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The delicate intestinal homeostasis is regulated by interactions between microbiota, 

intestinal epithelial cells (IECs), and the intestinal immune system. As a crucial component 

of the innate immune system, neutrophils are the first responders to sites of inflammation 

when the intestinal epithelial barrier is breached and gut microbiota invade. Although 

accumulation of neutrophils in the intestine is correlated with inflammatory bowel disease 

(IBD), the relative contributions of neutrophils to the pathogenesis of IBD are still 

controversial. 

It has been shown that neutrophils are active producers of both IL-22 and IL-17, 

which differentially regulate the pathogenesis of IBD. Our current studies indicate that IL-

22-producing neutrophils play a crucial role in colitis. We showed that IL-23 can promote 

neutrophil production of IL-17 and IL-22. IL-23 signals through its receptors and further 

upregulates its own receptors. Subsequently, IL-23 activates the PI3K-mTOR pathway, 

which mediates the expression of retinoid acid receptor–related orphan receptor g t (RORγt) 

and aryl-hydrocarbon receptor (AhR). Neutrophils can also produce TGFβ to regulate IEC 
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functions. Neutrophil-derived TGFβ activates MEK1/2 signaling in IECs enhancing the 

production of amphiregulin (AREG), a member of EGFR ligand family. Upon the induction 

of an intestinal inflammatory state, AREG signals through the EGFR pathway to induce 

epithelial junction formation, as a way to restore epithelial function and ameliorate colitis. 

Taken together, our studies reveal a previously unappreciated immune regulatory 

role of neutrophils in coordination with IECs to maintain and/or restore gut homeostasis. 

Given further research, these findings could ultimately lead to the development of novel 

targeted treatments for IBD and other autoimmune diseases. 
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INTRODUCTION 

Chapter 1: Overview of the Intestinal Homeostasis 

The gastrointestinal tract represents the largest mucosal surface in the body and harbors 

trillions of diverse microorganisms, namely microbiota [1]. Tight regulation of the mutualistic 

interaction between microbiota and host is required for proper digestion, provision of energy and 

nutrition, as well as shaping of the mucosal immune system. A single layer of intestinal epithelial 

cells (IECs) constitutes the first line barrier defense, sequestering microbiota in the lumen and 

preventing the over activation of immune responses. While microbiota and its metabolites can 

signal through various receptors on IECs to affect mucosal microenvironment [2], our host 

employs multiple mechanisms to regulate microbiota in return [2-7]. Both innate and adaptive 

immune responses are involved in regulation of host response against microbiota to maintain 

homeostasis of the gut.  

 

MICROBIOTA 

To date, over 1000 strains of microbiota have been identified to reside in the human gut. 

Over the course of coevolution, microbiota and host achieved mutualistic symbionts through a 

tightly regulated crosstalk. The presence of normal gut microbiota benefits the host for proper 

nutrient absorption, xenobiotic metabolism as well as immune adaption and modulation [8]. In 

healthy individuals, Bacteroidetes and Firmicutes are the dominate bacterial species in the gut 

along with other less abundant species such as Proteobacteria, Actinobacteria, Verrucomicrobia 

and Fusobacteria [9]. The composition of the gut microbiome is affected by multiple factors 

including age, genetics, lifestyle, body mass index (BMI), health state and antibiotic treatment [10]. 



2 

 

In the context of intestinal disorders such as inflammatory bowel disease (IBD), dysbiosis has a 

major impact on the host immune system resulting in the perpetuation of intestinal inflammation. 

IBD-associated dysbiosis is characterized by loss of commensal microbiota, loss of diversity and 

occupation of pathobionts [11].  

The gut microbiome is indispensable in for host nutrition. Synthesis of a variety of vitamins require 

the presence of microbiota [12]. Neonates lacking the colonization of commensal bacteria are 

susceptible to intracranial hemorrhage due to vitamin K deficiency. Microbiota also help digests 

food, turning them into products, such as short chain fatty acids (SCFAs). Among all microbiota-

derived metabolites, SCFAs have been intensively studied in the past few decades. Acetate (C2), 

propionate (C3), butyrate (C4) are the three major subtypes of SCFAs. Derived from fiber, C4 is 

one of the most abundant metabolites found in the colon (3 fold higher than C2 and C3) [13]. 

SCFAs can modulate host immunity through several pathways. Their lipophilic nature allows for 

direct diffusion into cells to inhibit histone deacetylases (HDAC) [14]. Accumulating evidence 

shows that the microbiota can mediate regulatory T cell (Treg) differentiation and through its 

actions on HDAC [15]. SCFAs can also activate G-protein coupled receptors (GPRs) [16]. We 

have demonstrated that SCFAs promote IEC barrier defense through GPR43. 

 

IEC 

The intestinal epithelium covers a surface area of over 300 m2, which is adapted to the 

constant insult from external stimulants as well as enteric microbiota. Breach of epithelial barrier 

leads to microbial translocation into the mucosa and submucosal areas, and excessive uptake of 

microbial antigens can induce exaggerated immune responses. Rapid turnover of IECs (3–4 days 

in mice, 7-10 days in human) allows for quick restoration of intestinal integrity by replacing the 
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damaged cells [17]. Goblet cells produce a thick layer of mucus to prevent the microbiota from 

attaching to IECs. Also, the mucus layer provides necessary energy for commensal microbiota. 

Notably, the invaginated structure of villi and the consumption of microbial metabolites by 

colonocytes limit the microbial signals as a way to restrict butyrate suppressive effect on intestinal 

epithelial stem cells [18]. IECs and Paneth cells can also produce antimicrobial peptides (AMPs) 

to control luminal microbiota. Several distinct families of AMPs have been identified including 

defensins, cathelicidins, C-type lectins (such as the regenerating islet-derived protein (REG) 

family). AMPs function to kill or inactivate microorganisms rapidly through various mechanisms, 

such as disrupting membranes, digesting specific cell wall structures, and sequestering nutrients. 

 

INTESTINAL IMMUNE SYSTEM  

Accumulating evidence indicates that the host immune system can sense gut bacterial 

metabolites in addition to TLR ligands. Recognition of these small molecules greatly impacts host 

immune response [13]. Th17 cells can upregulate polymeric Ig receptor (pIgR) on IECs as a way 

to promote intestinal IgA response to microbiota, thus, contributing to maintenance of intestinal 

homeostasis [4]. Innate lymphoid cells (ILCs) are capable of producing IL-22 to exert beneficial 

effects on IECs. Recently, type 2 ILCs has been demonstrated to produce amphiregulin (AREG) 

in response to IEC alarm signals [6, 19]. It is becoming clear that neutrophils are indispensable in 

intestinal homeostasis as evidenced by the massive infiltration of neutrophils in the inflamed site 

of the intestines [20].  
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CHAPTER 2: INFLAMMATORY BOWEL DISEASE 

As one of the five most prevalent gastrointestinal disease burdens in the United States, 

inflammatory bowel disease (IBD) affects more than 1.6 million people in the country [21], and is 

becoming a global disease with increasing incidence and prevalence rate over time [22]. To date, 

IBD is incurable with few efficacious treatments; even with current treatments, IBD largely 

compromises patients’ quality of life and causes tremendous economic loss. IBD represents a 

group of immunological disorder characterized by idiopathic chronic and relapsing inflammation 

of the gastrointestinal tract. Besides the systemic symptoms such as low-grade fever, weight loss, 

sweats, malaise and fatigue, patients exhibit both intestinal symptoms (diarrhea, abdominal 

cramping, bloating, urgency and rectal bleeding) [23] and extra-intestinal manifestations affecting 

musculoskeletal, cardiovascular, ocular and hepatobiliary systems [24]. Based on the distribution, 

endoscopic, radiological and histopathological features of the inflammatory lesions, the diagnosis 

of IBD falls into two major categories, Crohn’s Disease (CD) and ulcerative colitis (UC) [25]. The 

two diseases are considered distinct entities, with different etiologies and pathogenesis which are 

not completely understood. Inflammation in CD patients is discontinuous, which is characterized 

by cobble stone-like lesions affecting any part of gastrointestinal tract, and most frequently found 

in the ileum and colon. The lesions involve whole layers of intestinal tube which explain the typical 

complications such as fistulae, fissures and strictures [26]. Increased expression of IL-17 and IL-

23 has been found in CD lesions [27, 28]. IL-22 was also increased in the active lesions of CD, 

and increased serum levels of IL-22 has been shown to correlate with disease activity [29]. 

Conversely, lesions of UC are confined to mucosal and submucosal layer, affecting descending 

colon and rectum. IL-17 and IL-22 were also found to be increased in UC patients compared to 
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healthy controls, although to a lesser degree than in CD lesions [27, 28]. Importantly, patients who 

do not meet either of diagnostic criteria are classified as a third subtype, IBD-undetermined type.  

 

PATHOGENESIS 

The pathogenesis of IBD involves complex interplay between genetic, environmental, 

microbial and immunological factors. It is generally believed that environmental triggers 

compromise	the	integrity	of	intestinal epithelial barrier, resulting in translocation of microbiota into 

mucosa and submucosa area. In addition, altered commensal microbiota composition induces 

susceptibility of IBD [30]. Exaggerate microbial exposure as well as aberrant  immune responses 

may perpetuate inflammation in genetic susceptive individual [31]. Based on genome-wide 

association studies (GWAS), various polymorphisms in genes have been identified associated with 

IBD. Among the 48 IBD risk genes that related to commensal microbiota, NOD2 was the first 

gene identified as a susceptibility gene conferring risk of IBD, especially CD [9]. NOD2 knockout 

mice are more susceptible to colitis, with lower levels of AMPs and higher bacterial load compared 

with control mice [32]. NOD1, on the other hand, is more closely associated with UC [33]. 

Moreover, CLEC7A encoding C-type lectin Dectin-1 has been linked to refractory UC [34]. 

