized with one BaseScope probe according to the requirement in HybEZ™ 

Oven at 40°C for 2 hours. After buffer washing steps, the samples were incubated in 

HybEZ™ Oven at 40°C with the serial application of BaseScope™ v2 Amp 1~8 for signal 

amplification. At last, Fast Red substrate was added to samples for 10 min at RT to detect 

target RNA and the slides were counterstained with 50% hematoxylin staining solution for 2 

min at RT. Target RNA was visualized using a standard bright field microscope.

Flow cytometry—Lamina propria cells were isolated following an established protocol 

optimized for helminth-infected intestine tissues (Ferrer-Font et al., 2020). For surface 

markers, cells were stained in PBS containing 0.5% (wt/vol) BSA with relevant antibodies 

at 4°C for 30 min. For analysis of intracellular markers, cells were first fixed with Fixation/

Permeabilization buffer (ThermoFisher, catalog no. 00-5123) at 4°C for 30 min and then 

stained in Permeabilization Buffer (ThermoFisher, catalog no. 00-8333) with relevant 

antibodies at 4°C for 30 min. Flow cytometry data were acquired on BD Fortessa X-20 

and analyzed with Flowjo v10.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are shown as mean ± SEM. The comparisons were carried out using two-tailed 

unpaired Student’s t-test, one-way ANOVA with the Dunnett post hoc test, and two-way 

ANOVA followed by post-hoc comparisons using Tukey or Bonferroni corrections.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Helminth infection-induced O-GlcNAcylation activates epithelial STAT6 

signaling.

• STAT6 O-GlcNAcylation promotes Pou2f3 transcription and Tuft cell 

differentiation.

• STAT6 O-GlcNAcylation enables IL-33 secretion from GSDMCN pores.

• GSDMC activation drives anti-helminth responses and intestinal 

inflammation.
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Figure 1. Defective tuft cell hyperplasia and anti-helminth activity in IECΔOgt mice.
(A) Intestinal O-GlcNAcylation and pY-STAT6 post H. polygyrus infection (n = 3).

(B, C) Immunostaining (B) and quantification (C) of tuft cells in the small intestine (SI) of 

naïve wildtype (n = 12) and IECΔOgt mice (n = 6).

(D) Expression of tuft cell marker genes in the IECs from naïve mice (n = 5).

(E, F) Immunostaining (E) and quantification (F) of SI tuft cells (n = 7–10) at 14 days 

post-infection (dpi).

(G) SI Il25 gene expression (n = 5).

(H) Enumeration of worm eggs in the feces (n = 10–11).

(I-M) Control (n = 4–10) and IECΔOgt mice (n = 3–10) were infected with N. brasiliensis 
for 7 days. Tuft cells were stained (I) and then quantified (J). Il25 gene expression was 

determined (K). Live adult worms in the intestinal (L) and fecal eggs (M) were enumerated.

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by two-tailed 

unpaired Student’s t-test. Scale bar = 50 μm. Please also see Figure S1.

Zhao et al. Page 24

Immunity. Author manuscript; available in PMC 2023 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Defective. Defective type 2 immune responses and goblet cell hyperplasia in IECΔOgt 

mice.
(A,B) Flow cytometry of GATA3+ Th2 cells among non-Treg CD4 T cells (A) and 

frequencies of Th2 cells among CD45+ cells (B, n = 3–4) in the SI lamina propria of 

H. polygyrus-infected mice.

(C, D) Flow cytometry (C) and percentage (D, n = 3–4) of Ki67+ ILC2 cells in the SI lamina 

propria of H. polygyrus-infected mice.

(E) Il13 and Il4 expression in the SI of H. polygyrus-infected mice (n = 5).

(F, G) Immunostaining (F) and quantification (G) of Siglec-F+ eosinophils in the SI of H. 
polygyrus-infected mice (n = 4).

