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 The multifactorial etiology of inflammatory bowel disease (IBD), which consists 

of Crohn’s disease (CD) and ulcerative colitis (UC), has posed significant challenges in 

the development of treatment options for affected patients. IBD therapeutics including 

steroids and immunosuppressive agents are focused on controlling symptoms of 

inflammation rather than targeting specific molecules. Despite the development of 

biologics such as anti-TNF (infliximab), representing a shift in IBD therapeutics, about 

half of IBD patients do not respond or lose response over time to conventional and 

biologic therapies, thus leaving IBD patients no options but to undergo surgery to resect 

affected regions of the intestine. Fortunately, small-molecule Janus kinase (JAK) 

inhibitors have shown promising results in patients with IBD. In particular, the pan-JAK 

inhibitor tofacitinib has been approved for the treatment of moderate-to-severe UC. 

Despite its effectiveness in inducing a clinical response and maintaining remission in UC 



 ix 

patients, little is known about which cells involved in gut homeostasis, including 

intestinal epithelial cells (IECs), are targeted. The aim of the work described in this 

dissertation is to elucidate if and how tofacitinib exerts its beneficial effects on IECs and 

epithelial barrier function. 

 Using IEC culture and human enteroids challenged with cytokine-induced barrier 

dysfunction, we show for the first time that tofacitinib can reduce barrier permeability 

through claudin-2 regulation and normalization of ZO-1 localization. Through cell 

culture and animal models we also show that the signaling and barrier defects associated 

with loss of activity of the IBD susceptibility gene, protein tyrosine phosphatase non-

receptor type 2 (PTPN2), can be corrected by tofacitinib. Additionally, the compromised 

barrier function arising from disrupted crosstalk between macrophages and IECs induced 

by PTPN2 loss was also reversed by tofacitinib treatment in vivo and in vitro.  

 Overall, the data in this dissertation show that tofacitinib can protect barrier 

integrity in IECs and reverse the consequences caused by a genetic defect in PTPN2. 

These data reveal the need for more specific IBD treatments on an individual basis. 

Tofacitinib may serve as a more effective treatment for IBD patients with PTPN2 loss-of-

function mutations, thus leading to longer periods of remission and better quality of life. 
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Chapter 1: Introduction 

Function and structure of intestinal epithelium 

 The intestinal epithelium plays a crucial role as a physical barrier in maintaining 

separation of the environment from the host. The intestinal epithelial cells (IECs) lining 

the entire mucosal surface of the intestines absorb nutrients and secrete fluid and factors 

through ion-coupled channels. New IECs originate from the stem cell niche residing at 

the bottom of the crypts then migrate up the villus as they differentiate into specific cell 

types. The crypt-villus axis constantly renews itself every 3-5 days as senescent cells 

undergo anoikis at the villus tip. The channels present in both the apical and basolateral 

regions of the cell tightly regulate the balance between fluid and electrolyte 

concentrations in and out of IECs . 

 

Intestinal barrier function and permeability 

 The barrier function of the intestinal epithelium depends on multiple factors. The 

epithelial cells themselves physically serve as a barrier. Commensal bacteria fend off 

opportunistic and pathogenic microbes and provide factors necessary for IEC growth and 

function. The mucus layer also provides a matrix to keep luminal contents distant from 

the IECs and lubricate the mucosa to protect it from mechanical stress. Cell junctional 

protein complexes connect neighboring IECs together while regulating paracellular 

passage of electrolytes, fluid, and macromolecules. Although the microbial and chemical 

barriers contribute greatly to intestinal integrity, this dissertation will mainly focus on 

tight junction proteins as the regulators of intestinal epithelial barrier function. 
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 The net functions of the pore, leak, and unrestricted barriers ultimately dictate 

how permeable or “leaky” the epithelial barrier is. Each with their own charge- and size-

selective properties, the expression and proper localization of proteins that make up 

junctional complexes collectively dictate the integrity of the barrier.  

 

Pore pathway of permeability 

 The pore-pathway of permeability allows for the paracellular passage of fluid and 

electrolytes. Functional assessment of the pore barrier is conducted by measuring the 

transepithelial electrical resistance (TER) across a monolayer of IECs which indicates the 

net flux of all ions across the epithelium [1],[2]. The main and primary regulators of the 

pore pathway are the claudin family of tetraspan membrane proteins. There are 24 

claudins, each with their own unique function and regulation, which are expressed in 

various epithelial tissues throughout the body. This dissertation will focus on the 

expression and function of claudins in the intestine. Claudins 1 and 4 have barrier-sealing 

properties that restrict the paracellular passage to cations, while claudins 2 and 15 have 

pore-forming properties and increase permeability to cations [3]. Claudin-2 also enhances 

water efflux through its biophysical properties in acting as a de facto ‘water channel’. 

This is clinically relevant since fluid secretion can contribute to diarrhea, the main 

symptom of IBD, and biopsies from patients with active IBD express higher levels of 

claudin-2 compared to non-inflamed controls [4]. Although the function of claudin-2 to 

form pore channels is physiologically important, its upregulation has been suggested as a 

biomarker for IBD [5]. 
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Leak pathway of permeability 

 The leak pathway of permeability allows for the paracellular passage of 

macromolecules such as bacterial proteins. Unlike the pore pathway, the leak pathway is 

not charge-selective [6]. Paracellular passage of tracers or probes such as the fluorescein 

isothiocyanate-fluorescently-labeled 4kDa dextran (FD4), over time, can serve as a direct 

measure of macromolecular permeability across the leak barrier [1],[2]. Four of the tight 

junction proteins regulating this pathway will be discussed in this dissertation, include 

zonula occludens-1 (ZO-1), JAM-A, occludin, and tricellulin. ZO-1 is not a 

transmembrane protein, but instead stabilizes and binds tight junction proteins to the actin 

cytoskeleton and is required for the regulation and assembly of tight junction proteins 

[7],[8]. Depletion of ZO-1 in MDCK cells resulted in increased barrier defects for larger 

solutes without affecting flux through claudin pores [8]. Junctional Adhesion Molecule 

(JAM-A) is another tight junction protein that regulates macromolecular permeability. 

Cells with a transient knockdown of JAM-A exhibited reduced TER, while colonic 

mucosal sheets from JAM-A knockout mice had increased FD4 flux [9]. Occludin was 

the first identified transmembrane protein and contributes to the paracellular seal of the 

epithelium [7],[10]. It has 4 transmembrane domains and requires binding to ZO-1 in 

order to be localized at tight junctions [7],[10]. Tricellulin, which belongs to the same 

family of transmembrane proteins as occludin (MARVEL: MAL and related proteins for 

vesicle trafficking and membrane link), also restricts passage of larger solutes without 

affecting ion permeability [11]–[13]. Although it has overlapping functions with 
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occludin, it is primarily localized at tricellular contacts, but can localize to bicellular 

junctions to compensate for loss of occludin [11]–[14].  

 

Unrestricted pathway of permeability 

 Lastly, the unrestricted pathway of intestinal permeability can also be assessed as 

an indicator of epithelial damage or apoptosis [2]. Independent of tight junctions, large 

proteins and bacteria can pass through this pathway, which usually occurs in severe 

intestinal inflammation and robust epithelial injury [2]. Passage of larger probes, such as 

the Rhodamine B-labeled 70kDa dextran (RD70), can serve as a functional assessment of 

impaired barrier function due to epithelial damage. 

 

Tight junction localization 

 In addition to the expression of proteins that make up the tight junction complex, 

the localization of tight junction proteins is absolutely crucial to their function. The pro-

inflammatory cytokine IFN-γ induces tight junction disassembly in an in vitro model by 

internalizing tight junction proteins via macropinocytosis [15]. Additionally, increased 

FD4 permeability by IFN-γ was correlated, not with a decrease in ZO-1 protein 

expression, but mislocalization [16]. The phosphorylation of myosin light chain (MLC) 

contracts the perijunctional actomyosin ring, which pulls on the tight junction proteins 

thereby increasing the paracellular space between IECs resulting in increased paracellular 

permeability [17]. Furthermore, as an IEC is shed from the villus tip, it sends signals to 

adjacent cells to contract actin-myosin rings, which directs tight junction proteins to the 
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basal surface of the apoptotic cell to rapidly re-establish the epithelial layer and maintain 

the barrier, even when large numbers of cells are apoptosing [2],[18]. These results 

suggest that permeability can be altered independent of tight junction protein expression, 

and that the regulation of the tight junction complex is highly dynamic. Even if “holes” or 

“gaps” are presented by mislocalization of tight junction proteins, in normal conditions, 

these appearances are transient and rare [13]. A reduced number of tight junction strands 

between cells does not mean this is an open vertical path for solutes and fluid [13]. The 

overall net result of tight junction protein expression, interaction, and localization 

determines barrier function. 

 

Inflammatory bowel disease (IBD) 

 Inflammatory bowel disease (IBD), referring to two main conditions Crohn’s 

disease (CD) and ulcerative colitis (UC), is a chronic, remitting and relapsing condition 

affecting the gastrointestinal tract. IBD has been reported to affect 3.5 million people in 

North America and Europe, and is on the rise, with increasing incidence rates in Africa, 

Asia, and South America where IBD has not been previously observed [19]. Clinical 

symptoms of IBD include abdominal pain, weight loss, loss of appetite, fever, anemia 

due to blood loss, and diarrhea. Poorer quality of life has been reported in both adult and 

pediatric patients with IBD, compared to healthy controls [20]. The cost of care for IBD, 

which includes therapeutics, emergency room visits, hospitalizations, and surgeries have 

added up to an average of $22,987 paid claims per year and $2,213 out-of-pocket costs 

per year, amounts that are 2-3-fold higher compared to non-IBD patients [21]. It is during 



 6 

the first year after diagnosis that IBD patients incurred the most costs [21]. Reduced work 

productivity and school absenteeism are also higher in IBD patients [22],[23].  

 The etiology of IBD is multifactorial, involving genetics, the immune system, the 

epithelial barrier, and gut microbial flora, as drivers of the disease [24]. Environmental 

factors such as diet, lifestyle, smoking, and the use of antibiotics also affect the interplay 

between these factors and can act as triggers to initiate or exacerbate symptoms [24]. 

Because of this, there is currently no cure for IBD, but with the huge financial and life-

long burden it entails, it is crucial to continue improving our understanding of IBD. 

  

Crohn’s disease 

 Despite sharing similar features, differences in the histopathology of CD and UC 

make each condition distinct. Crohn’s disease (CD) is characterized by “skip lesions”, 

which can occur anywhere in the gastrointestinal tract [25]–[27]. The patchy 

inflammation observed in CD is transmural, thus affecting all layers of the intestinal wall 

[25]–[27]. CD is marked by macrophage recruitment and granuloma formations in the gut 

[25]–[27]. Gross features include a “cobblestoning” appearance and thickened wall of the 

intestine [25]–[27]. Focal crypt distortion has also been observed in CD [25]–[27]. CD is 

mediated primarily by T-helper type 1 (Th1)/Th17 immune responses characterized by 

high IFN-γ levels in intestinal tissues [28],[29]. Th1 cells secrete cytokines, such as IFN-

γ, and are effective against intracellular virus and bacteria infections that grow in 

macrophages [30]. 
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Ulcerative colitis 

 Ulcerative colitis (UC) almost exclusively affects a continuous area in the distal 

regions of the colon [25],[26],[31]. Histologically, UC affects only the intestinal mucosa 

[25],[26],[31]. The clinical manifestation of UC is characterized by large recruitment of 

neutrophils and formation of ulcerations, appearing as pseudopolyps, and dysplasia 

[25],[26],[31]. Diffuse, continuous distortion and atrophy of crypts, leading to shortened 

colon and lumen narrowing is typical of UC [25],[26],[31]. UC has been associated with 

a T-helper type 2 (Th2) response mediated by natural killer T cells producing IL-13, 

which has cytotoxic effects on HT29 IECs [32]. Th2 cells secrete cytokines, including 

IL-13, which upregulate antibody production and protect against parasitic infections [30]. 

 

Pediatric IBD 

 About 20% of IBD patients were diagnosed under the age of 18 [33],[34]. 

Although they make up a fraction of IBD patients, they are the most difficult to treat 

since, in addition to symptoms mentioned previously, physiological and emotional 

complications are most vulnerable during childhood [34]. Primarily, failure to thrive has 

been the major issue [35], especially in children diagnosed with IBD below the age of 5. 

Vitamin and nutrient deficiencies are common in these patients due to intestinal 

malabsorption and chronic inflammation. Bone health in pediatric patients is also 

impaired due to chronic inflammation, and has been correlated with increased serum 

levels of the pro-inflammatory cytokine IL-6 [36]. This is criticial since most adult bone 

mass is achieved by adolescence, putting patients at risk for bone fractures later in life 
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[35]. In addition, clinical manifestations of pediatric IBD can vary, with children and 

adolescents presenting with extraintestinal symptoms that may lead to a misdiagnosis, 

thus resulting in delay of treatment. Children and adolescents with IBD also suffer 

psychosocially, as depression and anxiety positively correlate with disease activity 

[37],[38]. Overall strategies for pediatric IBD patients are therefore aimed at eliminating 

symptoms to restore normal growth and improve quality of life [35]. 

 

IBD and immune function 

 The abnormal and robust immune response to microbial flora and environmental 

antigens is characteristic of IBD. This is thought to be due to the imbalance between anti- 

and pro-inflammatory immune cells and mediators which results in a drastic immune 

response [39]. The cytokines that mediate immune cell activation, recruitment, and 

amplification of cytokine production dictate the environment for intestinal homeostasis or 

inflammation [40],[41]. The infiltration of both innate and adaptive immune cells 

including macrophages, neutrophils, dendritic cell, and T cells into the gut lamina propria 

is followed by the release of pro-inflammatory cytokines. Interferon-gamma (IFN-γ) 

released by T cells are increased in tissues from CD patients [42]–[44]. Tumor necrosis 

alpha (TNF-α) secreted by multiple cell types such as macrophages, T cells, dendritic 

cells, and fibroblasts, in turn cause pro-inflammatory cytokine production and inhibition 

of M2 macrophages as well as IEC death and impaired barrier function [40].  

 Macrophages are an essential part of the innate immune system that play key roles 

in mucosal homeostasis in the gut [45],[46]. As part of the largest immune component in 
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the body, intestinal macrophages underlying the epithelial cells remove debris and 

invading pathogenic bacteria, as well as communicate with other immune cells to help 

coordinate specific responses. Macrophages produce anti-inflammatory cytokines such as 

IL-10, which act on T cells to suppress colitis [47]. Macrophages that are recruited to the 

site of inflammation in the gut secrete cytokines IL-6, TNF-α, and IL-1β [48]. 

Complexities of the effects of IL-6 have to be noted considering that classically-activated 

macrophages (CAM, M1) treated with IL-6 secreted more pro-inflammatory IL-1β upon 

exposure to bacterial lipopolysaccharide (LPS) but also promote IL-10 secretion in 

alternatively-activated macrophages (AAM, M2) [49]. Recruited or resident tissue 

macrophages in the gut interact intimately with IECs and therefore regulate intestinal 

epithelial function also through direct communication via hetero-cellular gap junctions 

[50]. 

 

JAK-STAT signaling in IBD 

 The Janus kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathway translates extracellular signals to cellular functions [51]. There are four members 

of the JAK family of non-receptor kinases: JAK1, JAK2, JAK3, and tyrosine kinase 2 

(TYK2). Downstream effector STATs include STAT1, STAT3, STAT4, STAT5a/b, and 

STAT6. Upon binding of a cytokine to its respective receptors, JAKs associated with 

these receptors are brought in close proximity to each other and are phosphorylated via 

auto- or trans-phosphorylation by other JAKs. JAKs also phosphorylate cytosolic regions 

of the receptors, which then serve as docking sites for STATs. JAKs then phosphorylate 
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docked STATs, which dimerize, translocate to the nucleus, and serve as transcription 

factors for specific genes [51].  

 The JAK-STAT signaling pathway mediates and converts extracellular stimuli, 

from a variety of cytokines (small proteins produced mainly by cells), to the nucleus to 

carry out cellular response and functions [39],[51]. These functions include cell growth, 

survival, proliferation, differentiation, migration, and immune functions. Genome-wide 

association studies have identified that mutations in JAK2, TYK2, and STAT3 are 

associated with increased IBD susceptibility risk [52]. Common cytokines associated 

with IBD signal through the JAK-STAT pathway, including IL-6, IL-10, and IFN-γ [53]. 

Thus, the JAK-STAT signaling pathway is an important contributor to the pathogenesis 

of IBD, and by extension, an important target for therapeutic intervention. 

 

IBD treatments  

 Treatments for IBD currently include steroids, immunosuppressants, and 

biologics. These treatments are meant to control inflammation and have been successful 

in that aspect of IBD to some extent. Steroids and immunosuppressants relieve 

inflammation and pain, but are broad-acting and lack specificity. Biologics such as anti-

TNF antibodies, were intended to alleviate the effects of pro-inflammatory cytokine 

TNF-α (upregulated in IBD) which activates and recruits immune cells, damages 

epithelial cells, and promotes the production of more pro-inflammatory cytokines [54]. 

Other biologics include antibodies against adhesion molecules, such as α4β7, which 

immune cells need to adhere to endothelial cells in the gut before infiltrating the lamina 
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propria underlying the IECs [54]. Unfortunately, one-third to half of the patients with 

IBD do not respond well or lose response over time to these treatments due to the 

development of antibodies against these biologics [55],[56]. In addition, these biologics 

are administered intravenously or subcutaneously, and are significantly more expensive 

than conventional therapies. Non-compliance from patients to go to a facility to receive 

these treatments therefore jeopardizes the effectiveness of these therapeutics [55].  

 Small-molecule Janus kinase (JAK) inhibitors have been developed as small 

molecule alternatives for the treatment of IBD [57]. In particular, tofacitinib has shown 

greater efficacy in inducing a clinical response and maintaining remission than placebo in 

clinical trials [58], and therefore has been FDA-approved for the treatment of moderate-

to-severe UC. In addition, as an orally-administered drug, tofacitinib is not immunogenic, 

has a tolerable safety profile, and is less expensive than biologics, thus making it more 

affordable and more patient-friendly with respect to administration [55].  

 After oral administration, peak plasma concentrations of tofacitinib are reached 

within 0.5-1 hour. Tofacitinib has a half-life of about 3 hours, although steady state 

concentrations are achieved in 24-48 hours after twice daily administration. Tofacitinib 

citrate has an oral bioavailability of 74%, with protein binding of 40% predominantly to 

albumin. Tofacitinib is cleared from the body via hepatic metabolism (70%, primarily by 

CYP3A4) and renal excretion (30%) of the parent drug. In a radiolabeled tofacitinib 

study in humans, more than 65% of the total circulating radioactivity was found to be 

unchanged tofacitinib and 35% to be 8 tofacitinib metabolites. The pharmacologic 

activity of tofacitinib is attributed mainly to the parent molecule [59].  
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 Although tofacitinib has been shown to relieve macroscopic features of IBD in 

clinical trials, little is known about how it directly affects IECs and other cell types 

responsible for gut homeostasis. 

 

IBD and barrier function 

 Compromised intestinal barrier function marked with increased barrier 

permeability is an early critical event and hallmark of chronic diseases, such as IBD 

[2],[60]–[62]. The main function of the intestinal epithelial barrier is to separate the 

environment (luminal components) from the host. When the intestinal barrier is 

compromised, it can lead to unregulated flux of ions and water into the lumen, which 

contributes to diarrhea, and increase the access of microbial products and food antigens 

into the underlying tissue, which could initiate or further propagate inflammation. In turn, 

due to the inflammation caused by the immune system’s intolerance to bacterial proteins 

or antigens, damage occurs to the IECs. Because of this, intestinal permeability has been 

considered as an important early step in IBD pathogenesis as well as a functional 

predictor of the disease course of IBD [62]–[65]. Increased permeability has even been 

found to precede inflammation [66]. Regardless, measurement of intestinal permeability 

is not included as common practice in the diagnosis of IBD. 

 

PTPN2 in IBD 

 In general, IBD is thought to be an inappropriate immune response to the normal 

gut flora in genetically-susceptible individuals. There are currently 201 gene loci with 
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231 distinct single nuclei polymorphisms (SNP) identified to increase susceptibility to 

IBD, most of which affect the interaction between IECs and the immune system, 

microbiome, and environmental factors [52],[67]–[69]. One of these genes is the protein 

tyrosine phosphatase non-receptor type 2 (PTPN2), which encodes for the T cell protein 

tyrosine phosphatase (TCPTP).  

 Protein phosphorylation is a post-translational modification and serves as a 

mechanism by which enzyme function can quickly be activated or deactivated. The 

balance in activity between kinases and phosphatases regulate specific cell functions 

during homeostasis and inflammation [70]. SNPs in the gene locus of PTPN2 have been 

linked to type I diabetes, celiac disease, CD and UC [24],[67],[71]. Two isoforms of 

PTPN2 exist: the 45kDa isoform (TC-45), with a nuclear localization signal, can shuttle 

in and out of the nucleus, and the 48kDa isoform (TC-48) which is bound to the 

endoplasmic reticulum [72],[73]. As a tyrosine phosphatase, PTPN2 targets and 

deactivates a number of tyrosine kinases such as the epidermal growth factor receptor 

(EGFR), insulin receptor (IR) β, and members of the Janus kinase-signal transducer and 

activator of transcription (JAK-STAT) signaling pathway, specifically, JAK1, JAK3, 

STAT1, STAT3, STAT5 and STAT6 [73]–[77]. PTPN2 therefore negatively regulates 

signaling pathways activated by pro-inflammatory cytokines, such as IFN-γ and IL-6 

[78],[79]. Early studies from our lab found that IECs deficient in PTPN2 possessed 

elevated basal and cytokine-induced STAT1 and STAT3 phosphorylation [79]–[81]. 

Additionally, these cells had an underlying barrier defect, with lower TER and higher 

FD4 permeability, both of which were worsened by treatment with the inflammatory 
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cytokine, IFN-γ [79]–[81]. Our lab has shown that the effect on pore barrier permeability 

is partly due to STAT1-dependent upregulation of pore-forming tight junction protein 

claudin-2 [81]. Therefore, by regulating the JAK-STAT signaling pathway activated by 

IFN-γ, PTPN2 protects the integrity of intestinal epithelial barrier. 