Single-nucleotide polymorphisms (SNPs) of autophagy-related genes for example NOD2, 

ATG16L1 and IGRM1 disrupt the delicate host-microbiota balance, affecting microbiota 

composition, which predispose host to dysbiosis. Polymorphisms in genes related to normal IEC 

functions are also associate with the development of IBD. Glycoprotein mucin-2 (MUC2) is 

critical for mucus production, and SNPs in this gene results in thinner mucus layer and subsequent 

increased pathogen invasion [35]. HNF4α, which induces the formation of junction proteins has 

been identified to associate with an increased risk of IBD [36]. IECs also express EGFR, and 
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increased intestinal ERRFI1 inhibiting EGFR pathway has been shown in both CD and UC patients 

[37]. Finally, GWAS have linked IL-23 and TGFβ pathways to IBD, including IL-23R, RORC, 

AHR, STAT3, SMAD3 and SMAD7 [38]. 
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CHAPTER 3: NEUTROPHILS IN IBD 
 

Preserving the delicate balance between microbiota and host requires rapid elimination of 

invading microbes. As a crucial component of innate immunity, neutrophils play a fundamental 

role in the successful first line defense against pathogens. Neutrophils are usually absent from 

intestinal mucosa under physiological conditions. In the setting of acute inflammatory state, 

however, neutrophils immediately present to the inflamed sites, where they aid in antimicrobial 

activity through direct phagocytosis, generation of phagocytose reactive oxygen species (ROS), 

production of different elastase, MMPs and cytokines. Furthermore, neutrophils are capable of 

liberating neutrophil extracellular traps (NETs) to imprison larger microbes. It is conceivable that 

neutrophils may play a crucial role in the development, remission and relapsing of IBD. 

Neutrophils represents the most abundant leukocyte in the circulation (50-70% in humans, 10-25% 

in mice) [39]. They are considered short-lived cells with an average of half-life of 8-20 h in human 

circulation. Interestingly, recent data suggests that their circulatory lifespan can be up to 5 days in 

healthy state [40]. 

 

NEUTROPHIL FUNCTIONS 

Reactive oxygen species (ROS), Matrix metalloproteases (MMPs) and Elastase 

Pathogen invasion and translocation leads to the acute colitis in the intestines. Without 

proper elimination of the microbial insults, inflammation perpetuate to chronic and persistent state 

which contributes to the development of IBD. It has been reported that 80% patients with CD have 

detectable Escherichia coli DNA  in the granulomas biopsy [41]. Neutrophils almost exclusively 

contain enzymes for ROS generation. ROS are reactive oxygen metabolites which are capable of 
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dysrupting membrane-associated targets and degrading microbial DNA. Defect in ROS pathway 

can have detrimental outcomes and predispose individual to severe infection. Patient with CGD 

are more prone to catalase positive microbes due to lack of NADPH oxidase, an critical enzyme 

in the ROS pathway [42]. MMP-9 (gelatinase B) is found in the granules of neutrophils, which 

aids in chemokine and cytokine shedding. Furthermore, ADAM17 is known for releasing 

membrane-bound tumor necrosis factor α (TNFα) or EGFR ligands to soluble mature forms. 

Increased ADAM17 has been found in the inflamed tissue of individuals with active CD, and 

positively correlates with colitis severity [43]. Elastase is also a potent antimicrobial molecule. 

However, studies showing that anti-elastase treatment render protection to chemical-induced 

colitis indicates that dysregulated elastase activity might contribute to the intestinal damage in IBD 

[44]. 

 

Neutrophil extracellular traps (NETs) 

Neutrophils are equipped with a variety of cytotoxic armamentarium for microbial killing. 

Besides direct phagocytosis of invasive pathogen, neutrophils can liberate NETs as a way to 

capture and imprison the microbes in larger size. Neutrophils can also secret pentraxin 3, in the 

process of NETs. Pentraxin 3 is an antimicrobial protein, which has been implicated in crypt 

abscesses formation in UC [45].  

 

Cytokine 

Neutrophils are potent cytokine producers secreting both pro-inflammatory cytokines (e.g. 

TNFα, IFNγ and CXCL8) and anti-inflammatory cytokines (e.g. IL-10) during intestinal 

inflammation [46]. IL-23. Myeloid dendritic cells (DCs) was originally considered the major 
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source of IL-23, contributing to IL-23 signaling[47]. Not until recently, however, newest findings 

suggest that tissue infiltrating neutrophils largely contribute to local IL-23 level in the inflamed 

tissue [48]. Monoclonal antibody against IL-23 receptor showed promising outcomes treating 

patients with CD [49]. Il-23 can also induce other cytokine production in neutrophils, which 

indicates a positive feedback loop in the setting of colitis. IL-17. Although IL-17 is regarded as 

the signature cytokine of Th17 cells, accumulating data suggests that neutrophils remain the 

critical source of IL-17.  Previous studies reported a pro-inflammatory role of IL-17 in the 

pathogenesis of IBD [50, 51]. Conversely, clinical trial attempting using either anti-IL-17 or anti-

IL-17RA antibodiesto treat CD fail to yield positive results [52]. The discrepancy indicates a 

sophisticated role of IL-17 in intestinal inflammation. IL-17 promotes host antimicrobial defense. 

IL-17-producing neutrophils have been demonstrated confer protection in Aspergillus infection 

[53, 54]. IL-17 also induces IEC expression of different antimicrobial peptide as well as promotes 

intestinal IgA response against pathogen [4]. Last but not least, IL-17 enhances intestinal barrier 

integrity by enhancing junction protein expression. IL-17 knockout mice reveal dysregulated 

intestinal barrier function with increased epithelial permeability [55]. However, studies in salivary 

revealed a pathologic role of IL-17 weakening tight junction proteins [56]. In addition, IL-17 can 

have detrimental effect on surrounding tissue by inducing fibrosis. IL-22. Studies using various 

murine models of colitis have demonstrated a protective role for IL-22 signaling in IBD. IL-22 

knockout mice present more exacerbated intestinal damage upon DSS insult compared to wide 

type control. Additionally, blockade of IL-22 signaling in mice leads to more severe colitis with 

impaired barrier integrity, evidenced by increased bacterial translocation in spleen and liver [57]. 

It has been demonstrated that IL-22 efficiently control luminal microbiota through induction of 

different antimicrobial peptides (defensin family, S100 protein family, Reg family and lipocalin-
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2) by IECs [38]. Consistent with the in vitro finding of human IECs that IL-22 increases expression 

of MUC4 expression, administration of exogenous IL-22 rescues TCRαKO mice and alleviated 

the chronic inflammation [58]. Nevertheless, opposite role of IL-22 has been demonstrated in 

psoriasis, in which IL-22 inhibits the differentiation and cornification in keratinocytes [59]. 

 

Interaction with other cell types 

It has been reported that neutrophils direct binding to IECs through ICAM-1 prevents 

neutrophil apoptosis, at the same time induces IEC protective functions [60]. Neutrophil 

transepithelial migration can also regulate expression of epithelial ADAM17. Importantly, 

neutrophil itself express ADAM17 on the surface [61]. Therefore, it is interesting to speculate that 

neutrophil contribute to the local shedding of cytokines and EGF ligands from various cellular 

sources. Neutrophils might even function as antigen present cell (APC) expressing major 

histocompatibility complex-II (MHC-II) and CD86 under certain circumstances [62]. These 

findings highlight the potential mechanisms neutrophil regulation of adaptive immune system. 
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RESULTS 

Chapter 4: Neutrophil production of IL-17 and IL-22  

Originally published in The Journal of Immunology. Feidi Chen, Anthony Cao, Suxia Yao, 

Heather L. Evans-Marin, Han Liu, Wei Wu, Eric D. Carlsen, Sara M. Dann, Lynn Soong, Jiaren 

Sun, Qihong Zhao and Yingzi Cong. 2016. mTOR Mediates IL-23 Induction of Neutrophil IL-17 

and IL-22 Production. J. Immunol. Vol 196: 4390-4399. Copyright © 2016 The American 

Association of Immunologists, Inc. 

INTRODUCTION 

Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's 

disease (CD), represent chronic or recurring inflammation in the gastrointestinal tract. The 

pathogenesis of IBD is considered multifactorial, involving compromise of the intestinal epithelial 

barrier and dysregulation of immune responses to commensal bacteria [3]. As an essential 

component of the innate immune system, neutrophils are implicated in the pathogenesis of IBD by 

virtue of the high neutrophilic influx in the inflamed intestinal tissue of IBD patients [63]. 

Emerging evidence highlights the greater value of neutrophil-derived products such as fecal 

calprotectin (S100A8/S100A9) than the traditional inflammatory marker C-reactive protein (CRP) 

in the assessment of disease activity in clinical practice [50, 64, 65].  

Recently, neutrophils have been identified as an important source of both IL-17 and IL-22 

[53, 66]. IL-22, a member of the IL-10 cytokine family, specifically targets epithelial cells based 

on the expression pattern of the IL-22 receptor (IL-22R) [67]. IL-22 has been shown to promote 

barrier defense and wound healing by inducing intestinal epithelial cell secretion of antimicrobial 
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proteins, epithelial cell differentiation, and goblet cell activation [68]. IL-17 is a critical component 

of mucosal immune defense [51, 69]. Although detrimental effects of IL-17 have been implied 

during colitis [70, 71], its protective function has also been demonstrated recently [4, 55]. Notably, 

IL-22-producing neutrophils are reported protective during acute colitis, in that colitis was 

alleviated in DSS-treated IL-22−/− mice receiving neutrophils from wide-type mice, whereas 

neutrophils from IL-22−/− mice exhibited little effect on disease progression [66]. On the other 

hand, IL-17-producing neutrophils aid in bactericidal defense during fungal infection [54, 72]. 

However, it is unclear how neutrophil production of IL-22 and IL-17 are regulated and their roles 

in the pathogenesis of chronic colitis must yet be clarified. We report here that IL-23 primarily 

promotes neutrophil production of IL-17 and IL-22 by regulating RORγt and AhR through 

activation of mTOR. Furthermore, neutrophils protect the intestines from chronic intestinal 

inflammation, possibly by producing IL-22.  

