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Abstract

DNA sensor pathways can initiate inflammasome, cell death and type | interferon (IFN)
signalling in immune-mediated inflammatory diseases (IMIDs); including type |
interferonopathies. We investigated the involvement of these pathways in the pathogenesis
of ulcerative colitis (UC); by analysing expression of DNA sensor, inflammasome, and type |
IFN biomarker genes in colonic mucosal biopsy tissue from control (n=31), inactive UC
(n=31), active UC (n=33) and a UC single cell RNA-Seq dataset. The effects of type | IFN
(IFN-B), IFN-y and TNF-a on gene expression, cytokine production and cell death were
investigated in human colonic organoids. In organoids treated with cytokines alone, or in
combination with NLRP3, caspase or JAK inhibitors, cell death was measured, and
supernatants were assayed for IL-1B/IL-18/CXCL10. The expression of DNA sensor
pathway genes - PYHIN family members (AIM2, IFI16, MNDA, PYHIN1), as well as ZBP1,
cGAS and DDX41 were increased in active UC and expressed in a cell type restricted
pattern. Inflammasome genes (CASP1, IL1B, IL18), type | IFN inducers (STING, TBK1,
IRF3), IFNB1 and type | IFN biomarker genes (OAS2, IFIT2, MX2) were also increased in
active UC. Co-treatment of organoids with IFN-$ or IFN-y and TNFa increased expression of
IFI16, ZBP1, CASP1, cGAS and STING, induced cell death and IL-1B/IL-18 secretion. This
inflammatory cell death was blocked by the JAK inhibitor tofacitinib but not by inflammasome
or caspase inhibitors. Increased type | IFN activity may drive elevated expression of DNA
sensor genes and JAK-dependent but inflammasome-independent inflammatory cell death

of colonic epithelial cells in UC.

Keywords: Ulcerative colitis, epithelium, interferon, inflammasome, JAK inhibitor
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NEW & NOTEWORTHY This study found that patients with active UC have significantly
increased colonic gene expression of cytosolic DNA sensor, inflammasome, STING and type
I IFN signalling pathways. The type | IFN - IFN-B - in combination with TNF-a induced JAK-
dependent but NLRP3 and inflammasome-independent inflammatory cell death of colonic
organoids. This novel inflammatory cell death phenotype is relevant to UC
immunopathology; and may partially explain the efficacy of the JAKinibs tofacitinib and

upadacitinib in patients with UC.

Supplemental material available at:

DOI: https://doi.org/10.6084/m9.figshare.19626630

URL: https://figshare.com/s/97da7a00f3d857e9ee34
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1 Introduction
Crohn’s disease (CD) and ulcerative colitis (UC) are the most common forms of
inflammatory bowel disease (IBD), characterised by chronic and relapsing intestinal
inflammation. The interaction of multiple genetic, environmental and immune factors drive
disease, but the exact aetiology and pathogenesis of IBD is not fully understood (1, 2).
Dysfunctional host-microbe interactions underpinned by pattern recognition receptor (PRR)
signalling are known to promote intestinal inflammation and are strongly linked to IBD (3, 4).
Cytosolic DNA sensors are an important family of PRRs (5), implicated in many
immune-mediated inflammatory diseases (IMIDs) including type | interferonopathies but are
generally less well characterised in the context of IBD (6). They can detect DNA from self
(mitochondrial DNA (mtDNA), nuclear fragments) and non-self (commensal microbes and
pathogens) that accumulates in the cytoplasm and nucleus of cells (7, 8). There are
numerous DNA sensors including: toll like receptor (TLR9), cGAS, the PYHIN family
members AIM2 and IFI16, DExD/H box NA helicases (DDX41), DEAH-Box Helicases
(DHX9/36) and ZBP1 (7). Several sensors including cGAS, DHX9, DHX36, DDX41, ZBP1
and IFI16 once activated by DNA converge on the adaptor protein STING leading to
activation of the type | Interferon (IFN) response (7). In contrast, only the PYHIN family
members IFI16 and AIM2 can activate the inflammasome (9, 10), a pro-inflammatory
cytoplasmic multimeric protein complex that triggers the maturation of IL-13 and IL-18 via
activation of caspase-1. Interestingly several studies report increased levels of circulating
self and microbial DNA in patients with UC and CD. There are elevated levels of serum
mtDNA (11), and increased total bacterial DNA (bactDNA) in blood and intestinal tissue of
patients with active UC and CD (12). Blood bactDNA was also determined as a risk factor for
relapse in a CD cohort (13). In addition, an elevated type | IFN signature in IBD has
previously been described (14), and has also been associated with resistance to anti-TNFs
(15). Overall, these observations suggest a possible scenario whereby alterations to DNA
homeostasis may increase the activity of DNA sensors, promoting type | IFN signalling in

ucC.
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Inflammasome activation results in increased levels of inflammatory cytokines, can
trigger cell death in different cell types and has been implicated in IBD immunopathogenesis,
with most studies to date conducted in mice. The NLRP3 inflammasome was initially shown
to promote intestinal inflammation, with mice lacking NLRP3 being protected from dextran
sodium sulphate (DSS)-induced colitis (16). However, there is significant evidence that
NLRP3 is protective, helping to maintain microbiota tolerance and preventing disruption of
the epithelium (17, 18). Similarly, mice deficient for the PYHIN family and inflammasome
activating DNA sensor AIM2 have increased susceptibility to DSS colitis (19). Increased
levels of intestinal epithelial cell death is a characteristic of IBD immunopathogenesis and
contributes to breakdown in gut barrier function (20) however the mechanisms underpinning
this cell death are still not clear. DNA sensors, their downstream signalling components and
inflammasomes regulate multiple cell death pathways. For example, the inflammasome
activates pyroptosis via Gasdermin D and type | IFNs promote necroptosis via RIPK3-MLKL
(21-23). Both are lytic forms of cell death that promote inflammation and protect against
infection. ZBP1 is also known as a central regulator of PANoptosis; the simultaneous
activation of apoptosis, pyroptosis, and necroptosis (23). Therefore, while it is clear that co-
operation and crosstalk between various DNA sensor pathways, inflammasomes and type |
IFN signalling can influence cell death decisions (24) the relative contribution of these
mechanisms to increased epithelial cell death in IBD is unknown.

The reported increased presence of DNA ligands in IBD may promote DNA sensor
activation. While DNA sensor signalling regulates critical aspects of intestinal homeostasis
and inflammation; its role in IBD immunopathogenesis is not fully understood. This prompted
us to investigate PRR and DNA signalling in colonic mucosal biopsy tissue from patients with
UC and CD. We report an increase in expression of multiple DNA sensors, inflammasome
components and the type | IFN response pathway in patients with active UC with clear
evidence of cell type specific expression of PYHIN family members. We also found that
treatment of human colonic organoids and macrophages with IFN partially mimics this
transcriptional signature. In addition, treatment of human colonic organoids with IFN-B and

5
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TNF-a induces a novel form of epithelial cell death accompanied by release of IL-1p3/IL-18.
In conclusion, we propose that increased activity of DNA sensor pathways and type | IFN

signalling may promote epithelial tissue damage, amplify inflammation and contribute to

pathogenesis in UC.
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2 Materials and Methods

2.1 Patient Cohort and Ethical Considerations

Colonic mucosal biopsies were collected from consented non-IBD patients and patients with
IBD undergoing routine colonoscopy as part of standard of care. Ethical approval was
obtained from the Clinical Research Ethics Committee of the Cork Teaching Hospitals
(CREC). Informed consent was obtained from all patients in agreement with the Declaration
of Helsinki. A total of 111 subjects were recruited, including patients with active UC, inactive
UC, active CD, inactive CD and non-IBD controls (Table 1 and 2). All IBD patients had a
confirmed diagnosis based on histopathological findings. Active and inactive disease were
differentiated by the attending physician based on endoscopic and histological criteria.
Endoscopic criteria included the absence of ulceration, granularity and friability, as well as
the presence of normal vasculature. Histological criteria included the absence of detectable
inflammation. Inactive patients were defined as being asymptomatic and having no signs of
abnormality during endoscopy (which was carried out for surveillance reasons). Patient
disease severity was not scored, as the research question only called for a comparison
between active and inactive disease, correlation with severity was not required. Non-IBD
controls were comprised of volunteers undergoing investigation of symptoms such as weight
loss, anemia or altered bowel habit. A criterion for inclusion was normal histology on colonic

biopsy.

2.2 Patient Samples and Processing
Preparation for colonoscopy consisted of administration of a single Fleet's enema one hour
prior to the procedure. Volunteers were then placed in the left lateral position and endoscopy
performed with a flexible video-colonoscope. All colonic mucosal biopsies were processed
immediately. For RNA isolation, a single biopsy was stored overnight in RNAlater at 4°C.
The biopsy was then placed in fresh RNAlater and stored at -80°C. For overnight cultures
and immunohistochemistry patient biopsies were collected directly into collection media
(DMEM media supplemented with 10 % FCS, penicillin/streptomycin, gentamycin, and
7
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amphotericin B) and transported to the research labs within 2-3 hours. Individual biopsies
were placed in a well of a 24-well cell culture plate and incubated in collection media alone,
with carrier control (DMSO) or inhibitors (caspase-1 inhibitor VX-765 (Selleckchem, S2228)
and NLRP3 inhibitor MCC950 (R&D Systems, 5479)) at concentrations indicated in figure
legends at 37 °C for 24 hours. After 24 hours aliquots of the tissue culture supernatants
were removed and centrifuged at 250 x g for 5 minutes. The supernatants were then stored
at —80 °C. Later the supernatants were analyzed by electrochemiluminescence for secretion
of selected inflammatory mediators as per the manufacturer’'s instructions (Meso Scale
Discovery). For normalization, after supernatant collection biopsies were removed and
homogenized using Pierce™ T-PER tissue protein extraction reagent, and protein
concentration was measured using the Pierce™ BCA protein assay kit. Details of the patient
cohorts used for the overnight culture experiments can found in Table S1 (inhibitor
experiments) and S2 (IBD cytokines).

