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The intestinal epithelial barrier consists of multiple elements that contribute to its function as a physical, chemical, and

immunological defense. While the mucus layer, intestinal epithelium, and the underlying immune cells in the lamina

propria comprise a major component of the defense response, intestinal epithelial permeability is regulated by tight

junctions.
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1. Introduction

Inflammatory bowel diseases (IBD) are chronic inflammatory disorders of the gastrointestinal tract and primarily include

Crohn’s disease (CD) and ulcerative colitis (UC). Inflammation in CD predominantly occurs in the small intestine while UC

is commonly associated with inflammation of the rectum and areas of the colon . Being a transmural disease, the

presence of granulomas, focal crypt architectural abnormalities, and mucin preservation at active sites are frequently seen

in CD patients . However, focal or diffuse basal plasmacytosis, widespread mucosal or crypt architectural distortion, and

mucin depletion are commonly seen in UC patients . Collectively, patients with IBD can present a multitude of

symptoms including diarrhea, abdominal pain, weight loss and in severe cases, nutrient deficiency, and anemia .

Furthermore, patients with IBD are at risk of developing complications including intestinal obstruction and colorectal

cancer that can result in hospitalization and subsequent surgical interventions . Despite the abundance of therapeutic

strategies for IBD, many patients fail to respond appropriately to the available treatments . Moreover, the prevalence

of IBD is consistently rising with approximately 7 million cases globally .

Inflammatory bowel diseases are multifactorial disorders that manifest from an abnormal immune response towards

luminal contents in the digestive tract in processes driven by genetic and environmental risk factors . Currently, over

two hundred SNPs have been linked to the pathogenesis of IBD, many of which are involved in regulating intestinal

epithelial barrier function . Disruption of the intestinal epithelial barrier, via increased intestinal permeability, is a feature

of many chronic inflammatory disorders including IBD. However, it was uncertain whether the increased intestinal

permeability found in patients with CD or UC is an associated finding or if it plays a significant role in disease

pathogenesis .

Intriguingly, a prospective study by Turpin et al. demonstrated that increased intestinal permeability is associated with the

later development of CD . This finding has substantial implications in understanding the pathogenesis of IBD as it

provides the most robust evidence of increased intestinal permeability predisposing to subsequent onset of CD. Variants

in genes belonging to the Janus kinase (JAK)—signal transducer and activator of transcription (STAT) signaling pathway,

as well as members of the protein tyrosine phosphatase (PTP) family that act as negative regulators of JAK-STATs, are

associated with increased IBD risk . JAK-STAT proteins are responsible for mediating receptor signaling of numerous

IBD-associated cytokines involved in regulating intestinal permeability . With regulation of intestinal permeability being

an essential component of proper intestinal epithelial barrier function, developing therapeutics to target signaling

cascades such as the JAK-STAT pathway represent an attractive therapeutic avenue for patients with IBD.

2. Intestinal Permeability in IBD

The intestinal epithelial barrier is a single layer of epithelial cells that is essential for regulation of intestinal homeostasis

and mediates communication between the intestinal microflora and the immune system . In addition to being a

dynamic interface between the luminal contents and the host immune system, the epithelium is the first site of exposure to

many of the environmental factors that can trigger disease activity in chronic IBD . With the epithelium neighboring

the luminal microbes and the underlying immune system, the integrity of the epithelial lining is critical to avoid excessive

contact of pathogenic antigens with lamina propria immune cells. Aside from serving as a physical barrier, intestinal

epithelial cells can also endocytose bacteria, sequester and neutralize toxins, and detect pathogen-associated molecular
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patterns (PAMPs) . Furthermore, the epithelium can respond to intestinal damage by secreting factors that contribute to

epithelial restitution, initiating wound repair, and activating the underlying innate and adaptive immunity . However,

disruption of this selective barrier can lead to chronic intestinal inflammation through the uncontrolled uptake of foreign

antigens and the overstimulation of the mucosal immune system . Along with its innate immune functions, the intestinal

epithelium can perform a variety of specialized tasks due to its ability to form a tightly regulated and selectively permeable

barrier. This leaky barrier is essential for the epithelium to generate ion solute concentration gradients to appropriately

absorb nutrients and water . Moreover, a regulated intestinal barrier is required for controlled antigen transport to the

resident immune cells in the gut-associated lymphoid tissue, thus supporting the maturation of the immune system .

Therefore, proper function of the intestinal epithelial barrier is essential for prevention of intraluminal pathogen invasion,

regulated intake of essential nutrients, and managing the intestinal immune response.

These clinical findings align with studies in animal models of IBD demonstrating that increased intestinal paracellular

permeability precedes the onset of inflammation in the gut. The SAMP1/YitFc mouse model of chronic ileitis was

described to have a permeability defect before the presence of ileal inflammation . SAMP mice exhibited profound

epithelial barrier alterations with reduced transepithelial electrical resistance (TEER) and elevated LMR . Similarly,

mdr1a −/− mice, lacking the multidrug resistance gene that encodes the p-glycoprotein transporter, presented with chronic

inflammation of the gut when exposed to a “normal” microbiota . A defect in mdr1a is likely to predispose the intestinal

epithelium to bacterial invasion and infection . Madsen et al., showed that increased intestinal permeability is evident

before intestinal inflammation in Il10 −/− mice . Of interest, treatment of Il10 −/− mice with the probiotic compound,

VSL#3, results in the normalization of colonic epithelial barrier along with a reduction in levels of pro-inflammatory

cytokines including TNF-α and IFN-γ .