(H-J) Alcian blue staining of the SI of H. polygyrus-infected mice (H). Goblet cell number 

(I) and size (J) were quantified (n = 4–6).

(K-N) Mice were infected with N. brasiliensis. Il13 and Il4 gene expression was determined 

(K, n = 3–4). Goblet cells were stained with Alcian blue (L, n = 5) and their number (M) and 

size (N) were quantified.
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Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by two-way 

ANOVA (I, J) or two-tailed unpaired Student’s t-test. Scale bar = 50 μm. Please also see 

Figure S2.
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Figure 3. OGT in mature tuft cells is dispensable for antihelminth responses.
(A,B) Generation (A) and validation (B) of OGT overexpression in mouse intestinal 

epithelium.

(C, D) H. polygyrus-infected mice (n = 5–7) were sacrificed for SI tuft cell quantification 

(C) and fecal worm egg enumeration (D).

(E, F) IECmOGA-Tg mice were generated (E) and expression of tuft cell markers was 

determined (F, n = 5–6).

(G) Generation of TuftΔOgt mice.

(H) Validation of O-GlcNAc depletion by immunostaining in DCLK1+ tuft cells of TuftΔOgt 

mice.

(I-K) Tamoxifen-fed control and TuftΔOgt mice were infected with H. polygyrus. DCLK1 

staining (I) and quantification (J, n = 3–5) of SI tuft cells. Enumeration of fecal worm eggs 

(L, n = 10–12).

(L, M) Control (n = 4) and TuftΔOgt (n = 7) mice were infected with N. brasiliensis. SI tuft 

cells were stained (L) and quantified (M).

(N-P) ISCΔOgt mice were generated (N) and SI organoids (n = 4) were treated with 4-OHT 

to induce Ogt deletion (O). Expression of the Dclk1 gene was determined (P)

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by two-way 

ANOVA (J, O, P) and two-tailed unpaired Student’s t-test. n.s., not significant. Scale bar = 

50 μm. Please also see Figure S3.
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Figure 4. STAT6 O-GlcNAcylation promotes Pou2f3 transcription.
(A,B) STAT6 immunostaining (A) and ratio of nuclear vs. cytoplasmic fluorescent intensity 

(B) in SI from H. polygyrus-infected mice (n = 7–8).

(C, D) pY-STAT6 immunostaining (C) and immunoblotting (D) in SI epithelial cells from H. 
polygyrus-infected mice (n = 3–4).

(E) HEK 293 cells were transfected and treated with human IL-4 for 20 min. Whole cell 

lysate and STAT6 immunoprecipitation were immunoblotted.

(F) HEK 293 cells were pre-treated with OGT inhibitors overnight, stimulated with human 

IL-4 for 4 hours, and subjected to immunoblotting.

(G) IEC protein from Stat6−/−, IECΔOgt and their controls was subjected to STAT6 

immunoprecipitation, followed by immunoblotting with an anti-O-GlcNAc antibody.

(H) SI organoids were pre-treated with an OGT inhibitor overnight, stimulated with murine 

IL-4, and subjected to pY-STAT6 and O-GlcNAc immunoblotting.

(I) SI organoids from control and IECmOGA-Tg mice were treated with or without IL-4, and 

subjected to pY-STAT6 immunoblotting.

(J, K) p2xSTAT6-Luc2P luciferase reporter assays in HEK 293 cells co-transfected with 

OGT and STAT6 (E, n = 3) or treated with OGT inhibitor and IL-4 (F, n = 4–5).
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(L) Structural domains of mouse STAT6. Red: O-GlcNAc sites; Green, pY site; Blue, sites 

critical for dimerization.

(M) Flag-tagged STAT6 mutants were expressed in HEK 293 cells, immunoprecipitated, and 

immunoblotted for O-GlcNAcylation.

(N) p2xSTAT6-Luc2P luciferase reporter assays in HEK 293 transfected with STAT6 

plasmids, followed with IL-4 stimulation (top). Equal expression of STAT6 proteins was 

shown (bottom).