To process biopsies for immunohistochemistry, a single biopsy was transferred from
the collection tube, into a tube containing 4% paraformaldehyde (PFA). The sample was
incubated overnight at 4°C. The biopsy was then cryoprotected by overnight perfusion in a
30% sucrose/PBS solution. The biopsy was removed from the sucrose solution and stored at
-80 °C until processed for immunohistochemistry. Details of the patients whose biopsies

were used for immunohistochemistry can be found in Table S2.

2.3 Human Colonic Organoid Experiments

Colonic mucosal biopsies from non-IBD individuals were obtained from adult patients at Cork
University Hospital and Mercy University Hospital (Table S3). Protocols for crypt isolation
and organoid culture were adapted from previously described methods (25-27), and are
published previously (28, 29). Preparation of L-WRN conditioned media for organoid
maintenance was performed as previously described (30). Before processing, biopsies were
stored in Collection Medium (advanced DMEM/F12 (Gibco) supplemented with 10% FBS,
100 U/mL penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES (Gibco), 2mM Glutamax

8
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(Gibco), 1 x Amphotericin B (HyClone) and 100 pg/mL gentamicin (Sigma-Aldrich)). For
processing, biopsies were washed in cold PBS supplemented with 1 x Amphotericin B and
100 ug/mL gentamicin. Washed biopsies were dissociated with Gentle Cell Dissociation
Reagent (Stem Cell Technologies) containing 1 x Amphotericin B and 200 ug/mL Gentamicin
for 20 min at room temperature with shaking at 180 rpm. Reagent activity was quenched with
cold Wash Medium (Advanced DMEM/F12 supplemented with 10% FBS, 100 U/mL
penicillin, 0.1 mg/mL streptomycin, 10mM HEPES and 2mM Glutamax), and passed
through a 70 um filter. The filtered solution was centrifuged for 5min at 200 rcf and
supernatant was discarded. The pellet was resuspended in Wash Medium, transferred to a
1.5mL tube and centrifuged for 3 min at 400 rcf. Supernatant was removed and the pellet
containing isolated crypts was resuspended in Reduced Growth Factor Type 2 BME (AMS
Biotechnology). For 48-well plates, 20 uL domes of crypt/BME solution were seeded per well
and plates were transferred into a cell culture incubator for 20 min. Once polymerised, the
domes were overlaid with 300 uL of Proliferation Medium. Proliferation Medium was
prepared as follows: Serum Free Medium (Advanced DMEM/F12 supplemented with 10 mM
HEPES, 2 mM Glutamax, 1 x N2 supplement (Invitrogen), 1 x B27 supplement (Invitrogen),
1mM N-acetylcysteine (Sigma-Aldrich) and 50ng/mL human recombinant EGF
(PeproTech)) was mixed 1:1 with L-WRN conditioned medium. This 50% L-WRN medium
was supplemented with 10 mM nicotinamide (Sigma-Aldrich), 10 uM Y-27632 (Selleckchem),
10 uM SB-202190 (Sigma-Aldrich), 5 uM CHIR-99021 (Sigma-Aldrich) and 500 nM A-83-01
(Sigma-Aldrich). Proliferation Medium was replenished twice a week. For passaging,
organoids were removed from BME and dissociated with TrypLE Express (Gibco)
supplemented with 10 uM Y-27632, which was then quenched with Wash Medium. The cell
solution was centrifuged for 3 min at 400 rcf and supernatant removed. The pellet was
resuspended in fresh BME and seeded. Passaging was performed every 1-2 weeks, using a
1:3 split ratio. For RNA extraction experiments organoids were seeded in 48-well plates. For
viability assays and supernatant analysis organoids were seeded in 96-well plates at 0.2 x
10° cells/well. For undifferentiated organoid experiments, the organoids were left to recover

9
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for 3 days and treated as indicated in the figures and figure legends. For differentiation
experiments, organoids were left to recover in Proliferation Media overnight following
seeding. They were then switched to Differentiation Media, which contains only 5% L-WRN
medium (95% Serum Free Medium) and without nicotinamide, SB-202190 or CHIR 99021.
Organoids were differentiated for 3 days for RNA isolation and 2 days for viability/Meso
Scale Discovery (MSD) experiments followed by treatments as indicated in the figures and
figure legends. For treatments all cytokines used were from Peprotech, tofacitinib was from
Sigma-Merk (PZ0017), MCC950 and VX-765 from Selleckchem (S7809 and S2228), Z-VAD-
FMK from Cayman Chemical (14463) and Z-IETD-FMK from R&D Systems (FMKO007).
Organoid supernatants were collected and used fresh for cytokine/chemokine analysis by
electrochemiluminescence U-Plex assay per the manufacturer's instructions (MSD).
Organoid viability was determined using CellTiter-Glo® 3D (Promega) per the
manufacturer’s instructions. Phase contrast and fluorescence microscopy images were
acquired using the EVOS XL Core Cell Imaging System (Invitrogen). Image processing was

done using ImageJ-win64 software.

2.4 Human primary macrophage experiment

CD14™° monocytes were isolated by positive selection with anti-CD14 beads (Miltenyi
Biotec) from peripheral blood mononuclear cells provided by Irish Blood Transfusion Service.
Monocytes were seeded in 96-well plates at 0.1 x 10° cells/well. Monocytes were cultured in
RPMI1640 medium (Sigma-Merk) supplemented with 10% FBS, 100 U/mL penicillin, 0.1
mg/mL streptomycin, and 10 ng/mL M-CSF (Peprotech) for five days to allow differentiation
into macrophages. Macrophages were treated with human recombinant cytokines (R&D

Systems) as indicated in the figures and figure legends.

2.5 RNA isolation and gene expression analysis
Colonic mucosal biopsies preserved in RNALater were added to Magnalyser tubes
containing ceramic beads (Roche) with 600 uyL mirVana lysis buffer (Ambion) and

10
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homogenised using the MagNA Lyser Instrument (Roche). Lysates were centrifuged to pellet
the debris and the supernatant was collected. 300 pL of the lysate was processed for RNA
isolation. Total RNA was isolated from samples using the mirVana miRNA Isolation Kit
(Ambion) according to the manufacturer’s instructions. All biopsy RNA was DNase treated,
except for RNA samples from the initial PRR screen (Fig. 1a). RNA was used immediately
or frozen at -80°C for later use. After treatment, organoids were washed twice with cold
PBS and re-suspended in 300 pL of organoid harvesting solution (Cultrex). Domes were
disrupted and transferred to 1.5 mL tubes. After a 1 hour incubation at 4°C with rocking at
180 rpm, organoids were centrifuged, washed twice in cold PBS and the pellet was re-
suspended in 350 pL of RLT buffer (Qiagen). Macrophage RNA was collected by adding 350
ul lysis buffer per well directly to the cell culture plate after treatment. Lysates were stored at
-80°C until RNA extraction. For organoid and macrophage lysates, RNA extraction was
performed using the RNeasy Micro Kit with on-column DNase-digestion, following the
manufacturer’s instructions (Qiagen). RNA was frozen at -80°C for later use. cDNA was
synthesised with 100 ng of RNA using Transcriptor Reverse Transcriptase (Roche) and
random hexamer primers. RT-gPCR was performed in the LightCycler® 480 instrument
(Roche). The 51 genes in the PRR screen assays were purchased as a RealTime ready
Custom Panel (Roche), the other primers were purchased from Eurofins Genomics and
combined with complementary Universal ProbeLibrary probes (Roche) or TagMan assays
were used (Table S4). In addition, the following RealTime ready assays were purchased
from Roche: HPRT1 (cat# 102079) and RPL13A (cat# 102119). For biopsy samples gene
expression was quantified relative to B-actin (ACTB) and TATA-binding protein (TBP), using
the 222°! method (31) in comparison to a pooled biopsy calibrator control. Relative gene

expression was calculated using the 224!

method and normalised to the geometric mean of
Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) and Ribosomal Protein L13a (RPL13A)
for organoid samples (determined by geNorm analysis using gbase software,

https://www.gbaseplus.com/) and ACTB for macrophages.

11
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2.6 Immunohistochemistry

Biopsies stored at -80°C were mounted in Optimal Cutting Temperature (OCT) tissue-
freezing medium (Tissue Tek) and sectioned at 10 ym using a cyrostat. Samples were
blocked with 3% H,0O, in distilled water for 20 minutes. Slides were incubated with primary
antibody overnight at 4°C. The primary antibodies tested were ZBP1 (13285-1-AP,
Proteintech) and IFI16 (sc-8023 Santa Cruz Biotechnology). For the working concentrations
the ZBP1 antibody was diluted 1:100 and the IFI16 antibody 1:1000. Antibody binding was
localized using a biotinylated secondary antibody (2.5 ug/mL working concentration), avidin-
conjugated HRP and DAB substrate, contained within the Vectastain ABC detection kit
(Vector Laboratories). Slides were counterstained with hematoxylin. Samples were imaged

using an Olympus BX61 and 40x objective lens.