 

MATERIALS AND METHODS 

Mice 

C57BL/6 (B6) mice were obtained from the Jackson Laboratory and bred in the Animal 

Facilities at University of Texas Medical Branch and maintained there. All animal work was 

reviewed and approved by the Institutional Animal Care and Use Committees of the UTMB. 

 

Antibody and reagents  

IFNγ (XMG1.2), and IL-4 (11B11) were purchased from Bio X Cell (West Lebanon, NH). 

Thioglycollate broth was purchased from Sigma-Aldrich (St. Louis, MO). RORγt inhibitor was 

provided by Bristol Myers Squibb. AhR inhibitor, CH-223191 was purchased from Sigma-
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Aldrich, and mTOR inhibitor rapamycin and AZD8055 from Selleck Chemicals (Houston TX). 

PI3K inhibitor LY294002, was purchased from Sigma-Aldrich. STAT3 inhibitor HJC0152 was 

kindly provided Dr. Jia Zhou at University of Texas Medical Branch. Antibodies against 

phosphorylated mTOR (S2448), phosphorylated 4E-BP1 (T70), phosphorylated STAT3 (P65), 

phosphorylated NF-kB (Y705), β-actin and HRP-conjugated anti-rabbit secondary antibody were 

obtained from Cell Signaling Technology (Danvers, MA) for western blot analysis. The following 

antibodies were used for flow cytometry: PerCP/Cy5.5-IL-17 (TC11-18H10.1), FITC- CD11b 

(M1/70), PE/Cy7- Ly6G (1A8), were from Biolegend (San Diego, CA). PE- IL-22 (1H8PWSR), 

APC- IL-10 (JES5-16E3), from eBioscience (San Diego, CA). Foxp3 Perm/ Fix Kit for 

intracellular permeabilization from eBioscience and Live/Dead Fixable Dead Cell Stain Kit from 

Life Technologies (Carlsbad, CA). Golgi Stop was purchased from BD Biosciences (San Diego, 

CA). 

 

Neutrophil isolation and culture 

The neutrophils were prepared from the peritoneal cavity as we previously described [73]. 

Briefly, C57BL/6 mice were injected with 1ml of 3% thioglycollate broth, and the peritoneal cavity 

was washed with cold PBS buffer containing 5% FBS 5 hours later. Neutrophils were separated 

from other cell types in the peritoneal exudate by using 50% Percoll (Sigma-Aldrich). Cell viability 

(>95%) was validated by trypan blue staining, and flow cytometry was performed to confirm 

neutrophil purity (>95%). For bone marrow neutrophil collection, murine femurs were obtained 

under aseptic conditions and flushed by cold PBS. Neutrophils were then isolated from bone 

marrow cells by using anti-mouse Ly6G-magnetic sorting (Miltenyi Biotec). 
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Real-Time Quantitative Reverse Transcription PCR 

RNA was extracted with TRIzol (Life Technologies; Carlsbad, CA) and quantified for 

cDNA synthesis. Quantitative PCR reactions were performed by using TaqMan Gene Expression 

Assays (Life Technologies). Predesigned primers and probes for il17 (Mm00439618_m1), il22 

(Mm00444241_m1), il23r (Hs00372324_m1), rorc (Mm01261022_m1), ahr (Mm00478932_m1) 

and gapdh (Mm99999915_g1) were ordered from Applied Biosystems and data were normalized 

to gapdh mRNA expression. Aliquots of PCR products were visualized under UV by 

electrophoresis on 1.5% agarose gels. 

 

Statistical analysis  

To assess an effect of a given sample size, power analysis was performed by using 

preliminary data sets. For comparison between samples, levels of significance were determined by 

Student’s t test, and one -way ANOVA for multiple comparisons. P values < 0.05 were considered 

to be statistically significant. All statistical analysis was performed in Prism 5.0 (Graphpad 

Software; San Diego, CA). Results are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 

0.001. 

 

RESULTS 

IL-23 stimulates neutrophil production of IL-17 and IL-22  

IL-23 has been consistently shown able to stimulate IL-22 production in γδ T cells, 

dendritic cells (DCs) and type 3 innate lymphoid cells (ILC3s). IL-6, IL-21, TNFα, and IL-1β have 

also been able to stimulate IL-17 and/or IL-22 production at different levels in ILCs and several 

CD4+ T cell subtypes [53, 74]. Although IL-23 itself induces little IL-17 or IL-22 in CD4+ T cells, 
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it can greatly augment IL-17 and IL-22 production in Th17 cells [75]. In a recent report, colonic 

neutrophils isolated from mice with DSS-induced colitis mice have been shown to produce both 

IL-17 and IL-22 after IL-23 treatment. Colon tissue of IL-23a-/- mice revealed a significant 

decrease in IL-22 levels compared to those in wide-type mice [66]. However, the cytokines, which 

stimulate neutrophil production of IL-17 and/or IL-22, have not been carefully elucidated. The 

short half-life of neutrophils makes it hard to isolate neutrophils from intestines, as it requires a 

long processing time, and thus most neutrophils isolated would have died by the end of preparation. 

We thus use peritoneal neutrophils as they are ready to be prepared in large quantities in our in 

vitro studies [73]. We stimulated peritoneal neutrophils with IL-23, IL-6, IL-21, TNFα, or IL-1β 

to assess which cytokine(s) trigger IL-17 and IL-22 production in neutrophils. A portion of cells 

was stained for CD11b and Ly6G to assure that the purity of neutrophils population 

(CD11b+Ly6G+) is higher than 95% (Figure 1). The levels of IL-17 and IL-22 in the supernatant 

were determined via enzyme-linked immunosorbent assay (ELISA). Consistent with a previous 

report, treatment with IL-23 alone markedly enhanced production of IL-17 and IL-22 at levels of 

both protein and mRNA (Figure 2A-B). In contrast, IL-1β, IL-6, IL-21, and TNFα had little or no 

effect on the production of IL-17 and IL-22 when administered either alone or in combination with 

IL-23 (Figure 2A), indicating a critical role of IL-23 in inducing IL-17 and IL-22 production in 

neutrophils. As recent evidence indicates that there are different subsets of neutrophils, to evaluate 

whether the same or different neutrophils produce IL-17 or IL-22, we used flow cytometry to 

identify the subsets of IL-17- and IL-22-producing neutrophils after IL-23 stimulation. As shown 

in Figure 2C, increased amount of IL-22-producing CD11b+Ly6G+ neutrophils were found 

relative to untreated cells. Interestingly, we found a slight increased number of IL-10+ neutrophils 

in the presence of IL-23. 
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IL-23 induces IL-23R expression on neutrophils  

IL-23 receptor  (IL-23R) mRNA has been recently found to be expressed on naïve 

neutrophils in bone marrow (BM) [53]. Neutrophils also appear to express IL-23R after migration 

into the inflamed colon [66]. The isolated neutrophils are more activated than those from BM after 

migrating from blood vessels to peritoneal cavity in response to thioglycollate, while BM 

neutrophils are naïve. To understand the regulation of neutrophil IL-23R expression, we examined 

the expression of IL-23R in peritoneal neutrophils. As shown in Fig. 2A and B, IL-23R was 

expressed in the peritoneal neutrophils at a higher level compared to that in BM cells (Figure 3A-

B). The peritoneal neutrophils can further respond to stimulants and elicit more exaggerated 

response. Accordingly, we found that IL-23 further stimulated IL-23R expression in the peritoneal 

neutrophils (Figure 3C). Together, these data suggest that, unlike T cells, naïve neutrophils 

constantly express a basal amount of IL-23R and the expression of IL-23R increases as the cells 

become activated.  

 

RORgt and AhR differentially regulate IL-17 and IL-22 production in neutrophils 

Retinoid-acid Receptor-related Orphan Receptor gamma t (RORγt) is an essential 

transcription factor mediating IL-17 production in Th17 cells [76]. Moreover, it has been shown 

that RORγt is indispensable for IL-22 expression in ILC3 [77]. The ligand-dependent transcription 

factor Aryl-hydrocarbon Receptor (AhR) also contributes to IL-17 and IL-22 expression in 

lymphoid cells [77-79]. We then investigated whether RORgt and AhR are involved in IL-23-

driven IL-17 and IL-22 production in neutrophils. As shown in Figure 4A, addition of IL-23 

upregulated expression of transcripts encoding RORgt (rorc) and AhR (ahr) in neutrophils, 
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indicating that IL-23 is capable of inducing both transcription factors. To investigate the role of 

RORgt and AhR in neutrophil IL-17 and IL-22 production, we treated peritoneal neutrophils with 

small molecule inhibitors against RORgt or AhR in the presence of IL-23. As shown in Figure 4B, 

inhibition of RORgt compromised both IL-17 and IL-22 production in IL-23-treated neutrophils, 

indicating that induction of both cytokines is RORgt-dependent (Figure 4B). Interestingly, AhR 

inhibition only decreased IL-22 production with no detectable impact on IL-17 expression. 

Addition of both RORgt and AhR inhibitors further reduced IL-17 and IL-22 production, 

suggesting that RORgt and AhR act in a synergistic manner. Collectively, the data indicate that 

RORgt and AhR differentially regulate neutrophil production of IL-17 and IL-22.  

 

mTOR regulates IL-23-driven IL-17 and IL-22 production in neutrophils  

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that is crucial for cell 

growth and proliferation [80]. Previous data indicate that mTOR is expressed in neutrophils and 

modulates neutrophil function [81], and therefore we investigated whether mTOR is involved in 

IL-23 induction of IL-17 and IL-22 in neutrophils. IL-23 treatment led to the phosphorylation of 

mTOR (Figure 5A). Additionally, 4E-BP1, a major downstream effector molecule of mTOR 

complex 1 (mTORC1) was also activated after the treatment of IL-23, further confirming that IL-

23 activates mTOR pathway. We then applied rapamycin, a well-established mTORC1 inhibitor 

to neutrophils in combination with IL-23. As expected, rapamycin greatly attenuated IL-23-

induced phosphorylation of 4E-BP1 (Figure 5B). To confirm these results, we adopted another 

mTOR inhibitor (AZD8055), which targets both mTORC1 and mTORC2 to neutrophils [82-84]. 