(O) Flag-tagged STAT6 mutants were expressed in HEK 293 cells, treated with human IL-4, 

immunoprecipitated, and immunoblotted with a pan phospho-Serine antibody.

(P) Flag-tagged STAT6 mutants and HA-tagged P300 were expressed in HEK 293 cells. 

Co-immunoprecipitated was done with an anti-Flag antibody and determined by HA 

immunoblotting.

(Q) SI organoids were transduced with lentiviruses expressing wildtype (n = 6) or mtTAD (n 

= 3) STAT6, stimulated with IL-4 for 2 days, and subjected to RT-qPCR of tuft cell markers.

(R) Pou2f3 gene expression in Stat6+/+ or Stat6−/− organoids treated with IL-4 for 2 days (n 

= 3).

(S-U) Luciferase of the Pou2f3 promoter in the presence of OGT overexpression (S, n = 5), 

the OGT inhibitor OSMI-1 (T, n =5), or WT/mtTAD-STAT6 (U, n = 4).

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by one-way 

ANOVA (F, U), two-way ANOVA (J, K, R), or two-tailed unpaired Student’s t-test. Scale 

bar = 50 μm. Please also see Figure S4.
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Figure 5. Intestinal epithelial Gsdmc transcription is dictated by OGT and STAT6 O-
GlcNAcylation.
(A) Volcano plot showing differentially expressed gene in SI IECs in IECΔOgt vs. wildtype 

mice. Gsdmc2–4 genes were highlighted in red.

(B)Amounts of GSDMC protein (n = 4) in the SI of wildtype and IECΔOgt mice.

(C) Volcano plot showing differentially expressed gene in SI organoids with vs. without IL-4 

treatment. Gsdmc2–4 genes were highlighted in red.

(D, E) Relative expression of Gasdermin family genes in SI IECs (D, n = 4) and in the SI 

from naive vs. H. polygyrus-infected mice (F, n = 4).

(F) In situ hybridization of Gsdmc2–3 (top) and Gsdmc4 (bottom) mRNA in the SI from 

mice after H. polygyrus infection (n = 3). * denotes granuloma. Scale bar = 200 μm.

(G-I) Expression of full length (FL) and N-terminal GSDMC in the SI post H. polygyrus 
infection (G, n = 3), SI IECs from infected Il4ra+/+ and Il4ra−/− mice (H, n = 3), and in SI 

organoids treated with or without IL-4 for 6 h (I). The same Tubulin blot in Figure 1A was 

used in (G) for the loading control.

(J, K) Gsdmc2–3 (J) and Gsdmc4 (K) expression in Stat6+/+ and Stat6−/− organoids treated 

with IL-4 for 2 days (n = 3).

(L) SI Gsdmc2–3 and Gsdmc4 expression in wildtype (n = 5) and IECCA-STAT6-Tg (n = 4) 

mice.
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(M-O) Luciferase of the Gsdmc2 promoter in HEK 293 cells in the presence of OGT 

and OGA overexpression (M, n = 5), the OGT inhibitor OSMI-1 (N, n =5), or WT/mtTAD-

STAT6 (O, n = 4).

(P) SI organoids were transduced with lentiviral STAT6 (n = 3). Endogenous Gsdmc4 gene 

expression was determined. (Q) Generation of IECΔGsdmc mice.

(R-S) Mice were infected with H. polygyrus. (R) Tuft cell marker gene expression (n = 4–5). 

(S) Quantification of tuft cell number (n = 4–6). (T) Alcian staining and quantification of 

goblet cells (n = 4–6). (U) Enumeration of fecal worm eggs (n = 4–5).

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by one-way 

ANOVA (D, M, O), two-way ANOVA (J, K) or two-tailed unpaired Student’s t-test. Please 

also see Figure S5.
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Figure 6. GSDMCN in goblet cells mediates IL-33 secretion.
(A) Expression of tuft cell marker genes in organoids treated with IL-4 (n = 3).