 Unlike in humans, only TC-45 is expressed in mice. Ptpn2 is not embryonic 

lethal, but at about post-natal day 10, mice deficient in Ptpn2 (constitutive knockout 

[KO]) mice start developing wasting disease: runted, lethargic, display hunching, have 

shut eyes, and diarrhea [82],[83]. Constitutive Ptpn2 KO mice have lower hematocrit 

levels, severe anemia, splenomegaly, and succumb to systemic inflammation at week 3-5 

of age [82],[83]. Ptpn2 heterozygous (Het) mice, which have only one PTPN2 allele 

compared with wildtype (WT) littermates, are phenotypically normal, and do not display 

overt signs of disease [82],[83].  

 In animal models, susceptibility to intestinal inflammation and epithelial recovery 

responses are typically assessed using the dextran sulfate sodium (DSS)-induced colitis 

model in which mice are given 3-10% DSS in the drinking water for 5-10 days and 

allowed to recover for a 3-10 days [84]. Chemical injury by DSS causes direct IEC 

damage and impairs mucosal healing, which results in barrier dysfunction. Upon DSS-

induced colitis, Ptpn2 Het mice had worse disease severity (greater loss in body weight, 

colon length, higher histopathological scores) compared to DSS-treated WT controls 

[85]. Additionally, whole colons of untreated Ptpn2 Het mice display higher levels of 

JAK1, JAK3, STAT1, and STAT3 phosphorylation, which were further enhanced after 

DSS treatment, in comparison to untreated and DSS-treated WT controls [85]. This 
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increased sensitivity to DSS suggests that missing one allele of Ptpn2 is sufficient to 

“prime” the immune system to respond more readily to environmental factors which 

could lead to a more severe immune response, such as that seen in DSS-treated Ptpn2 Het 

animals [85]. Interestingly, however, IEC-specific deletion of Ptpn2 does not influence 

the severity of DSS-induced colitis due to potential compensation by increased 

proliferation in these mice [86]. 

 Other experimental colitis studies performed on animal models with cell-specific 

knockout of Ptpn2 have provided valuable insight on which cell types may be responsible 

for increased sensitivity in Ptpn2-deficient mice. After being injected with Ptpn2-

deficient T cells then subjected to DSS, Rag2 KO mice developed more severe colitis 

coupled with intestinal dysbiosis of commensal bacteria, compared to controls [87]. 

Myeloid-specific (LysMCre) knockout of Ptpn2 also aggravated acute DSS-induced 

experimental colitis with worse endoscopic and histology scores, marked with higher 

epithelial damage and immune cell infiltration compared to WT counterparts [88]. 

Overall, these studies demonstrate the crucial role of PTPN2 in regulating inflammatory 

cytokine signaling associated with IBD pathophysiology. 

 By modulating the activation of signaling pathways that affect intestinal 

permeability, therapeutic strategies can be focused on maintaining the integrity of the 

epithelial barrier in the gut. Knowing specific IBD patients’ genetic profiles may 

therefore improve the effectiveness of treatments. 
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Introduction  

 Inflammatory bowel disease (IBD) is comprised of the chronic inflammatory 

conditions, Crohn’s disease (CD) and ulcerative colitis (UC), in which the immune 

system mounts an abnormal response to normal constituents in the gastrointestinal tract in 

events driven by both genetic and environmental risk factors. Damage to the intestinal 

epithelium or disruption of the apical tight junctions, can compromise the ability of the 

epithelium to serve as a barrier between luminal contents and the underlying tissues [89]–

[92]. Tight junctions connect neighboring intestinal epithelial cells (IECs), in concert 

with adherens junctions, and act as a selective barrier to paracellular solute permeability 

[90]–[92]. Reconfiguration of tight junctions, through removal or insertion of specific 

proteins, can increase intestinal permeability [89],[90],[93]. This facilitates dysregulated 

fluid and electrolyte transport, which can contribute to one of the main clinical symptoms 

of IBD, diarrhea [89],[90],[93]. Changes in expression or localization of tight junction 

proteins can also increase access of bacterial products into the lamina propria, which can 

trigger inappropriate immune responses and contribute to the pathogenesis of IBD 

[90],[93]. Permeability is an important parameter of intestinal homeostasis as increases in 

intestinal permeability have been shown to precede colonic inflammation in humans and 

animal models of colitis [66],[94],[95]. 

 Paracellular permeability can feature both charge- and size-selective dependent or 

independent events and these functional characteristics of ‘pore’ and ‘leak’ barrier 

defects respectively, are in general regulated by different assemblies of tight junction 

proteins and associated signaling pathways [1]. The claudin family of transmembrane 
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proteins is a major structural component of the tight junction that are both size- and 

charge-selective for the passive paracellular movement of fluid and solutes [91],[92],[96]. 

One prominent member of this family is claudin-2 which can function directly as a water 

channel, but also forms cation-selective pores thus making the epithelial barrier more 

permissive to paracellular flux of fluid and cations, predominantly Na+, which can 

decrease the electrical resistance across the epithelium [97]–[99]. This TJ protein is 

clinically-relevant since claudin-2 expression is increased in IBD and is regarded as a 

biomarker of increased paracellular permeability to electrolyte flux [89],[100],[101]. 

Claudin-2 is upregulated by several pro-inflammatory cytokines, including interferon-

gamma (IFN-γ), and its induction is partly dependent on STAT1 binding to the claudin-2 

promoter to regulate transcriptional expression [81]. Apart from claudins which 

predominantly regulate ion and water flux, the transmembrane proteins occludin and 

tricellulin help control paracellular passage of larger, uncharged solutes [12],[13],[102]. 

In addition to transmembrane proteins, peripheral membrane proteins, such as zonula 

occludens 1 (ZO-1), play crucial roles in both the assembly and regulation of tight 

junctions [62]. This is accomplished, at least in part, by their multiple domains that allow 

them to act as scaffolding proteins through interactions with other integral or regulatory 

proteins, including various claudins, occludin, and actin [10],[103],[104]. Further 

increasing the versatility of these structures is that the proteins comprising this complex 

conglomeration are highly dynamic. Thus, a typical feature of barrier dysfunction is 

altered membrane localization or increased internalization of tight junction proteins, in 

the presence or absence of changes in overall expression [105]–[107]. Therefore, 
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appropriate localization of tight junction associated proteins, such as ZO-1, is an essential 

factor in the maintenance of the epithelial barrier.  

 There are currently 231 independent SNPs in 200 gene loci, associated with the 

risk of onset of IBD, most of which are involved in regulating the immune system’s 

interaction with IECs and microbial flora [24],[52],[68]. A number of these genes are 

involved in regulating the JAK-STAT pathway, which can be activated by several 

cytokines involved in IBD, including IFN-γ whose expression by CD4+ T-lymphocytes is 

increased in inflamed intestinal tissues from CD patients compared with control subjects 

[24],[42]. The effects of IFN-γ are mediated primarily through the Janus kinase-signal 

transduction and transcription (JAK-STAT) signaling pathway, with specificity for 

activation of JAK1 and JAK2 [51]. Phosphorylated levels of their downstream targets 

STAT1 and STAT3 are elevated in CD patients compared with controls [108]. In 

addition, IFN-γ reduces epithelial barrier function by decreasing electrical resistance 

across intestinal cell monolayers and increasing permeability to macromolecules in vitro 

[109]–[113]. 

 Inhibitors of JAK-STAT signaling have emerged as a new therapeutic focus in 

IBD. Tofacitinib (Xeljanz®, CP-690550), an orally-administered pan-JAK inhibitor was 

originally approved for the treatment of rheumatoid arthritis [114]. Tofacitinib is now 

FDA-approved for the treatment of moderate-to-severe UC and has been studied in Phase 

2 clinical trials in CD [58],[115],[116]. Tofacitinib is a reversible, competitive small 

molecule inhibitor that binds to the adenosine triphosphate (ATP) binding site in the 

catalytic cleft of the kinase domain of JAKs. Tofacitinib structurally mimics ATP without 



 20 

the triphosphate group, thus, by binding to the ATP site, it inhibits the phosphorylation 

and activation of JAK thereby preventing the phosphorylation and activation of 

downstream STAT proteins. Tofacitinib functions intracellularly and possesses high in 

vitro passive permeability consistent with intracellular entry by transcellular diffusion 

[114]. While studies on JAK-STAT signaling therapeutics have focused on immune cell 

targets and clinical primary endpoints, it is poorly understood how these agents affect 

IEC functions, such as the increase in intestinal permeability associated with IBD. In this 

study, we investigated whether tofacitinib exerts a direct beneficial effect on IEC barrier 

function and if it can rescue tight junction modifications caused by an IBD-relevant 

inflammatory cytokine, IFN-γ. 

 

Materials and Methods 

Materials 

Human recombinant IFN-γ (Roche, Mannheim, Germany), tofacitinib 

(MedChemExpress, Monmouth Junction, NJ; Selleckchem, Houston, TX) and dimethyl 

sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) were obtained from the sources 

indicated. IFN-γ was used at a concentration of 1000 U/ml, equivalent to 50 ng/ml, unless 

otherwise stated. 

 

Cells 

Human T84 and HT-29 IECs were grown in Dulbecco’s modified Eagle’s 

Medium/Ham’s F-12 50:50 Mix (Corning, Tewksbury, MA) and McCoy’s 5A medium 
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(Corning, Tewksbury, MA), respectively, supplemented with 10% heat-inactivated fetal 

bovine serum (Gibco, Waltham, MA) 1% L-glutamine (Invitrogen, Carlsbad, CA) and 

1% penicillin (100 U/ml)/streptomycin (100 µg/ml) (Corning, Tewksbury, MA). Cells 

were cultured on standard cell culture plates or transwell membranes (0.4µm pore size, 

1.12cm2 surface area, Corning, Tewksbury, MA) in a 37°C incubator maintained at 5% 

CO2/air mix. IECs were serum-deprived overnight prior to treatments with tofacitinib, 

DMSO and/or IFN-γ. For cells grown on transwells, tofacitinib and DMSO were 

administered to the apical compartment and IFN-γ was added to the basolateral 

compartment. IFN-γ was administered at a concentration (1000 U/ml; 24 hours) 

previously shown to decrease TER without causing damage to the epithelial monolayer 

[81]. 

 

Determination of Epithelial Monolayer Resistance and Paracellular Permeability  

Transepithelial electrical resistance (TER) of T84 monolayers grown on transwells 

was measured using the EVOM2 Epithelial Voltohmmeter (World Precision Instruments, 

Sarasota, FL) and chopstick electrode set for EVOM2 (World Precision Instruments, 

Sarasota, FL). The average of three measurements per transwell was calculated and 

expressed in Ohms.cm2. 

Macromolecular paracellular permeability was measured as the flux of 4-

kilodalton fluorescein isothiocyanate-dextran (4kDa FITC-dextran; FD4) (Sigma-

Aldrich, St. Louis, MO) across polarized T84 monolayers. Following TER measurements, 

cells were washed twice with and equilibrated in PBS with CaCl2 and MgCl2 for 30 
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minutes at 37°C. FD4 at a final concentration of 1mg/ml was added to the apical 

compartment of the monolayers. After 2 hours of incubation at 37°C, 50µL of the 

basolateral solution was sampled in duplicate and fluorescence was detected using a 

microplate reader (Promega, Madison, WI). Based on relative fluorescence units (RFU), 

FD4 concentrations were calculated against a standard curve and expressed as percent 

change from untreated cells. 

 

Preparation of Whole Cell Protein Lysates 

At the end of the experimental period, cells were washed twice with ice-cold PBS. 

Ice-cold RIPA lysis buffer (50mM Tris-Cl pH 7.4, 150mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS) supplemented with protease (Roche, Mannheim, 

Germany) and phosphatase inhibitors (sodium orthovanadate, Phosphatase Inhibitor 

Cocktail 2 and 3, Sigma-Aldrich, St. Louis, MO) was added and cells were incubated at 

4°C for 15 minutes. Cells were scraped into microcentrifuge tubes and sonicated on ice at 

30% amplitude, 10 s ON/OFF intervals for 20-40 s using the Q125 Sonicator (QSonica 

Sonicators, Newtown, CT). Cell lysates were centrifuged at 16,200 x g for 10 minutes to 

remove insoluble material and supernatants were collected into new microcentrifuge 

tubes. An aliquot of each sample was used to determine protein concentration using 

PierceTM BCA Protein Assay Kit reagents (ThermoFisher Scientific, Waltham, MA). 

Protein content was adjusted with lysis buffer to ensure the same amount of total protein 

in each sample, and then mixed with loading buffer (60mM Tris-Cl pH 6.8, 2% SDS, 5% 
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β-mercaptoethanol, 0.01% bromophenol blue, 10% glycerol). All samples were boiled at 

95°C for 10 minutes and loaded on SDS-polyacrylamide gels for Western blotting. 

 

Western Blot Analysis 

Whole cell proteins were resolved on 7% or 11% SDS-PAGE gels at 100V at 

room temperature then transferred onto polyvinylidene difluoride membranes (EMD 

Millipore, Darmstadt, Germany) for 2 hours at 250mA in 4°C. Membranes were blocked 

with 5% nonfat milk in TBS-T (Tris-buffered saline with 0.1% Tween-20) for 1 hour at 

room temperature, followed by further incubation with claudin-2 (1:1000, #32-5600, 

Invitrogen, Camarillo, CA), claudin-1 (1:1000, #51-9000, Thermo Fisher Scientific, 

Rockford, IL), claudin-4 (1:1000, #32-9400, Invitrogen, Camarillo, CA), claudin-15 

(1:1000, #32-9800, Invitrogen, Frederick, MD), ZO-1 (1:1000, #61-7300, Thermo Fisher 

Scientific, Waltham, MA), occludin (1:1000, #71-1500 for T84 cells, Invitrogen, 

Carlsbad, CA; #40-4700 for the colonoids, Rockford, IL), tricellulin/marvel D2 (1:1000, 

ab203567, Abcam, Cambridge, MA), phospho-JAK1 (1:1000, #3331, Cell Signaling 

Technology, Danvers, MA), JAK1 (1:1000, #3344, Cell Signaling Technology, Danvers, 

MA), phospho-STAT1 (1:500, #9167, Cell Signaling Technology, Danvers, MA), 

STAT1 (1:1000, #9175, Cell Signaling Technology, Danvers, MA), phospho-STAT3 

(1:1000, #9145, Cell Signaling Technology, Danvers, MA), STAT3 (1:1000, #9139, Cell 

Signaling Technology, Danvers, MA) and β-actin (1:8000, #A5316, Sigma-Aldrich, St. 

Louis, MO) primary antibodies overnight at 4°C. The following day, membranes were 

subjected to 5-minute washes (x5), or 3 quick rinses followed by 5-minute washes (x3), 
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with TBS-T, then incubated with peroxidase-conjugated secondary antibodies (goat anti-

mouse (#115-036-062) or goat anti-rabbit (#111-036-045); Jackson Immunoresearch 

Laboratories, Inc. West Grove, PA) diluted at 1:5000 in 1% nonfat milk in TBS-T for 1 

hour at room temperature. This was followed by 5-minute washes (x5), or 3 quick rinses 

followed by 5-minute washes (x3), with TBS-T. Membranes were then incubated with 

SuperSignalTM West Pico PLUS Chemiluminescent Substrate solution (ThermoFisher 

Scientific, Waltham, MA) according to manufacturer’s directions and exposed to film 

(LabScientific Inc., Highlands, NJ). Densitometric analysis of the blots was performed 

using ImageJ software [117]. 

 

Claudin-2 Promoter Luciferase Reporter Assay 

 Claudin-2 promoter activity assay was performed in HT-29 IECs as previously 

described [81]. Briefly, a gene construct spanning the -900bp to +112bp region of the 

human CLDN2 gene promoter (Integrated DNA Technologies, Coralville, IA) was cloned 

into the pGL3-Basic Luciferase Reporter Vector (Promega, Madison, WI) using the 

restriction enzymes NheI and KpnI. The sequence of the product was confirmed using 

sequencing analyses. 

HT-29 cells were grown in 12-well cell culture plates until ~60% confluence was 

reached. The following day, cells were co-transfected with the CLDN2 promoter-

luciferase reporter construct and a reference construct containing Renilla reniformis 

luciferase (pRL) and the HSV-thymidine kinase (TK) promoter (Promega, Madison, WI) 

using Effectene® Transfection Reagent kit (Qiagen, Hilden, Germany) per manufacturer’s 
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instructions. Twenty-four hours later, cells were pre-treated with tofacitinib or DMSO for 

1 hour followed by IFN-γ for 24 hours. Luciferase activities were measured using the 

Dual-Luciferase® Reporter Assay System (Promega, Madison, WI) and a Glomax 

Multidetection System (Promega, Madison, WI). Firefly luciferase activity was 

normalized to Renilla luciferase activity. 

 

ZO-1 and Occludin Immunofluorescence 

 After experimental treatments, T84 IECs grown on glass coverslips were washed 

twice with PBS, fixed with ice-cold methanol for 10 minutes at -20°C, then washed three 

times with PBS. Fixed cells were permeabilized with 0.5% Triton X-100 in PBS for 30 

minutes at room temperature then washed again with PBS three times. After blocking 

with 10% normal donkey serum (Jackson Immunoresearch Laboratories, Inc. West 

Grove, PA) diluted in 0.04% PBS-Tween 20 (PBS-T) for 1 hour at room temperature, 

cells were stained with ZO-1 (#61-7300, ThermoFisher Scientific, Waltham, MA) or 

occludin (#71-1500, Invitrogen, Carlsbad, CA) primary antibody diluted at 1:200 in 1% 

NDS in PBS-T overnight at 4°C. Fixed cells were then washed five times with PBS-T 

followed by incubation with Alexa 488-conjugated donkey anti-rabbit secondary 

antibody (#711-545-152, Jackson Immunoresearch Laboratories, Inc. West Grove, PA) 

diluted at 1:200 in 1% PBS-T for 1 hour at room temperature. Stained cells were washed 

five times with PBS-T, once with PBS, then mounted in ProLongTM Gold Antifade 

Mountant with DAPI (Invitrogen, Carlsbad, CA) prior to visualization.  
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Images for ZO-1 immunofluorescence were captured using a Leica DM5500 

microscope attached with a DFC365 FX camera using a 63x oil immersion objective with 

an additional 2x digital zoom. Individual images were converted into tiff files with the 

LAS-AF Lite software and Adobe Photoshop was used to create the final figures. The 

number of intercellular gaps per treatment was determined in 8 images per coverslip 

covering 4 different fields of view.  

Z-stack images of occludin immunofluorescence were obtained using a CSU-X-1 

spinning-disk confocal imager (Yokogawa, Japan) attached to a Zeiss Axio Observer 

inverted microscope (Carl Zeiss, Thornwood, NY). Original magnification of 63x was 

used. Micro-Manager Imaging Software (Molecular Devices, Sunnyvale, CA) was used 

to control the hardware (confocal microscope and the Prim 95B digital camera). Avi 

movie files were generated from z-stack images using ImageJ [117]. 

 

Human Colonoid Cultures 

Epithelial derived colonic organoids (colonoids) were grown from crypts isolated 

from biopsy samples obtained from transverse colon of patients undergoing elective 

colonoscopy, primarily for colon cancer screening. Written informed consent was 

obtained before specimen collection and studies were approved by the Health and 

Disabilities Ethics Committee (New Zealand, Ethics No. 13/STH/155). The following 

protocols for colonoid isolation and culture were adapted from methods established by 

Sato, et al. [118]. The biopsy samples were collected in ice-cold DMEM/F12 medium 

containing antibiotics (1% Penicillin/Streptomycin, Normacin, 0.1 mg/ml, Fungizone, 2.5 
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µg/ml and Gentamycin 50 U/ml) and 5% FBS. They were then rinsed with PBS (x2), 

followed by PBS plus 10 mM DTT, before being transferred to ice-cold chelation media 

(PBS plus 8 mM EDTA, pH 7.5). Following 60 minutes of incubation on ice in the 

chelation media, the samples were transferred to fresh PBS containing 5% FBS (Gibco®, 

Thermo Fisher Scientific, NZ) and shaken vigorously to dislodge the crypts. The tissues 

were allowed to settle and the supernatant containing the crypts collected. This was 

repeated until shaking failed to release further crypts. The crypts were then pelleted (40 g, 

2 minutes, 4°C), rinsed in basic culture media (Dulbecco’s Modified Eagle Medium 

[DMEM]/F12 containing penicillin (100 U/ml)/streptomycin (100 µg/ml) and 5% FBS). 

They were then suspended in Matrigel™, transferred to 24-well plates (Thermo Fisher 

Scientific, Waltham, MA) and incubated at 37°C for 10 minutes to polymerize the 

Matrigel™. The crypts were then overlaid with the stem cell culture media (Table 2.1) 

and maintained at 37°C in a 5% CO2/air mix. The initial structures that develop have a 

poorly differentiated squamous epithelium and are referred to as colonospheres [119]. By 

day 4-6, these structures differentiate into columnar epithelial colonoids and cultures 

consist primarily of differentiated colonoids by day 12-14. The culture media was 

replaced every 48 hours and the colonoids amplified by passaging every 7 days. When 

amplifying organoids, 10µM ROCK inhibitor (Merck, Kenilworth, NJ, USA) was 

included in the growth media. During experiments, this was omitted. All experiments 

used colonoids (≥ day 12) from passage 2-8 only. 
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Table 2.1: Human Colonoid Culture Media Components 

Reagent 
Stock 
Conc. 

Final 
Conc. 

µ l per 
50 ml Supplier 

Catalog 
No. 