Consistent with rapamycin, AZD8055 inhibited IL-23-induced phosphorylation of 4E-BP1 
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(Figure 5B). To determine whether mTOR regulates IL-23-driven cytokine production in 

neutrophils, we first examined IL-17 and IL-22 gene transcription. The qRT-PCR showed 

markedly decreased IL-17 and IL-22 mRNA expression after blockade of mTOR signaling by 

rapamycin. We also demonstrated a similar effect of AZD8055 on IL-23-treated neutrophils, in 

that both IL-17 and IL-22 transcription were dramatically inhibited (Figure 5C). Additionally, 

ELISA revealed that production of IL-17 and IL-22 under IL-23 stimulation was inhibited by both 

mTOR inhibitors respectively (Figure 5D). In order to illustrate the molecular mechanisms as to 

how mTOR regulates IL-17 and IL-22 production, transcription of RORgt and AhR was examined 

in the presence of mTOR inhibitors. We found that the induction of both rorc and ahr by IL-23 

was inhibited by rapamycin (Figure 5E). Similarly, AZD8055 remarkably decreased rorc and ahr 

mRNA expression in IL-23-treated neutrophils. Taken together, these data demonstrated that IL-

23 signals through the mTOR pathway to positively regulate the production of both IL-17 and IL-

22 by upregulating RORgt and AhR expression in neutrophils.  

 

PI3K regulates mTOR pathway to promote IL-17 and IL-22 production in neutrophils 

PI3K has been shown to positively regulate mTOR activation [85]. Based on the data that 

mTOR and its downstream proteins facilitate IL-23 signaling, we postulated that IL-23 regulates 

mTOR pathway through induction of PI3K. As shown in Figure 6A, IL-23 treatment enhanced 

the phosphorylation of PI3K in neutrophils. Addition of the PI3K antagonist LY294002 inhibited 

IL-23-induced PI3K phosphorylation and activation of 4E-BP1, suggesting that IL-23 activates 

the mTOR pathway through activation of PI3K.  Moreover, treatment of neutrophils with 

LY294002 in the presence of IL-23 inhibited IL-17 and IL-22 production, indicating that 

stimulation of IL-17 and IL-22 production is mediated by PI3K pathway (Figure 6B-C). 
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LY294002 treatment also greatly decreased the transcription level of both rorc and ahr (Figure 

6D). Notably, IL-23 treatment also led to p38 mitogen-activated protein kinase (MAPK) 

phosphorylation, which was unaffected by treatment with either mTOR or PI3K inhibitor, 

confirming the specific inhibition of the selected pathways without compromising neutrophil 

viability (data not shown).  Collectively, these data indicate that IL-23 stimulates neutrophil 

production of IL-17 and IL-22 through the activation of PI3K-mTOR pathway.  

Signal transducers and activator of transcription 3 (STAT3) has been implicated as a 

transcriptional regulator in T cell IL-17 and IL-22 production [86, 87]. Earlier studies showed that 

STAT3 regulated neutrophil chemotaxis and migration [88]. We then questioned whether STAT3 

could also be involved in IL-23-induced IL-17 and IL-22 production in neutrophils. We cultured 

neutrophils with IL-23 in the presence or absence of STAT3 inhibitor HJC0152 [89]. As expected, 

IL-23 was able to induce phosphorylation of STAT3, which was abrogated by HJC0152 (Figure 

6E). IL-17 and IL-22 production downstream of IL-23 signaling were reduced by addition of 

HJC0152 (Figure 6F). IL-23 also activated NF-kB in neutrophils (Figure 6E), and addition of 

NF-kB inhibitor inhibited IL-23-induced IL-17 and IL-22 (data not shown). Collectively, these 

data indicated that STAT3-NF-kB pathway also mediates IL-23 induction of IL-17 and IL-22 in 

neutrophils.  

	

DISCUSSION 

Neutrophils have been demonstrated recently to produce both IL-17 and IL-22 under 

various inflammatory/infectious conditions [53, 54, 66, 90]. However, it is still unclear how 

neutrophil production of these cytokines is regulated. In the present study, we demonstrated that 
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IL-23 induced neutrophil cytokine production by upregulating RORgt and AhR, which was 

mediated by the mTOR pathway.  

In agreement with previous studies [66, 91], our results showed that in response to 

stimulation of IL-23, but not IL-6 or other cytokines tested, neutrophils produce IL-17 and IL-22. 

Notably, we found a large subset of IL-22+ neutrophils after stimulation of IL-23, which 

corresponds to large amounts of IL-22 and IL-17 in the neutrophil culture supernatant, as well as 

the increased expression of il22 and il17 mRNA expression. Also, a small proportion of 

neutrophils are also IL-10+. As IL-10 is a well-established anti-inflammatory cytokine, whether 

these IL-10+ neutrophils function as regulatory cells to inhibit colitis warrants further investigation. 

The neutrophils are notable for their unique secretion of pre-made granules containing cytokines 

and other molecules. Indeed, a recent study reported that neutrophils release IL-17 via a neutrophil 

extracellular trap (NET) [92]. However, the signal pathways that regulate IL-17 and IL-22 

production in neutrophils remain unknown. We demonstrated that unlike CD4+ T cell subtypes 

and ILC3, neutrophil production of IL-17 and IL-22 is strictly IL-23-dependent. Interestingly, IL-

23 promotes the expression of its own receptor by neutrophils, likely indicating a positive feedback 

to stabilize the neutrophil phenotype and contributing to constant IL-17 and IL-22 production. 

Furthermore, IL-23 induces the expression of RORgt and AhR, which differentially regulate 

neutrophil production of IL-17 and IL-22. Inhibition of RORgt inhibited IL-23-induced IL-17 and 

IL-22 production, whereas AhR inhibitor only elicited effect on IL-22 production in neutrophils. 

Blockade of both RORgt and AhR signaling led to complete abrogation of IL-17 and IL-22 

production. Taken together, our results indicate that neutrophils utilize pathways similar to that of 

ILC3, in that AhR synergizes with RORgt for the induction of IL-22 but not IL-17. In addition, IL-
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23 activates STAT3 and NF-kB in neutrophils, which is also contributed to IL-23-induction of IL-

17 and IL-22.  

The critical role of the PI3K/mTOR pathway has been implicated in various cellular functions [93-

95]. Our data indicated that the mTOR pathway mediates IL-23 induction of the neutrophil 

production of IL-17 and IL-22, in that IL-23 activated mTOR pathway, and inhibition of mTOR 

severely compromised IL-17 and IL-22 production. It has recently been shown that mTOR induces 

NETosis after lipopolysaccharide (LPS) exposure. Thus, mTOR may facilitate neutrophil cytokine 

production in multiple aspects. 
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Figure 1. Peritoneal neutrophils purity  
Isolated peritoneal neutrophils were stained for neutrophil surface marker and the purity of the 
cells was determined by flow cytometry. FACS plot is representative of 3 independent 
experiments. 
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Figure 2. IL-23 stimulates neutrophil production of IL-17 and IL-22   
(A) Peritoneal neutrophils were treated with IL-1β (20ng/ml), IL-6 (30ng/ml), IL-21 (20ng/ml), 
or TNFα (20ng/ml), alone or in combination with IL-23 (20ng/ml) for 24 hours. IL-17 and IL-22 
production were measured from the supernatant by ELISA. (B) Neutrophils were stimulated with 
IL-23 for 6 hrs. mRNA for il17 and il22 were determined by qRT-PCR and normalized against 
gapdh. The relative expression of IL-17 and IL-22 untreated neutrophils was arbitrarily set to 
1.0. IL-17 and IL-22 expression was compared between the IL-23-treated and untreated 
neutrophils. *p<0.05. NT, no treatment. Data are representative of 3 independent experiments. 
(C) Neutrophils were stimulated with IL-23 (20ng/ml) in the presence of Golgi Stop for 12 
hours. Cytokine expression was measured by flow cytometry. FACS plots are representative of 3 
independent experiments. 
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Figure 3. IL-23 induces IL-23R expression on neutrophils  
2µg RNA from freshly isolated peritoneal neutrophils and bone marrow cells was used to 
analyze IL-23R expression by reverse transcription–PCR (RT–PCR) (A) and real-time PCR (B). 
Gapdh was used as a housekeeping gene. Il23r expression values were normalized to Gapdh 
expression. The relative expression of il23r of BM cells was arbitrarily set to 1.0. il23r 
expression was compared between the BM cells and peritoneal neutrophils.  **p<0.01.  (C) 
Neutrophils were treated with 20ng/ml IL-23 for 6 hours. 
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Figure 4. RORgt and AhR differentially regulate IL-17 and IL-22 production in 
neutrophils 
(A) Neutrophils were treated with IL-23 (20ng/ml) for 6 hours. mRNA for Il23r was determined 
by qRT-PCR and normalized against gapdh. The relative expression of rorc and ahr of BM cells 
was arbitrarily set to 1.0 respectively. rorc and ahr expression was compared between the 
untreated and IL-23-treated neutrophils.  *p<0.05; NT, no treatment. (B) Neutrophils were 
treated with IL-23 (20ng/ml), in addition to a RORγt inhibitor (1µM), and/or AhR inhibitor 
(3µM) respectively. IL-17 and IL-22 production were measured from supernatant by ELISA. 
Data are reflective of 4 independent experiments. *p<0.05, **p<0.01, ***p<0.001. NT, no 
treatment. 
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Figure 5. mTOR regulates IL-23-driven IL-17 and IL-22 production in neutrophils  
(A) Peritoneal neutrophils were treated with IL-23 (20ng/ml) for the indicated time points. mTOR 
phosphorylation (Ser2448) was determined by Western blot. (B) Neutrophils were treated with IL-
23 (20ng/ml) for 1 hour, in addition to rapamycin (2µM) or AZD8055 (1µM) respectively. 
Phosphorylated 4E-BP1 was detected by western blot, with β-actin as a loading control. (C) 
Neutrophils were treated with IL-23 (20ng/ml) for 6 hours. mRNA for Il17 and il22 were 
determined by qRT-PCR and normalized against gapdh. *p<0.05, **p<0.01. (D) Neutrophils were 
treated with IL-23 (20ng/ml), in the presence or absence of rapamycin (2µM,), or AZD8055 
(1µM). IL-17 and IL-22 production were measured from supernatant by ELISA. *p<0.05, 
***p<0.001. (E) mRNA for rorc and ahr were determined by qRT-PCR and normalized against 
gapdh. Data are reflective of 4 independent experiments. *p<0.05. NT, no treatment. 
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Figure 6. PI3K regulates mTOR activation and IL-17 and IL-22 production in neutrophils 
(A) Neutrophils were treated with IL-23 (20ng/ml) for 1 hour with or without Ly294002 (10µM). 
Phosphorylation of PI3K and 4E-BP1 were detected by western blot, with β-actin as a loading 
control. (B) Neutrophils were treated with IL-23 (20ng/ml) for 6 hours. *p<0.05. (C) Neutrophils 
were treated with IL-23 (20ng/ml) with or without Ly294002 (10uM) for 24 hrs. IL-17 and IL-22 
production were measured from supernatant by ELISA. *p<0.05, **p<0.01. (D) mRNA for rorc 
and ahr were determined by qRT-PCR and normalized against gapdh. (E) Neutrophils were treated 
with IL-23 (20ng/ml) for 1 hour and phosphorylation of STAT3 and NF-kB were detected by 
western blot, with β-actin as a loading control. (F) Neutrophils were treated with IL-23 (20ng/ml) 
with or without HJC0152 (5uM) for 24 hrs. IL-17 and IL-22 production were measured from 
supernatant by ELISA. *p<0.05. Data are reflective of 4 independent experiments. *p<0.05. NT, 
no treatment. 
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Chapter 5: The role of IL-22 producing Neutrophil during colitis 