(B) Numbers of differentially expression genes among wildtype and IECΔGsdmc organoids 

that were treated with or without IL-4 for 2 days.

(C-E) Co-staining of IL-33 with goblet cell markers AG2 (C, D) and FCGBP (E) in naïve 

(C) and H. polygyrus infected (D, E) SI.

(F) In situ hybridization of Gsdmc2–3 and Gsdmc4 mRNA in the SI from H. polygyrus 
infected mice. Dotted lines outline the transient amplifying zone.

(G) GSDMC immunofluorescent in the SI from infected mice. White arrow indicates 

GSDMC-sufficient cells due to the mosaic expression of Vil1-Cre. This rare area was 

deliberately selected to show the specificity of GSDMC antibody.

Zhao et al. Page 32

Immunity. Author manuscript; available in PMC 2023 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(H) IL-33 and Tet-ON GSDMCN plasmids were co-transfected into 293 cells, treated with/

without doxycycline (Dox) and glycine for 5 h. Whole cell lysate (WCL) and medium were 

subjected to Immunoblotting.

(I-K) Freshly isolated villus (EDTA isolation) and crypt (D-sorbitol/sucrose isolation) IECs 

from infected mice were cultured for 5 hours, then medium was collected and concentrated 

for IL-33 Immunoblotting (I, n = 4–5), IL-33 ELISA (J, n = 3), and LDH quantification (K, 

not concentrated, n = 3).

(L) IL-33 secretion from freshly isolated IECs from infected Il4ra+/+ and Il4ra−/− mice was 

quantified by ELISA (n = 3).

(M-N) IECΔGsdmc mice were infected with H. polygyrus, followed with IL-33 treatment for 

7 days (M). Tuft cell number (N), goblet cell number (O), goblet cell size (P) and fecal egg 

output (Q) were shown.

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by one-way 

ANOVA (M-Q), two-way ANOVA (J, K), or two-tailed unpaired Student’s t-test (L). Scale 

bar = 50 μm. Please also see Figure S6.
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Figure 7. GSDMC drives intestinal type 2 inflammation.
(A) Expression of GSDMC protein in the colon during the course of acute DSS colitis.

(B, C) Uninfected wildtype (n = 6) and IECΔGsdmc (n = 4) mice were induced for colitis. 

Percentage of body weight loss (B) and colitis scores (C) were determined.

(D) Timeline for GSDMC induction by H. polygyrus infection during the repair phase of 

DSS colitis.

(E) Percentage of body weight loss in C57BL/6 mice that were induced for colitis only (n = 

6) or combined with H. polygyrus infection on day 5 (n = 7).

(F-I) Wildtype and IECΔGsdmc mice (n = 4) were treated with DSS and then infected with H. 
polygyrus (D). (F) Percentage of body weight loss. (G) Intestinal architecture and immune 

cell infiltration. Scale bar = 50 μm. (H) Histomorphological score of colitis at the distal 

colon. 2 areas from each mouse were scored. (I) Expression of intestinal Gsdmc2–3, Il1b, 

and Tnfa genes.
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(J) Expression of GSDMC in 8-week old wildtype, Il10−/−, Gsdmc−/−, and Gsdmc−/−;Il10−/− 

mice.

(K-L) 8-week-old Il10−/− (n = 5) and Gsdmc−/−;Il10−/− (n = 5) mice were subjected to acute 

DSS. Percentage of body weight loss (K) and colon length (L) were measured.