2.7 Primary isolated epithelial cell preparation

Primary human epithelial cells were isolated from surgical specimens as previously
described (32). The epithelial cell fractions were depleted of leucocytes by treatment with
anti-CD45 charged paramagnetic beads. Purified cells were washed in RNase-free
phosphate buffered saline and stored at -80°C. Samples were collected after patients’
written, informed consent. The study was approved by the Local Ethics Research Committee
of the Medical Faculty, Umea University, Umea, Sweden (Registration numbers: 03-477 and

03-503). Patient characteristics are summarised in Supplementary Table S5.

2.8 Single cell RNA-Seq bioinformatics and data visualisation
Single cell data from Smillie et al. 2019 (33) was obtained from the Broad Institute single cell

portal (https://singlecell.broadinstitute.org/single cell). Seurat (34) running in R (R Core

Team (2020). R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. https://www.R-project.org/) was used to generate

objects for the epithelial and immune cell-gene matrices from the publicly available cell-gene
matrices and meta data files. Seurat's AddModuleScore was used to compute the

12
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expression of individual genes. Figures were produced using ggplot2 (35) and color scales

for gene expression produced using the turbo colour scale from the viridis package (36).

2.9 Statistical analysis

Graphs and statistical analysis were produced via GraphPad Prism® software. Statistical
tests used for each experiment are described in the figure legends. Statistical significance
was defined as a p-value less than 0.05. The heatmap from Figure 1 was generated using
Genesis software (37). In Genesis, the data were used to generate an expression matrix,
and then visualized using the “Expression image: difference” setting. Hierarchical clustering
was performed using the “average linkage WPGMA” agglomeration rule (Weighted pair-

group average linkage), for calculation parameters samples were clustered by gene.

13
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3 RESULTS

3.1 Upregulated cluster of PRR genes in active UC includes DNA sensors

We performed a comprehensive review of PRR literature to select a panel of known human
TLRs, C-type Lectin Receptors (CLRs), NOD-Like Receptors (NLRs) and RIG-Like
Receptors (RLRs). PRRs can be broadly classified into transmembrane receptors, including
TLRs and CLRs which are located at the cell membrane or in intracellular membrane bound
structures, and cytosolic receptors like the NLRs and RLRs. We carried out a gene
expression screen for these 51 PRRs on an initial cohort (cohort 1) of colonic biopsies of
non-IBD subjects and patients with IBD from active/inactive sites (Table 1) (Fig. 1a). Nine
PRR genes (CLEC1B, CLEC12B, NLRP4, NLRP5, NLRP7, NLRP8, NLRP9, NLRP10,
NLRP13) were undetectable in all samples and excluded from the analysis. After hierarchical
clustering, a cluster of genes was observed that had increased expression in active UC
when compared to either inactive or non-IBD control tissue (Fig. 1a). This cluster contained
NLRs (class Il major histocompatibility complex transactivator (CIITA), NLR family pyrin
domain containing 1 (NLRP1), NLR family pyrin domain containing 14 (NLRP14)), one CLR
(C-type lectin domain containing 5A (CLEC5A)), one TLR (toll like receptor 9 (TLR9)) and
two cytosolic DNA sensors (absent in melanoma 2 (AIM2), Z-DNA binding protein 1 (ZBP1)).
We did not detect expression of CLEC5A in the non-IBD group and so we removed it from
our analysis. There was a significant increase in CIITA and NLRP1 in active UC when
compared to non-IBD controls (Fig. 1b). Expression of the DNA sensors AIM2 and ZBP1 and
a putative negative regulator of cytosolic nucleic acid sensing NLRP14 (38) were
significantly increased in active UC compared to both inactive UC and non-IBD tissue (Fig.
1b). This expression pattern was not seen in CD.

It's important to note that female patients were overrepresented in the active CD
group (7 females to 1 male). Gender specific effects in IBD are well recognized, and can
influence multiple factors including epidemiology, risk associated with susceptibility gene
variants, disease activity and phenotype, disease complications, response to biologics and
prevalence of depression (37). This overrepresentation of female patients in our CD cohort
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may have affected our results. As the increase in cytosolic DNA sensor expression was
significant only in active UC and not in inactive UC or CD samples, we decided to investigate

DNA recognition and associated pathways in UC.

3.2 PYHIN family signalling and canonical inflammasome activation are increased in
active UC
The PYHIN family consists of AIM2, IFI16, PYHIN1, MNDA and POP3. AIM2 and IFI16 can
activate the inflammasome after directly binding to DNA (Fig. 2a). To validate the increase in
AIM2 expression we observed in the PRR screen, we investigated the expression of the
PYHIN family members in an extended cohort of non-IBD patients and patients with UC
(cohort 2). These patients belong to a second cohort recruited after the PRR screen was
performed and added to cohort 1 (Table 2). To confirm the status of the inflamed samples
we detected increased expression of the Th1 cytokines interferon gamma (IFNG) and tumor
necrosis factor (TNF) in active UC compared to non-IBD control biopsies (Fig. S1a) and
increased secretion of IFN-y, TNF-a, IL-6 and IL-10 from overnight cultures of active UC
biopsies compared to non-IBD and inactive UC biopsies (Fig. S1b). Expression of the
inflammasome sensors AIM2 and IFI16 were significantly increased in active UC biopsies
when compared to control (Fig. 2b). AIM2 gene expression was significantly increased in
active UC biopsies when compared to inactive samples. Pyrin and HIN domain family
member 1 (PYHIN1) and myeloid cell nuclear differentiation antigen (MNDA) were
significantly increased in expression in both active and inactive UC biopsy samples
compared to control (Fig. 2b). In contrast, the expression of the endosome localized
transmembrane DNA sensor TLR9 was significantly higher in inactive UC samples
compared to active UC samples and controls (Fig. S1a). Using purified patient derived
primary enterocytes (IECs) we confirmed by RT-gPCR a non-significant increased
expression of IFI16 from patients with UC when compared with non-IBD controls (Table S5).
Next, we investigated the expression and cellular distribution of IFI16 protein by
immunohistochemistry in colonic mucosal biopsies from non-IBD control and UC patients.
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IF116 protein was seen in the lamina propria (LP) and epithelial cells of all samples (Fig. 2c).
Increased staining of IFI16 in cells was seen in the active and inactive UC samples
compared to controls (Fig. 2c). Additionally, positive cells directly underlying the epithelial
monolayer were observed in UC tissue (Fig. 2c iv & v). Similarly, an increased IFI16 staining
in LP was seen in active UC. Strong epithelial expression was seen in all cells of the crypts
of active UC, sub-cellular distribution was primarily nuclear with some evidence of
cytoplasmic localisation (Fig. 2c iv).

We assayed for additional components of DNA sensor inflammasomes including the
effector protease pro-caspase-1 and the target cytokines, IL-1B and IL-18. Caspase 1
(CASP1) expression was significantly upregulated in UC tissue when compared to the
control group, and expression was increased in active compared to inactive UC (Fig. 2d).
Significantly increased expression of interleukin 1 beta (IL1B) and interleukin 18 (IL18) was
seen in UC tissue when compared to non-IBD controls, as well as the IL-1 family member
interleukin 33 (IL33) (Fig. 2d). The role of the NLRP3 inflammasome in regulating intestinal
inflammation in mice has been reported. However, in our initial PRR screen we found no
change in expression of NLR family pyrin domain containing 3 (NLRP3) in active UC
compared to non-IBD controls (Fig. S1a). Considering the established role of gender-based
differences in IBD (39), we compared the expression of all genes assayed in biopsies
between males and females in the non-IBD, active UC and inactive UC patient groups. We
found a significant increase in CASP1 expression for female patients in the active UC group
and a significant decrease in expression of IFI16 in female patients in the inactive UC group
(Fig. S1c). Although these are intriguing findings, a much larger patient cohort would be
required to confirm these observations.

We checked if the elevated gene expression of inflammasome components was
associated with increased secretion of IL-1B protein from active UC tissue. We confirmed
that IL-1f3 secretion was increased in active UC compared to non-IBD control using ex-vivo
overnight biopsy cultures (Fig. S1b). To investigate if the NLRP3 inflammasome sensor was
contributing to enhanced production of IL-1p3, we treated biopsy cultures with the selective
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NLRP3 inhibitor MCC950 and the selective caspase-1 inhibitor VX-765. IL-1B production
was significantly reduced in active biopsies that were treated with VX-765 and MCC950,
however VX-765 had a greater inhibitory effect (Fig. 2e). After normalizing the data,
expressing each data point as fold change of matching DMSO control per patient, we found
the difference between VX-765 and MCC950 groups was significant (Fig. S1e). The
production of IL-1RA — while not reaching statistical significance — was reduced in VX-765
treated UC biopsies. There was a non-significant increase in the IL-1RA/IL-1[ ratio (Fig. 2e),
a lowered IL-1RA/IL-1( ratio has previously been associated with disease severity in IBD
(40). Overall, the data show upregulation of canonical PYHIN inflammasome member
components and signalling in active UC biopsy tissue, and that IL-1B release is largely
dependent on inflammasome activation. Further, the data suggest that IL-13 production may
only be partially dependent on NLRP3 activity. However, this observation would require a
dose response experiment to confirm. Nonetheless, the ICsq for MCC950 in human immune
cell types is in the low nM range (41), so it is probable that the 10 yM dose of MCC950 we

used for colonic mucosal biopsy tissue experiments would have maximal inhibition.