N2 100X 1X 250 Invitrogen #17502048 

B27 50X 1X 500 Invitrogen #17504044 
Nicotinamide 250 mM 10 mM 1000 Sigma #N0636 
N-acetyl-L-

cysteine 500 mM 1 mM 50 Sigma #A9165 
LY 2157299 1 mM 500 nM 25 AxonMedChem #1491 
SB 202190 1 mM 10 µM 250 Sigma #S7067 

PGE2 10 µM 0.01 µM 25 Sigma #P0409 
hu EGF 100 µg/ml 50 ng/ml 12.5 Invitrogen #PHG0311 
Noggin 100 µg/ml 100 ng/ml 25 PeproTech #120-10C 
Gastrin 1 mg/ml 1 µg/ml 25 Pharmaco 3006/1 
Wnt3A 

conditioned 
media  50% 25,000   
Rspo 

conditioned 
media   10% 5000     

Advanced 
DMEM/F12     17,037.5 Invitrogen 

#12634-
010 

Glutamax 
100X  

(200 mM) 1X 250 Invitrogen 25030-081 
Hepes 1M 10 mM 250 Sigma #H0887 

Pen/Strep   1% 250 Invitrogen 15140-122 
agentamycin 10 mg/ml 50 µg/ml N/A Invitrogen 15710064 

afungizone 250 µg/ml 
0.25-2.5 
µg/ml N/A Invitrogen 109434.01 

Normocin 50 mg/ml 0.1 mg/ml 50 
Integrated 
Science ant-nr-1 

bROCK 
inhibitor 1 mM 10 µM N/A Merck 

#688000-
1mg 

a Reagents were added in the media only during sample collection. 
b Reagents were added only when passaging colonoids.   
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Measurement of FITC Flux in Human Intestinal Colonoids 

Colonoids from patients were amplified from the initial biopsy so that 4 wells 

were available from each patient at the same passage. After 12 days of culture, two wells 

of colonoids served as controls while IFN-γ (50 ng/ml) was added to the two remaining 

wells. Six hours after the addition of IFN-γ, tofacitinib (16.7µM) was added to one of the 

control wells and one of the wells to which IFN-γ had been added.  Further additions of 

tofacitinib (16.7µM) were made after 24 hours and 48 hours.  

The relative permeability of the colonoids was measured by adding 0.1 mg/ml of 

FD4 to the growth media then measuring the FD4 flux into colonoids with well-

developed columnar epithelium 24 hours later. The fluorescence intensity in the mid-

point of the organoid lumen was determined by carrying out a series of optical slices 

through each organoid using a Zeiss 710 LSM confocal microscope (GmbH, Jena, 

Germany) as previously described [120]. The fluorescence intensity was then converted 

to concentration using standard curves created from log serial dilutions of FD4 in growth 

media. Surface area and volume of the colonoids were calculated from the measured 

radius to allow calculation of the FD4 flux (ng/cm2.h). 

 

Statistical Analysis 

 Data are presented as means ± SEM or fold change from untreated controls for a 

series of n biological replicates or in the case of colonoids, patients. Statistical analysis 

was performed by analysis of variance (ANOVA) using GraphPad Prism 6.0 software 
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(GraphPad Software, La Jolla, CA). P values ≤ 0.05 were considered statistically 

significant. 

 

Results 

Acute treatment of tofacitinib restricts IFN-γ activation of JAK1-STAT1 signaling in 

intestinal epithelial cells  

 To confirm that tofacitinib was capable of interrupting phosphorylation of JAK1 

and its downstream target, STAT1, by IFN-γ in IECs, T84 cells grown in regular 6-well 

plates were treated with vehicle DMSO or tofacitinib for 1 hour prior to exposure to IFN-

γ for 30 minutes  (for JAK1 activation) or 1 hour (for STAT activation) (schematic 

shown in Figure 2.1A). Whole-cell protein lysates were collected, subjected to Western 

blotting and probed for the proteins indicated. Although the decrease in JAK1 

phosphorylation in resting cells treated with tofacitinib did not reach statistical 

significance, tofacitinib (50µM) pre-treatment significantly reduced IFN-γ-induced JAK1 

phosphorylation in T84 cells (P < 0.05, n = 3; Figure 2.1B). As a downstream target of 

JAK1, STAT1 phosphorylation levels were significantly reduced by acute treatment of 

tofacitinib compared with untreated cells and completely blocked IFN-γ-induced STAT1 

phosphorylation (P < 0.001, n = 3; Figure 2.1C). Similar results were observed with the 

phosphorylation levels of STAT3, another mediator of JAK signaling (P < 0.05, P < 

0.001, n = 4; Figure 2.1D). These data indicate that, in vitro, tofacitinib can prevent 

cytokine-induced JAK-STAT activation in IECs. 
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Figure 2.1: Tofacitinib pre-treatment prevented IFN-γ-induced JAK1, STAT1, and 
STAT3 phosphorylation in IECs in vitro. 
(A) Schematic of the acute prevention protocol for tofacitinib to determine JAK-STAT 
activation in IECs. T84 IECs were treated with vehicle (DMSO) or tofacitinib (Tofa, 
50µM) for 1h followed by IFN-γ (1000 U/ml) treatment for either 30min (for JAK 
activation) or 1h (for STAT activation). Cells were lysed and protein extracts were 
subjected to Western blotting for the proteins indicated. Densitometric analysis was 
performed and normalized to (B) pJAK1/JAK1, (C) pSTAT1/STAT1, and (D) 
pSTAT3/STAT3 levels of each replicate’s respective untreated (Unt.) controls (* P < 
0.05, ### P < 0.001, n = 3-4).  
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Tofacitinib prevents IFN-γ-induced barrier dysfunction in intestinal epithelial cells in 

vitro 

 IFN-γ is known to disrupt IEC tight junction composition and increase 

paracellular permeability to electrolytes and macromolecules.[28, 54] To test whether 

tofacitinib protected against IFN-γ-stimulated increases in permeability, T84 IECs were 

grown on transwells and apically treated with tofacitinib or vehicle (DMSO) with or 

without subsequent basolateral treatment with IFN-γ, (schematic shown in Figure 2.2A). 

After 24 hours, there was no significant difference in TER between untreated, DMSO-

treated and cells treated with tofacitinib alone at increasing concentrations of 2µM, 10µM 

and 50µM (Figure 2.2B). While IFN-γ decreased TER, this was unaltered by DMSO. 

However, tofacitinib prevented the IFN-γ-induced decrease in TER in a dose-dependent 

manner (P < 0.001, P < 0.0001, n = 3; Figure 2.2B). In addition, tofacitinib pre-treatment 

prevented the IFN-g-induced increase in FD4 permeability compared with DMSO pre-

treated cells (P < 0.0001; n = 3; Figure 2.2C). Moreover, DMSO or tofacitinib alone had 

no effect on FD4 permeability. These results indicate that tofacitinib exerts a protective 

effect against cytokine-induced paracellular permeability to electrolytes and 

macromolecules. 

 

Early intervention with tofacitinib partially rescues the drop in TER but fully restores 

the increase in FD4 permeability induced by IFN-γ in IECs in vitro 

 To test the therapeutic effects of tofacitinib on barrier function, polarized T84 

IECs grown on transwells were first treated with basolateral IFN-γ (1000 U/ml) followed 
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by two apical doses of tofacitinib (16.7µM each) or vehicle DMSO at two time points (6 

hours and 18 hours post-IFN-γ treatment) to mimic twice daily clinical administration 

(schematic shown in Figure 2.2D). Twenty-four hours after IFN-γ treatment, TER and 

FD4 permeability were measured. Again, there were no differences in TER between 

untreated cells and cells treated with either DMSO or tofacitinib alone. However, the 

drop in TER induced by IFN-γ, which was unaffected by DMSO, was partially restored 

by tofacitinib (P < 0.0001, n = 3; Figure 2.2E). Moreover, the increase in FD4 

permeability induced by IFN-γ was fully rescued by treatment with tofacitinib (P < 0.01, 

n = 3; Figure 2.2F). These data suggest that early intervention of tofacitinib is able to 

differentially rescue modes of IFN-γ-induced barrier dysfunction.  

 

Tofacitinib reverses the FD4 permeability increase induced by IFN-γ in human colonic 

organoids 

 To more accurately reflect the complex, three-dimensional structure of the 

intestinal epithelium, which contains both a stem cell niche and other differentiated 

epithelial cell types surrounding a single luminal compartment, the effect of tofacitinib on 

permeability was determined using human colonoids, which are 3-D human colonic 

organoids with a mature columnar epithelium. Figure 2.3A shows a representative panel 

of optical slices through one colonoid, the mid-point of which is where FD4 signal 

intensity was measured. After 72 hours, IFN-γ treatment resulted in a 3-4-fold increase in 

FD4 influx into the colonoids from the bathing media, as shown in Figure 2.3B. The 

addition of tofacitinib rescued the IFN-γ-induced increase in FD4 flux, while yielding no 
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effect on the basal flux (P < 0.01, n = 4; Figure 2.3B). Changes in expression of tight 

junction proteins regulating the leak pathway can alter paracellular FD4 permeability 

across a monolayer of intestinal cells [105]. To better understand if changes in FD4 

permeability seen in Figure 2.3B were due to altered tight junction protein expression, 

colonoids were harvested and processed for Western blotting. Figure 2.3C shows that the 

protein expression of ZO-1 and occludin were unaltered in organoids subjected to these 

treatments.  

 Similar to observations seen in human organoids, none of the treatment conditions 

had a significant impact on the protein expression of ZO-1, occludin and another 

transmembrane MARVEL family protein, tricellulin, in T84 monolayers subjected to the 

treatments in Figure 2.2A and 2.2D (n = 4; Figure 2.4). These results imply that the 

effects of IFN-γ and tofacitinib on FD4 permeability across the epithelium are likely not 

due to alterations in the expression of these tight junction proteins. 
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Figure 2.2: Tofacitinib prevents and rescues IECs against IFN-γ-induced barrier 
dysfunction. 
(A) Schematic of the prevention protocol (Pre-treatment): T84 IECs grown on transwells 
were treated with varying concentrations of tofacitinib apically for 1h followed by 
basolateral administration of IFN-γ (1000 U/ml) for 24h. DMSO was used as a vehicle 
control. (B) TER and (C) FD4 permeability were measured 24h post-IFN-γ. (**** P < 
0.0001, ### P < 0.001, #### P < 0.0001, n = 3). (D) Schematic of the rescue protocol 
(Post-treatment): Therapeutic effects of tofacitinib were studied by treating T84 IECs post-
IFN-γ treatment (1000 U/ml) with tofacitinib (16.7µM) apically at two time points (6h 
and 18h) to mimic twice daily clinical administration. Again, DMSO was used as a 
vehicle control. (E) TER and (F) FD4 permeability were measured 24h after IFN-γ 
treatment. (**** P < 0.0001, ** P < 0.01,  #### P < 0.0001,  ## P < 0.01, n = 3).  
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Figure 2.3: Tofacitinib rescues the permeability increase induced by IFN-γ  in 
human colonic organoids.  
(A) Representative series of optical slices through a human colonoid bathed in growth 
media containing 0.1 mg/ml FD4. Scale bar = 100 µm. (B) Following a rescue protocol, 
human colonoids cultured for 12d were treated with IFN-γ (50ng/ml, administered in the 
bathing media). Tofacitinib (16.7µM, administered in the bathing media) was added 6h-, 
24h- and 48h-post IFN-γ treatment. FD4 flux across colonoid epithelium normalized to 
surface area of colonoids was measured 72h after IFN-γ administration. (*** P < 0.001, 
## P < 0.01, n = 4). (C) Colonoids were harvested, lysed, and subjected to Western 
blotting for ZO-1 and occludin. Representative blots and densitometric analysis for ZO-1 
and occludin are shown.  
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Figure 2.4: Tofacitinib does not alter protein expression of tight junction proteins 
involved in macromolecule permeability.  
Pre-treatment: T84 cells grown in transwells were pre-treated with DMSO or tofacitinib 
(50µM) for 1h prior to IFN-γ (1000 U/ml) treatment for 24h. Post-treatment: T84 cells 
grown in transwells were first treated with IFN-γ (1000 U/ml) followed by two doses of 
DMSO or tofacitinib (16.7µM) at 6h and 18h post-IFN-γ administration. Twenty-four 
hours after IFN-γ exposure, cells were lysed, processed for Western blotting and probed 
for the proteins indicated. (A) Representative blots probed for ZO-1, occludin, tricellulin 
and β-actin. (B) Quantification of densitometric analysis normalized to untreated controls 
from four independent experiments (n = 4).  
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Tofacitinib protects the epithelial barrier by restricting IFN-γ induced ZO-1 

relocalization  

 Having ruled out changes in tight junction protein expression by tofacitinib, to 

determine the mechanism(s) behind the protective effects of tofacitinib against the IFN-γ-

induced increase in FD4 permeability seen in Figure 2.2C, T84 cells seeded on glass 

coverslips were treated with tofacitinib or DMSO for 1 hour, followed by IFN-γ 

treatment for 24 hours. Assessment of ZO-1 staining in fixed cells revealed that IFN-γ 

treatment caused increased formation of intercellular gaps that disrupted the regular 

chickenwire pattern seen in untreated and DMSO-treated cells (Figure 2.5A). The 

intercellular gaps were observed less frequently in cells pre-treated with tofacitinib, as 

quantified in Figure 5B. Similar observations were seen in cells treated with tofacitinib 6 

hours and 18 hours post-IFN-γ challenge (Figure 2.5C) as quantified in Figure 2.5D. In 

staining for occludin in IFN-γ-treated cells, z-stack imaging revealed that these 

intercellular gaps were restricted to the apical portion of the cell monolayer and do not 

span the height of the IECs. A representative movie of a gap (available at Inflammatory 

Bowel Diseases online [16]), assessed by membrane occludin staining though z-stack 

imaging, confirms apical localization of the gap. These data suggest that the beneficial 

effects of tofacitinib in reducing FD4 permeability in this model system are likely due to 

normalizing localization of TJ proteins, including ZO-1, rather than by affecting their 

overall expression. 
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Figure 2.5: Tofacitinib reduces the number of apical intercellular gaps via ZO-1 
rearrangement/localization caused by IFN-γ. 
(A) Pre-treatment: T84 cells grown on coverslips pre-treated with tofacitinib or DMSO for 
1h followed by IFN-γ (1000 U/ml, 24h) treatment were stained for ZO-1 and visualized 
via immunofluorescence microscopy. (B) Average number of intercellular gaps in 5 
fields of view per condition from three independent pre-treatment experiments (**** P < 
0.0001, ### P < 0.001, ## P < 0.01, n = 3). (C) Post-treatment: ZO-1 staining in cells 
treated with tofacitinib or DMSO at 6h and 18h post-IFN-γ (1000 U/ml, 24h) treatment. 
(D) Number of intercellular gaps taken in 10 fields of view per condition from three 
independent post-treatment experiments (**** P < 0.0001, ### P < 0.001, n = 3). White 
arrows indicate intercellular gaps.  
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Tofacitinib restricts IFN-γ induced claudin-2 promoter activity and protein expression 

 To identify the mechanism(s) by which tofacitinib reduced the drop in TER 

caused by IFN-γ treatment, protein lysates were collected from polarized T84 IECs treated 

with tofacitinib, or DMSO, with or without IFN-γ exposure using the ‘prevention’ and 

‘rescue’ protocols described in Figures 2.2A and 2.2D, respectively. Lysates were then 

subjected to Western blotting and probed for the expression of the cation selective pore-

forming tight junction protein, claudin-2. After 24 hours, IFN-γ increased claudin-2 

levels more than two-fold from untreated and DMSO-treated controls (P < 0.001, n = 3; 

Figure 2.6A). Conversely, tofacitinib pre-treatment prevented the IFN-γ-induced increase 

in claudin-2 protein levels in vitro (P < 0.05, n = 3; Figure 2.6A). When administered 

after IFN-γ exposure, tofacitinib could only partially normalize claudin-2 protein levels 

(P < 0.05, n = 3; Figure 2.6B). To identify the mechanism of claudin-2 upregulation 

affected by tofacitinib, we examined its effects on claudin-2 gene transcription given that 

the claudin-2 promoter contains a STAT-binding motif, and we previously demonstrated 

in HT-29 IECs expressing a claudin-2 promoter-luciferase construct, that following IFN-

γ treatment, STAT1 binds to the claudin-2 promoter to induce its transcription [81]. In 

this study, HT-29 cells pre-treated with tofacitinib 1 hour before IFN-γ exposure for 24 

hours displayed reduced claudin-2 promoter activity compared with cells challenged with 

IFN-γ alone or pre-treated with DMSO (P < 0.001, n = 4; Figure 2.6C). The tofacitinib-

induced changes in claudin-2 protein levels suggest that tofacitinib reduces the changes in 

TER induced by IFN-γ, at least in part, through claudin-2 regulation. In addition to 

claudin-2, other members of the claudin family also contribute to changes in TER across 
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an epithelium. Claudin-1 and claudin-4 are known to tighten the barrier and increase 

TER, whereas overexpressing claudin-15 decreases TER and increases paracellular flux 

of cations, similar to claudin-2 [121]. However, protein expression of these claudins did 

not significantly change with tofacitinib or IFN-γ treatments (Figure 2.7), thus suggesting 

that the effects seen in TER are most likely mediated by the changes in claudin-2 

expression.  
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Figure 2.6: Tofacitinib restricts IFN-γ-induced claudin-2 protein expression and 
promoter activity. 
(A) Pre-treatment: Claudin-2 protein expression was determined in T84 IECs pre-treated 
with tofacitinib or DMSO 1h prior to IFN-γ treatment for 24h and quantified using 
densitometric analysis and normalized to untreated controls. (*** P < 0.001, # P < 0.05, 
n = 4). (B) Post-treatment: Claudin-2 protein expression was determined in T84 cells 
treated with tofacitinib or DMSO 6h and 18h post-IFN-γ exposure and quantified using 
densitometric analysis and normalized to untreated controls. (**** P < 0.0001, # P < 
0.05, n = 3). (C) Pre-treatment: Claudin-2 promoter activity was measured using a 
luciferase reporter assay on HT-29 IECs subjected to the treatment schedule outlined in 
Figure 1A. (*** P < 0.001, ### P < 0.001, n = 4).  
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Figure 2.7: No significant changes in protein expression of claudins -1, -4, and -15 
were found with any of the treatments in vitro. 
T84 monolayers were subjected to vehicle (DMSO), tofacitinib and IFN-γ treatments 
following the ‘prevention’ and ‘rescue’ protocols. Cells were lysed, whole-cell protein 
lysates were processed, subjected to Western blotting, and probed for claudin-1, claudin-
4 and claudin-15. (n = 3-4).  
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Discussion 

 Tofacitinib is a selective inhibitor of members of the JAK family kinases and 

demonstrates strong selectivity for JAK1 and JAK3 >>> JAK2 > tyrosine kinase 2 

(TYK2) [114]. By inhibiting JAK phosphorylation, tofacitinib inhibits recruitment of 

downstream STAT family members by activated JAK1 and thus interrupts these 

signaling cascades, thereby reducing STAT-dependent activation of inflammatory genes 

(Figure 8) [51],[114]. Tofacitinib has proven to be an effective therapeutic agent in 

treating several chronic inflammatory diseases and has been FDA-approved for the 

treatment of rheumatoid arthritis, psoriasis, and more recently, ulcerative colitis 

[58],[116]. In phase 3 clinical trials, remission at 52 weeks occurred in up to 40.6% of 

UC patients who received 10mg of tofacitinib twice daily, compared with 11.1% in the 

placebo group [58]. At the same time, mucosal healing at 52 weeks occurred in 45.7% of 

patients on tofacitinib compared with 13.1% in those receiving placebo [58]. Although 

one of the primary endpoints of this study was mucosal healing, the direct effects of 

tofacitinib on the critical mucosal cell type comprising the intestinal barrier is unknown.  

 In this study, we showed that tofacitinib exerts a direct effect on IECs in vitro by 

inhibiting cytokine-induced JAK1-STAT1/3 activation. The timing of IFN-γ exposure 

was optimized for either maximal JAK1 or STAT1/3 phosphorylation and tofacitinib 

reduced IFN-γ stimulated p-JAK1, pSTAT1 and pSTAT3 to levels comparable to 

controls. Moreover, tofacitinib was not only capable of preventing permeability increases 

caused by IFN-γ, but also rescued epithelial monolayers from IFN-γ-induced increases in 

barrier permeability. Treating IECs with tofacitinib prior to IFN-γ challenge prevented 
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the dramatic decrease in TER and FD4 permeability enhancement. This suggests that 

tofacitinib inhibition of JAKs prior to exposure to a pro-inflammatory mediator is 

sufficient to maintain the barrier’s integrity. This may have relevance to the clinical 

efficacy of tofacitinib in potentially limiting the epithelial barrier-disrupting effects of 

newly secreted inflammatory cytokines at the start of a flare in disease activity. The 

capacity of tofacitinib to rescue the permeability defect caused by IFN-γ in primary 

human colonoids further supports the evidence of a direct beneficial effect of tofacitinib 

on the intestinal epithelium. Human colonoids better recapitulate the microenvironment 

of IECs as they are grown in three-dimensional orientation, thus retaining both the 

structure and variety of epithelial cell subtypes of the colonic crypt [122]–[125]. Of note, 

while the same concentration of tofacitinib used for cell culture studies was able to rescue 

the increase in FD4 permeability caused by IFN-γ in colonoids, this was studied over a 

longer time period of exposure in colonoids than cell lines. Collectively, these data 

indicate that tofacitinib rescued barrier function using both epithelial model systems thus 

further validating the efficacy of this agent in normalizing barrier function.  