Originally published in The Journal of Immunology. Feidi Chen, Anthony Cao, Suxia Yao, 

Heather L. Evans-Marin, Han Liu, Wei Wu, Eric D. Carlsen, Sara M. Dann, Lynn Soong, Jiaren 

Sun, Qihong Zhao and Yingzi Cong. 2016. mTOR Mediates IL-23 Induction of Neutrophil IL-17 

and IL-22 Production. J. Immunol. Vol 196: 4390-4399. Copyright © 2016 The American 

Association of Immunologists, Inc. 

INTRODUCTION 

Although intense efforts have been made to elucidate the role of neutrophils in IBD, 

conflicting data have been reported in different animal models that mimic IBD. In the dextran 

sodium sulfate (DSS)-induced colitis model, the ablation of neutrophils accentuated colitis, likely 

indicating a potential beneficial role of neutrophils [96, 97]. Furthermore, the mice with chronic 

granulomatous disease contain neutrophils with impaired functions, and these mice showed poor 

inflammatory resolution and succumbed rapidly during TNBS-induced colitis [96, 97]. This 

finding has been elaborated as a protective function of neutrophils by generating the “inflammatory 

hypoxia” microenvironment in the inflamed tissue as a way to promote intestinal epithelial healing 

through HIF-1 induction [98]. In contrast, it has also been reported that specific inhibition of 

neutrophils by monoclonal antibody attenuates DSS- induced colitis in rats [96], and the influx of 

neutrophils into the intestines leads to massive migration of neutrophils across intestinal 

epithelium into the intestinal lumen, thereby weakening the cell-to-cell junctions and increasing 

epithelial permeability, which results in subsequent bacteria translocation and water influx that 

worsens inflammation [66, 67]. Notably, all animal models used in previous reports were acute 
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colitis models, i.e. DSS- or TNBS-induced colitis, and thus, it is still unclear how neutrophils 

regulate chronic colitis with characteristics like those found in human patients with IBD.  

 

MATERIALS AND METHODS 

Mice 

C57BL/6 (B6) mice and Rag2-/- mice were obtained from the Jackson Laboratory. CBir1 

flagellin-specific TCR transgenic (CBir1-Tg) mice [99] were bred in the Animal Facilities at 

University of Texas Medical Branch and maintained there. All animal work was reviewed and 

approved by the Institutional Animal Care and Use Committees of the UTMB. 

 

Antibody and reagents  

Neutralizing antibodies to Ly6G (1A8) was purchased from Bio X Cell (West Lebanon, 

NH). Neutralizing antibody to mouse IL-22 (8E11.9) was provided by Genentech (South San 

Francisco, CA). Thioglycollate broth was purchased from Sigma-Aldrich (St. Louis, MO). The 

following antibodies were used for flow cytometry: FITC- CD11b (M1/70), PE/Cy7- Ly6G (1A8), 

were from Biolegend (San Diego, CA). Foxp3 Perm/ Fix Kit for intracellular permeabilization 

from eBioscience and Live/Dead Fixable Dead Cell Stain Kit from Life Technologies (Carlsbad, 

CA). Golgi Stop was purchased from BD Biosciences (San Diego, CA). 

 

Real-Time Quantitative Reverse Transcription PCR 

RNA was extracted with TRIzol (Life Technologies; Carlsbad, CA) and quantified for 

cDNA synthesis. Quantitative PCR reactions were performed by using TaqMan Gene Expression 

Assays (Life Technologies). Predesigned primers and probes for Hnf4α (Mm01247712_m1) and 
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gapdh (Mm99999915_g1) were ordered from Applied Biosystems and data were normalized to 

gapdh mRNA expression.  

 

Induction of colitis  

CD4+ T cells were isolated from the spleens of CBir1-Tg mice by using anti-mouse CD4-

magnetic beads (BD Biosciences) as previously described [100]. To generate Th17 cells, 0.2x106 

CD4+ CBirl-Tg T cells were cultured with the same number of irradiated splenocytes in the 

presence of 10ng/ml TGFβ1, 20ng/ml IL-6, 10µg/ml anti-IFNγ (XMG1.2), and 10µg/ml anti-IL-4 

(12B11) for 5 days. The polarized Th17 cells were validated by FACS staining. Then, 2x106 Th17 

cells were transferred i.v. into the recipient Rag-/- mice. Mice were monitored by weight weekly 

and sacrificed either when body weight reached 80% of initial weight or at the end of 6 weeks. As 

previously described [4], 2% DSS (MP Biomedicals) was administrated to Rag-/- mice for seven 

days, followed by three days of fresh water. Mice were monitored by weight daily and sacrificed 

either when body weight reached 80% of initial weight or at the end of day 10. 

 

Preparation of lamina propria cells 

To isolate lamina propria cells, intestines were opened and cleaned of feces. Intestines were 

chopped and incubated with 50mM EDTA for 40 minutes. Remaining tissue was incubated with 

0.5g/ml Collagenase IV and 5 µg/ml DNase I (Sigma-Aldrich) for 2 rounds of 30 minutes. Lamina 

propria cells were isolated from the interface of a 40%/75% Percoll interface. 

 

Ex vivo colon organ culture and ELISAs  
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Colons were open and cleaned of fecal matter and contaminates. Then, 3mm biopsies from 

the ascending colon were placed into RPMI (10% FBS, HEPES, penicillin–streptomycin, 2-

mecapto- ethanol, and sodium pyruvate) (Invitrogen, Carlsbad, CA, USA) cultured at 37°C with 

5% CO2. Supernatants were harvested after one day, and the concentration of cytokine was 

determined by ELISA as previously described [4]. Mouse IL-6, IL-17(A), IL-22, TNFα and IFNγ 

ELISA kits (BD Pharmingen; San Diego, CA) were used in the present study according to the 

manufacturer’s protocols.  

 

Histopathologic assessment 

At necropsy, cecum and colon were harvested and washed with PBS. Swiss rolls were 

prepared. Tissues were fixed in 10% buffered formalin and embedded in paraffin. Then, 5µm 

sections were sliced, stained with H&E, and histological scoring was blindly performed by an 

experienced pathologist using a modified scoring system reported previously [101]. The scoring 

includes the following aspects: lesion in intestinal crypts; goblet cell condition; crypt exudate; 

inflammatory cell infiltration; and tissue inflammatory condition. The damages were estimated 

and scored from 0 to 3, representative of intensity, i.e., absent, mild, moderate, or severe, 

respectively. The final colitis severity score was calculated by taking both intensity and extent of 

lesion into account. 

 

Statistical analysis  

To assess an effect of a given sample size, power analysis was performed by using 

preliminary data sets. The nonparametric Mann-Whitney U-test was used for assessing pathology 

scores. Levels of significance were determined by Student’s t test, and one -way ANOVA for 
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multiple comparisons (Graphpad). P values < 0.05 were considered to be statistically significant. 

Results are shown as mean ± s.e.m. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

RESULTS 

Neutrophils play a protective role in the pathogenesis of chronic colitis  

Thus far, our results in vitro have demonstrated the molecular mechanisms involved in the 

regulation of neutrophil cytokine production.  We sought to determine the role of neutrophils in 

regulating the pathogenesis of chronic colitis. We previously established a microbiota antigen-

specific model of colitis by adoptive transfer of CD4+ T cells from CBir1 TCR transgenic mice, 

which are specific for an immunodominant microbiota antigen CBir1 flagellin, into Rag-/- mice. 