3.3 IFI16 expression is increased in multiple epithelial and immune cell lineages in
active UC

Colonic mucosal biopsies consist of a complex mixture of cell populations including
epithelial, stromal and immune cell lineages. When using whole biopsy tissue for expression
studies, it's impossible to accurately assess the contributions of the various populations to
the transcriptional profile. With this in mind, we decided to investigate the cell type specific
expression of the differentially expressed PYHIN family genes we identified using a publicly
available UC single cell RNA-Seq dataset (33). In their paper, Smillie et al. reported a single
cell gene expression atlas of 366,650 cells isolated from the colonic mucosa of patients with
inactive and active UC and healthy individuals (33). They clustered the single cell profiles

from all samples and annotated each cluster using expression of known cell markers,
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identifying 15 epithelial and 23 immune cell lineages (Fig. 3a & b). For our analysis, we
projected the expression of our genes of interest over the t-SNE plots of the epithelial and
immune cell populations (Fig. 3c & d).

AIM2 expression was very sporadic in the epithelial populations, with only a few
positive cells detected across all states (Fig. 3c). A similar profile was seen for the other
PYHIN family genes PYHIN1 and MNDA (Fig. S2c). For immune cells, AIM2 expression was
increased in cycling B and T cells in active UC, and expression can be seen in plasma cells
and macrophages across all states (Fig. 3d). PYHIN1 expression was increased in T
regulatory cells (Tregs), CD8" LP and natural killer (NK) cells in active and inactive UC (Fig.
S2d). MNDA was highly expressed by inflammatory monocytes, a cell type present only in
active and inactive UC samples. Like the other PYHIN genes, IFI16 expression was sporadic
in healthy epithelial cells. However, expression dramatically increased in active and inactive
UC across multiple epithelial cell lineages, including stem cells, transit amplifying (TA) cells,
Best4+ enterocytes and immature goblet cells (Fig. 3c). There was a small cluster of
enterocytes in active UC that highly expressed IFI16. For immune cell populations, IFI16
expression was increased in cycling B cells, cycling T cells, macrophages and inflammatory
monocytes from active and inactive UC (Fig. 4d). There was an increase in expression of the
inflammasome effector CASP1 in epithelial TA cells for active and inactive UC (Fig. 4c). The
same small group of IFI16+ enterocytes in active UC were also positive for CASPL1.
Inflammatory monocytes and macrophages expressed CASP1 at high levels (Fig. 3d).

As anticipated, this analysis helped us understand which cell types are likely
responsible for the increase in PYHIN family gene and CASP1 expression we observed in
whole biopsy tissue. The PYHIN family members AIM2, PYHIN1 and MNDA are expressed
at very low levels and sporadically in epithelial cell populations for all states. IFI16
expression is inconsistent in healthy epithelial samples, but is dramatically increased in
undifferentiated, adsorptive and secretory cell lineages of active UC. Expression of AIM2

and PYHIN1 is increased in lymphoid immune lineages from UC samples. Inflammatory
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monocytes, one of the primary cell types responsible for driving inflammation in UC, express

MNDA, IFI16 and CASP1 at high levels.

3.4 DNA sensors, STING dependent signalling and type | IFN signalling are
upregulated in active UC

Increased expression of ZBP1 in active UC biopsies from our initial screen (Fig. 1b)
prompted us to analyse in greater detail the expression of DNA sensors and STING
signalling pathway components that regulate type | IFN signalling (Fig. 4a). ZBP1 and cyclic
GMP-AMP synthase (CGAS) expression were significantly upregulated in active UC biopsies
when compared to control or inactive UC biopsies (Fig. 4b). DEAD-box helicase 41
(DDX41) had elevated expression in both active and inactive UC tissue compared to controls
(Fig. S1f). There was increased expression in active UC of the DNA sensor DExH-box
helicase 9 (DHX9), but no change in DEAH-box helicase 36 (DHX36) (Fig. S1f).

Next, we examined the expression and distribution of ZBP1 protein in non-IBD
control and UC patients using immunohistochemistry. A diffuse positive staining for ZBP1 in
discrete LP cells was seen in the non-IBD control (Fig. 4c ii). Inactive UC biopsies had a
similar distribution of ZBP1 expression, in addition to ZBP1 positive cells underlying the crypt
epithelial monolayer (Fig. 4c iii & iv). There was an increased staining of ZBP1 in LP cells in
active UC (Fig. 4c v & vi), while the luminal surface epithelium of non-IBD and UC samples
was positive for ZBP1 (Fig. S1g). Several ZBP1 positive epithelial cells were also seen in the
crypts of inflamed tissue from UC patients (Fig. 4c vi).

We next assayed the expression of the signalling adapter protein STING, its target
kinase TBK1 and the transcription factor IRF3. Stimulator of interferon response cGAMP
interactor 1 (STING) expression was found to be significantly upregulated in active UC
samples when compared to non-IBD controls (Fig. 4d). Downstream of STING there was a
significant upregulation of both TANK binding kinase 1 (TBK1) and interferon regulatory
factor 3 (IRF3) expression in active and inactive UC compared to control samples (Fig. 4d &

e). Expression of the transcription factor interferon regulatory factor 7 (IRF7), which is
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activated by the transmembrane DNA sensor TLR9, the DNA sensor DHX36 and regulated
by the PYHIN family member MNDA (42), was also increased in both active and inactive UC
samples compared to controls (Fig. 4e). Phosphorylation of IRF3 and IRF7 leads to the
induction of the type | IFNs, IFN-B and IFNa1, respectively. We found no change in
interferon alpha 1 (IFNAL) expression between the patient groups (Fig. 4f). Interferon beta 1
(IFNB1) expression was significantly upregulated in both active and inactive UC patients
(Fig. 4f). Variance among the active group of patients was substantial (SD of +34.57 relative
fold change), with 8 of 33 patients having less than 1-fold change and 9 of 33 patients
having over 20-fold change in expression compared to the control group. This suggests
there may be a high IFNB1 expressing sub-population of active patients. However, we could
not detect IFN-B in the supernatant of colonic explants (Fig. S1b). This could be due to
transient low-level production and degradation of the secreted protein as detection of IFN-3
protein in biological samples is known to be challenging.

To support findings suggesting that the type | IFN response was activated in the UC
patient group, a panel of four direct type | IFN responsive biomarker target genes was
investigated. The selection of the panel was based on previous publications that validated
these genes as biomarkers for type | IFN response in human samples and investigated the
expression of these genes in IBD (14, 43, 44). The panel contains four classic type | IFN
induced antiviral genes: 2'-5'-oligoadenylate synthetase 2 (OAS2), interferon induced protein
with tetratricopeptide repeats 2 (IFIT2), MX dynamin like GTPase 1 (MX1) and MX dynamin
like GTPase 2 (MX2). OAS2 and IFIT2 expression were increased in active UC (Fig. 4g). A
significant upregulation of MX2 was found in both active and inactive UC biopsy tissue.
These data support elevated type | IFN signalling in active disease. Regarding gender
effects, we found a modest but significant decrease in expression of ZBP1, MX2 and OAS2
for female patients in the inactive UC patient group (Fig. S1d).

Overall, the data suggest that there is an increase in DNA sensor activity, STING-
TBK1-IRF3 axis signalling, IFN-B expression and type | IFN regulated gene expression in
active UC colonic biopsies.
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3.5 STING expression is increased in multiple epithelial cell lineages in active and

inactive UC

Next, we analysed the expression of DNA sensors and the downstream adapter protein
STING - that induce type | IFNs - in the publicly available UC single cell atlas (Fig. 5). ZBP1
expression in the epithelium was inconsistent, except for a small cluster of positive
enterocytes only present in active UC (Fig. 5¢). For immune populations, ZBP1 expression
was increased in cycling B and T cells in active and inactive UC (Fig. 5d). There was also a
population of high expressing plasma cells present only in UC. For epithelial populations,
CGAS expression was increased in active and inactive UC epithelial TA cells (Fig. 5c). There
was an increase in cGAS expression in cycling B and T cells from active and inactive UC
samples (Fig. 5d). A cluster of cGAS+ inflammatory monocytes was present in active UC, a
cell type found only in active UC. STING expression was increased across multiple epithelial
cell lineages in UC, including stem cells, TA cells (cycling and secretory), immature
enterocytes and enterocytes (Fig. 5c). Interestingly, in both active and inactive UC there was
a small cluster of STING positive M cells, a highly specialized cell type responsible for
luminal sampling of microbes. Additionally, for inactive UC there was an increase in STING
positive immature goblet cells. For immune cells, both active and inactive UC samples
contained a cluster of STING positive inflammatory monocytes (Fig. 5d). There was also a
group of high expressing STING positive Tregs present in active and inactive UC, generally
considered an anti-inflammatory cell type. The STING target kinase TBK1 had a similar

expression pattern to STING in epithelial cells for active and inactive UC samples (Fig. S2c).

The expression of the type | IFN regulating DNA sensors (ZBP1, cGAS) and the
adapter protein STING were increased in UC samples, which is consistent with our findings
from whole biopsy tissue. There was an increase in ZBP1 and cGAS expression in the UC

epithelium, however this was restricted to enterocytes and TA cells respectively. Lymphoid
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immune lineages had increased expression of ZBP1 and cGAS in active and inactive UC,
and there was a cluster of cGAS+ and STING+ inflammatory monocytes in active UC.
STING expression was increased in undifferentiated, adsorptive, secretory and M cells in

active and inactive UC, and these populations were also positive for the kinase TBK1.