 We have attempted to discriminate between the two principal forms of 

permeability that are regulated by specific tight junction alterations, namely the size- and 

charge-selectivity of electrolyte flux as measured by TER (pore pathway), and the size 

but non-charge-selective permeability characterized by FD4 permeability (leak pathway) 

[6]. While increased involvement of the leak pathway can also lead to a reduction in 

TER, this functional parameter of permeability often correlates with changes in the 

expression of claudin family proteins, with increased expression of claudin-2 contributing 
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directly to reduced TER due to increased flux of Na+ and water.[8, 11, 19, 23, 51, 52] We 

previously demonstrated that STAT1 binding is partly responsible for the IFN-γ-induced 

increase in claudin-2 promoter activity and mutation of the STAT-binding domain 

eliminates IFN-γ induced CLDN2 promoter activity [81]. Our current data indicate that 

the inhibitory effect of tofacitinib on claudin-2 upregulation is at least partly attributed to 

inhibition of the CLDN2 promoter (Figure 2.8). In agreement with our previous findings, 

this inhibitory effect is likely due to reduced STAT1-mediated transcription of claudin-2 

since STAT1 is a substrate of activated JAK1. While we previously demonstrated that 

STAT1 binds to the CLDN2 promoter to increase CLDN2 expression via a STAT-binding 

motif, involvement of other STATs, specifically STAT6, in the regulation of claudin-2 

expression by the inflammatory cytokine IL-13, has also been demonstrated 

[81],[101],[126]–[128].  However, our data do contrast with prior studies indicating that 

pharmacological inhibitors of STAT1 were unable to alleviate the IFN-γ-induced 

reduction in TER [113],[129]–[131]. Data from the same group suggested that following 

IFN-γ treatment, STAT1 promoted STAT5b activation, which formed a complex with 

Fyn Src kinase and PI3-kinase, to serve as a mediator of IFN-γ-induced barrier 

dysfunction, specifically macromolecule horseradish peroxidase translocation, in T84 

monolayers [126]. These studies highlight how STAT proteins have versatile and 

complex roles in barrier function regulation, which can be context-dependent.  
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Figure 2.8: The protective effect of tofacitinib on IFN-γ-induced barrier 
dysfunction. 
During inflammation in which cytokines such as IFN-γ are released and bind to their 
receptors on epithelial cells, JAK1 proteins are brought in close proximity to each other 
and are activated. These in turn phosphorylate cytokine receptors which serve as docking 
sites for STAT proteins, which are then activated by JAK1 proteins. Phosphorylated 
STATs dimerize, translocate to the nucleus and serve as transcription factors for specific 
genes, such as claudin-2. Upon IFN-γ treatment, claudin-2 expression is upregulated and 
ZO-1 mislocalizes to form intercellular gaps. As a small molecule inhibitor, when 
tofacitinib binds to the ATP-binding site of JAK proteins, the first step of the signaling 
cascade is stopped, therefore preventing and/or reducing the detrimental effects of IFN-γ 
on the intestinal epithelial barrier (summarized in right-hand panel; broken arrow reflects 
reduced paracellular permeability vs. inflammation alone shown in left-hand panel).  
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 IFN-γ is a recognized modulator of the tight junction localization and expression 

of occludin and ZO-1 [15],[79],[109]–[112]. In the present study, we did not observe a 

significant difference in the expression levels of ZO-1, occludin or another member of the 

MARVEL family of transmembrane proteins involved in restricting macromolecular 

permeability, tricellulin, after IFN-γ treatment for 24 hours [12],[13],[102].  This suggests 

that the IFN-γ-induced increase in FD4 permeability, and thus the normalizing effect of 

tofacitinib on FD4, are likely not mediated by changes in overall protein expression of 

ZO-1, occludin or tricellulin. Instead, the inhibitory effect of tofacitinib on FD4 

permeability is likely due to changes in tight junction protein localization. This was 

supported by ZO-1 relocalization data and the decreased frequency of intercellular gaps 

observed with ZO-1 immunofluorescence staining in cell monolayers treated with 

tofacitinib. Indeed, IFN-γ-induced alterations in barrier permeability and tight junction 

protein relocalization may partially be due to remodeling or internalization of these tight 

junction proteins from the plasma membrane into a subapical cytosolic compartment, as 

previously described [15].  

 Our study also showed that early intervention with tofacitinib during exposure to 

IFN-γ can fully rescue the increase in FD4 permeability, yet only partially mitigated the 

decrease in TER. This partial restoration correlates with our finding that claudin-2 protein 

expression levels did not return to those of untreated and DMSO-treated controls in the 

rescue protocol studies. A potential explanation could be that tofacitinib is unable to fully 

reverse the sequence of signaling events leading to increased claudin-2 and TER loss as 

opposed to its apparent capacity to arrest signaling modalities targeting junction proteins 
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involved in the ‘leak’ barrier defect, and thus reverse the increase in FD4 permeability 

caused by IFN-γ.  

 The concentration of tofacitinib used here to study barrier and JAK/STAT 

signaling effects on IECs are relatively higher compared with those used in other studies. 

For instance, tofacitinib at 30nM and 100nM reduced cytokine-induced STAT1 

phosphorylation in CD4+ T cells and fibroblast-like synoviocytes, respectively 

[132],[133]. However, this discrepancy could be attributed to the different cell types 

studied as in our experience intestinal epithelial cell lines are not as sensitive to 

inflammatory cytokines or pharmacological inhibitors as other cell types. Moreover, as 

shown in Figure 2B, the lowest dose of 2µM tofacitinib used did not produce a barrier-

protecting effect against IFN-γ in IEC monolayers suggesting that in this experimental 

system, higher concentrations of tofacitinib are required to modulate downstream effector 

responses in readouts such as barrier function. Of note however, in our studies tofacitinib 

was administered at 2.6mg (16.7µM) or 7.8mg (50µM) which is within the dosage range 

of 5 or 10 mg given to ulcerative colitis patients [58],[134]. 

 In summary, we have demonstrated that the JAK inhibitor, tofacitinib, is capable 

of both protecting against, and rescuing, the deleterious effects of IFN-γ on intestinal 

epithelial permeability using both cell line and human organoid model systems. Patients 

with ulcerative colitis who received tofacitinib for 8 weeks had significantly higher 

clinical response rates and lower Mayo endoscopic subscores compared with those 

receiving placebo [58],[134]. Additionally, those who received tofacitinib had higher 

remission rates at 52 weeks compared with those receiving placebo [58]. Our results 
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suggest that part of the clinical benefits of tofacitinib in treating ulcerative colitis patients 

may accrue from reducing the activity of JAK-activated signaling pathways that disrupt 

tight junction protein composition in IECs. While tofacitinib has been demonstrated to 

promote mucosal healing, we propose that part of its efficacy may also lie in its ability to 

restore normal mucosal barrier function as reflected by the normalization of permeability 

to macromolecules and reduced electrolyte flux. 
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Chapter 3: JAK Inhibition by Tofacitinib Rescues Barrier Dysfunction and JAK1-

STAT1 Signaling Defects in PTPN2-deficient Intestinal Epithelial Cells In Vitro and 

Preserves the Barrier Integrity in an Ex Vivo Model System 

 

Introduction 

 The chronic and relapsing nature of inflammatory bowel disease (IBD) decreases 

quality of life and can lead to devastating and at times life-threatening complications in 

IBD patients. The two types of IBD, Crohn’s disease (CD) and ulcerative colitis (UC), 

have the highest prevalence rates in Europe and North America with accelerating 

incidence rates in developing countries [19]. IBD is a chronic condition in which the 

immune system mounts an abnormal response to normal flora in the gastrointestinal tract 

and is marked with abdominal pain, diarrhea, skip lesions in CD, and ulcers in UC. The 

damage to the intestinal epithelium from chronic inflammation can compromise its ability 

to serve as a selective physical barrier separating luminal contents from underlying 

lamina propria [96]. Altered expression and/or localization of specific tight junction 

proteins, can increase intestinal permeability, which has been shown to precede 

inflammation [66] and predict relapse in IBD [65]. This allows dysregulated ion and fluid 

transport as well as increased access of bacterial products and toxins into the lamina 

propria, which can trigger inappropriate immune responses and contribute to the 

pathogenesis of IBD [135].  

 Tofacitinib (CP-690,550), an orally-administered JAK inhibitor has been FDA-

approved for the treatment of chronic inflammatory conditions and has been FDA-
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approved for the treatment of moderate-to-severe UC [58]. While pre-clinical studies on 

therapeutics targeting the JAK-STAT pathway have focused on immune cell targets, it is 

poorly understood how this pathway affects IECs and how it contributes to altered IEC 

functions, such as impaired barrier function associated with IBD. We have recently 

shown that tofacitinib can reduce cytokine-induced barrier dysfunction in IECs in vitro 

[16]. 

 The etiology of IBD has a significant genetic component that has not been widely 

exploited for therapeutic targeting. There are currently 201 candidate genes associated 

with risk of onset of IBD, most of which are involved in regulating the immune system’s 

interaction with IECs and microbial flora [24],[52],[67],[136]. A number of these genes 

are involved in regulating the Janus kinase-signal transduction and activator of 

transcription (JAK-STAT) pathway, which can be activated by cytokines involved in IBD 

[24]. One of the major negative regulators of JAK-STAT signaling is T cell protein 

tyrosine phosphatase (TCPTP) encoded by the IBD candidate gene, protein tyrosine 

phosphatase nonreceptor type 2 (PTPN2). As a phosphatase, it regulates the JAK-STAT 

signaling pathway with substrates including JAK1, JAK3, and STAT1 [74],[79]. Loss-of-

function mutations in PTPN2 increase the risk of IBD [71] and transient knockdown of 

PTPN2 in IEC lines leads to a further increase in permeability coupled with STAT1 and 

STAT3 activation following treatment with the IBD-associated pro-inflammatory 

cytokine IFN-γ [79].  

 We have also shown that IECs stably expressing shRNA against PTPN2 have an 

underlying barrier dysfunction [80] and that tofacitinib can normalize barrier dysfunction 
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in parental T84 cells treated with pro-inflammatory cytokine IFN-γ [16]. Our main goal 

in this study was to determine if tofacitinib can correct JAK-STAT signaling defects and 

barrier dysfunction in PTPN2-deficient epithelial cell and animal models. Here, we show 

that tofacitinib can correct the elevated basal and cytokine-induced JAK1-STAT1 

signaling and barrier defects in IECs lacking PTPN2. These studies were also aimed at 

determining if effects of tofacitinib can be recapitulated in vivo or ex vivo in Ptpn2-

deficient mice or tissues. Moreover, I show that constitutive Ptpn2 knockout (KO) mice 

display elevated levels of intestinal JAK-STAT activation and increased macromolecular 

permeability compared to their wildtype (WT) and Ptpn2 heterozygous (Het) littermates. 

Although increased pSTAT1/STAT1 levels in IECs isolated from tamoxifen-inducible 

villin-Cre Ptpn2fl/fl mice (Ptpn2ΔIEC) were observed, these mice did not display an 

underlying increase in intestinal permeability. In conflict with earlier work from our lab, 

constitutive Ptpn2 Het mice did not show an in vivo barrier defect compared to WT 

littermates and thus we were unable to determine the effectiveness of tofacitinib 

treatment in correcting a barrier defect in vivo in this mouse model. However, studies on 

isolated mouse tissues treated with tofacitinib ex vivo show that tofacitinib preserves 

barrier integrity in the Ptpn2 Het intestine. In summary, tofacitinib can reverse JAK-

STAT signaling defects and protect the barrier in PTPN2-deficient model systems. 
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Materials and Methods 

Materials 

 Tofacitinib (MedChemExpress) and vehicle dimethylsulfoxide (DMSO, 0.5%, 

Sigma) were used in in vitro and ex vivo studies. Interferon-gamma (IFN-γ) at 100 U/ml 

(50ng/ml) was used in cell culture. Forskolin (Fsk, Sigma-Aldrich) and carbachol 

(carbamoylcholine chloride, CCh, Sigma-Aldrich) were used in the Ussing chambers 

experiments. Tofacitinib citrate (Selleckchem), methylcellulose (Sigma), and Tween-20 

(Fisher) were used to make gavage solutions used in in vivo studies. 

 

Analysis of JAK-STAT Signaling Upon Acute Treatment with Vehicle, Tofacitinib, 

and IFN-γ 

 To determine the effect of acute tofacitinib treatment on basal JAK1-STAT1 

phosphorylation, HT-29 IECs stably expressing scrambled control shRNA (CTL) or 

shRNA targeted against PTPN2 (KD) [80] were treated with vehicle (DMSO 0.5%) or 

tofacitinib (50µM) for 2 hours then washed twice with ice-cold PBS prior to cell lysis by 

RIPA buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate, 

0.1% SDS supplemented with protease (Roche) and phosphatase inhibitors (sodium 

orthovanadate, Phosphatase Inhibitor Cocktail 2 and 3, Sigma-Aldrich) and incubation at 

4°C for 15 min.  

 The effect of tofacitinib treatment on acute cytokine-stimulated JAK-STAT 

activation was also determined in HT-29 CTL and PTPN2 KD cells first treated with 

vehicle (DMSO 0.5%) or tofacitinib (50µM) for 1 hr followed by IFN-γ (1000 U/ml; 
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50ng/ml) exposure for 1 hr. Cells were washed twice with ice-cold PBS prior to cell lysis 

by RIPA buffer, as mentioned above. 

 

Assessment of Barrier Function In Vitro 

 Polarized human IEC lines HT-29.cl19a and Caco-2BBe transduced with 

scrambled control shRNA (CTL) or shRNA against PTPN2 (KD), as previously 

described [80], were used in these experiments. Cells were switched to serum-free media 

overnight, treated apically with 0.5% DMSO or 50µM tofacitinib with or without 

subsequent basolateral exposure to IFN-γ (100 U/ml; 5ng/ml). After 24 hours, 

transepithelial electrical resistance (TER) was measured using an epithelial volthommeter 

(EVOM2, World Precision Instruments) and companion chopstick electrodes (World 

Precision Instruments). TER is indicated as the average of 3 measurements per well and 

expressed as Ohms.cm2. Cells were washed twice with PBS with MgCl2 and CaCl2 then 

equilibrated in 37C for 30 min. Leak barrier permeability was assessed by adding of 

1mg/ml 4kDa fluorescein isothiocyanate (FITC)-dextran (FD4) apically to each well then 

sampling the basolateral compartment after 2 hrs to measure the amount of FD4 that has 

passed across the monolayers, as described previously [16]. Fluorescence was measured 

using a plate reader (Promega) and FD4 concentration was determined against a standard 

curve. Cells were then washed and lysed with RIPA as mentioned above. 
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Preparation of Whole Cell Lysates for Western Blotting 

 After lysis, cells were scraped into microcentrifuge tubes and homogenized by 

sonication on ice at 30% amplitude, at 10-second on/off intervals for 40 seconds using 

the Q125 Sonicator (QSonica) then centrifuged at 16,200 x g for 10 min at 4°C. 

Supernatants were collected and quantified using the Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific). Equal protein concentration of each sample was mixed with 

loading buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 5% β-mercaptoethanol, 0.01% 

bromophenol blue, 10% glycerol) to make loading samples, which were then incubated at 

95°C for 10 min and stored in -20°C prior to Western blotting. 

 

Western Blotting 

 Prepared lysates were loaded on 7% or 11% SDS-polyacrylamide gels and ran at 

100 V for 1hr 40 min at room temperature then transferred onto polyvinylidene difluoride 

(PVDF) membranes (EMD) for 2 hours at 250mA in 4°C. PVDF membranes were rinsed 

3x with Tris-buffered saline with 0.1% Tween-20 (TBS-T), then blocked with 5% milk in 

for 1 hr at room temperature prior to overnight incubation with primary antibodies (Table 

3.1). Blots were rinsed 3x with TBS-T followed by 5 min washes (3x), then incubated 

with secondary antibodies horseradish peroxidase-conjugated goat anti-mouse (#115-

036-062) or goat anti-rabbit (#111-036-045) IgG secondary antibodies (Jackson 

Immunoresearch Laboratories) diluted at 1:5000 or 1:2500, respectively in 1% milk in 

TBS-T for 1 hr at room temperature. Blots were again rinsed 3x with TBS-T followed by 

5 min washes (3x). Membranes were then incubated with SuperSignal West Pico PLUS 
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Chemiluminescent Substrate solutions (ThermoFisher Scientific) per manufacturer’s 

instructions then exposed to film (LabScientific Inc.). Densitometric analysis was 

performed using ImageJ [117].  

 

Table 3.1: Primary antibodies used for Western blotting 

 

 

Mice 

 Mice were housed in specific pathogen-free conditions, unless otherwise stated, 

under ambient temperature with a 12-hr light, 12-hr dark cycle. All protocols for animal 

care, use, and euthanasia were approved by the University of California, Riverside 

Institutional Animal Care and Use Committee in accordance with the National Institute of 

Health guidelines. Naïve 3 wk old BALB/c wildtype, Ptpn2 constitutive heterozygous 

and knockout mice were used for both in vivo and ex vivo studies. Adult and 3wk old 

BALB/c wildtype and Ptpn2 heterozygous mice housed in a conventional vivarium were 

used for tofacitinib citrate in vivo studies. 

Primary  
Antibodies Host Provider Catalog 

No. Dilution 

ZO-1 Rabbit Thermo Fisher Scientific (Rockford, IL) 61-7300 1:1000 
Occludin Rabbit Thermo Fisher Scientific (Rockford, IL) 71-1500 1:1000 

Phospho-JAK1 
(Tyr 1022/1023) Rabbit Cell Signaling Technology (Danvers, MA) #3331 1:1000 

Total JAK1 Rabbit Cell Signaling Technology (Danvers, MA) #3344 1:1000 
Phospho-STAT1 

(Tyr 701) Rabbit Cell Signaling Technology (Danvers, MA) #9167 1:1000 

Total STAT1 Rabbit Cell Signaling Technology (Danvers, MA) #9175 1:1000 
TCPTP  

(anti-mouse) Mouse Medimabs (Quebec, Canada) MM-0018 1:500 

TCPTP 
(anti-human) Mouse EMD Millipore (San Diego, CA) PH03L 1:500 

β-actin Mouse Sigma Aldrich (St. Louis, MO) A5316 1:5000 
	



 58 

 Adult and 3 wk old transgenic Ptpn2fl/fl mice bearing tamoxifen-inducible Cre-

recombinase under the villin promoter (villin-Cre-ERT2) were also used in experiments. 

To induce targeted deletion of Ptpn2 in villin-expressing cells (primarily consisting of the 

gut epithelium), mice were given intraperitoneal injection of tamoxifen (Sigma) dissolved 

in corn oil (Sigma) at 10mg/ml and administered at a dose of 50mg/kg body weight 

(50µL per 10g BW), once daily for 5 consecutive days. After 3 or 4 wks, barrier function 

was assessed, IECs were isolated, and tissues were harvested from mice. Ptpn2fl/fl mice 

that did not express Cre-recombinase, treated also with tamoxifen, were used as controls. 

 

Tissue Collection and Intestinal Epithelial Cell (IEC) Isolation  

 After blood collection for the permeability assays, mice were sacrificed and 

tissues were harvested. Whole intestinal pieces from the distal ileum, cecum, proximal 

colon, and distal colon were harvested were flushed with ice-cold PBS, flash-frozen in 

liquid nitrogen, and stored in -80°C for protein expression analysis. Frozen tissues were 

homogenized in RIPA buffer supplemented with protease and phosphatase inhibitors 

using a bead-beater. Protein concentration was determined, and tissue lysates were 

subjected to Western blotting, as mentioned above. 

 For IEC isolation, intestinal pieces were inverted, incubated in Cell Recovery 

Solution (Corning) on ice for 2 hrs, then vigorously shaken to release IECs. IECs were 

washed twice with ice-cold PBS then lysed in RIPA supplemented with protease and 

phosphatase inhibitors, and processed, as mentioned above. Protein concentration was 

determined and samples were subjected to Western blotting, as mentioned above. 
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 After flushing with ice-cold PBS, intestinal tissues were also fixed in 4% 

paraformaldehyde in 4°C overnight. Tissues were then washed 3x with PBS, incubated in 

30% sucrose in 4°C overnight for cryoprotection, then embedded in optimal cutting 

temperature (OCT, Sakura) medium and snap-frozen for immunohistochemical analysis.  

 

JAK3 Immunofluorescence in Distal Colons of Ptpn2-Deficient Mice 

 Fixed distal colons from 3 wk old BALB/c wildtype, Ptpn2 heterozygous and 

knockout mice embedded in OCT were sectioned and stained with the following primary 

antibodies at 4°C overnight: phospho-JAK3 (sc-16567, Santa Cruz Biotechnology) and 

total-JAK3 (sc-513, Santa Cruz Biotechnology). This was followed by incubation with 

secondary antibodies for 1 hr at room temperature: Cy3-conjugated donkey-anti-goat 

(Jackson Immunoresearch) and Alexa-Fluor 488-conjugated donkey-anti-rabbit (Jackson 

Immunoresearch). Slides were mounted using Prolong Gold Antifade Mountant with 

DAPI (Invitrogen) and visualized with a Leica DM5500 microscope attached with a 

DFC365 FX camera using the 10x and 63x oil objectives with a 2x zoom. In addition to 

an image of the entire distal colon cross-section, images from 4-5 fields per tissue were 

obtained as tiff files using the LAS-AF Lite software.  

 

Assessment of Barrier Function In Vivo 

 Adult mice were food-deprived overnight (3 wk old mice for 2 hrs) then gavaged 

with either FD4 alone or in combination with creatinine and 70kDa Rhodamine-B 

(RD70) dissolved in water. Blood was collected after 4-5 hours and fluorescence 
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intensity was measured in diluted serum using a plate reader (Promega). FD4 and RD70 

concentrations were then determined against a standard curve. Creatinine concentration 

in the serum was measured using the SVT creatinine R1 and R2 reagents. Kinetic 

absorbance readings were measured at 505nm at 1 min intervals for 30 min using a 

Synergy HT plate reader (BioTek). ΔOD (OD 6 min – OD 0 min) was determined and 

creatinine concentrations in the sera were determined against a standard curve.  Values 

from the sera of water-gavaged mice were substracted from those of the samples. 

 

Tofacitinib Citrate Treatment In Vivo 

 Tofacitinib citrate gavage solution was prepared by sonicating tofacitinib citrate 

powder into a fine suspension in vehicle 0.5% methylcellulose/0.25% Tween 20. To 

determine the effect of tofacitinib citrate treatment on barrier function, 3wk old or 8wk 

old BALB/c wildtype and Ptpn2 heterozygous mice, housed in a conventional vivarium, 

were orally gavaged with vehicle or tofacitinib citrate solution at a dose of 100mg/kg 

body weight [137], twice daily for 7d. 

 

Measurement of Intestinal Barrier Function Ex Vivo 

 Electrical resistance (TER), FD4 and RD70 permeability, and change in short-

circuit current (ΔIsc) were measured across isolated ceca from 3 week-old BALB/c 

wildtype (WT), and constitutive Ptpn2+/– (Het) and Ptpn2–/– (KO) mice using Ussing 

chambers (Physiologic Instruments). Unstripped ceca were mounted onto paired Ussing 

chambers maintained at 37°C by heated water jackets and equilibrated in Kreb’s Ringer’s 
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buffer (115mM NaCl, 2.4mM K2HPO4, 0.4mM KH2PO4, 10mM HEPES, 1.2mM CaCl2, 

1.2mM MgCl2, 25mM NaHCO3, 10mM glucose) for at least 20 min prior to 

measurements and treatments. After stabilization, basal TER of the tissues were 

measured prior to and every hour during a 4-hr exposure to 0.5% DMSO or 50µM 

tofacitinib administered to the mucosal side of the tissues. 

 Permeability to FD4 and 70kDa Rhodamine B-dextran (RD70, Sigma) was 

measured by adding the fluorescent probes to the apical side of the tissues 2 hrs post-

treatment then collecting duplicate 50µL samples of the basolateral buffer after a 2 hr 

incubation. Fluorescence was measured using a microplate reader (Promega) and probe 

concentrations were determined against a standard curve for FD4 and RD70. 