The recipient mice developed colitis 4-6 weeks after cell transfer [102]. A neutrophil-specific 

Ly6G-depleting antibody was administered i.p. twice per week to deplete neutrophils. Six weeks 

later, the histopathology was evaluated in large bowel (LB) and cecum. Additionally, FACS 

staining confirmed that neutrophils were almost completely depleted in the mice administered with 

anti-Ly6G antibody (Figure 7A). Overall, in the absence of neutrophils, mice presented much 

more severe colitis than did the neutrophil-sufficient control group (Figure 8A), as evidenced by 

destroyed colon structure and loss of goblet cells. This finding corresponded to the higher 

pathology score of both large bowel (LB) and cecum in mice with neutrophil depletion (Figure 

8B). The worsened disease was also associated with significantly decreased expression of 

hepatocyte nuclear factor 4alpha (Hnf4α), a critical regulator of tight junction proteins [103]  

(Figure 8C) and increased amounts of pro-inflammatory cytokines in colon organ cultures (Figure 

8D). However, surface and intracellular staining of lamina propria cells of colitic mice revealed 

no significant difference of T cells in percentage and cytokine production (Figure 9A-B). 
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Collectively, these data demonstrated that neutrophils protect the intestines from chronic 

inflammation in response to microbiota.  

 

Il-22-producing Neutrophils ameliorates intestinal disease severity   

As IL-22 has been shown to be an important cytokine that contributes to intestinal 

protection and tissue repair of the epithelial layer, we then investigated whether IL-22 protected 

the intestine in CBir1 T cell-mediated colitis. We administered a neutralizing antibody against IL-

22 from the same day of T cell transfer and twice per week thereafter for 6 weeks. As shown in 

Figure 10A-B, blockade of IL-22 increased the severity of colitis in comparison with the mice 

giving control antibody. T cells and ILCs have been shown as cell sources of IL-22, in addition to 

neutrophils [104, 105]. To elucidate the role of neutrophil-derived IL-22, independently of T cells 

or ILCs, we induced colitis in Rag-/- mice, which do not have T cells but with intact ILC3 and 

neutrophils, upon DSS insult. We then depleted ILCs by giving Rag-/- mice anti-Thy1.2 antibody 

(Figure 11), thus, the only known resource of IL-22 will be neutrophils. Depletion of ILCs 

worsened the colitis in Rag-/- mice after feeding DSS. When treated with anti-IL-22 antibody, those 

mice developed even more severe colitis (Figure 10C-D), as well as increased intestinal 

permeability as evidenced by FITC-dextran migration into the serum (Figure 10E), demonstrating 

that neutrophil production of IL-22 at least partially protects the mice from colitis. 

 

DISCUSSION 

As an essential component of the innate immune system, neutrophils are implicated in the 

pathogenesis of IBD. Neutrophils have been demonstrated recently to produce IL-22 under various 

inflammatory/infectious conditions [53, 54, 66, 90]. However, the role of neutrophils and their 
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production of these cytokines in the pathogenesis of chronic colitis remain unclarified. In the 

present study, we demonstrated that neutrophils protected the intestines from inflammation, 

possibly via the production of IL-22. 

With more than 1014 commensal microbiota coexisting in the gut, the host immune system 

employs multiple strategies to maintain intestinal homeostasis [106]. Among them, neutrophils are 

critical components of the mucosal immune defense. The infiltration of neutrophils in chronically 

inflamed tissues has long been considered to exacerbate inflammation and perpetuate disease. 

However, recent studies have also demonstrated a beneficial effect by the accumulated neutrophils 

for limiting inflammation, which may outweigh their drawbacks during acute colitis [98]. 

Consistent with these findings, we demonstrated that the depletion of neutrophils leads to more 

severe inflammation and exacerbated colitis during chronic intestinal inflammation, indicating a 

protective role for neutrophils in chronic colitis. In a recent GWAS study, the gene encoding 

HNF4α has been reported as a susceptibility gene for UC [36]. Our finding that decreased 

expression of HNF4α in intestines of neutrophil-depleted mice indicates that the absence of 

neutrophils is correlated to the enhanced gut epithelial permeability. Since neutrophils share 

features with Myeloid-derived suppressor cells (MDSC), Ly6G-depleting antibody may also 

abolish the potential suppressive role of MDSCs. However, the concept and functional 

mechanisms of MDSCs are not yet clear. Thus, it is warranted to investigate the functional 

relationship between neutrophils and MDSCs, and their relative contributions to the intestinal 

homeostasis. 

Previous studies elaborated the protective effects of IL-22 on host bactericidal response, 

tissue regeneration, and wound healing. IL-22-producing neutrophils have been reported to 

promote antimicrobial peptide production of intestinal epithelial cells [66]. Consistently, our data 
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demonstrated a worsened chronic colitis in mice after blockade of IL-22, indicating that 

neutrophils produce IL-22 as a possible way to resolve chronic colitis. T cells and ILCs have been 

implicated as cell sources for IL-22, in addition to neutrophils. Our data indicated that neutrophil 

production of IL-22 at least partially contributes to protection of the intestines from inflammation. 

Upon DSS insult, depletion of ILCs partially protected the Rag-/- mice, which do not have T cells, 

from colitis. This could be attributed to their production of IL-22, among other possible 

mechanisms. Interestingly, blockade of IL-22 in ILC-depleted Rag-/- mice further worsened the 

colitis, indicating that neutrophil-derived IL-22 protected the intestines from inflammation.  

Despite the pro-inflammatory role of IL-17 in the pathogenesis of IBD highlighted in 

previous reports [50, 51], recent studies have also demonstrated a protective role of IL-17 in the 

maintenance of intestinal homeostasis through induction of intestinal epithelial cell expression of 

antimicrobial peptide and promoting intestinal IgA response against microbiota [4]. The 

ubiquitous expression of IL-17 receptors on a variety of cell types suggests that neutrophils can 

also “cross talk” with lymphoid, myeloid, and stromal/mesenchymal cells, and exhibit effector 

function [91]. Thus, in the intestines, IL-17 may also contribute to the protective effects of 

neutrophils [55]. In other systems, while the beneficial role of IL-17-producing neutrophils been 

demonstrated during Aspergillus fumigatus infection [53, 54], neutrophil-derived IL-17 were not 

detectable in certain Candida albicans infection [72], indicating that neutrophil IL-17 production 

may be limited to certain conditions or infections.  
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Figure 7. Depletion of neutrophils in T cell-mediated colitis 
Neutrophil depletion in the spleen, mesenteric lymph node (MLN), small bowel (SB), and large 
bowel (LB) was measured by flow cytometry. (A) 2x106 CBir1 Th17 cells were i.v. transferred 
into Rag-/- mice. Recipient mice were treated with anti-Ly-6g depleting antibody (1A8) or 
control Ab twice per week. (B) DSS was administrated to the drinking water of mice for 7 days 
followed by 3 day of water. Recipient mice were treated with anti-Ly-6g depleting antibody 
every 3 days. FACS plots are representative of 2 independent experiments. 
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Figure 8. Neutrophils protect the intestines from chronic inflammation  
2x106 CBir1 Th17 cells were i.v. transferred into Rag-/- mice. (A-C) Recipient mice were treated 
with anti-Ly-6G depleting antibody (4mg/kg) or control mAb twice per week. At week 6 post-
Th17 cell transfer, (A) H&E staining was performed on colonic histopathology of control 
antibody-treated mice (left), and neutrophil-depleted mice (right) for (B) blinded histological 
scoring. N=4 mice per group. *p<0.05. (C) Tissue RNA were isolated from large intestines (LB). 
mRNA for Hnf4α was determined by qRT-PCR among two groups of mice and normalized 
against gapdh. *p<0.05.  (D) IL-6, IL-17, TNFα, and IFNγ production were measured from the 
supernatant of colon tissue cultures from 4 mice per group by ELISA. Data are reflective of 3 
independent experiments. *p<0.05.	
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Figure 9. Depletion of neutrophils does not affect LP T cells 
(A) Lamina propia cells were collected from mice of neutrophil depletion study, and total 
number of CD4+ T cell was determined in spleen, small bowel (SB), and large bowel (LB). (B) 
Intracellular staining of IL-17, IFNγ, IL-10 and Foxp3 revealed no difference of CD4+ T cell 
cytokine production between mice with or without the presence of neutrophils. 
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Figure 10. IL-22 producing neutrophils protect the intestines from chronic inflammation 
 (A-B) CBir1 T cell recipient mice were treated with 6mg/kg of anti-IL-22 or control mAb twice 
per week. On week 6 post-Th17 cell transfer, H&E staining was performed and colonic 
histopathology determined. (A) Histopathology of control antibody-treated mice (left) and anti-
IL-22 antibody-treated mice (right), and (B) histological scores. N=4 mice per group. Data are one 
representative of 2 independent experiments with similar results. *p<0.05, **p<0.01. (C-E) Rag-/- 
mice were fed in drinking water with 2% DSS for seven days, followed by three days of fresh 
water, and injected IgG control mAb, 20mg/kg anti-Thy1.2 mAb with or without 6mg/kg anti-IL-
22 mAb, respectively. (C) Blinded histological scoring was examined, and (D) H&E staining was 
performed. (E) FITC-dextran level in plasma was determined. N=4 mice per group, Data are one 
representative of 2 independent experiments with similar results.  n.s. indicates no significant 
difference *p < 0.01. 
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Figure 11. Depletion of innate lymphoid cells in Rag-/- mice 
Rag-/- mice were fed in drinking water with 2% DSS for seven days, followed by three days of 
fresh water, and treated with IgG control mAb or 20mg/kg anti-Thy1.2 mAb. innate lymphoid 
cell (ILC)depletion in the spleen, small bowel (SB), and large bowel (LB) was measured by flow 
cytometry. FACS plots are representative of 2 independent experiments. 
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Chapter 6: Neutrophils promote amphiregulin production in intestinal 

epithelial cells through TGFβ and contribute to intestinal homeostasis 

 