3.6 Type | IFN increases IFI16 and inflammasome gene expression in human colonic

organoids

STING-induced type | IFN production and signalling can interact with and regulate the
expression and activity of the PYHIN inflammasomes (45). We hypothesised that the
increase in type | IFN response observed in patients with active UC could be driving the
elevated expression of PYHIN genes (Fig. 2b). We tested our hypothesis by examining the
transcriptional response of human non-IBD colonic epithelial organoids to IFN-f stimulation.
We also stimulated organoids with type Il IFN (IFN-y) and TNF-a, both of which are IBD
associated cytokines elevated in active UC overnight biopsy cultures (Fig. S1b). Like type |
IFNs, IFN-y utilises JAK/STAT signalling downstream of its receptor, and TNF-a is known to
synergise with IFNs to increase transcription and induce cell death of intestinal epithelial

cells (28, 29).

We chose to focus on the epithelium due to our analysis of the single cell UC dataset
and our interest in the cytotoxic effects of IFNs on this cell type. We were intrigued by the
induction of IFI16 across multiple epithelial cell lineages in UC (stem, TA, adsorptive and
secretory cell types), and the relatively low expression of other PYHIN family members
across all states (AIM2, PYHIN1, MNDA) (Fig. 3c). As IFI16 expression was increased in
various epithelial cell lineages, we compared the response between undifferentiated
(enriched for stem cells and TA cells) and differentiated (containing secretory and adsorptive
cells) organoids to IFN-y and TNF-a (differentiated status was confirmed by the expression

of cell type specific marker genes and morphology (Fig. S3a & b)). Unlike epithelial cells,
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macrophages and inflammatory monocytes were high expressors of several PYHIN family
genes in both healthy and UC states (Fig. 3d). Considering this, we decided to also examine
expression of PYHIN members in primary human monocyte derived macrophages activated

by IFN-y.

A sub-population of organoids treated with IFN-B or IFN-y in combination with TNF-a
displayed morphological evidence of cell death (Fig. 6a), including disruption of epithelial
integrity and membrane blebbing. These features were not seen in organoids treated with
IFN-B or IFN-y alone (Fig. 6a). IFI16 was the only PYHIN family member that was detectable
in organoids (Fig. 6b), which matched the data from directly isolated primary IECs and
analysis of epithelial cell types in the single cell UC dataset (Table S5 and Fig. 3c). IFI16
expression was detectable in unstimulated organoids and was significantly upregulated by
IFN-B treatment (Fig. 6b). A similar response was seen in differentiated organoids co-treated
with IFN-y and TNF-a (Fig. S4a), and in HT-29 colon cancer cells treated with type | IFNs
(Fig. S4b). By comparison, in macrophages all four PYHIN sensors were detected in
untreated cells, and both AIM2 and IFI16 were significantly upregulated in response to IFN-y
stimulation (Fig. S4c). This is consistent with the analysis of the single cell dataset, where
AIM2, IFI16 and MNDA were highly expressed by macrophages and inflammatory
monocytes (Fig. 3d). In organoids detection of NLRP3 was inconsistent and there was no
significant increase in expression after cytokine treatment (Fig. 6b and Fig. S4a and c).
NLRP3 was not detected in directly isolated primary IECs from non-IBD control and active

UC samples (Table S5), supporting our findings in the organoids.

Next, we investigated the expression of canonical inflammasome pathway
components downstream of inflammasome sensors. CASP1 expression was upregulated in
response to IFN-B and IFN-y treatment (Fig. 6¢). Increase in IL1B expression required co-
treatment with TNF-a for both IFN-B and IFN-y. Differentiation of organoids increased
CASP1 and IL1B expression in response to IFN-y and TNF-a co-treatment (Fig. S4d).
Differentiation increased expression of IL18 at baseline, which agrees with the known
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constitutive expression of IL18 by intestinal epithelial cells (46). CASP1 expression was
increased in IFN-y treated macrophages, but there was no evidence of IL1B induction and

IL18 expression was reduced (Fig. S4e).

In summary, the cell type dependent expression pattern for PYHIN family genes
observed in the UC single cell dataset was recapitulated in primary human epithelial
organoid and macrophages cultures. In addition, non-IBD human colonic organoids
stimulated with IFN-B showed increased expression of IFI16 and downstream inflammasome
components required for IL-1B processing; and this gene signature was enhanced by co-

treatment with TNF-a.

3.7 Type | IFN increases ZBP1-STING expression in human colonic organoids
Positive feedback regulation between type | IFN and cGAS/ZBP1-STING has been
demonstrated previously (22, 47). This prompted us to investigate if IFN- treatment could
increase the expression of type | IFN regulating DNA sensors and STING signalling
components in organoids. IFN-B significantly upregulated the expression of ZBP1 in
organoids (Fig. 7a). cGAS expression was increased in organoids only when co-treated with
IFN-y or IFN-B and TNF-a. Differentiation of organoids increased ZBP1 and cGAS
expression in response to IFN-y and TNF-a co-treatment (Fig. S5a). This observation is
supported by our analysis of the single cell dataset, where expression of ZBP1 was highest
in active UC enterocytes (Fig. 5c). Type | IFNs also increased expression of ZBP1 and
CcGAS in HT-29 cells (Fig. S5b). In contrast, ZBP1 was not detected in unstimulated primary
macrophages, and there was only a slight insignificant increase in expression with IFN-y
treatment (Fig. S5c). However, IFN-y treatment did increase cGAS expression in
macrophages (Fig. S5c), this aligns with the single cell dataset where a cluster of cCGAS+
inflammatory monocytes was present in active UC (Fig. 5d).

We examined signalling components downstream of the DNA sensors and found
there was increased expression of STING that was IFN-$ dependent in organoids (Fig. 7b).
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Organoid differentiation significantly increased expression of STING and TBK1 following co-
treatment with IFN-y and TNF-a (Fig. S5a). There was no change in expression of STING
signalling components in macrophages after IFN-y treatment (Fig. S5¢). When we examined
the expression of type | IFN responsive biomarker interferon stimulated genes (ISGs) (Fig.
7c), there was an increased expression of IFIT2, MX1 and MX2 only in IFN-B treated
organoids. We also examined expression of guanylate binding protein 1 (GBP1), which is
responsive to both type | and Il IFN. As expected GBP1 was induced by co-treatment with
both IFN-B or IFN-y and TNFa (Fig. 7c). This further validated the selection of this type | IFN
response biomarker gene panel to characterise a functional and ongoing response to type |
IFN in our patient biopsy cohort (Fig. 3g). In conclusion, treatment with type | IFN increased

ZBP1-STING pathway expression in human colonic organoids.

3.8 IFN-B and TNF-a co-treatment induces cell death and IL-1B/IL-18 secretion in
organoids that are caspase independent
We established that IFN-B or IFN-y and TNF-a co-treatment upregulate the IFI16
inflammasome and ZBP1-STING pathways at the transcriptional level in primary colonic
epithelial organoids. However, we wanted to determine if these treatments could induce
secretion of IL-1B/IL-18 and IFN- protein. Inflammasome and ZBP1 signalling can also
activate pyroptosis and necroptosis (23), therefore we decided to examine organoid viability
in parallel. This is relevant to the pathology of UC, as excessive epithelial cell death
contributes to the breakdown of gut barrier function in active disease (48).

Knowing that differentiation of organoids increases transcriptional responsiveness to
IFN-y (Fig. S4a & d and S5a), we directly compared undifferentiated and differentiated
organoids. In both states IFN-B or IFN-y in combination with TNF-a reduced organoid
viability vs untreated controls (Fig. 8a). Differentiation sensitised organoids to IFN-y, and
increased sensitivity to TNF-a treatment. These observations were confirmed by

examination of organoid morphology using live microscopy (Fig. S6a).
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Studies have suggested that the microbiota is involved in constitutive IFN-B
production (49), however we detected IFN- secretion in colonic organoids at baseline under
sterile conditions (Fig. S6b). IFN-y and TNF-a treatment had no statistically significant effect
on IFN-B secretion. Organoid IL-13 levels at baseline were almost undetectable (Fig. 8b).
Treatment with IFN-B or IFN-y in combination with TNF-a increased IL-183 release in both
undifferentiated and differentiated states. We could detect a small amount of IL-18 in
untreated organoids, which was increased after differentiation, supporting our IL-18 RT-
gPCR data (Fig. S4d). Differentiation significantly increased the levels of IL-18 for all
cytokine treatments compared to undifferentiated organoids (Fig. 8b). Treatment with IFN-3
or IFN-y in combination with TNF-a induced the most IL-18 release in both organoid states.

We then conducted experiments to determine the mechanism responsible for driving
both cell death and the release of IL-1B/IL-18 from organoids by using small molecular
inhibitors to perturb regulators of cell death and canonical/non-canonical inflammasome
components (Fig. 8¢ & d). These included NLRP3 (MCC950), caspase-1/4 (VX-765) and
caspase-8 (Z-IETD-FMK). As both type | and Il IFN signalling are driven by JAK activity, we
included tofacitinib a JAK1/3 inhibitor approved for the treatment of UC. We selected a 10
MM dose of tofacitinib because we previously found that loss of cell viability induced by IFN
in undifferentiated human colonic organoids could be significantly reduced with 1 uM, but
maximum rescue was at 10 pM (29). In healthy volunteers treated with doses of tofacitinib
approved for UC (one 10 mg tablet per day) serum C,,x levels for the drug were 312 nM
(50). However, it's possible that exposure to the drug at the mucosal surface of the colon
could be higher than in plasma. We conducted these experiments in differentiated organoids
only as they were most responsive to IFN-B/IFN-y treatment.