 The effects of cAMP and Ca2+ stimulation on Cl– secretion, and viability of the 

mounted tissues after the 4-hr treatments, were measured after bilateral addition of 20µM 

forskolin (Fsk) followed by basolateral administration of 300µM carbachol (CCh), 

respectively. ΔIsc was calculated as the difference between baseline and peak current after 

stimulation by Fsk or CCh. 

 

Statistical Analysis 

 All data are expressed as mean ± SD from n number of biological replicates. 

Comparisons between two groups were determined by two-tailed Student t test. 

Comparisons between three or more groups were analyzed using one-way or two-way 

analysis of variance (ANOVA), in which Tukey or Holm-Sidak post-test was used to 
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correct for multiple pairwise comparisons, where appropriate. P values ≤ 0.05 were 

considered significant. 

 

Results 

Tofacitinib decreased elevated basal and IFN-γ-stimulated JAK1-STAT1 

phosphorylation in IECs lacking PTPN2 

 For the first time, we show that PTPN2 KD cells have higher JAK1 

phosphorylation compared to CTL cells (Figure 3.1A). In agreement with previous 

studies [81], PTPN2 KD cells have increased STAT1 phosphorylation compared to CTL 

cells (Figure 1A). Following acute treatment with vehicle or tofacitinib for 2 hours, the 

elevated JAK1 and STAT1 phosphorylation in PTPN2 KD cells was significantly 

reduced by tofacitinib (Figure 3.1A). HT-29 CTL and PTPN2 KD cells were also 

challenged with IFN-γ with or without the presence of vehicle or tofacitinib, as depicted 

in Figure 3.1B. JAK1-STAT1 phosphorylation levels potentiated by acute IFN-γ in 

PTPN2 KD cells were also significantly reduced by tofacitinib pre-treatment (Figure 

3.1B). These results show that tofacitinib can correct basal and IFN-γ-induced JAK-

STAT signaling defects in PTPN2-deficient IECs in vitro. 
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Figure 3.1: Basal and cytokine-induced JAK1-STAT1 phosphorylation elevated in 
PTPN2-deficient IECs is reduced by acute tofacitinib treatment in vitro. A) HT29 
control (CTL) and PTPN2 knockdown (KD) cells were treated with vehicle (0.5% 
DMSO) or tofacitinib (50µM) for 2 hours prior to lysis and Western blot analysis for 
phosphorylated and total JAK1 and STAT1 expression. B) A schematic of HT29 CTL 
and PTPN2 KD cells pre-treated with vehicle (0.5% DMSO) or tofacitinib (50µM) for 1 
hour before IFN-g (1000 U/ml; 50ng/ml) for 1 hour before lysis and Western blot 
analysis for phosphorylated and total JAK1 and STAT1. Representative blots and 
densitometric analyses are shown. Data are expressed as means ± SEM. *P < 0.05, ***P 
< 0.001, ****P < 0.0001, n = 3-4. 
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Tofacitinib corrected barrier dysfunction in PTPN2 KD cells before or after IFN-γ 

exposure 

 Here we show that tofacitinib rescued the resting lower TER and elevated FD4 

permeability observed in PTPN2-deficient Caco-2BBe cells (Figure 3.2). Upon IFN-γ-

induced decrease in TER and robust increase in FD4 flux, which are potentiated in 

PTPN2 KD cells, tofacitinib also normalized TER and FD4 flux in Caco-2BBe or HT29 

cells, respectively (Figure 3.2). Barrier defects due to PTPN2 loss have been described 

previously in IECs [80]. These results convey the ability of tofacitinib to correct the 

underlying barrier defect in resting and cytokine-challenged PTPN2-deficient cells.  

 As previously observed [16], DMSO, tofacitinib, and/or IFN-γ did not 

significantly alter ZO-1 and occludin protein expression in either HT-29 CTL or PTPN2 

KD cell lines (Figure 3.3). Changes in FD4 permeability, are therefore not caused by 

changes in protein expression of ZO-1 and occludin and may instead be due tight junction 

protein localization changes.  
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Figure 3.2: Tofacitinib rescues resting and cytokine-induced barrier dysfunction in 
PTPN2-deficient IECs in vitro. Control (CTL) and PTPN2 knockdown (KD) IECs 
treated with vehicle or tofacitinib for 1 hour with or without subsequent exposure to IFN-
γ. After 24 hours, A) TER and B) FD4 permeability were measured. Data are expressed 
as means ± SEM. *P < 0.05, ##P < 0.01, n = 3-4 per group, in duplicates. 
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Figure 3.3: ZO-1 and occludin protein expression are unaltered by PTPN2 
deficiency or tofacitinib treatment. HT29 CTL and PTPN2 KD cells were subjected to 
vehicle (0.5% DMSO) or tofacitinib (50µM) treatment for 1 hour with or without 
subsequent exposure to IFN-γ for 24 hours were lysed and subjected to Western blotting. 
Representative blots are shown for the proteins indicated and densitometric analyses were 
performed. Data are expressed as means ± SD. n = 4 per group, in duplicate. 
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JAK-STAT activation and macromolecular permeability are elevated in Ptpn2-deficient 

mice 

 To determine whether findings from cell culture models are recapitulated in vivo, 

basal levels of JAK-STAT signaling and barrier function were analyzed in BALB/c 

wildtype (WT) and constitutive Ptpn2 heterozygous (Het) and knockout (KO) mice. As 

previously described [82],[138], Ptpn2 KO mice succumb to systemic inflammation by 

week 3-5, so to ensure appropriate comparisons with WT and Het littermates, mice were 

used at 3 weeks of age. As a phosphatase, PTPN2 negatively regulates the JAK-STAT 

signaling pathway with substrates including JAK1, JAK3, and STAT1. By fluorescence 

immunohistochemistry, distal colons from Ptpn2-deficient mice show elevated JAK3 

phosphorylation compared to WT littermates (Figure 3.4). Western blot analysis of whole 

proximal and distal colons reveal that Ptpn2-deficient mice have lower levels of TCPTP 

and that compared to WT mice, Ptpn2 Het mice exhibit higher JAK1 and STAT1 

phosphorylation. Although the representative blots display robust STAT1 

phosphorylation in Ptpn2 KO mice, higher expression of total STAT were also observed 

in these tissues, therefore, densitometric analysis reveal pSTAT1/STAT1 levels in Ptpn2 

KO mice that are comparable to WT and Ptpn2 Het mice. However, isolated distal colon 

IECs from Ptpn2 KO mice have significantly higher pSTAT1/STAT1 levels compared to 

WT and Ptpn2 Het mice (Figure 3.5). 
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Figure 3.4: Distal colons from Ptpn2-deficient mice display elevated levels of JAK3 
phosphorylation compared to WT littermates. Representative immunofluorescent 
images of distal colon crypts from naïve wildtype (WT), constitutive Ptpn2 heterozygous 
(Het), and knockout (KO) mice, stained for phospho-JAK3 (red), total JAK3 (green), and 
DAPI (blue). Images were taken using 10x and 63x objective lenses, and lengths of 
scalebars are indicated. n = 5 per group. Arrows indicate subapical phospho-JAK3 and 
arrowheads point to intense apical phospho-JAK3 signal detected. Ptpn2 KO distal colon 
stained only with fluorophore-conjugated secondary antibodies was used as a negative 
control.	
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Figure 3.5: Constitutive Ptpn2-deficient mice express higher JAK1-STAT1 
phosphorylation in intestinal tissues. Representative blots and densitometric analyses 
of phosphorylated and total JAK1, STAT1, TCPTP, and β-actin are shown from A) 
whole proximal colons, B) whole distal colons, and C) distal colon IECs isolated from 
naïve wildtype (WT), constitutive Ptpn2 heterozygous (Het), and knockout (KO) mice. 
Data are expressed as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ###P < 0.001, n 
= 3-4 per group. 
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 In agreement with findings in vitro, Ptpn2 KO mice display significantly elevated 

FD4 intestinal permeability compared to WT and Ptpn2 littermates (Figure 3.6). 

However, no differences in permeability were seen between WT and Ptpn2 Het mice, as 

previously observed (unpublished data). Further, neither creatinine and nor RD70 

intestinal permeability were altered by Ptpn2 loss in vivo (Figure 3.6). These functional 

assays suggest that barrier defects associated with loss of Ptpn2 is recapitulated in vivo. 

 

Intestinal permeability was unaffected by tofacitinib citrate treatment in Ptpn2 Het 

mice in vivo 

 To determine if tofacitinib affected barrier function in vivo, adult WT and Ptpn2 

Het mice were orally gavaged with vehicle or tofacitinib citrate twice daily for 7 

consecutive days. Intestinal permeability was assessed before and after tofacitinib 

treatment. Figure 3.7 shows that naïve weanlings and adult Ptpn2 Het mice do not display 

higher intestinal permeability to FD4 compared to WT animals, contrary to previous 

findings (unpublished). Additionally, tofacitinib citrate treatment did not significantly 

alter FD4 intestinal permeability compared to vehicle (Figure 3.7). A new animal model 

was therefore tested for tofacitinib studies in vivo. 
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Figure 3.6: Ptpn2 KO mice have higher macromolecular intestinal permeability 
than WT and Ptpn2 Het mice in vivo. Intestinal permeability to creatinine, FD4, and 
RD70 probes were measured in three week-old wildtype (WT), constitutive Ptpn2 
heterozygous (Het), and knockout (KO) mice to assess pore, leak, and unrestricted barrier 
defects, respectively. **P < 0.01, ##P < 0.01, n = 2-6 per group. 
 
 
 

 
 
Figure 3.7: Barrier permeability did not differ upon constitutive Ptpn2 loss or 
tofacitinib citrate treatment in vivo. FD4 permeability in three week-old and adult WT 
and Ptpn2 Het mice treated with twice daily oral gavage of vehicle or tofacitinib citrate 
was measured before and after treatments. Data are expressed as means ± SD.  
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Ptpn2ΔIEC mice display higher STAT1 activation, but not barrier permeability, 

compared to Ptpn2fl/fl mice 

 To determine if IEC-specific knockout of Ptpn2 yielded a barrier defect in vivo, 3 

wk old tamoxifen-inducible villin-Cre-Ptpn2fl/fl mice were used. Three weeks after 

tamoxifen induction, intestinal permeability of Ptpn2ΔIEC and Ptpn2fl/fl mice, body 

weights, spleen weights, and colon lengths showed no change to IEC-specific loss of 

Ptpn2 (Figure 3.8). To rule out the potential contribution of an underdeveloped gut, adult 

tamoxifen-inducible villin-Cre-Ptpn2fl/fl mice were also used. Four weeks after tamoxifen 

induction, barrier permeability studies reveal that compared to Ptpn2fl/fl or corn-oil 

treated mice, Ptpn2ΔIEC mice did not display higher FD4 intestinal permeability (Figure 

3.9). Western blot analysis of IECs isolated from both small and large intestines of 

tamoxifen-treated mice (Ptpn2ΔIEC) showed successful knockout of TCPTP in IECs 

compared to Ptpn2fl/fl controls (Figure 3.10). This was correlated with higher STAT1 

phosphorylation (Figure 3.10), as seen in the constitutive Ptpn2 Het and KO mice. 
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Figure 3.8: Macroscopic measures of inflammation were unaffected by IEC-specific 
Ptpn2 loss. Whole intestinal FD4 permeability, body weights, spleen weights, and colon 
lengths measured three weeks after tamoxifen induction. n = 6-19. 
 
 
 
 
 

 
 
 
Figure 3.9: Intestinal permeability to FD4 was unaffected by IEC-specific Ptpn2 loss 
in adult mice. Four weeks after tamoxifen induction, whole FD4 intestinal permeability 
was assessed in Ptpn2fl/fl and Ptpn2ΔIEC mice. Data are presented as means ± SD. 
Macromolecular permeability to FD4 was also measured in corn-oil-treated Ptpn2fl/fl 
expressing the Cre-recombinase under the villin promoter (Cre+) or not (Cre-). TMX = 
tamoxifen. n = 2-12. 
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Figure 3.10: IECs from Ptpn2ΔIEC mice displayed higher STAT1 phosphorylation 
compared to those of Ptpn2fl/fl mice. Four weeks after tamoxifen induction, IECs from 
adult Ptpn2ΔIEC were lysed and subjected to Western blotting. A) Representative blots of 
ileum (I) and proximal colon (P) IECs from Ptpn2ΔIEC and Ptpn2fl/fl mice and B) 
densitometric analysis of pSTAT1/total STAT1 and TCPTP/β-actin. Data are presented 
as means ± SD. *P < 0.05, ****P < 0.0001, n = 3-4. 
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Acute exposure to tofacitinib prevents time-dependent decrease in TER in ceca of 

Ptpn2+/- mice ex vivo without affecting macromolecular permeability 

 Although differences in whole intestinal permeability were not observed in 

constitutive Ptpn2 Het or Ptpn2ΔIEC mice with IEC-specific Ptpn2 loss, region-specific 

differences may exist. Preliminary studies demonstrated that ceca from Ptpn2 Het and 

KO mice displayed lower TER and higher FD4 permeability compared to those of WT 

mice (unpublished). In order to address whether tofacitinib affected specific regions of 

the intestinal tract, whole unstripped ceca from WT and constitutive Ptpn2 Het and KO 

mice were mounted on Ussing chambers, treated with vehicle or tofacitinib ex vivo for a 

total of 4 hours, and subjected to permeability and ion-transport assays. Over time, TER 

decreased in vehicle-treated ceca from WT, Ptpn2 Het, and KO mice (Figure 3.11A). 

Tofacitinib treatment modestly prevented this decrease in TER in Ptpn2 Het mice, while 

no changes in TER were observed in tofacitinib-treated WT or Ptpn2 KO ceca. FD4 and 

RD70 fluxes remained unaltered by genotypes or treatments (Figure 3.11B). 

 Additionally, cAMP-dependent ion transport, induced by forskolin, was 

significantly higher in vehicle-treated Ptpn2 Het tissues, compared to those of WT or 

Ptpn2 KO, which was unaffected by tofacitinib treatment (Figure 3.12A). Changes in 

Ca2+-dependent ion transport, induced by carbachol, were not observed among genotypes 

or treatments (Figure 3.12B). 
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Figure 3.11: Time-dependent decrease in TER (Ohms.cm2) was prevented by ex vivo 
tofacitinib treatment in Ptpn2 Het cecum. Isolated ceca from wildtype (WT), 
constitutive Ptpn2 heterozygous (Het), and knockout (KO) mice were mounted on Ussing 
chambers and treated with vehicle (0.5% DMSO) or tofacitinib (50µM) apically for 4 
hours. A) TER was measured before, during, and after treatment. At the end of the 
treatment, B) FD4 and RD70 fluxes were measured and expressed as (µg/ml). Data are 
presented as means ± SD. *P < 0.05, n = 3-7. 
 

 

Figure 3.12: Electrogenic ion transport in tofacitinib-treated WT, Ptpn2 Het, and 
KO mouse tissues ex vivo. Change in short-circuit current (ΔISC) after (A) bilateral 
forskolin (20µM) or B) basolateral carbachol (100µM) treatment on vehicle- or 
tofacitinib-treated ceca of WT, Ptpn2 Het, and KO mice. Values are presented as means 
± SD. * P < 0.05, # P < 0.05, n = 6-9 per group.  
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Discussion 

In summary, our data show that tofacitinib can correct basal and IFN-γ-induced 

barrier defect and elevated JAK1 and STAT1 activation in PTPN2-deficient IECs. Higher 

JAK-STAT phosphorylation in epithelial cell lines is consistent with in vivo observations 

in intestinal tissues from Ptpn2 KO and tamoxifen-inducible Ptpn2ΔIEC mice. In 

agreement with previous unpublished findings, complete loss of Ptpn2 in vivo led to 

increased FD4 intestinal permeability. However, in these studies, Ptpn2 Het or Ptpn2ΔIEC 

mice did not display impaired barrier function, compared to controls. Nevertheless, 

treatment with tofacitinib ex vivo appeared to have a protective effect on time-dependent 

decrease in TER in Ptpn2 Het ceca. 

For the first time, we show that acute treatment with tofacitinib reduced basal and 

IFN-γ-stimulated JAK1-STAT1 signaling and barrier dysfunction in PTPN2 KD cells. 

This is crucial considering that the lower TER in these are partly due to STAT1-

dependent transcription of pore-forming tight junction protein claudin-2 [81]. Future 

studies will focus on analyzing claudin-2 expression in vehicle vs. tofacitinib-treated 

CTL and PTPN2 KD IECs as we have shown in parental T84 cells [16]. The barrier 

protective effect of tofacitinib on PTPN2-deficient cells is likely not mediated through 

changes in tight junction protein expression, but rather, localization of these proteins, as 

previously shown in parental T84 cells [16].  

Elevated JAK1 and JAK3 phosphorylation levels in Ptpn2-deficient mice 

confirms loss-of-function of the phosphatase in vivo. This has previously been 

demonstrated in immune cells derived from Ptpn2 KO mice [74], but our results are the 
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first to show similar effects in IECs and intestinal tissues. As a downstream target of 

JAK1, STAT1 phosphorylation levels of unchallenged PTPN2 KD cells were also 

decreased by the acute treatment of tofacitinib. The enhanced activation of JAK1, 

STAT1, and JAK3 is an indicator of increased production of cytokines which activate 

these proteins in Ptpn2-deficient mice, such as those elevated in IBD [40]. Studies from 

our lab have shown elevated IFN-γ levels in the serum and intestinal tissues of Ptpn2-

deficient mice compared to WT controls (unpublished), which may be responsible for the 

abnormally elevated JAK-STAT phosphorylation in naïve mice. Similar observations are 

seen in IECs from Ptpn2ΔIEC mice, therefore cytokine profiling of the serum and intestinal 

tissues from these mice are necessary to delineate what is causing increased JAK-STAT 

signaling in these mice. Nevertheless, although these results suggest a positive correlation 

between Ptpn2 loss and JAK-STAT phosphorylation, not all read-outs reached statistical 

significance and may require further studies. In addition, the increased total forms of 

STATs in IBD has been an area of controversy as to whether increased STAT signaling is 

due to increased total STAT expression overall vs. increased phosphorylation (i.e. more 

STAT proteins available to be phosphorylated and activated rather than an increase in the 

level of phosphorylation of individual STATs) [108],[139],[140]. 

Impaired barrier function was observed in PTPN2-deficient IECs and Ptpn2 KO 

mice, but not in Ptpn2 Het or Ptpn2ΔIEC mice. This is contradictory to previous findings 

in our lab that Ptpn2 Het have significantly higher FD4 permeability compared to WT 

controls (unpublished). Observed changes in the microbiome of these mice over time 

may account for the current absence of a difference in barrier phenotype (unpublished) 
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between WT and Ptpn2 Het mice. Dramatic changes in bacterial populations, such as 

those of the pathogenic adherent-invasive Escherichia coli (AIEC) involved in IBD 

pathogenesis [141] and the beneficial segmented filamentous bacteria (SFB) [142] have 

been observed in small and large intestines of Ptpn2 KO mice [143]. In addition, lack of 

barrier defect in Ptpn2ΔIEC may partly be due to compensation from other protein tyrosine 

phosphatases [144] or from immune cells in response to Ptpn2 loss in IECs. This is in 

agreement with previous work showing that constitutive Ptpn2ΔIEC mice did not have 

worse histological scores or response to acute or chronic DSS-induced colitis, 

respectively [86]. Perhaps an alternative challenge will determine if Ptpn2ΔIEC mice are 

more susceptible to barrier dysfunction compared to its Ptpn2fl/fl counterparts. Further, 

region-specific intestinal permeability in Ptpn2ΔIEC tissues would need to be analyzed. 

Increased creatinine suggests defects in the pore pathway of permeability. No 

change in creatinine permeability in Ptpn2 KO mice contradict previous in vitro studies 

that PTPN2 leads to lower TER [80],[81]. Perhaps region-specific TER measurements 

will yield more insight into how the pore barrier is affected by Ptpn2 loss. Indeed, 

preliminary evidence indicated that vehicle-treated Ptpn2 KO ceca displayed lower basal 

TER levels compared to WT and Ptpn2 Het tissues. RD70 permeability was also 

unaffected in Ptpn2-deficient mice, which reveals that the increase in macromolecular 

permeability is not due to substantial epithelial damage [145]. Whether other intestinal 

regions exhibit the same effects will be addressed in further studies. 

Ex vivo results on barrier function suggest that during the first 4 hours of 

treatment, tofacitinib may help preserve the integrity of the barrier, specifically in Ptpn2 
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Het tissues. Indeed, these ex vivo studies suggest that tissues need a longer time of 

exposure to tofacitinib before an impact on barrier function can be observed. Tofacitinib 

treatment in vivo, rather than ex vivo, may yield more robust results in its effect in barrier 

function in Ptpn2-deficient mouse models. 

 Overall, these results demonstrate that tofacitinib may serve as a more effective 

treatment if genetic profiles of IBD patients are considered and incorporated into patient 

treatment regimens. Data from clinical trials and retrospective observational studies 

reveal that tofacitinib induced a clinical response and maintained remission in about 33-

40.6% of IBD patients compared to 11% in the placebo groups [58],[146],[147]. It is 

important to note that increased barrier permeability alone does not cause IBD, as seen in 

relatives of IBD patients with increased permeability who never develop disease [148], 

therefore, it should not be the only feature considered in IBD patient care. However, 

intestinal permeability is still a good indicator of disease as increased permeability occurs 

prior to the onset of disease [66] and can predict relapse in patients with quiescent 

Crohn’s disease [65]. Tofacitinib treatment should also be taken with caution as increased 

rates of overall infections, particularly herpes zoster infection, have occurred in patients 

taking tofacitinib [58]. Recent studies have also shown slightly higher mortality rates in 

rheumatoid arthritis patients, ages 50 and older, taking tofacitinib with at least one 

cardiovascular risk factor [59]. These new findings further stress the importance of a 

personalized medicine approach to IBD treatments, such as tofacitinib for the treatment 

of UC. With the multi-factorial etiology of IBD, patient genetics should be included in 

their care plan. Based on results shown here, tofacitinib therefore has the therapeutic 
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potential to correct signaling and barrier function consequences of PTPN2 genetic defects 

as a personalized medicine approach for patients harboring PTPN2 loss-of-function 

mutations. 
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Chapter 4: The JAK-Inhibitor Tofacitinib Rescues Intestinal Barrier Defects and 

Disrupted Epithelial-Macrophage Crosstalk Caused by Loss of PTPN2 Activity In 

Vitro and In Vivo 

 

Introduction 

 Inflammatory bowel disease (IBD) describes a chronic inflammatory condition 

affecting the digestive tract, which manifests as diarrhea, abdominal pain, ulcers, and in 

severe cases anemia. Two main types of IBD are ulcerative colitis and Crohn’s disease, 

which differ in the histopathology and the intestinal sections affected [27],[149],[150]. 