INTRODUCTION 

As the largest mucosal surfaces in the body, the intestinal epithelium serves as a critical 

relay station between microbiota and mucosal immune cells. Multiple pattern recognition receptors 

allow intestinal epithelial cells (IECs) to sense microbes and translate the signals to mucosal 

immunity [2]. Meanwhile, thick layer of mucus and deep invaginated intestinal crypt structure 

buffer the microbial signals preventing excessive exposure of antigens and subsequent over 

activation of the immune system [18]. IECs capacity for rapid self-renewal protects the host from 

continuous exposure to microbial stimuli and environmental insults [17]. On the other hand, tissue 

resident immune cells closely interact with IECs to support barrier function and regulate luminal 

microbiota. We previously reported that Th17 cells upregulate polymeric Ig receptor (pIgR) on 

IECs as a way to promote intestinal IgA responses to microbiota, thus, contributing to maintenance 

of intestinal homeostasis [4]. Accumulating evidences also show that innate lymphoid cells (ILCs) 

are capable of producing IL-22 and amphiregulin (AREG) to exert beneficial effects on IECs [6, 

19]. IEC dysfunction has detrimental effects on the host, resulting in increased bacterial 

translocation and risk of developing inflammatory bowel disease (IBD) and other inflammatory 

diseases. It has been reported that individual with altered IEC gene expression are more susceptible 

to IBD [107]. Moreover, investigations in patients with IBD showed increased intestinal 

permeability, much of which was attributed to compromised IEC function [108]. However, the 

cells and factors that regulate IEC function are still not completely understood.  
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The role of AREG has been emerging for regulation of the homeostasis at epithelial 

interfaces [109]. As a member of the epidermal growth factor family, AREG is essential in 

regulating cell differentiation and proliferation. It has been reported that AREG-deficient (AREG-

/-) mice spontaneously develop gastric tumors [110]. In the context of intestinal injury after dextran 

sodium sulfate (DSS) administration, AREG-/- mice develop more severe colitis compared to wild-

type B6 (WT) mice, which suggest a crucial role for AREG in wound healing and tissue repair [6]. 

Additionally, AREG is thought to play a role in type 2-mediated immune resistance and tolerance. 

Lung resident Th2 cells and group 2 ILCs produce AREG against pathogens, allowing for 

increased barrier protection against infection [111, 112]. Regulatory T cells (Treg) have also been 

identified as an important source of AREG during early influenza infection [5]. Conversely, AREG 

has been reported to promote the suppressive capacity of Treg during inflammation [113]. Among 

various hematopoietic and non-hematopoietic AREG producers, IECs remain a critical source for 

paracrine AREG responses. Within the lung, epithelial-derived AREG can enhance barrier defense 

against pathogen [114]. Despite these advances, relatively little is known about the factors that 

regulate IECs production of AREG and the functional significance of IEC-derived AREG in 

regulating tissue protection. 

The association between massive infiltration of neutrophils into the intestines and 

compromised IEC function found in IBD patients suggests a central role for dysregulated 

neutrophil-IEC interaction in the pathogenesis of IBD [46]. Neutrophils are the most abundant 

leukocyte in circulation and are pertinent in responding to microbial invasion at epithelial surfaces. 

At sites of microbial invasion, neutrophils perform several functions to control inflammation, 

including direct phagocytosis of invading pathogens, secretion of neutrophil extracellular traps 

(NETs), production of matrix metalloproteases (MMPs), elastase and other proteolytic enzymes 
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[20]. Neutrophils are also potent cytokine producers. We have previously reported that neutrophils 

protect the intestines from inflammation, and neutrophil-derived IL-22 ameliorated colitis by 

promoting epithelial integrity [115, 116]. In addition, IL-22-producing neutrophils have been 

shown to enhance IEC antimicrobial peptide production, which aids in barrier defense [66]. The 

infiltration of neutrophils can rapidly deplete O2 levels in the microenvironment via reactive 

oxygen species (ROS) production, which also contributes to barrier protection by stabilizing IEC 

hypoxia-inducible factor (HIF) expression [98]. Despite the protective functions of neutrophils, 

excessive or prolonged neutrophil activity causes collateral tissue damage. Dysregulated 

neutrophil transepithelial migration results in altered expression of tight junction proteins in IECs, 

and neutrophil-derived pro-inflammatory mediators affect IEC viability [39, 46]. Hence, proper 

crosstalk between IECs and neutrophils is crucial for a balanced immune response and to maintain 

intestinal homeostasis.  

In the current study, we demonstrated that neutrophils induce AREG expression from 

primary IECs through production of TGFβ. Upon DSS insults, depletion of neutrophils results in 

more severe colitis due to decreases in AREG production by IECs. Administration of AREG to 

mice after depletion of neutrophils alleviates intestinal injury. Thus, our study demonstrates that 

neutrophil augment epithelial protection through induction of AREG by IECs and reveals a novel 

pathway of neutrophil-mediated tissue protection. 

 

MATERIALS AND METHODS 

Mice 

C57BL/6 (B6) mice and Rag-/- mice were obtained from the Jackson Laboratory, and 

bred and maintained in the Animal Facilities at the University of Texas Medical Branch 
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(UTMB). Littermates of WT and Egfrwa5 mice were obtained from Dr. Fang Yan of Vanderbilt 

University. All experiments were reviewed and approved by the Institutional Animal Care and 

Use Committees of the UTMB. 

 

Antibodies and reagents 

Neutralizing Antibody against Ly6G (1A8) was purchased from Bio X Cell. 

Recombinant AREG was purchased from Leinco Tecnologies. Thioglycollate broth and percoll 

were purchased from Sigma-Aldrich. Culture medium RPMI 1640, HEPES, 

penicillin/streptomycin, β-Mercaptoethanol (β-ME), sodium pyruvate, L-glutamine and ITS were 

purchased from Life Technologies. HBSS and DMEM were purchased from Corning. 

DMEM/F12 media (12634-010), L-Glutamine (25030) and B27 (12587-010) were purchased 

from Invitrogen. Mouse recombinant cytokines were purchased from Biolegend. Retinoic acid 

was purchased from Sigma-Aldrich. Matrigel was purchased from BD Bioscience. Recombinant 

EGF (2028-EG), Noggin (1967-NG/CF), R-spondin (3474-RS), Wnt3a (35036-WN/CF) and N2 

supplement (AR009) were purchased from R&D Systems. SMARTpool siRNAs specific for 

murine MEK1, MEK2 and non-targeting siRNA were purchased from Dharmacon. Inhibitor 

U0126 and PD98059 were purchased from Promega. Western blot antibodies against 

phosphorylated ERK1/2, β-actin, and anti-rabbit secondary antibody conjugated with HRP were 

purchased from Cell Signaling Technology. 

 

Neutrophil isolation  

Neutrophils were collected from the peritoneal cavity as previously described [115]. 

Briefly, peritoneal cells were collected by lavage with 10ml PBS 5% FBS 5 h after 1ml 3% 
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thioglycollate broth i.p. injection. Neutrophils were separated from other cell types by using 50% 

Percoll. After spinning for 20 min at 1200 rpm without brake, neutrophils pellet was collected at 

the bottom of the tube. Neutrophil purity was >90% as tested by flow cytometry after CD11b and 

Ly6G staining. Neutrophil supernatant was harvest after 24 h of culture in complete culture 

media. Peripheral neutrophil  

 

Enteroid culture  

After cleaning, small intestines were removed from the euthanized mice, cut into small 

pieces (<0.5-cm pieces), and rocked in a Falcon tube with ice cold PBS for 15 min at 4°C. The 

intestinal tissues were treated with 2 mM EDTA for 30 min at 4 °C. The tissues were then 

transferred into a new tube with 5 ml cold PBS containing 43.3 mM sucrose and 54.9 mM 

sorbitol. After shaking for 2 min, the tissues were filtered through a 70-µm cell strainer and 

rinsed with 5 ml shaking buffer. Supernatant was collected and centrifuged at 150 g for 10 min at 

4 °C. The resulting pellet containing detached crypts was re-suspended gently in Matrigel with 

0.5 µg/ml recombinant EGF, 1 µg/ml recombinant Noggin, 5 µg/ml recombinant R-spondin and 

1 µg/ml recombinant Wnt3a. Next, 50µl Matrigel with 500 crypts was plated in each well of the 

pre-warmed (37 °C) 24-well plate. After polymerization of Matrigel for 30 min, 500 µl of pre-

warmed advanced DMEM/F12 media with 2 mM L-Glutamine, 1% penicillin/streptomycin, 10 

µM HEPES, 1 x N2 supplement and 1 x B27 was gently added to each well. Enteroids were used 

after 5 days of culture and 250 µl of media was replaced with neutrophil supernatant for 

microarray study. For enteroid extraction, media were removed and gentle washed with ice cold 

PBS. 1ml cold PBS was added to each well, and the matrigel was scraped off using pipet tip at 
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the bottom of the well. After removing PBS and matrigel, enteroids were ready for subsequent 

study. 

 

Microarray analysis 

RNA expression analysis was conducted using Affymetrix Mouse transcriptome 1.0 

assay kit (Affymetrix, PN 902919). Total RNA isolated using the TRIzol method (Invitrogen) 

was quantitated and qualified by Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, 

CA) and only those total RNA with a RNA integrity number (RIN) >7.0 were included in 

microarray analysis (MA). Gene expression analysis (GEA) was done using the high-resolution 

array of Affymetrix GeneChip Mouse transcriptome array 1.0, which evaluates the expression of 

more than 66,100 different genes. Total RNA sample processing, labeling and hybridization 

were performed using the Affymetrix GeneChip WT PLUS with the WT Terminal Labeling Kit, 

according to the manufacturer's guidelines (Affymetrix). Scanning and data extraction of the 

microarray were followed by the transformation of fluorescence data into CEL files employing 

the Affymetrix GeneChip Command Console (AGCC) software. Microarray expression Data 

was furthermore analyzed using Transcriptome Analysis Console (TAC) 4.0 Software. 