Tofacitinib partially rescued the loss of viability induced by IFN-B or IFN-y in
combination with TNF-a (Fig. 8c), approximately to the level of relative viability seen with
TNF-a treatment alone (Fig. 8a). The inflammasome inhibitors MCC990 and VX-765 did not
prevent loss of viability, excluding pyroptosis as the cause of reduced viability in cytokine

treated organoids. Pan-caspase inhibition (Z-VAD-FMK) also did not rescue viability,

26

Downloaded from journals.physiology.org/journal/ajpgi at Univ Col Cork (143.239.045.011) on October 3, 2022.



680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

27

suggesting apoptosis alone was not responsible. Using live microscopy in combination with
the necrosis dye SYTOX Green, we determined that the loss of viability in cytokine treated
organoids was due to cell death (Fig. 8e). Cytokine treated organoids displayed multiple
SYTOX Green positive cells and disruption of epithelial barrier integrity. Tofacitinib treatment
reduced SYTOX green signal and prevented complete disruption of organoid integrity.

To test for tofacitinib activity we measured the production of CXCL10, a Th1
chemokine known to be induced by IFN-y. Cytokine co-treatments increased secretion of
CXCL10 (Fig. S6c), which was significantly reduced by tofacitinib but unaffected by the other
inhibitors. Tofacitinib blocked the increased release of IL-1B/IL-18 in organoids treated with
IFN-B or IFN-y in combination with TNF-a (Fig. 8d). None of the other inhibitors significantly
reduced IL-1B/IL-18 release (Fig. 8d), excluding the involvement of the NLRP3 and PYHIN
family inflammasomes. Unexpectedly, IL-18 release induced by cytokine co-treatment was
significantly increased by caspase inhibition (Fig. 8d). In summary, both cell death and IL-
1B/IL-18 release in organoids treated with IFN-B or IFN-y in combination with TNF-a are
dependent on JAK kinase activity and independent of NLRP3 and caspase enzymatic

activity.
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Discussion

We report that patients with active UC have increased colonic gene expression of several
cytosolic DNA sensors — AIM2, IFI16, ZBP1, cGAS and DHX9, as well as the putative DNA
sensors — MNDA, PYHIN1 and DDX41. We show that inflammasome, STING and type | IFN
signalling pathway genes downstream of these DNA sensor pathways are also elevated and
active in patients with UC. Analysis of a UC single cell dataset showed that DNA sensor
expression is cell type specific and increased in multiple immune and epithelial cell lineages
from patients with active and inactive disease. This cell type specific expression pattern of
DNA sensor pathway genes in UC was recapitulated in primary colonic epithelial organoids
and macrophages treated with cytokines. We also report that while inhibition of canonical
NLRP3 and inflammasome activity in whole biopsy tissue from patients with active UC
reduced production of IL-1B this was not the case in primary colonic epithelial organoids.
Finally, we show that treatment of colonic epithelial cells with type | or type Il IFNs in
combination with TNF-a induced JAK-dependent but inflammasome-independent production
of IL-1B and inflammatory cell death. Collectively this biology may contribute to the
developing picture of UC pathogenesis and mechanistically its inhibition may underpin the
efficacy of JAK inhibitors in UC.

UC is thought to be triggered by environmental factors which perturb the epithelial
barrier, alter the gut microbiota and stimulate mucosal immune inflammatory responses at
the cellular interface between the epithelium and the LP. Recent advances (2) have
contributed further to this framework by identifying (i) UC-specific susceptibility genes
implicating epithelial dysfunction, (ii) loss of mitochondrial homeostasis in the epithelium
leading to defective energy production, increased oxidative stress, and the release of
inflammatory damage-associated molecular patterns (DAMPs) such as mitochondrial DNA,
(i) an impaired epithelial barrier as a pathogenic factor for UC, (iv) an epithelial
transcriptional profile in inflamed UC mucosa characterised by enrichment for IFN-y

signalling pathways, (v) neutrophil accumulation, extra-cellular traps and neutrophil
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inflammatory cell death as drivers of inflammation, (vi) IL-1-driven stromal-neutrophil
interactions and cytokine networks responsible for monocyte IL-23 production, pathogenic T-
cell responses and resistance to therapies such as anti-TNFs (51, 52), (vii) a highly
dysregulated B cell response (53) and (viii) new epithelial, stromal, monocyte and T-cell
subsets and their interaction hubs from single cell datasets (2). Collectively, these recent
advances align with well-known clinical features of UC including a serological marker profile
characterised by anti p-neutrophil cytoplasmic antibodies (pANCA), anti-dsDNA, anti-IFI16
and anti-goblet cell antibodies and histopathology marked by distorted crypt architecture,
goblet cell depletion, neutrophil accumulation at crypt abscesses and submucosal fibrosis
(2). Our data showing that DNA sensor associated type | Interferon signalling is increased in
UC aligns with these molecular, pathogenic and clinical features of the disease and suggests
that the source of dsDNA as stimulus for these DNA sensor pathways could be host in
origin. Potential sources of this host DNA include mitochondrial DNA from the epithelium
associated with the suggested mitochondriopathy in UC (54) and/or DNA from dying
neutrophils and epithelial cells.

IL-1B has recently emerged as a critical pro-inflammatory cytokine and therapeutic
target in IBD, particularly in those patients that are resistant to therapies, have deep
ulceration, with neutrophil accumulation, epithelial cell damage in ulcers, and that express
high levels of IL1B (6, 51, 52, 55). The inflammasome is required for maturation of IL-13 and
can be activated by PYHIN family members AIM2 and IFI16 upon their sensing of DNA. We
confirmed and expanded on previous studies which showed an increased expression of
IF116 and AIM2 in colonic tissue of patients with active UC (49). Interestingly, our analysis of
a UC single cell dataset and in vitro experiments with primary human macrophages and
colonic epithelial organoids revealed a cell-type specific expression pattern for AIM2 and
IFI16 and other PYHIN family members with little to no AIM2 expression detectable in
epithelial cells. One interpretation of this data is that AIM2 expression may be silenced in
epithelial cells to protect them from activation of the AIM2 inflammasome and pyroptosis in

response to microbial and host DNA. MCC950 is a highly selective small molecule inhibitor
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of both the canonical and non-canonical NLRP3 inflammasome and does not inhibit DNA
sensing inflammasomes (56). Using an ex vivo colonic mucosal biopsy system and MCC950
we confirmed that release of IL-1B is increased in active UC and partially dependent on
NLRP3. IL-1B release was further decreased in this ex vivo system using the Caspase-1
inhibitor VX-765. This suggests that Caspase-1 dependent inflammasomes other than
NLRP3, such as the PYHIN family sensors, could be contributing towards IL-13 production
in active UC tissue. We also discovered that colonic epithelial organoids secrete IL-1p while
executing IFN and TNF-a induced cell death. Although the concentration of IL-13 detected
was relatively low, it has been demonstrated that even in the low pg/mL range IL-18 can
induce ER stress and metabolic dysfunction in primary cells (67). During pyroptosis the
release of IL-1B from cells is facilitated by caspase-1 cleaved Gasdermin D, which creates
pores in the plasma membrane. Surprisingly, we found that the secretion of IL-1B by
organoids was independent of the canonical caspase-1 inflammasome. While there is
substantial evidence for non-canonical processing of pro-IL-1f by caspase-8 in innate
immune cells (71) inhibition of capase-8 also did not prevent IL-13 release from organoids.
Pro-IL-1B can be processed independently of caspases by proteases including elastase,
cathepsin G and chymase excreted from neutrophils and mast cells (71). As already
discussed, during active UC there is extensive infiltration of the colonic LP by activated
neutrophils, which could provide a source of proteases for the processing of pro-IL-13
released by the colonic epithelium. Overall, our data indicate that IL-1J release in actively
inflamed UC tissue is partially NLRP3-dependent but substantially caspase-1
inflammasome-dependent with the potential for NLRP3 and caspase-independent release
from dying epithelial cells.

We found that patients with active UC are fully competent for activation of the type |
IFN response and have an increased expression of direct type | IFN responsive target
genes. An increase in type | IFN-stimulated genes in UC colonic tissue has previously been
reported (14) and two studies have described how an increased type | IFN signature in

peripheral blood and colonic biopsies of patients with IBD is associated with non-response to
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anti-TNF-a biologics (15, 43). However, the role of type I IFN role in intestinal inflammation is
controversial. During infection, type | IFN regulated ISGs have potent antimicrobial activities
and can induce the production of inflammatory cytokines and activate the inflammasome
(57, 58). However, they also work concurrently to resolve infection and inflammation by
promoting epithelial restitution, maturation of dendritic cells and Treg differentiation (57, 58).
Due to these anti-inflammatory characteristics; type | IFNs have been investigated as
treatment options for IBD and other immune disorders. However, results from UC clinical
trials in patients with active disease have been inconclusive, with a small increase in
remission rates observed when compared to placebo, but this did not reach significance
(59). Additionally, case studies reported hepatitis C and multiple sclerosis patients
developing or experiencing exacerbated existing UC while receiving type | IFN therapy (60,
61).