The etiology of IBD is multi-factorial, in which genetics, environmental factors, the 

immune system, and the microbiome all contribute to disease manifestation [24]. Because 

of this, current therapeutics including corticosteroids, prednisone, mesalamine treat 

symptoms of IBD rather than target specific molecular candidates. Anti-TNF treatment 

has been shown as an effective treatment option for IBD, but one-third to one-half of 

anti-TNF-treated IBD patients relapsed after discontinuation unless anti-TNF therapy was 

re-introduced [151]. Lack or loss of clinical response over time may also occur due to 

production of antidrug antibodies [152], thus several alternative treatment strategies are 

currently studied or already approved for the use in IBD.  

 Tofacitinib (Xeljanz®) is a small-molecule pan-Janus kinase (JAK) inhibitor 

approved for the treatment of moderate-to-severe ulcerative colitis. Members of the JAK 

family are the first mediators of pro-inflammatory cytokine signaling associated with 

inflammation, and tofacitinib has been effective in treating chronic diseases, including 
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IBD [58],[153],[154]. Although tofacitinib induced higher clinical remission rates than 

placebo during clinical trials [58], remission at 52 weeks of treatment occurred in only 

40.6% of patients. This suggests that there might be select patients with better response to 

tofacitinib. Primary outcomes for these studies mainly focused on clinical and endoscopic 

remission [58]thus the effect of tofacitinib in the gut has primarily been interrogated on a 

macroscopic scale. Recent pre-clinical animal studies with tofacitinib featuring DSS-

induced and oxazolone-induced colitis mouse models have yielded great insight into how 

tofacitinib is acting in the intestinal tract [155],[156]. However, the effect of tofacitinib 

on specific cell types and the cellular crosstalk involved in intestinal homeostasis has 

been largely under-studied.  

 The barrier function of the intestinal epithelium ensures separation of luminal 

contents from underlying tissues while allowing regulated passage of fluid and 

electrolytes across the mucosal lining of the gut. The tight junction complex is made up 

of transmembrane proteins, which help seal the paracellular space between IECs and 

control the passage of water and ions [157],[158]. The tight junction proteins collectively 

contribute to the paracellular leakiness of the intestinal epithelium with specific size- and 

charge-selective properties. Barrier function is essential because increased intestinal 

permeability, an early feature of IBD [2], has been shown to precede intestinal 

inflammation in humans and animal models and is a prognostic factor for relapse in 

Crohn’s disease [65],[66],[94],[159],[160]. Disruption of the barrier allows bacterial 

components to reach immune cells patrolling the lamina propria to initiate an immune 

response, which in turn, can have detrimental effects to the tight junction complex [96]. 
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How JAK-inhibition by tofacitinib affects barrier function and regulation of tight junction 

proteins has yet to be identified. 

Genome-wide association studies have identified 231 single-nucleotide 

polymorphisms in 200 gene loci associated with increased risk for IBD 

[24],[52],[67],[68], including protein tyrosine phosphatase non-receptor type 2 (PTPN2). 

Substrates of PTPN2 include members of the JAK-signal transduction and activators of 

transcription (STAT) signaling pathway [74],[161]. Constitutive Ptpn2-/- mice exhibit 

intestinal inflammation and succumb to systemic inflammation between 3-5 weeks of age 

[82]. We have previously shown that knockdown of PTPN2 in human intestinal epithelial 

cell cultures cause elevated STAT activation and enhanced barrier defects in the presence 

of pro-inflammatory cytokine IFN-γ [79]. Colons of RAG2 knockout mice injected with 

Ptpn2-deficient T cells also show increased STAT1 and STAT3 levels [162]. Further, in 

response to acute DSS-induced colitis, Ptpn2fl/flLysMCre mice, which lack PTPN2 in 

myeloid cells, have more epithelial damage and worse histopathology scores than their 

WT counterparts [88] . Whether PTPN2 loss in macrophages affects IEC properties (i.e. 

barrier function), or in turn, how PTPN2-deficient IECs alter macrophage functions and 

cytokine secretion, however, is not yet known. 

 Here, we show that tofacitinib modifies IEC and macrophage function. Co-culture 

studies reveal that enhanced permeability and JAK-STAT signaling caused by PTPN2 

loss in IECs, macrophages, or both cell types were corrected by tofacitinib. These results 

translate in vivo when Ptpn2fl/flLysMCre, which exhibited an underlying permeability 

defect, were subjected to tofacitinib citrate regimen. Overall, data from these studies 
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suggest tofacitinib affects crosstalk between IECs and macrophages and that tofacitinib 

may serve as a ‘targeted’ therapeutic for a genetic defect associated with IBD. An 

approach for personalized medicine could lead to greater efficacy of tofacitinib in 

patients with defects in IBD susceptibility genes such as PTPN2. 

 

Materials and Methods 

Cell Culture 

 Human Caco-2BBe intestinal epithelial cells (IECs) were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM, #15-017-CV, Corning) supplemented with 10% 

heat-inactivated fetal bovine serum (Gibco, Waltham, MA) and 1% L-glutamine (Lonza, 

17-605E, Walkersville, MD). Human THP-1 monocytes were cultured in RPMI 1640 

medium (#10-040-CV, Corning) with 10% heat-inactivated fetal bovine serum (Gibco, 

Waltham, MA). All cells were grown in standard 12-well cell culture plates (#130185, 

ThermoScientific, Rochester, NY) or transwell membranes (#3460, Corning, Kennebunk, 

ME) in a humidified incubator at 37°C with 5% CO2. 

 

Generating Stable shRNA PTPN2-Deficient Cell Lines 

 Cell lines stably expressing PTPN2 shRNA were generated as previously 

described [80],[81]. Briefly, Caco-2BBe and THP-1 cells were infected with lentiviral 

constructs containing either PTPN2-specific, or non-targeting scrambled shRNA (Sigma-

Aldrich, St. Louis, MO). After 72 hrs of infection, stable cell lines were selected using 

puromycin (400-128P, Gemini). Stable Caco-2BBe and THP-1 control (CTL) and PTPN2 
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knockdown (KD) cell lines were maintained at 4µg/mL and 0.5µg/ml puromycin, 

respectively. Knockdown of PTPN2 was confirmed by Western blotting. 

 

Measurement of Transepithelial Electrical Resistance and 4kDa FITC-Dextran 

Permeability In Vitro 

 Transepithelial electrical resistance (TER) of Caco-2BBe cells grown on 

transwells was measured using the EVOM2 Epithelial Voltohmmeter (World Precision 

Instruments, Sarasota, FL) with the accompanying chopstick electrode set for EVOM2 

(World Precision Instruments, Sarasota, FL). The average of three measurements per 

transwell was calculated, multiplied by the transwell surface area, and expressed as 

Ohms.cm2.  

 Permeability to macromolecules was measured as the flux of fluorescein 

isothiocynate (FITC)-4-kilodalton dextran (FD4, Sigma-Aldrich, St. Louis, MO) across 

the IEC monolayers. After measurement of TER, cells were washed twice with and 

equilibrated in 1X PBS with CaCl2 and MgCl2 for 30 min at 37°C. FD4 (at a final 

concentration of 1mg/mL) was then added to the apical side of the IECs. After 2 hrs at 

37°C, duplicate 50µL samples of the basolateral solution were collected, and 

fluorescence measured using a microplate reader (Promega, Madison, WI). FD4 

concentrations were calculated against using a standard curve. 
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Co-culture Experiments and Tofacitinib Treatments In Vitro 

 Caco-2BBe IECs were seeded at 0.5 x 106 cells per well on transwell membranes 

and cultured for 8 days. Cells were then switched to serum-free media overnight before 

co-culture with THP-1 cells and/or treated with tofacitinib. Prior to co-cultures with 

IECs, THP-1 (0.25 x 106) monocytes were pulsed for 3 h with PMA to induce 

macrophage differentiation, seeded on 12-well standard cell culture plates for 48 hrs and 

then switched to serum-free DMEM the day before the experiment. Prior to start of the 

co-culture, Caco-2BBe cells were pre-treated apically with vehicle dimethyl sulfoxide 

(DMSO, 0.5%, Sigma-Aldrich, St. Louis, MO) or tofacitinib (50µM, MedChemExpress, 

Monmouth Junction, NJ) for 1 hr followed by placing the transwells into the THP-1 cell-

containing 12-well plates. After 24 hrs, TER and FD4 permeability were measured, the 

basolateral media was collected, and protein/RNA from both, Caco-2BBe and THP-1 

cells were harvested. 

 

Harvesting and Preparation of Whole Cell Protein Lysates 

 For protein isolation, cells were washed twice with ice-cold 1X PBS with CaCl2 

and MgCl2 (D8662, Sigma, St. Louis, MO) prior to lysis with RIPA lysis buffer (50mM 

Tris-Cl pH 7.4, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS) 

supplemented with 1X protease inhibitor (Roche, Mannheim, Germany), 2mM sodium 

fluoride, 1mM PMSF and phosphatase inhibitors (2mM sodium orthovanadate, 

Phosphatase Inhibitor Cocktail 2 and 3, Sigma-Aldrich, St. Louis, MO) for 15 min at 

4°C. Cells were scraped, transferred into microcentrifuge tubes and homogenized on ice 
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using the Q125 Sonicator (QSonica Sonicators, Newtown, CT) at 30% amplitude, 10 sec 

ON/OFF intervals for 40 sec. Cell lysates were then centrifuged at 16, 200 x g at 4°C for 

10 min and the supernatants were collected into new microcentrifuge tubes. Protein 

concentration was determined using the PierceTM BCA Protein Assay Kit (Thermo 

Scientific, Rockford, IL). Loading samples were prepared by mixing the same amount of 

total protein from each sample with Laemmli loading buffer (60mM Tris-Cl pH 6.8, 2% 

SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue, and 10% glycerol), then boiling 

the samples at 95°C for 10 min. 

 

Western Blotting 

 Proteins were separated by SDS-polyacrylamide gel electrophoresis at 60mV for 

30min then 150mV for 1 hr, followed by transfer onto polyvinylidene difluoride 

membranes (Millipore, Tullagreen, Carrigtwohill, Co.) for 1.5 hr at 100mV at 4°C.  

Membranes were blocked with 3% milk, 1% BSA in TBS-T (Tris-buffered saline with 

0.1% Tween-20) for 1 hr at room temperature, followed by incubation with primary 

antibodies (Table 4.1) at 4°C overnight.  The following day, membranes were rinsed 3x 

with TBS-T and subjected to three 5 min washes with TBS-T.  Membranes were then 

incubated in horseradish peroxidase-conjugated goat anti-mouse (#115-036-062) or goat 

anti-rabbit (#111-036-045) IgG secondary antibodies (Jackson Immunoresearch 

Laboratories, Inc. West Grove, PA) diluted at 1:3000 in 3% milk, 1% BSA in TBS-T for 

1 hr at room temperature, and again rinsed 3x with TBS-T then subjected to three 5 min 

washes with TBS-T.  Finally, membranes were incubated with SuperSignalTM West Pico 
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PLUS Chemiluminescent Substrate solution (Thermo Scientific, Rockford, IL) according 

to manufacturer’s directions and immunoreactive proteins were detected by exposing the 

membranes to film (LabScientific Inc., Highlands, NJ). Densitometric analysis of the 

blots was performed using ImageJ software [117]. 

 
Table 4.1 Primary Antibodies Used for Western Blotting 
 

 

Mice  

 C57Bl6 male and female mice homozygous for the floxed Ptpn2 gene were used 

for these studies, which either did not express LysMCre (Ptpn2fl/fl) or were heterozygous 

for the LysMCre construct (Ptpn2fl/flLysMCre), as previously described [88],[163]. All 

animal experiments were conducted with the approval of the Institutional Animal Care 

and Use Committee at the University of California, Riverside in accordance with the 

National Institute of Health guidelines for the use of live animals. 8-12 week old male 

Antibody Host Provider Catalog 
No. Dilution 

Claudin-2 Mouse Thermo Fisher Scientific (Rockford, IL) 32-5600 1:1000 
Claudin-4 Mouse Invitrogen (Camarillo, CA) 32-9400 1:1000 

JAM-A Rabbit Invitrogen (Camarillo, CA) 36-1700 1:1000 
Occludin Rabbit Thermo Fisher Scientific (Rockford, IL) 71-1500 1:1000 
Tricellulin 

(MARVELD2) Rabbit Abcam (Cambridge, MA) ab203567 1:1000 

TCPTP  
(anti-mouse) 

Mouse Medimabs (Quebec, Canada) MM-0018 1:500 

TCPTP 
(anti-human) Mouse EMD Millipore (San Diego, CA) PH03L 1:500 

Phospho-JAK1 
(Tyr 1022/1023) Rabbit Cell Signaling Technology (Danvers, MA) #3331 1:1000 

Total JAK1 Rabbit Cell Signaling Technology (Danvers, MA) #3344 1:1000 
Phospho-STAT1 

(Tyr 701) Rabbit Cell Signaling Technology (Danvers, MA) #9167 1:1000 

Total STAT1 Rabbit Cell Signaling Technology (Danvers, MA) #9175 1:1000 
Phospho-STAT3 

(Tyr 705) Rabbit Cell Signaling Technology (Danvers, MA) #9145 1:1000 

Total STAT3 Mouse Cell Signaling Technology (Danvers, MA) #9139 1:2000 
β-actin Mouse Sigma Aldrich (St. Louis, MO) A5316 1:5000 
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and female mice housed in a specific pathogen-free (SPF) facility under a 12-hr light, 12-

hr dark cycle and food/water ad libitum were used for all studies. 

 

Tofacitinib Citrate Treatment In Vivo 

 Vehicle gavage solution was prepared by dissolving methylcellulose (M7027, 

Sigma-Aldrich, St. Louis, MO) at 1% w/v in PB.  Tofacitinib citrate gavage solution was 

prepared fresh every day by resuspending tofacitinib citrate powder (Selleckchem, 

Houston, TX) in vehicle. Gavage solutions were sonicated using the Q125 Sonicator 

(QSonica Sonicators, Newtown, CT) at 30% amplitude for 2 min at 10 sec ON/OFF 

intervals at room temperature. Mice were orally gavaged with vehicle (50µL per g body 

weight) or tofacitinib citrate (50mg/kg body weight) twice daily [164] for 7 days.  

 

Measurement of Intestinal Permeability In Vivo 

 On day 7 of treatment, mice were food-deprived for 2 hrs prior to oral 

administration (200µL) of gavage solution containing three molecular probes: 100mg/mL 

creatinine (#4255, Sigma-Aldrich, St. Louis, MO), 80mg/mL FD4 (#46944, Sigma-

Aldrich, St. Louis, MO) and 20mg/mL Rhodamine B-dextran 70kDa (RD70, #R9379, 

Sigma-Aldrich, St. Louis, MO Sigma) dissolved in autoclaved MilliQ water and filtered 

through a 0.2µM syringe filter. A water-gavaged mouse was used as control. After 5 hrs, 

blood samples were collected via the retro-orbital route, from which serum 

concentrations of the three probes were determined.  At this point, animals were given 

access to food. 
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 For serum FD4 and RD70 concentration determination, samples were diluted 1:5 

in MilliQ water in black 96-well plates. FITC and Rhodamine B fluorescence were 

measured using a microplate reader (Promega, Madison, WI) at excitation/emission of 

490nm/510-570nm and 525nm/580-640nm, respectively. Standards were prepared from 

the gavage solution. FD4 and RD70 serum concentrations of water-gavaged mice were 

subtracted from those of the samples to account for autofluorescence in the serum. 

 For serum creatinine concentration determination, 15 µL of undiluted sera and 

freshly prepared standards were transferred into a transparent 96-well plate in duplicates. 

SVT creatinine R1 reagent (100µL; #139-30, Sciteck) was added to each well and 

allowed to incubate with the samples at room temperature for 5 min. SVT creatinine R2 

(50µL; #139-30, Sciteck) reagent was then added to each well and the plate was lightly 

tapped to mix all components together. Kinetic absorbance readings were measured at 

505nm at 1 min intervals for 30 min using a Synergy HT plate reader (BioTek). ΔOD 

were calculated by subtracting the OD at 0 min from the OD at 6 min and sample 

concentrations were determined against the standard curve.  Values from the sera of 

water-gavaged mice were subtracted from those of the samples. 

 

Tissue Collection 

 One day after the intestinal permeability assay, mice were sacrificed and tissues 

were harvested.  Whole intestinal pieces from the distal ileum, cecum, proximal colon 

and distal colon were flash-frozen in liquid nitrogen and stored at -80°C. Whole intestinal 

tissues were incubated in Cell Recovery Solution (#354253, Corning, Bedford, MA) on 
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ice for 2 hrs and subsequently vigorously shaken to collect IECs. IECs were washed 

twice with PBS and divided into two parts: (1) lysed in RIPA supplemented with protease 

and phosphatase inhibitors and processed as previously described (see “Harvesting and 

Preparing Whole Cell Lysates”) or (2) snap-frozen in liquid nitrogen and stored at -80°C 

for subsequent RNA isolation.  

 

RNA Isolation, RT-PCR, and Quantitative PCR 

 Total RNA was isolated from whole proximal colons from treated mice using 

RNeasy Mini Kit (Qiagen) per manufacturer’s directions. RNA concentration was 

measured by absorbance at 260 and 280nm using Nanodrop 2000c (Thermo Scientific, 

Rockford, IL) and reverse transcribed into complementary DNA (cDNA) using qScript 

cDNA SuperMix (Quantabio, Beverly, MA) and C1000 Touch Thermal Cycler (Bio-Rad, 

Hercules, CA). qPCR was performed using iQ SYBR Green Supermix (Bio-Rad, 

Hercules, CA), primers listed in Table 4.2, and the IQ5 Real-Time PCR Thermal Cycler 

(Bio-Rad, Hercules, CA) with the following protocol: 95 °C for 3 min followed by 45 

cycles of  denaturation (95 °C for 10 sec), annealing (53°-60°C for 10 sec) and extension 

(72 °C for 10 sec) steps. Gene expression was calculated using the average CT values of 

triplicate readings normalized to the average of housekeeping gene GAPDH CT values. 

Results were analyzed using the ΔΔCT method. 
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Table 4.2 Murine Primers Used for qPCR 

 

Flow Cytometry 

 After IEC isolation, the remaining whole intestinal tissues were cut into 0.5 cm 

pieces and digested with Collagenase type IV for 15 min. Digested tissue pieces were 

then passed three times through a 18.5 G needle and homogenates filtered through a 7 µm 

cell strainer (BD). Cells were washed once with PBS before re-suspension in 40 µL PBS 

containing fluorescence-labeled antibodies (Table 4.3) and incubation for 30 min on ice. 

Samples were washed twice with ice cold PBS, resupended in 200 µL FACS buffer (PBS, 

2% FBS) and acquired on an LSR-II flow cytometer from BD. 

 
Table 4.3 Fluorescence-Labeled Antibodies Used for Flow Cytometry 

 

 

Primers Forward Reverse 
Il6 AGTCCGGAGAGGAGACTTCA TTGCCATTGCACAACTCTTT 

 
Il10 CCCAGAAATCAAGGAGCATT 

 
TCACTCTTCACCTGCTCCAC 
 

Il22 GCTCAGCTCCTGTCACATCA 
 

CAGTTCCCCAATCGCCTTGA 
 

	

	

Antibody Fluorophore Host, Isotype Provider Catalog 
No. Clone Dilution 

CD11b (mouse) BV605 Rat IgG2b κ Biolegend 101237 M1/70 1:200 

Ly-6G (mouse) BV510 Rat IgG2a κ Biolegend 127633 1A8 1:100 

Ly-6C (mouse) PerCP/Cy5.5 Rat IgG2c κ BioLegend 128011 HK1.4 1:200 

CD11c (mouse) PE/Cy7 Hms IgG Biolegend 117318 N418 1:200 

MHC-II (mouse) AF700 Rat IgG2b κ 
Thermo 
Fisher 56-5321-80 M5/114.15.2 1:100 

CD64 (mouse) PE Ms IgG1 κ BioLegend 139303 X54-5/7.1 1:200 

CD45 (mouse) PB Rat IgG2b κ BioLegend 103125 30-F11 1:400 

F4/80 (mouse) APC Rat IgG2a κ BioLegend 123115 BM8 1:200 

CD3 (mouse) BV650 Rat IgG2b κ Biolegend 100229 17A2 1:400 

NK-1.1 (mouse) BV650 Ms IgG2a κ BioLegend 108735 PK136 1:200 
CD45R/B220 

(mouse/human) PE/Cy5 Rat IgG2a κ Biolegend 103209 RA3-6B2 1:400 

CD206 (mouse) PE Rat IgG2a κ Biolegend 141705 C068C2 1:100 

CD86 (mouse) AF488 Rat IgG2a κ Biolegend 105018 GL-1 1:100 

Fc block (mouse) - several 
Miltenyi 
Biotec 

130-092-
575 several 1:100 
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Statistical Analysis 

 Data are presented as means ± SD for a series of n biological replicates or mice. 

Each in vitro condition was performed in duplicate or triplicate. In vivo data are 

represented by one of two independent experiments. Statistical analysis was performed 

by analysis of variance (ANOVA) followed by Tukey’s post-test using GraphPad Prism 

8.0 software (GraphPad Software, La Jolla, CA). P values < 0.05 were considered 

statistically significant. 