Data are represented as mean ± SEM. * P < 0.05, ** P < 0.01, *** P < 0.001 by two-way 

ANOVA (E, F, and K) or two-tailed unpaired Student’s t-test. Please also see Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-O-GlcNAc antibody Abcam Cat# ab2739; RRID: AB_303264

Anti-DCLK1 antibody Cell Signaling Technology Cat# 62257S; RRID: AB_2799622

Anti-STAT6 antibody Cell Signaling Technology Cat# 5397; RRID: AB_ 11220421

Anti-STAT6 (phospho Y641) antibody (IHC) Abcam Cat# ab263947; Lot No: GR3361633

Anti-Phospho-STAT6 (Tyr641) antibody (WB) Cell Signaling Technology Cat# 9361; RRID: AB_ 331595

Anti-HA tag antibody Cell Signaling Technology Cat# 3724S; RRID: AB_1549585

Anti-OGT antibody Cell Signaling Technology Cat# 24083; RRID: AB_2716710

Anti-β-Actin antibody Millipore Sigma Cat# A5441; RRID: AB_476744

Anti-Flag M2 antibody Millipore Sigma Cat# F3165; RRID: AB_259529

Anti-Tubulin antibody Santa Cruz Cat# SC-8035; RRID: AB_628408

Anti-GSDMC2 antibody (WB) Abclonal Cat# A12002; RRID: AB_2769695

Anti-GSDMC3 antibody (WB) Abclonal Cat# A16741;RRID: AB_2769696

Anti-GSDMC2/3 antibody (IHC) Abcam Cat# ab229896; Lot No: GR3317481

Ultra-LEAF™ Purified anti-mouse IL-4 Antibody Biolegend Cat# 504122; RRID: AB_11150601

Anti-Anterior Gradient 2 antibody Abcam Cat# ab209224; RRID: N/A

Anti-FCGBP antibody Millipore Sigma Cat# HPA003517 ; RRID: AB_1078838

Anti-lysozyme antibody CusAb Cat# CSBPA02769A0Rb; RRID: N/A

Anti-IL-33 Biotinylated antibody R&D Systems Cat# BAF3626; RRID: AB_2124388

IRDye® 800CW Goat anti-Rat IgG Secondary Antibody Li-Cor Cat#925-32219; RRID: AB_2721932

IRDye® 680RD Goat anti-Mouse IgG Secondary Antibody Li-Cor Cat# 926-68070; RRID: AB_10956588

Alexa Fluor 594 Donkey anti-Mouse Secondary Antibody Invitrogen R37115; RRID: AB_2556543

Alexa Fluor 488 Donkey anti-Rabbit Secondary Antibody Invitrogen Cat# R37118; RRID: AB_2556546

Chemicals, Peptides, and Recombinant Proteins

Anti-FLAG® M2 Affinity Gel Millipore Sigma Cat# A2220

TRIzol reagent Invitrogen Cat# 15596018

iTaq Universal SYBR Green Supermix Bio-Rad Cat# 172-5124

RIPA buffer Millipore Sigma Cat# 20-188

(Z)-4-Hydroxytamoxifen Millipore Sigma Cat# H7904-5MG

Matrigel Corning Cat# 354230

Advanced DMEM/F12 Thermo Scientific Cat# 12634-010

EGF Peprotech Cat# AF-100-15

Noggin Peprotech Cat# 250-38-100ug

R-spondin 1 conditioned medium In-house production N/A

Y-27632 Millipore Sigma Cat# Y0503

HEPES Thermo Scientific Cat # 15630-56

Glutamax Thermo Scientific Cat # 35050-038
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REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin/Streptomycin Thermo Scientific Cat # 15140-122