The transcriptional signature we found in colonic mucosal biopsy tissue from patients
with active UC was partially mimicked in non-IBD human colonic organoids treated with IFN-
[ alone or in combination with TNF-a. Importantly, using IHC we determined that ZBP1 and
IFI16 are expressed preferentially in the epithelium of colonic tissue from patients with UC;
and are increased during inflammation. This further supports our interpretation that the
transcriptional profile in IFN-B treated colonic epithelial organoids is likely tissue and disease
relevant. Induction of IFI16, ZBP1 and cGAS gene expression by IFN treatment in other
systems has been previously reported (47, 62-64). Co-regulation and positive feedback
regulation between type | IFN and cGAS/ZBP1-STING signalling has also been
demonstrated, with both cGAS and ZBP1 requiring IFNAR1 to mount a full response against
cytosolic DNA (22, 47). Overall, this DNA sensor and type | IFN gene expression signature is
similar to that found in type | interferonopathies (6, 55) and may be reflective of the overall
immunopathogenesis in UC which is associated with disruption of epithelial barrier integrity,
increased inflammatory cell death, release of DAMPs such as mitochondrial and nuclear

dsDNA and an auto-immune-like serological profile (2).
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In addition to increasing the expression of DNA sensor pathway genes, we found that
treatment of colonic epithelial organoids with IFN-B or IFN-y in combination with TNF-a
induced inflammatory cell death. Recent single cell RNA-Seq studies have revealed that
epithelial cells in the inflamed UC mucosa showed upregulation of several inflammatory
pathways (33, 65), notably IFN-y signalling, and there are several recent reports highlighting
the cytotoxic effect of IFNs alone or in combination with TNF-a on the intestinal epithelium
(29, 66-68). Increased colonic epithelial cell death has also been reported in chronic UC, and
administration of anti-TNF-a biologics reduces cell death levels (69). While previous studies
in cytokine-treated murine intestinal organoid cultures have suggested that cell death was
caspase-dependent we found that cell death of human colonic organoids induced by IFN-3
or IFN-y in combination with TNF-a was independent of caspase activity. In terms of
identifying mechanisms for this type of inflammatory cell death we and others have
investigated other modes of caspase independent cell death such as necroptosis.
Expression of the necroptotic regulator RIPK3 is associated with disease severity in UC (70),
and IFNs can induce ZBP1 regulated necroptotic cell death (21, 22). Previously, our lab has
reported that combined inhibition of necroptotic executors RIPK1, RIPK3 and MLKL in
undifferentiated colonic organoids and perturbation of ZBP1 in HT29 cells could not rescue
cell death induced by IFN-y in combination with TNF-a (29). Therefore, the cell death
observed in colonic organoid cultures in this study is unlikely to be classical necroptosis or
PANoptosis.

Treatment with the JAK1/3 inhibitor tofacitinib inhibited both IL-1B/IL-18 release and
cell death induced by IFN-B or IFN-y in combination with TNF-a, which indicates the
JAK/STAT-dependent nature of this cell death pathway. There is evidence to suggest that
JAK/STAT signalling driven by type | IFN has a role in IBD pathology and anti-TNF-a
resistance, which may explain why tofacitinib is an effective therapy for patients with UC who
are refractive to anti-TNF-a biologics (71). IBD patients who do not respond to infliximab
have an elevated type | IFN signature that is sustained after treatment (15, 43). Conversely,
responders have a lower baseline signature that reduces significantly post-treatment. In a
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murine DSS model IFN-B reduced inflammation during the acute phase of inflammation but
prolonged disease during recovery (72). Notably, during recovery IFN-B increased levels of
colonic epithelial cell death. This conflicts with the protective anti-apoptotic effects of type |
IFN on the epithelium (57, 58). As there are 13 type | IFN genes in humans the contribution
of type | IFNs to IBD could be subtype and context dependent and a deeper analysis of the
cell type specific nature of type | IFN gene expression in UC is required. Perhaps the
activities of type | IFN during intestinal inflammation depend on the subtype, the strength of
the signal and interactions with other cytokine pathways such as TNF-a. It is possible that in
patients who are refractory to anti-TNF-a the high levels of IFN-B that persist after treatment
tip the balance from proliferation and healing to cell death and inflammation.

We propose that the increased activity of DNA sensor pathways and type | IFN
signalling we observed in active UC is reflective of and contributes to the overall
immunopathogenesis of this disease. This could occur through a positive feedback loop
whereby host nuclear and mitochondrial DNA released from dying cells leads to sustained
pathogenic IFN-B signalling and damage to the epithelium. The inflammatory cell death
phenotype we discovered in IFN-B and TNF-a co-treated colonic organoids is relevant to UC

immunopathology; and may help explain the efficacy of JAKinibs in this disease.
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Figure 1. Screen of pattern recognition receptor expression in IBD colonic mucosal
tissue reveals upregulation of DNA sensor pathway genes in active UC

(a) Expression as measured by RT-gPCR of 42 PRR genes in active and inactive ulcerative
colitis (UC) and Crohn’s disease (CD) mucosal biopsies compared to non-IBD controls. The
relative expression is displayed as a hierarchically clustered heatmap, red indicates up-
regulation, blue represents down-regulation, black represents no change relative to the
calibrator control and grey represents no detectable expression. (b) Scatter plots of CIITA,
NLRP1, NLRP14, TLR9, AIM2 and ZBP1 (heatmap genes highlighted in green). Non-IBD
control n=8 (male 5, female 3), active UC n=11 (male 7, female 4), inactive UC n=9 (male 4,
female 5), active CD n=8 (male 1, female 7) and inactive CD n=8 (male 3, female 5) mucosal
biopsies. Data are expressed as means * SEM (standard error of the mean); one-way
ANOVA analysis was performed followed by Dunnett's post-test # p<0.05, ## p<0.01, ###
p<0.001 versus control group, or Tukey's multiple comparisons post-test * p<0.05, ** p<0.01,
*** p<0.001 as indicated.

Figure 2. PYHIN family DNA sensors and canonical inflammasome pathway genes are
increased in active UC

(a) Schematic of the PYHIN family DNA sensor and classic inflammasome pathways. (b)
Relative expression of AIM2, IFI16, PYHIN1 and MNDA in non-IBD control, UC active and
UC inactive mucosal biopsies as measured by RT-qPCR. (c) Representative IFI16 staining
of recto-sigmoid tissue (10 um thick sections). Unstained non-IBD control (i) and stained
non-IBD control (i), inactive UC (iii & iv) and active UC (v & vi). White arrows indicating
specific staining in stroma. Black arrowhead (iv & v) indicating specific staining in cells
adjacent to the epithelium. White arrowheads indicate epithelial expression (vi). Scale bar —
100 ym. Images representative of n=4 non-IBD control (2 male and 2 female), n=3 UC active
(2 male and 1 female) and n=4 UC inactive (1 male and 3 female) samples (d) Relative
expression of the inflammasome caspase - CASP1, and caspase-1 regulated cytokines
IL1B, IL18 and IL33 in control, UC inactive and UC active mucosal biopsies as measured by
RT-gPCR. Non-IBD control n=31 (15 male, 16 female), UC active n=33 (17 male, 16
female) and UC inactive n=31 (15 male, 16 female) mucosal biopsies. (e) Protein
concentration of IL-1B8 and IL-1RA detected in supernatant of overnight biopsy explant
cultures treated with the inflammasome inhibitors - caspase-1 VX765 (50 yM) and NLRP3
MCC950 (10 yM), and ratio of IL-1RA/IL-13 measured. n=11 patients with active UC. Data
are expressed as means + SEM; (b, d) Kruskal-Wallis analysis followed by Dunn’s post-test
# p<0.05, ## p<0.01, ##H# p<0.001 versus control group, or * p<0.05, ** p<0.01, *** p<0.001

as indicated. (e) one-way ANOVA analysis was performed followed by Dunnett’s post-test #
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p<0.05, ## p<0.01, ### p<0.001 versus control group, or Tukey's multiple comparisons post-
test * p<0.05, ** p<0.01, *** p<0.001 as indicated.

Figure 3: Expression of IFI16 is increased in multiple colonic epithelial and immune

cell lineages in active UC

Analysis of open access UC single cell RNA-Seq dataset from Smillie et al., consisting of
single cell preparations from colonic mucosal biopsies, n=12 healthy, n=18 active UC, n=18
Inactive UC (33). (a) t-SNE plot of epithelial cell populations from healthy, active UC and
inactive UC samples combined. Coloured by cell subset assigned in cohort. (b) t-SNE plot of
immune cell populations from healthy, active UC and inactive UC samples combined.
Coloured by cell subset assigned in cohort. (c) t-SNE plots of epithelial cell populations from
healthy, active UC and inactive UC samples showing relative expression of AIM2, IFI16
(arrowhead, active UC IFI16" enterocyte cluster) and CASP1 (arrowhead, active UC
CASP1+ enterocyte cluster). (d) t-SNE plots of immune cell populations from healthy, active
UC and inactive UC samples showing relative expression of AIM2 (arrowhead, cycling B and
T cells in active UC), IFI16 (arrowheads, inflammatory monocytes in active/inactive UC) and
CASP1 (arrowheads, inflammatory monocytes in active/inactive UC). t-SNE plots from (a)

and (b) are adapted from: https://singlecell.broadinstitute.org/single cell.