Mechanistically, alterations in expression of tight junction proteins have been reported to affect intestinal permeability and

contribute to the pathogenesis of IBD. Mice with intestinal deletion of claudin-7 exhibited colonic inflammation even

though tight junction structures were intact, suggesting differences in expression of certain tight junction proteins can

increase or reduce intestinal paracellular permeability . Similar effects were also seen in colonic tissues from patients

with active CD. These patients showed impaired intestinal barrier function as indicated by a dramatic reduction in TEER

. Moreover, this drop in intestinal barrier function was associated with a decrease in tight junction strand number and

continuity, in addition to an increase in epithelial apoptosis . The size of the discontinuity of these tight junction strand

breaks were considered large enough to facilitate paracellular passage of foreign antigens . Expression of the barrier

sealing tight junction proteins, occluding, and claudins -3, -5, and -8, were also dramatically decreased in patients with

active CD while increased expression of the pore-forming claudin-2 was upregulated .

Consistent with the clinical findings of Turpin et al., animal studies also indicate that increased intestinal paracellular

permeability by itself is insufficient to cause colitis . Su et al. , demonstrated that constitutively-active myosin light chain

kinase transgenic mice had significant barrier loss but grew similarly to their gender-matched littermates and did not

develop intestinal inflammation . However, when colitis was induced in these mice, they suffered from more severe

inflammation and had significantly shorter survival times . Furthermore, junctional adhesion molecule-A (JAM-A)

deficient mice had normal intestinal epithelial architecture in their colonic mucosa despite the increased presence of

lymphoid aggregates and reduced intestinal barrier function . Intriguingly, these JAM-A deficient mice were more

sensitive to dextran sulfate sodium (DSS)-induced colitis . Overall, these studies support the emerging hypothesis

that an impaired barrier defect along with a trigger of an inappropriate immune response is critical for intestinal

inflammation. Nevertheless, maintaining intestinal barrier function via regulating tight junction proteins is necessary for

preventing intestinal inflammation ( Figure 1 ) and developing therapeutics that target their regulators may be a viable

clinical approach in patients with IBD.
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Figure 1. Intestinal permeability leads to intestinal inflammation. Tight junctions are the primary regulator of intestinal

paracellular permeability and act as a selective ‘gate’ for nutrients and fluids while preventing passage of foreign antigens.

Alterations in expression and localization of tight junction proteins can lead to increased intestinal permeability and

provide a pathway for paracellular access of luminal pathogenic agents to lamina propria immune cells, in addition to loss

of electrolytes and fluid. Accumulation of these agents can potentially overwhelm the underlying immune system and

collectively cause intestinal inflammation. This illustration was made using BioRender.

3. Protection of the Intestinal Epithelial Barrier

The intestinal epithelial barrier consists of multiple elements that contribute to its function as a physical, chemical, and

immunological defense. While the mucus layer, intestinal epithelium, and the underlying immune cells in the lamina

propria comprise a major component of the defense response, intestinal epithelial permeability is regulated by tight

junctions. In the following section, we will discuss the role and mechanisms of tight junctions as a selectively permeable

barrier, and the significance of the JAK-STAT pathway in barrier permeability.

4. JAK-STAT Signaling in Apoptosis and Necroptosis of Intestinal
Epithelial Cells

Along with its vital role in regulating intestinal permeability via tight junction proteins, epithelial barrier function can be

altered via the “unrestricted pathway”, which is primarily associated with cell loss due to death or shedding . This can

also be modulated by JAK-STATs as JAK-STAT signaling can mediate different forms of cell death, apoptosis, and

necroptosis in IECs. Deletion of Stat1 in mouse ileal IECs protected against IFN-λ-induced necroptosis and apoptosis in

Paneth cells . When treated with tofacitinib, IFN-λ-treated small intestinal organoids had lower gene transcription of the

cell death mediators, Mlkl and Caspase - 8 . Notably, the addition of tofacitinib restored the viability of the organoids

and prevented Paneth cell death in response to IFN-λ . Filgotinib, a novel selective JAK1 inhibitor, showed similar

effects and interfered with STAT1 phosphorylation .

In a related study, deletion of Stat1 in mouse ileal IECs lacking Caspase - 8 partially recovered Paneth cell numbers and

was associated with reduced Mlkl expression and a lower number of TUNEL (terminal deoxynucleotide transferase dUTP

nick end labeling) positive cells  . In contrast, Paneth cell function did not return to normal levels, indicating an

alternative mechanism that regulates Paneth cell activity . Surprisingly, Stat1 was demonstrated to be unessential in

regulating cell death in the colon when inflammation was induced with DSS .

Of interest, an increase of reserve stem cells was observed after treatment of enteroids and mice with TNF-α and IFN-γ,

suggesting cytokines released during mucosal inflammation are required for the regenerative response . Notably, the

JAK-STAT1 pathway was found to be necessary for activation of reserve stem cells during inflammation as pre-treatment

of enteroid cultures with tofacitinib prevented the IFN-γ-induced increase in reserve stem cell number . These findings

demonstrate an alternative role of the JAK-STAT pathway in facilitating the restitution of the epithelial barrier.
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