B-27 supplement (50X) Gibco Cat # 17504-044

N2 supplement (100 X) Gibco Cat # 17502-048

TrypLE Express Enzyme Life technologies Cat #12604013

Polybrene transfection reagent Millipore Sigma Cat # TR-1003-G

Nicotinamide Millipore Sigma Cat# N0636

CHIR 99021 Axon Cat# 1386

PBS Corning Cat # 21040CV

Vectashield Mounting Medium with DAPI Vector Laboratories Cat # H-1500

Alcian-Blue stain kit Vector Cat# H-3501

Recombinant Human IL-13 Peprotech Cat# 200-13

Recombinant Murine IL-4 Peprotech Cat# AF-214-14

Recombinant Human IL-4 Peprotech Cat# 200-04

Thiamet-G CarboSynth Cat# MD088556

Streptavidin Protein, DyLight 550 Invitrogen Cat# 84542

ST045849 TimTec Cat# ST045859

OSMI-1 Millipore Sigma Cat# SML1621

Endogenous Biotin-Blocking Kit Invitrogen Cat# E21390

Lipofectamine™ 2000 Transfection Reagent Invitrogen Cat# 11668019

FuGENE® HD Transfection Reagent Promega Cat# E2311

Critical Commercial Assays

Dual-Luciferase Reporter Assay System Promega Cat# E1910

BaseScope™ Detection reagent Kit v2-RED Advanced Cell Diagnostics Cat# 323900

Mouse IL-33 ELISA kit Abcam Cat# ab213475

LDH-Glo Cytotoxicity Assay kit Promega Cat# J2380

Experimental Models: Cell Lines

Human: HEK 293 ATCC HB-8065

Human: Caco-2 ATCC; share by Dr. Daniel A. 
Vallera

HTB-37

R-spondin stable cell line from Dr. Noah Shroyer N/A

Experimental Models: Organisms/Strains

Mouse: Ogt-floxed Jackson Laboratory Cat# 004860

Mouse: Villin-Cre Jackson Laboratory Cat# 004586

Mouse: Vil-Ogt KO This paper N/A

Mouse: Dclk1-CreER from Dr. Timothy C. Wang N/A

Mouse: Dclk1-Ogt KO This paper N/A

Mouse: Gsdmc-floxed and Gsdmc-KO This paper N/A

Mouse: Vil-Gsdmc KO This paper N/A

Mouse: Il-10 KO Jackson Laboratory Cat# 002251

Mouse: Gsdmc/Il-10 DKO This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Rosa26-LSL-rOGT From Dr. Xiaoyong Yang N/A

Mouse: Rosa26-LSL-mOGA From Dr. Xiaoyong Yang N/A

Mouse: C57BL/6J Jackson Laboratory Cat# 000664

Mouse: Stat6 KO Jackson Laboratory Cat# 005977

H.polygyrus from Dr. Jakob von Moltke N/A

N. brasiliensis from Dr. Jakob von Moltke N/A

Oligonucleotides

Supplemental Table 2 This paper N/A

Recombinant DNA

Myc-hOGT plasmid (Chen et al., 2013) N/A

Myc-hOGT CD plasmid (Chen et al., 2013) N/A

Gsdmc2-luc plasmid This paper N/A

Pou2f3-luc plasmid This paper N/A

Gsdmc-N-HA plasmid This paper N/A

mStat6-Myc-DDK plasmid Origene Cat# MR227577

mStat6-Myc-DDK S643A/T644A/T645A plasmid This paper N/A

mStat6-Myc-DDK S643A/T644A/T645A plasmid This paper N/A

mStat6-Myc-DDK S746A/T757A/S778A plasmid This paper N/A

mStat6-Myc-DDK S810/825A plasmid This paper N/A

mStat6-Myc-DDK 746-825A plasmid This paper N/A

mStat6-Myc-DDK 643-825A plasmid This paper N/A

mStat6-Myc-DDK S810/825A plasmid This paper N/A

mIL-33 plasmid Origene Cat# MR203528

psPAX2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

p2xStat6-Luc2P plasmid Addgene Cat# 35486

Renilla-luciferase (Wang et al., 2018) N/A

Software and Algorithms

Prism 7 Graphpad N/A

FIJI (ImageJ2.3.0) https://imagej.net/Fiji N/A

Photoshop v11.0 Adobe N/A

Excel 16.16.27 Microsoft N/A
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