Figure 4: DNA sensors, STING and type | IFN signalling are upregulated in active UC

(a) Schematic of DNA sensor pathways which induce type | Interferon (IFN). (b) ZBP1 and
CcGAS expression measured by RT-gPCR in non-IBD control, UC inactive and UC active
mucosal biopsies. (c) Representative ZBP1 staining of recto-sigmoid tissue (10 um thick).
Unstained non-IBD control (i) and stained non-IBD control (ii), inactive UC (iii & iv) and active
UC (v & vi). White arrows indicate specific positive staining in stroma (ii, iii & iv). Black
arrowheads indicate specific staining in cells adjacent to the epithelium (iv & v). White
arrowheads indicate epithelial staining (vi). Scale bar — 100 ym. Images representative of
n=3 non-IBD control (2 male and 1 female), n=4 UC active (3 male and 1 female) and n=3
UC inactive (1 male and 2 female) samples (d-g). Relative expression of downstream
pathway components (d) STING and TBK1, (e) transcriptional regulators of Type | IFNs IRF3
and IRF7, (f) type | IFN expression (IFNA1 and IFNB) and (g) type | IFN responsive genes,
OAS2, IFIT2, MX1 and MX2 as measured by RT-gPCR. Colonic mucosal biopsies from non-
IBD control n=31 (15 male, 16 female), UC active n=33 (17 male,16 female) and UC inactive
n=31 (15 male,16 female). Data are expressed as means + SEM; (b, d, e, g) Kruskal-Wallis
analysis followed by Dunn’s post-test; # p<0.05, ## p<0.01, ### p<0.001 versus control
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group, or * p<0.05, ** p<0.01, *** p<0.001 as indicated. (f) Two-tailed Mann-Whitney test; *
p<0.05, *** p<0.001 as indicated.

Figure 5: STING expression is increased in multiple epithelial cell lineages in active
and inactive UC

Analysis of open access UC single cell RNA-seq dataset from Smillie et al., consisting of
single cell preparations from colonic mucosal biopsies, n=12 healthy, n=18 active UC, n=18
Inactive UC (33). (a) t-SNE plot of epithelial cell populations from healthy, active UC and
inactive UC samples combined. Coloured by cell subset assigned in cohort. (b) t-SNE plot of
immune cell populations from healthy, active UC and inactive UC samples combined.
Coloured by cell subset assigned in cohort. (c) t-SNE plots of epithelial cell populations from
healthy, active UC and inactive UC samples showing relative expression of ZBP1
(arrowhead, active UC ZBP1+ enterocyte cluster), cGAS and STING (arrowheads, M cell
clusters in active/inactive UC). (d) t-SNE plots of immune cell populations from healthy,
active UC and inactive UC samples showing relative expression of ZBP1 (arrowheads,
cycling B and T cells in active/inactive UC, arrows, plasma cells in active/inactive UC), cGAS
(arrowheads, cycling B and T cells in active/inactive UC, arrow, inflammatory monocytes in
active UC) and STING (arrowheads, inflammatory monocytes in active/inactive UC, arrows,
Tregs in active/inactive UC). t-SNE plots from (a) and (b) are adapted from:

https://singlecell.broadinstitute.org/single cell.

Figure 6: Type | and Il IFN treatment increases IFI16 and inflammasome pathway gene
expression in human colonic organoids

(a) Live phase contrast microscopy (4x objective lens, 40x inset images), representative
images of n=2 non-IBD lines of undifferentiated human colonic organoids treated as follows;
1) Ctrl (untreated), 2) IFN-y - 10 ng/mL, 3) IFN-f - 25 ng/mL 4) TNF-a - 10 ng/mL, 5) IFN-y +
TNF-a (10 ng/mL + 10 ng/mL), and 6) IFN-B + TNF-a (25 ng/mL + 10 ng/mL), for 4 hours.
Scale bar — 200 ym, insert 30 ym (b) Expression of PYHIN family genes and NLRP3 in
undifferentiated human colonic organoids treated as in (a) and measured by RT-gPCR. (c)
Expression of core inflammasome genes and regulated cytokine genes in undifferentiated
colonic organoids treated as in (a) and measured by RT-gPCR. n=4 non-IBD organoid lines.
Data are expressed as means + SEM; 2-way ANOVA analysis was performed followed by
Tukey's multiple comparisons test # p<0.05, ## p<0.01, ### p<0.001 versus untreated
group, * p<0.05, ** p<0.01, *** p<0.001 as indicated.
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Figure 7: Type | IFN treatment increases ZBP1-STING pathway gene expression in
human colonic organoids

(a) Expression of DNA sensors ZBP1 and cGAS that induce type | IFNs measured by RT-
gPCR in undifferentiated colonic organoids, treated with cytokines as per Figure 5. (b)
Downstream pathway genes. (c) Type | IFN response biomarker genes. n=4 non-IBD
organoid lines. Data are expressed as means * SEM; 2-way ANOVA analysis was
performed followed by Tukey's multiple comparisons test # p<0.05, ## p<0.01, ### p<0.001

versus control group, * p<0.05, ** p<0.01, *** p<0.001 as indicated.

Figure 8: Co-treatment of human colonic organoids with type | or Il IFN and TNF-a
induces JAK dependent and inflammasome independent cell death and IL-1B/IL-18
secretion

(a) Cell viability as determined by ATP content of differentiated and undifferentiated
organoids treated as follows; 1) Ctrl (untreated), 2) BSA control (untreated), 3) IFN-y - 10
ng/mL, 4) IFN-B - 10 ng/mL, 5) TNF-a - 10 ng/mL, 6) IFN-y + TNF-a (10 ng/mL + 10 ng/mL)
and 7) IFN-B + TNF-a (10 ng/mL + 10 ng/mL) for 24 hours. Data normalized to respective
Ctrl (untreated) group for differentiated/undifferentiated organoids. n=2 independent
biological experiments in duplicate, 2 non-IBD organoid lines (b) Released IL-1p and IL-18
detected in organoid supernatants by MSD, conditions as per (a), n=2 independent
biological experiments in duplicate, 2 non-IBD organoid lines. (c) Cell viability as determined
by ATP content of differentiated organoids treated with PBS/BSA, IFN-y + TNF-a 10 ng/mL
or IFN-B + TNF-a 10 ng/mL in combination with 1) Vehicle (0.2% DMSO, 0.1% H,0), 2)
JAK1/3 inhibitor Tofacitinib - 10 yM, 3) NLRP3 inhibitor MCC950 - 10 uM, 4) Caspase-1
inhibitor VX-765 - 50 uM, 5) Caspase-8 inhibitor Z-IETD-FMK - 50 uM, 6) VX-765 + Z-IETD-
FMK (50 uM + 50 uM), and 7) Pan-Caspase inhibitor Z-VAD-FMK - 50 uM for 24 hrs. Data
normalized to Ctrl (untreated) group. n=3 independent replicates in duplicate, non-IBD
organoid line. (d) Released IL-1B and IL-18 detected in differentiated organoid supernatant
by MSD, all conditions as per (c), each experimental replicate was normalized to the
average pg/mL released from all samples within the experiment and expressed as fold
change of average secretion (raw pg/mL values can be found in Figure S6d). n=3
independent replicates in duplicate for IL-1B and n=2 in duplicate for IL-18, non-IBD
organoid line. (e) Live phase contrast and fluorescent microscopy (40x objective lens),
consisting of transmission and GFP channel overlay, organoids treated as per (c) conditions
1 and 2, organoids incubated with SYTOX Green prior to imaging, representative images of
n=2 independent experiments, non-IBD line. Scale bar - 50 ym. Data are expressed as

means * SEM; (a, b, ¢, d) two-way ANOVA analysis was performed followed by Bonferroni
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Table 1. Characteristics of IBD patients (cohort 1)

Non-IBD Active UC Inactive UC  Active CD Inactive CD

(n=28) (n=11) (n=9) (n=38) (n=38)
Mean Age (years)® 56.1+13.6 447+13.4 42.7+145 36.1+10.6 386+11.4
Sex’ Male 5(62.5%) 7(63.6%)  4(445%) 1(12.5%) 3 (37.5%)
Female 3(37.5%) 4(36.4%) 5(55.5%) 7 (87.5%) 5 (62.5%)

aAge is represented as mean * standard deviation. "Number of patients, followed by
percentage of total in parentheses.

Table 2. Characteristics of UC patients (cohort 2)

Non-IBD Active UC Inactive UC
(n=31) (n=33) (n=31)
Mean Age (years) 53.6+13.1 43.5+13.9 48.7 +13.5
Sex® Male 15 (48.4%) 17 (51.5%) 15 (48.4%)
Female 16 (51.6%) 16 (48.5%) 16 (51.6%)
Medications® Sulfasalazines N/A 1(3.03%) 3 (9.68%)
Aminosalicylates N/A 27 (81.82%) 21 (67.74%)
6-MPs N/A 4 (12.12%) 3 (9.68%)
PPIs N/A 2 (6.06%) 5(16.13%)
Steroids N/A 16 (48.49%) 5 (16.13%)
Antibiotics N/A 2 (6.06%) 0 (0%)
Anti-TNFs N/A 0 (0%) 0 (0%)
Other N/A 16 (48.49%) 19 (61.29%)
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8Age is represented as mean * standard deviation. "Number of patients, followed by
percentage of total in parentheses.

Downloaded from journals.physiology.org/journal/ajpgi at Univ Col Cork (143.239.045.011) on October 3, 2022.



Inflamed UC patient colon

v"’CoIonic biopsy cell
T, 5 T iR ‘

AIM2/IFI16 ZBP1/CGAS

*/

STING
Inflammasome
\ L
— I H—vx-765
B /\ (Casp inhibitor)
/T _'5es \
* \,_ > T2 /
N MX2_- /

Human colonic organoids
IFN-B [ TNF-a

IL-18 ) IL-18

IFN-8 ' TNF-a

Tofacitinib =" 3{
(JAKm.b‘) S 3 __‘}\\VX-765

Cell death inhibition

Downloaded from journals.physiology.org/journal/ajpgi at Univ Col Cork (143.239.045.011) on October 3, 2022.




	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Table
	Graphical Abstract