 

Results 

Tofacitinib corrects elevated permeability in IECs lacking PTPN2 and abrogates the 

effects of macrophages on barrier function 

 Immune cells in the intestine can manipulate the intestinal epithelial barrier. The 

close proximity of IEC and intestinal macrophages suggest that macrophages might 

crucially affect IEC barrier function. Recent publications have shown that tofacitinib 

affects intestinal macrophage polarization, but it is unknown whether this has an effect on 

the interaction between macrophages and IECs. To determine how macrophages 

influence IEC barrier function, and whether tofacitinib influences this cross regulation, 

THP-1 cells were co-cultured with polarized Caco-2BBe cells that were treated with 

either vehicle or tofacitinib. In control (CTL) Caco-2BBe cells, co-culture with control 

THP-1 cells tightened the epithelial barrier as observed by significantly increased TER 

but reduced FD4 permeability (Figure 4.1), while co-culture with PTPN2 KD THP-1 

cells resulted in a leaky barrier, i.e. reduced TER and increased FD4 flux (Figure 4.1). 
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Upon treatment with tofacitinib for 24 hrs, both of these effects were prevented (Figure 

4.1). As previously shown [80], TER was significantly lower in resting PTPN2-deficient 

IECs compared to CTL IECs. Furthermore, in PTPN2 KD Caco-2 cells, co-culture with 

macrophages did not promote barrier tightness (i.e. no induction of TER or reduced FD4 

flux), and co-culture with PTPN2 KD THP-1 further decreased TER while FD4 

permeability increased in PTPN2-deficient cells (Figure 4.1). Of note, tofacitinib 

treatment completely abrogated these effects (Figure 4.1). Moreover, tofacitinib rescued 

the TER of PTPN2-deficient Caco-2BBe cells to levels comparable to those of CTL 

Caco-2BBe cells (Figure 4.1A). These results show that the presence of THP-1 cells 

induces tightening of the epithelial barrier. On the other hand, PTPN2-deficient 

macrophages cause the barrier to become more leaky to paracellular passage of ions and 

macromolecules. Both of these effects on the IEC monolayer were abrogated by 

tofacitinib. 

 These results demonstrate that JAK inhibition alone can rescue the barrier defect 

observed in PTPN2-deficient IECs. In addition, while macrophages induce barrier 

tightening to the epithelial monolayer, macrophages lacking PTPN2 reduce barrier 

integrity. When the IECs are missing PTPN2, the enhancement of the barrier by 

macrophages is no longer observed. Furthermore, the permeability changes seen in 

PTPN2 KD Caco-2BBe cells co-cultured with PTPN2-deficient THP-1 cells suggest a 

synergistic and detrimental effect on epithelial resistance and macromolecular 

permeability when PTPN2 is absent in both macrophages and IECs.  The key finding of 
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these results is that tofacitinib can reverse the barrier defect caused by loss of PTPN2 in 

either cell type. 

 

Figure 4.1: Tofacitinib corrects barrier defects in epithelial-macrophage co-cultures 
caused by PTPN2 loss in Caco-2BBe or THP-1 cells individually or collectively. A) 
Transepithelial electrical resistance (TER) values, adjusted for transwell surface area, 
across Caco-2BBe monolayers pretreated with vehicle (0.5% DMSO) or tofacitinib (tofa, 
50µM) for 1 hour prior to co-culture with control (Ctr) or PTPN2 knockdown (KD) THP-
1 cells for 24 hours. B) Concentration of 4kDa fluorescein-dextran (FD4) present in the 
basolateral compartment of the transwells 2 hours after treatments indicated above. *P ≤ 
0.05 cf. untreated Ctr Caco-2BBe; #P ≤ 0.05 cf. vehicle-treated Caco-2BBe; n = 3. 
 

 

Tofacitinib prevents changes in epithelial tight junction protein expression induced by 

co-culture with PTPN2-deficient macrophages  

 In order to determine potential mechanisms behind the permeability changes seen 

with the co-culture studies in the presence or absence of tofacitinib treatment, expression 

of various tight junction proteins were analyzed. TER can fluctuate in response to the 

changes in charge-selective claudin proteins, which regulate paracellular passage of 

fluids and ions. Figure 4.2A and 4.2B show that PTPN2-deficient macrophages induced a 

significant increase in the expression of the pore-forming tight junction protein, claudin-
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2, in both control and PTPN2-deficient Caco-2BBe cells. Of note, IECs lacking PTPN2 

intrinsically expressed elevated levels of claudin-2 compared to control IECs, which was 

further enhanced when co-cultured with PTPN2-deficient macrophages. Tofacitinib 

treatment normalized these changes in both control and PTPN2 KD cells, which imply 

that the effects of tofacitinib on TER are, at least in part, attributed to normalization of 

claudin-2. In contrast to claudin-2, overexpression of claudin-4 has been shown to restrict 

Na+ permeability [165]. Co-culture with control THP-1 cells increased barrier-sealing 

molecule claudin-4 expression in control Caco-2BBe cells, while co-culture with PTPN2-

deficient THP-1 significantly decreased its expression. PTPN2-deficient IECs inherently 

expressed less claudin-4 compared to control IECs, which is further reduced by the 

presence of PTPN2-deficient macrophages. Surprisingly, tofacitinib treatment did not 

rescue the effects on claudin-4.  This demonstrates that the TER changes induced by 

macrophages are likely caused by a combination of epithelial claudin-2 and claudin-4 

protein expression, while the beneficial effect of tofacitinib on barrier resistance is more 

likely due to decreasing the elevated expression of claudin-2 caused by PTPN2 

deficiency in macrophage-IEC co-cultures.  

 Macromolecular permeability can be dictated by reduced expression or 

mislocalization of tight junction proteins regulating the leak pathway (Turner). 

Expression of barrier-sealing proteins Junctional Adhesion Molecule (JAM-A), occludin, 

and tricellulin were evaluated (Figure 2A) to determine whether changes in these proteins 

correspond to the changes in FD4 fluxes. Co-culture with control THP-1 cells induced 

significant increase in JAM-A and tricellulin levels in CTL Caco-2BBe cells (Figure 
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4.2D, 4.2F). On the other hand, macrophages deficient in PTPN2 reduced JAM-A, 

tricellulin, and occludin below baseline levels of control IECs (Figure 4.2D, 4.2E, 4.2F). 

With the addition of tofacitinib, the effect of control macrophages on IEC JAM-A 

expression was reversed, but not the reduction in JAM-A induced by PTPN2-deficient 

macrophages (Figure 4.2D). In control IECs, however, tofacitinib fully restored the 

reduced levels of occludin and tricellulin caused by macrophages lacking PTPN2 (Figure 

4.2E, 4.2F).  

 In turn, Caco-2BBe cells lacking PTPN2 expressed much less occludin compared 

to control IECs, which is in line with the effects on FD4 permeability. This feature, 

however, was rescued by tofacitinib treatment (Figure 4.2E). Unlike occludin, levels of 

JAM-A and tricellulin decreased only when PTPN2 was absent in macrophages (Figure 

4.2D, 4.2F). Moreover, JAM-A and tricellulin expression was not rescued by tofacitinib 

(Figure 4.2F). TCPTP protein expression remained unchanged by co-culture with 

macrophages, tofacitinib treatment, or the combination of both (Figure 4.2G).  

 Collectively, these results suggest that changes in the expression patterns of 

junctional proteins are individual and distinct. Since epithelial claudin-2, claudin-4, JAM-

A, occludin, and tricellulin all changed in response to external cues from macrophages, 

these tight junction proteins may account for the changes in permeability seen in Caco-

2BBe cells during the co-culture studies. Of note, tofacitinib rescued the expression of 

claudin-2 and occludin in PTPN2 KD Caco-2BBe cells, implying that tofacitinib rescues 

the underlying ‘pore’ and ‘leak’ barrier defects in PTPN2-deficient IECs, at least in part, 

through effects on these two tight junction proteins. 



 99 

 

Figure 4.2: Tofacitinib normalizes tight junction protein expression in Caco-2BBe 
cells due to PTPN2 loss in IECs, macrophages, or both cell types. Caco-2BBe 
monolayers pretreated with vehicle (0.5% DMSO) or tofacitinib (tofa, 50µM) for 1 hour 
prior to co-culture with control (Ctr) or PTPN2 knockdown (KD) THP-1 cells for 24 
hours were lysed and subjected to Western blotting. A) Representative Western blot 
images of tight junction proteins, TCPTP, and β-actin from Caco-2BBe whole cell 
lysates. Densitometric analyses of B) claudin-2, C) claudin-4, D) JAM-A, E) occludin, F) 
tricellulin, and G) TCPTP expression, all normalized to β-actin. *P ≤ 0.05 cf. untreated 
Ctr Caco-2BBe; #P ≤ 0.05 cf. vehicle-treated Caco-2BBe; n = 3. 
 

Elevated STAT1 and STAT3 phosphorylation in PTPN2-deficient IECs are normalized 

by tofacitinib 

 Substrates of PTPN2 include several members of the JAK-STAT signaling 

pathway. As a JAK-inhibitor, the effect of tofacitinib on JAK-STAT signaling on IECs 

lacking PTPN2 was analyzed. Caco-2BBe cells lacking PTPN2 had significantly higher 

STAT1 and STAT3 phosphorylation (Figure 4.3), which was effectively reduced upon 
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treatment with tofacitinib for 24 hrs. These data show that tofacitinib can correct the 

elevated JAK-STAT activation in IECs with PTPN2 loss. Furthermore, co-culture with 

macrophages significantly increased STAT1 and STAT3 phosphorylation in CTL Caco-

2BBe (Figure 4.3), an effect potentiated when the macrophages were lacking PTPN2 

(Figure 4.3), but in both cases, was fully normalized upon tofacitinib treatment (Figure 

4.3). Conversely, the elevated phosphorylation of STAT1 and STAT3 in PTPN2 KD 

Caco-2BBe cells were unaffected by the presence of macrophages (Figure 4.3). Still, 

tofacitinib kept STAT activation reduced in PTPN2-deficient IECs (Figure 4.3).  

 

 

Figure 4.3: Functional inhibition of STAT signaling by tofacitinib in Caco-2BBe 
cells subjected to co-culture studies. Caco-2BBe monolayers pretreated with vehicle 
(0.5% DMSO) or tofacitinib (tofa, 50µM) for 1 hour prior to co-culture with control (Ctr) 
or PTPN2 knockdown (KD) THP-1 cells for 24 hours. Representative Western blot 
images and densitometric analyses of A) phospho-STAT1 (pSTAT1) and B) phospho-
STAT3 (pSTAT3) normalized to their respective total forms (tSTAT1, tSTAT3) in Caco-
2BBe whole cell lysates. *P ≤ 0.05 cf. untreated Ctr Caco-2BBe; #P ≤ 0.05 cf. vehicle-
treated Caco-2BBe; n = 3. 
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JAK-STAT signaling is elevated in macrophages lacking PTPN2, which is reversed by 

tofacitinib in vitro 

 To determine how co-culture and tofacitinib affect macrophages, JAK-STAT 

signaling in THP-1 cells was also analyzed. Consistent with findings among other 

PTPN2-deficient models, macrophages lacking PTPN2 had elevated JAK1 and STAT1 

phosphorylation (Figure 4.4A, 4.4B), an effect fully reversed by tofacitinib (Figure 4.4A, 

4.4B). Co-culture of control THP-1 cells with PTPN2-deficient Caco-2BBe cells induced 

JAK1 and STAT1 activation in THP-1 cells (Figure 4.4A, 4.4B). On the other hand, in 

THP-1 cells lacking PTPN2, co-culture with Caco-2BBe cells induced robust induction 

of JAK1, STAT1 and STAT3 (Figure 4.4A, 4.4B, 4.4C), effects completely negated by 

tofacitinib treatment. These results suggest that JAK1-STAT1 signaling is activated in 

control macrophages by the presence of PTPN2-deficient IECs alone. Additionally, 

presence of CTL or PTPN2-deficient IECs activated JAK-STAT signaling in PTPN2-

deficient macrophages. As expected, the administration of tofacitinib completely 

inhibited this activation of JAK1 and its downstream targets STAT1 and STAT3.  

 

IL-6 and TNF-α secretion is induced by PTPN2 loss in macrophages, IECs, or both, 

and is suppressed by tofacitinib  

 A major feature of IBD is a disturbed balance between pro- and anti-inflammatory 

cytokine secretion. Levels of inflammatory cytokines, such as TNF-α and IL-6 are 

increased in IBD patients [41]. Of note, co-culture of PTPN2-deficient macrophages with  
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Figure 4.4: Tofacitinib reduces JAK-STAT signaling in THP-1 cells and cytokine 
IL-6 and TNF-α secretion in co-culture studies. THP-1 cells co-cultured with 
tofacitinib-treated Caco-2BBe cells for 24 hours were lysed and subjected to Western 
blotting. Representative Western blot images and densitometric analyses of A) phospho 
JAK1 (pJAK1), B) phospho-STAT1 (pSTAT1) and C) phospho-STAT3 (pSTAT3) 
normalized to their respective total forms (tJAK1, tSTAT1, tSTAT3) in THP-1 whole cell 
lysates. *P ≤ 0.05 cf. untreated Ctr THP-1; n = 3. D) IL-6 and TNF-α concentrations 
present in the culture media after co-culture experiments, measured by ELISA. *P ≤ 0.05, 
*** P ≤ 0.001 cf. untreated Ctr THP-1; ##P ≤ 0.01, ###P ≤ 0.001 cf. vehicle-treated 
THP-1; n = 3. 
 

control Caco-2BBe cells resulted in increased IL-6 and TNF-α release, an effect further 

increased in the presence of PTPN2-deficient Caco-2BBe cells (Figure 4.4D, 4.4E). 

Notably, tofacitinib treatment significantly reduced the robust increases in IL-6 (Figure 

4.4D) and, to a lesser degree, in TNF-α levels (Figure 4.4E). These results suggest that, at 

least in PTPN2-deficient conditions, JAK-STAT signaling is only partially mediating the 

release of IL-6 and TNF-α. 
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Tofacitinib citrate corrected barrier dysfunction observed in Ptpn2fl/flLysMCre mice in 

vivo 

 To determine whether the restoration of barrier function by tofacitinib translate in 

vivo, intestinal permeability of three different sized probes were measured in Ptpn2fl/fl 

and Ptpn2fl/flLysMCre mice, which lack PTPN2 in macrophages. Figure 4.5B indicates 

that Ptpn2fl/flLysMCre mice exhibit higher macromolecular permeability compared to 

their Ptpn2fl/fl counterparts, as measured by FD4 flux. Twice daily gavage of tofacitinib 

citrate for 7d substantially decreased the leaky barrier in Ptpn2fl/flLysMCre mice, with 

virtually no effect in Ptpn2fl/fl animals (Figure 4.5B). Creatinine and RD70 fluxes were 

also evaluated to determine whether the paracellular pore or the unrestricted pathways of 

permeability were affected by loss of PTPN2 in macrophages. Figures 4.5A and 4.5C 

illustrate that the permeability of either pathway was unaltered by PTPN2-deficient 

macrophages and were also unaffected by tofacitinib citrate treatment. Similar to in vitro 

findings, these data suggest that intestinal permeability is elevated by PTPN2 loss in 

macrophages in vivo, and that this effect can be normalized with JAK-inhibition by 

tofacitinib citrate. 
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Figure 4.5: Tofacitinib citrate treatment reduced barrier permeability to FD4 in 
vivo. Intestinal permeability to three different-sized probes (creatinine, FD4, RD70) was 
measured in Ptpn2fl/fl and Ptpn2fl/flLysMCre mice subjected to twice daily treatment with 
vehicle (1% methylcellulose in PBS) or tofacitinib citrate (50mg/kg) for 7d. Serum 
concentrations of A) RD70, B) FD4, and C) creatinine were measured 5 hours post-
gavage. *P ≤ 0.05; n = 6. 
 

 

IECs from Ptpn2fl/flLysMCre mice express reduced levels of barrier-sealing tight 

junction proteins, which can be rescued by tofacitinib citrate treatment 

  To delineate the mechanism behind changes in barrier function in vivo, the 

abundance of tight junction proteins regulating the barrier was analyzed in proximal 

colon IECs from mice subjected to vehicle or tofacitinib citrate treatment. The expression 

of claudin-2 was significantly increased in IECs from Ptpn2fl/flLysMCre mice (Figure 

4.6A, 4.6B), while claudin-4, JAM-A, and occludin were all decreased in IECs from 

Ptpn2fl/flLysMCre mice compared to Ptpn2fl/fl controls (Figure 4.6A, 4.6C, 4.6D, 4.6E). 

These effects were corrected by tofacitinib citrate treatment, and expression patterns of 

these tight junction proteins were all reversed (Figure 4.6A-4.6E). Of note is the 

induction of occludin expression in Ptpn2fl/fl mice by tofacitinib (Figure 4.6E), though 

this did not result in a functional phenotype of reduced FD4 permeability. In contrast to 
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co-culture findings in vitro, no changes in tricellulin expression were seen as a result of 

loss of Ptpn2 in macrophages, while tofacitinib citrate treatment did not have any effect 

on tricellulin levels in Ptpn2fl/fl or Ptpn2fl/flLysMCre mice (Figure 4.6F). 

 

 
 
Figure 4.6: Aberrant tight junction protein patterns and elevated STAT3 
phosphorylation in Ptpn2fl/flLysMCre mice were reversed by tofacitinib citrate 
treatment in vivo. Whole cell lysates of proximal colon IECs isolated from Ptpn2fl/fl and 
Ptpn2fl/flLysMCre mice treated with vehicle or tofacitinib citrate were subjected to 
Western blot analysis. A) Representative Western blot images of the proteins analyzed in 
proximal colon IECs from experimental mice. Densitometric analyses of B) claudin-2, C) 
claudin-4, D) JAM-A, E) occludin, F) tricellulin, and H) TCPTP, all normalized to β-
actin. G) Densitometric analysis of phospho-STAT3 (pSTAT3) normalized to total 
STAT3 (tSTAT3) expression. *P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001; n = 6. 
 

 

Claudin-2 

PTPN2fl/fl PTPN2fl/flLysMCre 

Occludin 

JAM-A 

TCPTP 

Claudin-4 

Tricellulin 

β-actin 

pSTAT3 

tSTAT3 

Vehicle Tofa Vehicle Tofa 

0

1

2

3

4

5

0 .0

0 .5

1 .0

1 .5

2 .0

C
la

ud
in

-2
/β

-a
ct

in
 

O
cc

lu
di

n/
β-

ac
tin

 

C
la

ud
in

-4
/β

-a
ct

in
 

Tr
ic

el
lu

lin
/β

-a
ct

in
 

JA
M

-A
/β

-a
ct

in
 

pS
TA

T3
/tS

TA
T3

 

TC
P

TP
/β

-a
ct

in
 

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

*** ** 

** 
*** ** 

0 .0

0 .5

1 .0

1 .5

2 .0
** ** 

0 .0

0 .5

1 .0

1 .5

0

1

2

3

4

5

0 .0

0 .5

1 .0

1 .5

2 .0

** ** 

PTPN2fl/fl Vehicle 

PTPN2fl/fl Tofa 

PTPN2fl/flLysMCre Vehicle 

PTPN2fl/flLysMCre Tofa 

A B C D 

E F G 

H 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

Veh
icl

e 
To

fa 

*** *** 



 106 

STAT signaling is elevated in IECs of Ptpn2fl/flLysMCre mice and is effectively reduced 

by tofacitinib citrate administration 

 STAT phosphorylation in IECs was analyzed to determine how the JAK-STAT 

signaling was affected in the epithelium of Ptpn2fl/fl vs. Ptpn2fl/flLysMCre mice treated 

with vehicle or tofacitinib citrate. Ptpn2-deficiency in macrophages increased STAT3 

phosphorylation in IECs (Figure 4.6G), an effect significantly reduced with tofacitinib 

citrate treatment. Of note is the absence of a reduction in STAT3 phosphorylation in 

Ptpn2fl/fl animals (Figure 4.6G). It is also important to note that TCPTP levels remained 

unchanged in IECs of Ptpn2fl/fl vs. Ptpn2fl/flLysMCre mice and were unaffected by 

tofacitinib treatment (Figure 4.6H).  

 

Gene expression profiles of cytokines Il6, Il10, and Il22 in Ptpn2fl/flLysMCre colons 

are reversed by tofacitinib citrate treatment 

 Specific cytokines present in tissues can influence epithelial and immune cell 

processes necessary to manage inflammation in the gut. To determine which cytokines 

may mediate changes observed in vivo, Il6, Il10, and Il22 gene expression in proximal 

colons of Ptpn2fl/fl and Ptpn2fl/flLysMCre, treated with vehicle or tofacitinib citrate, were 

determined by qPCR (Figure 4.7A). Both Il6 and Il22 expression were significantly 

elevated, while Il10 expression was decreased, in vehicle-treated Ptpn2fl/flLysMCre mice 

compared to Ptpn2fl/fl mice (Figure 4.7A). With tofacitinib citrate treatment, patterns of 

Il6, Il10, and Il22 were completely reversed (Figure 4.7A). 
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Figure 4.7: Cytokine signatures and proportions of macrophage subpopulations are 
normalized by tofacitinib citrate treatment in Ptpn2fl/flLysMCre mice. A) Gene 
expression of cytokines IL-6, IL-10, and IL-22 normalized to GAPDH in whole proximal 
colons of mice treated with vehicle or tofacitinib citrate twice daily for 7 days. B) 
Proportions of total, M1, and M2 macrophages in whole proximal colons of mice as 
determined by flow cytometry. *P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001; n = 6. 
 

Ptpn2fl/flLysMCre mice have more M1 macrophages and less M2 macrophages 

compared to Ptpn2fl/fl mice, the proportions of which are normalized by tofacitinib 

citrate 

 To determine whether Ptpn2 loss in macrophages alters macrophage 

differentiation, M1 and M2 populations in Ptpn2fl/flLysMCre vs. Ptpn2fl/fl mice were 

measured by flow cytometry. Figure 7C displays that overall macrophage numbers were 

unaffected by Ptpn2 loss in these mice but a significant increase in the proportion of M1 

macrophages was observed in Ptpn2fl/flLysMCre mice compared to their Ptpn2fl/fl 
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counterparts, while M2 macrophages proportions were reduced (Figure 4.7B). These two 

populations, however, were restored in Ptpn2fl/flLysMCre by tofacitinib citrate treatment, 

which had no effect on M1/M2 macrophage populations in Ptpn2fl/fl mice (Figure 4.7B). 

These results suggest that loss of Ptpn2 affects macrophage polarization, which can be 

normalized by tofacitinib administration. 

 

Discussion 

 In this study, we sought to determine how PTPN2 plays a role on the effect of 

macrophages on intestinal epithelial barrier permeability and whether JAK-inhibitor 

tofacitinib affects this interaction. Our findings show that tofacitinib normalized 

phenotypes in IECs with PTPN2 deficiency including barrier dysfunction and tight 

junction protein expression changes. Through co-culture studies, we also show that loss 

of PTPN2 in both IECs and macrophages can have synergistically detrimental effects on 

these outcomes. Mice with macrophage-specific knockout of Ptpn2 also had elevated 

macromolecular permeability as evidenced by significantly higher FD4 whole body 

permeability compared to controls. STAT3 activation and IL-6 production correlated 

with these effects, implying that consequences of PTPN2 deficiency in cell culture and 

animal models are likely mediated by IL-6-STAT3 signaling. Major findings of this study 

are that tofacitinib rescued effects on (i) barrier function, (ii) junctional protein 

regulation, (iii) cytokine production, and (iv) STAT signaling resulting from PTPN2 

deficiency and macrophage-IEC crosstalk.  
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In agreement with previous data [80], PTPN2-deficient Caco-2BBe monolayers 

display much lower TEER and higher FD4 permeability compared to controls. Our 

experiments show that tofacitinib can rescue this effect, in part, through expression 

changes in claudin-2 and occludin. Claudin-2 and occludin were also altered in CTL 

Caco-2BBe cells when cultured with PTPN2-deficient macrophages. These key findings 

suggest that loss of PTPN2 in either cell type is sufficient to induce changes on the 

barrier. These tight junction proteins are clinically relevant considering that claudin-2 is 

significantly upregulated and occludin is reduced in colonic biopsy samples from patients 

with active UC compared to non-inflammatory controls [4]. Additionally, tofacitinib 

reversed the expression of some, but not all, of these tight junction proteins, implying that 

junctional proteins are selectively regulated by the presence of macrophages and/or JAK-

STAT signaling in this co-culture system. Of note, co-culture with control macrophages 

did not increase TEER in PTPN2-deficient IECs, implying that lacking PTPN2 renders 

the epithelium insensitive to the barrier promoting effect of non-inflammatory, PTPN2-

competent, macrophages. Furthermore, co-culture of PTPN2 KD IECs with PTPN2-

deficient macrophages only worsens the already leaky barrier, which demonstrates that 

consequences from loss of PTPN2 in both cell types are synergistic.  

 STAT3 phosphorylation in Caco-2BBe cells correlates well with the changes seen 

in claudin-2 and occludin expression patterns. STAT3 may be directly involved in 

alterations of claudin-2 expression since we have previously shown that mutating the 

STAT-binding motif within the CLDN2 gene promoter abrogated elevated CLDN2 

promoter activity in PTPN2 KD IECs [81]. Whether STAT3 directly affects the 
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transcription of CLDN2 in IECs also needs to be addressed, while JAK-STAT regulation 

of occludin is yet to be determined. It was surprising that despite its barrier-tightening 

properties, the elevated expression of occludin in tofacitinib-treated Ptpn2fl/fl mice did not 

yield a functional decrease in FD4 permeability in vivo. The net effect of occludin with 

JAM-A and tricellulin (both of which were unaffected by tofacitinib in these mice) may 

contribute to the lack of change in macromolecular permeability observed in these 

animals after tofacitinib treatment. The status of ZO-1 expression and localization in 

these mice would also need to be analyzed in future studies, as ZO-1 helps seal the leak 

barrier. 

 Our data reveal that IL-6 secretion is stimulated when PTPN2 is lacking in 

macrophages, IECs, or both. Increased JAK-STAT activation in both IECs and 

macrophages may be due to the elevated levels of IL-6, as IL-6 signaling can be mediated 

by STAT3 [166]. However, the effect of IL-6 on the epithelial barrier is still in debate 

[105]. While 72-hour IL-6 exposure has been shown to decrease TER and increase 

mannitol permeability in Caco-2 monolayers [167], IL-6 knockout mice subjected to 

DSS-induced colitis had greater 4kDa-dextran permeability than controls [168]. This 

effect, however, may instead be due to the massive epithelial damage induced by DSS, 

which then disregards the effect of tight junction proteins on barrier function. Further, 

though pro-inflammatory cytokine TNF-α does not activate JAK-STAT signaling, it is 

important to note the similar pattern it has with IL-6 during the co-culture studies because 

TNF-α can induce IL-6 production in Caco-2 cells [169] and, in combination with IFN-γ, 

in THP-1 cells [170].  IL-6 can be produced by both epithelial and immune cells [171], 
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therefore, the changes we observed in tight junction proteins and JAK-STAT activation 

patterns could be due to autocrine or paracrine signaling, or the combination of both.  

 Further, since tofacitinib treatment did not fully inhibit IL-6 and TNF-α secretion 

when PTPN2-deficient Caco-2BBe and THP-1 cells were co-cultured, these results 

indicate that in the absence of PTPN2, JAK-STAT signaling only has a partial role in 

mediating IL-6 and TNF-α release. Activation of the mitogen-activated protein kinase 

(MAPK) pathway, regulated by PTPN2 in both THP-1 cells and IECs [172],[173], may 

be mediating IL-6 and TNF-α secretion instead. Nevertheless, in our experiments, 

addition of tofacitinib reduced IL-6 and TNF-α secretion in these co-culture studies. This 

agrees with recent findings that tofacitinib pretreatment reduced both IL-6 and TNF-α 

secretion in human peripheral monocytes stimulated by pro-inflammatory stimuli GM-

CSF or IFN-γ [174]. 

 The striking reversal of cytokine gene expression profiles of Il6, Il10, and Il22 in 

tofactinib treated Ptpn2fl/flLysMCre mice also yields insights into which mediators may 

be causing the barrier changes observed in these mice. The elevated expression of pro-

inflammatory cytokine Il6 and reduced expression of anti-inflammatory cytokine Il10 in 

proximal colons of vehicle-treated Ptpn2fl/flLysMCre mice suggest that at basal levels, the 

intestines are primed towards a pro-inflammatory phenotype. This is in agreement with 

and supports previous findings that Ptpn2fl/flLysMCre mice are more susceptible to DSS-

induced colitis [88].  The normalization of these cytokine signatures by tofacitinib 

treatment for 7d in vivo suggests that despite the assessment of clinical outcomes at 8 

weeks post-induction of tofacitinib in IBD patients [58], changes in cytokine mRNA 
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expression in the colon may have already taken place at even earlier time points. 

Continued release of pro-inflammatory cytokines in the colon may not generate as robust 

an immune response if the pro-inflammatory characteristic of the tissue has already been 

inhibited by tofacitinib. Elevated Il22 expression correlated with increased protein 

expression of claudin-2 in proximal colons of vehicle-treated Ptpn2fl/flLysMCre mice. 

This is in agreement with findings that Th17 cytokine IL-22 upregulates claudin-2 to 

increase water efflux for bacterial clearance [175]. IL-22 mRNA expression is also 

elevated in active CD [176] and UC [177], has been shown to promote epithelial 

restitution in wound-healing assays [176] and attenuates intestinal inflammation in vivo 

[178]. While IL-22 has been considered to be a protective cytokine of the intestinal 

mucosa, recent evidence suggests that it can also prove detrimental to colonic epithelial 

integrity in IBD [179]. 

 When co-cultured with IECs, PTPN2-deficient macrophages have higher JAK1, 

STAT1, and STAT3 phosphorylation. Whether this is in response to factors secreted by 

the epithelial cells, or if this is activated by autocrine signaling amongst the macrophages 

will require further study. However, no synergistic effect was observed on STAT 

phosphorylation (in either cell type) when PTPN2 was lost in both THP-1 and Caco-

2BBe cells. This suggests that secreted factors from PTPN2-deficient IECs do not 

enhance STAT activation in PTPN2-deficient macrophages, or vice-versa. Regardless, 

these data suggest that PTPN2 deficiency in macrophages or IECs is sufficient to induce 

detrimental effects to the barrier along with increased JAK-STAT signaling in either cell 
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type. Most importantly, the key finding here is that one dose of tofacitinib is sufficient to 

inhibit JAK-STAT signaling in macrophages and IECs lacking PTPN2. 

 The oral gavage of three distinct probes followed by measurement of amount 

present in the serum allows for size-selective analysis of intestinal permeability in vivo. 

This assay has been used in a previous study [175] and serves as a tool to help tease out 

the distinct defects in the pore, leak and unrestricted pathways of permeability in vivo. 

Unaltered permeability changes to RD70 were expected since Ptpn2fl/flLysMCre mice 

show no overt signs of mucosal damage in the colon (data not shown). However, it was 

surprising to see no changes in creatinine permeability considering that changes in 

claudin-2 and claudin-4 expression patterns were significant in proximal colon IECs of 

mice treated with tofacitinib citrate. Region-specific TEER across the epithelial barrier 

may yield a better insight into how tofacitinib influences the pore barrier along the 

intestinal tract, especially in the colon. Creatinine, FD4, and RD70 are not actively 

transported by the transcellular pathway, but rather, cross the intestinal epithelium 

passively through the paracellular pathway. Recovery of these probes in the serum can be 

affected by overall fluid transport, which can be influenced by distribution within the 

bloodstream, other tissues, and rate of renal clearance. How these other factors are 

affected by PTPN2 loss in macrophages or by tofacitinib are other avenues that could be 

explored. 

 The complete rescue of the barrier defect in Ptpn2fl/flLysMCre is only one 

example of the beneficial effects of tofacitinib. In one study, mice treated with tofacitinib 

(30 mg/kg) during the recovery phase after acute DSS-induced colitis had lower disease 
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activity and histopathology scores with reduced CD3+ cell infiltrates [155]. Our in vivo 

data on the effect of tofacitinib citrate treatment on reducing M1 while increasing M2 

macrophage populations supports findings that tofacitinib pretreatment followed by IFN-

γ+LPS stimulation skews murine BMDMs towards a more regulatory, M2-like phenotype 

[155]. This, however, is not a complete reversal [155], which is evident in our studies that 

M1/M2 proportions are not normalized by tofacitinib citrate treatment to the same levels 

as in Ptpn2fl/fl vehicle-treated mice. Nevertheless, the effect of tofacitinib on macrophage 

polarization is significant and indicates a novel mechanism by which JAK inhibition 

protects the intestinal epithelium. 

 An important note to mention is that the genetic profiles of the IBD patients 

included in the tofacitinib clinical studies are unknown. In phase 3 clinical trials, only 

remission occurred in only 40.6% of UC patients receiving tofacitinib [58] Therefore, it 

is yet to be determined whether tofacitinib is better at inducing clinical outcomes and 

sustaining remission at higher rates in patients with certain genetic composition vs. 

others. The use of tofacitinib in subgroups of patients with distinct genetic profiles, 

especially those with mutations in IBD candidate genes, such as PTPN2, should be more 

carefully analyzed in order to improve clinical outcomes and remission rates of this drug 

in IBD patients. Adverse events such as increased rates of overall infections, herpes 

zoster infections, cardiovascular events, and increased lipid levels were observed in IBD 

patients taking tofacitinib for 52 weeks [58]. More recently, higher rates of pulmonary 

embolisms and mortality have occurred in rheumatoid arthritis (RA) patients taking the 

high dose of 10mg tofacitinib [59]. Although these safety trials are ongoing for patients 
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with RA with at least one cardiovascular risk factor, the same risks may apply to patients 

taking tofacitinib for UC [59]. Nevertheless, major potential benefit of our work 

presented here not only lies in improving response and remission rates in UC patients, but 

in targeting CD patients with PTPN2 loss-of-function mutations, as well, as tofacitinib 

has not been effective in phase 2 clinical trials for the treatment of CD in patients of 

undetermined PTPN2 genetic background [115]. Because of these concerns, identifying 

and specifically targeting select patients who are to receive tofacitinib is crucial. 

 In summary, these findings reveal that tofacitinib corrected barrier function and 

tight junction regulation in IECs, cytokine secretion, and macrophage differentiation 

associated with PTPN2 deficiency in both co-culture cell system and animal models. 

Tofacitinib may potentially be a more effective therapeutic for patients harboring PTPN2 

loss-of-function mutations. 
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Chapter 5: Discussion 

 Summary 

 In Chapter 2, we demonstrated the effectiveness of tofacitinib in rescuing the 

intestinal barrier in vitro. In parental IECs and colonoids derived from IBD patients, 

tofacitinib prevented and rescued cytokine-induced barrier dysfunction. With regards to 

the pore pathway of permeability, tofacitinib reduces IFN-γ-induced upregulation of 

claudin-2 on a transcriptional level, without affecting the protein expression of other 

claudins. Tofacitinib also does not alter expression of tight junction proteins regulating 

the leak pathway of permeability, ZO-1, occludin, and tricellulin, but rather, exerts its 

effect on tight junction localization of ZO-1. Here, we provide the first evidence that 

tofacitinib inhibits JAK1-STAT1 signaling in IECs, and by doing so, protects it from 

cytokine-induced barrier defects. 

 Results included in Chapter 3 show how tofacitinib can rescue barrier and JAK-

STAT signaling consequences associated with loss of activity of PTPN2, an IBD 

susceptibility gene. Most importantly, we show here that tofacitinib can reverse these 

consequences to levels comparable to controls even after a cytokine challenge. Robust 

JAK-STAT phosphorylation and activation are observed in Ptpn2 KO mice. However, 

due to the drastic inflammatory phenotype of this mouse model, tofacitinib was unable to 

reverse any of the consequences resulting from complete Ptpn2 loss in vivo. Therefore, 

we turned to tissue-specific models to determine if tofacitinib can rescue barrier function 

in vivo. Surprisingly, no barrier defects were seen in young and adult Ptpn2 Het and 

Ptpn2ΔIEC mice, despite observations of higher JAK-STAT phosphorylation and 
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activation in these mice. Further studies are required to fully tease apart which region(s) 

in the intestine is most affected by Ptpn2 loss with regards to barrier function. In 

addition, identification of a therapeutic effect of tofacitinib in these mice (Ptpn2ΔIEC) may 

only become apparent in the context of an appropriate challenge model leading to a 

pronounced barrier defect. 

 Finally, data featured in Chapter 4 highlights the involvement of innate immune 

cells, specifically macrophages, in intestinal barrier regulation and how tofacitinib 

modulates the interaction between IECs and macrophages. As mentioned previously, due 

to the dramatic and robust inflammation in the Ptpn2 KO mice, mice with cell-specific 

deletion of Ptpn2 were used. With myeloid-specific knockout of Ptpn2, 

Ptpn2fl/flLysMCre mice exhibited higher intestinal permeability, which coincided with 

higher expression of claudin-2, and lower expression of claudin-4, occludin, tricellulin, 

and JAM-A in the colon. These were correlated with higher levels of STAT3 

phosphorylation, IL-6, and IL-22 mRNA in the colon. All of these effects, however, were 

effectively reversed by tofacitinib citrate treatment. In vitro studies further help delineate 

that PTPN2 loss in macrophages indeed causes barrier dysfunction to CTL IECs and 

PTPN2 loss in IECs also promotes release of pro-inflammatory cytokine IL-6 from CTL 

macrophages. These findings also demonstrate that deficiency in PTPN2 in IECs and 

macrophages is synergistic and PTPN2 loss in both cell types further exacerbated the 

effects seen when PTPN2 was depleted in either cell type individually. Of note, 

tofacitinib reversed these effects and corrected the consequences of disrupted 

macrophage-IEC communication. Further, our mechanistic investigations indicate  that 
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IL-6-STAT3 signaling may be the primary pathway mediating macrophage-epithelial 

crosstalk in this system.  

 

5.2 Future Studies 

 While the in vitro studies on the effect of tofacitinib on PTPN2 KD IECs are 

promising, the rescue in TER with and without cytokine challenge has not yet reached 

statistical significance. These studies must be completed in full in order to determine if 

both pore and leak barrier defects arising from PTPN2 loss can be corrected by 

tofacitinib. Future studies would need to determine if tofacitinib exerts the same effect in 

claudin-2 expression in PTPN2 KD cells as they did in parental T84 IECs. PTPN2-

deficient IECs have been shown to express higher levels of claudin-2, which is partly 

responsible for the lower TER observed in these cells [81]. We predict that claudin-2 

expression changes will correlate to TER results. 

 Indeed, the cell lines stably expressing shRNA against PTPN2 used in these 

studies has led to key findings about the crucial role of PTPN2 in protecting the intestinal 

barrier. However, studies on whether specific variants, such as the SNPs leading to loss-

of-function mutations associated with CD and UC, cause similar barrier defects in IECs 

would need to be determined. Suggestions of whether features of variant-carrying IECs 

can be rescued with vectors containing a WT form of PTPN2 have also been proposed.  

 Because twice daily oral tofacitinib treatment in vivo may be too invasive of a 

therapeutic strategy for young constitutive Ptpn2 Het and KO mice, and because a barrier 

defect was not observed in adult Ptpn2-deficient (constitutive Ptpn2 Het or IEC-specific) 
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mice in vivo, we may need to investigate the effect of tofacitinib on IECs and barrier 

function using intestinal organoids derived from Ptpn2-deficient mice. These models 

would also help delineate if and how tofacitinib may affect differentiation of epithelial 

cells into different cell types, in the absence of input from non-epithelial cells. Indeed, 

region-specific barrier function must be determined in Ptpn2ΔIEC animals to establish 

whether specific segments of the gut are more affected by IEC-specific deletion of Ptpn2 

compared to others. Depending on these results, tissues from tofacitinib-treated Ptpn2ΔIEC 

mice would then be subjected to Ussing chambers studies to delineate whether tofacitinib 

affects barrier function with IEC-specific loss of Ptpn2. This would therefore strengthen 

our in vitro findings. 

 The failure of tofacitinib to induce higher remission rates in CD patients has 

raised questions about its risk-benefit profiles and has increased the push for clinical 

studies to test the effectiveness of more selective JAK inhibitors for the treatment of IBD 

[55]. In particular, more JAK1-selective inhibitors are currently being investigated for 

treatment of IBD, such as filgotinib and upadacitinib [180]. Filgotinib and upadacitinib 

clinical studies are ongoing with promising results [180]. Whether these two drugs are as 

effective at rescuing the barrier as tofacitinib would need to be assessed in vitro and in 

vivo. This is a valid experiment considering that PTPN2-deficient cell and animal models 

have elevated phosphorylation and activation of JAK1 and downstream effectors STAT1, 

and STAT3. 

 Lastly, further studies are required to better explain how tofacitinib rescues the 

leak barrier. In vitro, tofacitinib did not change the protein expression of occludin upon 
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IFN-γ treatment. In contrast, Ptpn2fl/flLysMCre mice have lower colonic expression of 

occludin, JAM-A, and tricellulin, which were reversed by tofacitinib. The discrepancy 

between data from human and mouse samples may indicate additional cytokine signaling 

pathways are recruited to remodel tight junction composition in vivo compared with the 

effects of a single cytokine (IFN-γ) in vitro. The phosphorylation of the mysosin light 

chain (MLC) by MLC kinase (MLCK) has been shown to contract the perijunctional 

actomyosin ring, pulling on the tight junctions proteins to “loosen” the seal between 

IECs, therefore increasing paracellular permeability [17],[181]. Whether MLC 

phosphorylation is affected in tofacitinib-treated PTPN2-deficient cells would also need 

to be investigated. 

 

5.3 Conclusions and Implications 

 Data presented in this dissertation shed light into how tofacitinib exerts its effects 

on the intestinal epithelium, which is damaged the most in IBD. These studies are the 

first to show how rescue of barrier function may be contributing to the beneficial effects 

of tofacitinib treatment seen in IBD patients. Studies in animal models suggest that 

barrier defects seen in Ptpn2 KO mice are not entirely due to IECs alone, but that the 

immune component, particularly the involvement of macrophages, may play a bigger role 

in causing the barrier defects seen in Ptpn2 KO mice. In turn, PTPN2 deficiency in IECs 

alters macrophage function in vitro, however, the mouse model of IEC-specific Ptpn2 

loss has a relatively healthy gut. Compensation by other cell types may be responsible for 

the lack of a barrier defect in these mice. We predict that this mouse model may be more 
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susceptible to an appropriate barrier-modifying challenge, as seen in other Ptpn2 tissue-

specific knockout models. 

 Increased intestinal permeability is a hallmark of IBD and our results show that 

tofacitinib may be able to alleviate, at least in part, this particular defect. However, 

tofacitinib treatment does have its disadvantages. As mentioned earlier, the JAK-STAT 

pathway plays an important role in normal cellular functions [51]. The global and 

systemic inhibition of this pathway does generate adverse effects, as seen in the 

tofacitinib clinical trials for IBD patients. These include higher overall infection rates, 

especially herpes zoster infections, and higher triglyceride levels [58]. Recently, Pfizer, 

Inc. released results from an ongoing tofacitinib study on patients over the age of 50 with 

rheumatoid arthritis and at least one cardiovascular risk factor. Increased risk of blood 

clots (19 cases out of 3,884 patient-years, calculated as # of patients in the study x # of 

years of participation in the study) and all-cause mortality rates (45 cases out of 3,884 

patient-years) were found with the high 10mg twice daily dose of tofacitinib compared to 

the lower 5mg twice daily dose or anti-TNF blockers [182]. Since tofacitinib is also being 

used to treat ulcerative colitis, both the FDA and Pfizer, Inc. had issued a warning 

advising clinicians that the use of tofacitinib to treat UC should be kept at the 

recommended doses (10mg twice daily as the induction dose for 8 weeks and 5mg twice 

daily as the maintenance dose) in order to prevent serious, and perhaps, fatal events in 

patients taking this drug [59],[182]. From this, it makes it even more imperative for IBD 

therapeutics to be personalized for subgroups of patients likely to be responsive.  New 

therapeutics, such as tofacitinib, have been developed in order to treat IBD patients who 
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had inadequate or refractory response to anti-TNF therapy or other immunosuppressants. 

The use of tofacitinib in combination with anti-inflammatory drugs, immunomodulators, 

and/or anti-TNF has not been recommended until additional safety studies have been 

conducted. With the multi-factorial etiology of IBD, better incorporation of etiologic 

factors i.e. genetic polymorphisms into treatment regimen design is warranted. 

 This study provides a potential role for tofacitinib to reverse specific 

pathophysiological consequences (increased intestinal permeability) associated with a 

genetic defect. The ability of tofacitinib to rescue abnormal JAK-STAT signaling, barrier 

dysfunction, and pro-inflammatory cytokine release observed in PTPN2-deficient cell 

and animal models suggest that patients harboring PTPN2 loss-of-function mutations 

may benefit from tofacitinib treatment the most. As mentioned before, the genetic 

component of IBD has been largely ignored in the process of developing and tailoring 

therapeutics for IBD patients. There is an increasing amount of evidence as to how IBD 

candidate genes contribute to IBD pathology. The work presented here provides both an 

opportunity and a template for more rational treatment regimen design and exploit a 

personalized medicine approach in treating symptoms of IBD. 
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