 

Epithelial cell culture 

MSIE cells were cultured in RPMI 1640 medium with 5 U/ml murine IFNg, ITS (5 µg/ml 

insulin, 5 µg/ml transferrin, and 5 ng/ml selenous acid), 100 U/ml penicillin/streptomycin, and 

5% FBS at 33°C. After reaching 80% confluence, cells were starved in RPMI 1640 medium with 

100 U/ml penicillin/streptomycin and 0.5% FBS at 37°C for 16 h before subsequent experiments. 
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All subsequent experiments were performed at 37°C. Caco-2 cells were cultured in DMEM 

supplemented with 10% FBS at 37°C and 5% CO2. 

 

siRNA transfection 

siRNA transfection in MSIE cells was performed by using Lipofectamine RNAiMAX 

transfection reagent according to the manufacturer’s instructions. 2 × 105 MSIE cells were 

incubated with 30 pmol siRNA and 3 µl Lipofectamine RNAiMAX transfection reagent in 

OPTI-MEM medium (1 ml per well) for 6 h, followed by 1 ml normal medium per well for 24 h 

at 33°C. MSIE cells were then cultured in medium containing only 0.5% FBS for 16 h at 37°C 

before treatment. Transfection efficiency was determined at 24 h post transfection (Figure S3).  

 

Knockout of MEK1 by using CRISPR 

The CRISPR/Cas9 system that we used was the lentiCRISPR vector (Addgene, 

Cambridge, USA, plasmid#52961) established by the Zhang lab (Sanjana NE, Pubmed 25075903). 

The design and cloning of the target gRNA sequences was performed as recommended by the 

Zhang lab GeCKO website (http://www.genome-engineering.org/gecko/). Briefly, the suitable 

target sites for gRNA sequence design against MEK1 were identified using CRISPR design tool 

software at http://crispr.mit.edu. Cas9-target sites for the indicated genes were designed in 

http://crispr.genome-engineering.org. Then, synthetic gRNA (ITN) containing target sites were 

sub-cloned into the lentiCRISPR vector. The new constructed lentiCRISPR plasmids were then 

transfected into MSIE cells. After antibiotic positive selection, cells were established as a stable 

cell line. qRT-PCR and Western blot analysis were performed to confirm the deletion. Guide RNA 
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oligo sequences for MEK1: Forward 5’ -CACCGCTTGTGCTTCTCCCGAAGAT-3’ and Reverse 

5’ -AAACATCTTCGGGAGAAGCACAAGC-3’. 

 

Quantitative Real-time PCR 

RNA was extracted from homogenized tissue or cultured cells with TRI Reagent 

(Molecular Research Center) and followed by cDNA synthesis with qScript cDNA Supermix 

(Quanta BioSciences). Quantitative PCR was performed with SYBR Green Gene Expression 

Assays. Predesigned primers for were ordered from Life Technologies and normalized against 

Gapdh mRNA expression. The specific primer sequences are listed below: 

PCR primers 

mGAPDH Forward 5’-CCATGGAGAAGGCTGGGG-3’ 

 Reverse 5’-CAAAGTTGTCATGGATGACC-3’ 

mAREG Forward 5’-CCTCCTTCTTTCTTCTGTTTCTCC-3’ 

 Reverse 5’-GTCACTATCTTTGTCTCTGCCA-3’ 

TGFβ Forward 5’-TGACGTCACTGGAGTTGTACGG -3’ 

 Reverse 5’-GGTTCATGTCATGGATGGTGC-3’ 

HNF4α Forward 5’-TGTTCTTGCATCAGGTGAGG-3’ 

 Reverse 5’-TCCAGTTCATCAAGCTCTTCG-3’ 

hGAPDH Forward 5’-GAAGGTCGGAGTCAACGGATT-3’ 

 Reverse 5’-CGCTCCTGGAAGATGGTAAT-3’ 

hAREG Forward 5’-CGAACCACAAATACCTGGCTA-3’ 

 Reverse 5’-TCCATTTTTGCCTCCCTTTT-3’ 

 

Dextran sulfate sodium model of colitis and neutrophil depletion 
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1.5-2% dextran sulfate sodium (DSS) w/v (Gojira FC) was dissolved into drinking water 

and administered ad libitum for 7 days, followed by 3 days of fresh water. Body weight was 

monitored daily. For neutrophil depletion, Ly6G-depleting antibody(1A8) (4 mg/kg) or control 

antibody were administered i.p. to DSS-treated mice every 3 days. 

 

Histopathological assessment  

At necropsy, individual colons were separated and Swiss rolls prepared. Colons were 

fixed in 10% buffered formalin and paraffin embedded. 5µm sections were sliced, stained with 

H&E, and blindly scored by an experienced pathologist. Histological scoring was performed 

using a modification of scoring system reported previously. Briefly, longitudinal sections were 

examined for epithelial damage based on hyperplasia, crypt degeneration, and loss; goblet cell 

loss; crypt exudate; LP and submucosal inflammatory cell accumulation; submucosal edema; 

mucosal ulceration; and transmural inflammation. Each lesion component was scored 0, 1, 2, or 

3 for absent, mild, moderate, or severe, respectively (intensity), or 1, 2, 3, or 4 for 25, 50, 75, or 

100% of the tissue affected, respectively (extent). The total lesion severity score was calculated 

by summation of the products of extent and intensity scores for each individual lesion 

component. 

 

Isolation of IECs 

After cleaning, small intestines and large intestines were removed from the euthanized 

mice, cut into small pieces, and rinsed thoroughly with cold PBS respectively. After 40 min 

incubation with 5mM EDTA in HBSS buffer containing 5% FBS at 37°C, IECs were collected 

by passaging supernatant through a 100 µM cell strainer (BD Falcon). After washing with PBS, 
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IECs were then underlayed with a solution of 20% percoll and 40% percoll. After spinning for 

20min 2,000 rpm at 25°, IECs were collected at the 20/40 interface.  

 

Ex Vivo Colonic Tissue Cultures  

After cleaning, two pieces of colonic punctures (2mm) were obtained from proximal and 

distal colon respectively in each mouse. Tissue segments were cultured in 1640 RPMI medium 

supplemented with 100 U/ml penicillin/streptomycin, 10% FBS, 100 mM sodium pyruvate, 1M 

HEPES and 2-Mercaptoethanol in a 24-well culture plate for 24 h at 37 °C, 5% CO2. 

 

Statistics 

Statistical significance was calculated by GraphPad (Prism 6.0) using paired or unpaired 

Student’s t tests, and one -way ANOVA for multiple comparisons. The Mann–Whitney U test 

was used for assessing pathology scores. Where appropriate, mean ± SEM is represented on 

graphs. A p value < 0.05 was considered statistically significant and shown as asterisk (*). 

 

RESULTS 

Neutrophils induce AREG expression in IECs 

Our previous studies have demonstrated that depletion of functional neutrophils in the mice 

led to increased intestinal permeability upon dextran sulfate sodium (DSS) insults [115]. As IECs 

have served as first line of defense against gut bacterial invasion, we thus hypothesized that tissue-

infiltrating neutrophils can directly regulate IECs functions as a way to restore the homeostasis of 

the gut. To investigate whether neutrophils regulate IEC functions, we took advantage of using 

intestinal epithelial enteroids, a primary culture system for mouse intestinal cells. We first cultured 
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peritoneal neutrophils for 24 h and collected the supernatants to serve as neutrophil conditioned 

media, and then cultured the enteroids in the presence or absence of conditioned media for 6 h. 

RNA were extracted for microarray analysis using Affymetrix Mouse Gene 1.0 ST microarrays. 

Judging by the criteria >2-fold increase or decrease, we observed 579 genes with significant and 

altered expression between the two groups of enteroids (Figure 12A). To better understanding the 

functional interaction of these genes, we analyzed those 579 probes using Cytoscape software. 

Data analysis revealed that neutrophil conditioned media affected genes encoding regulators of 

IEC turnover and barrier functions. The heat map in Figure 12A demonstrated the differentially 

expressed transcripts associated with IEC proliferation (AREG, Anxa1 and Anxa2), differentiation 

(AREG, Skil, Id1, Cd44 and Nox1) and junction formation (Cldn4, Lamc2, Ace2 and Ace). AREG 

has been recently shown to be highly protective along the epithelial surfaces of both airway and 

intestine. We found that AREG transcripts were induced (3.25-fold upregulated) in primary IECs 

treated with neutrophil conditioned media compared to controls (Figure 12A-B). We further 

verified the finding through quantitative real-time PCR (Figure 12C). Using mouse small 

intestinal epithelium (MSIE) cells, a conditionally immortalized epithelial cell line established 

from the intestines of normal mice [117]. we reproduced the results, and demonstrated that 

neutrophil conditioned media were capable of inducing AREG expression in MSIE cells (Figure 

12D). Taken together, these results demonstrated that neutrophils induce IEC production of AREG 

through production of soluble factors. 

 

TGFβ induces AREG production in IECs  

To identify the factors that potentially induce IEC AREG production, we treated the MSIE 

cells with different cytokines, including TGFβ1 (hereafter referred to as TGFβ), IL-17, IL-22, IL-
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10, IL-1β, IL-4, TNFα, IFNγ and IL-6 for 6 h [116, 118-122]. We also treated the MSIE cells with 

retinoic acid (RA), Lipopolysaccharide (LPS) and IL-33, which been previously reported capable 

of inducing AREG in different cell types [6, 123, 124]. Among all the candidates, only TGFβ 

induced AREG expression in MSIE cells (Figure 13A). Similarly, we observed an increased 

AREG expression in primary IECs treated with TGFβ but no other cytokines tested (Figure 14A), 

indicating that TGFβ is an inducer of AREG in IECs. Next, we performed ELISA and confirmed 

the present of TGFβ in conditioned neutrophil media (Figure 13B). To determine the kinetics of 

TGFβ induction of AREG in IEC, we treated the MSIE cells with TGFβ and measured AREG 

expression with respect to time over the course of 48 h. The increase of AREG expression was 

starting from 3 h post-treatment with TGFβ, reached the peak at 24 h and then went down (Figure 

13C). To determine whether TGFβ mediates neutrophil conditioned media induction of AREG 

production by IECs, we pre-treated neutrophil conditioned media with anti-TGFβ antibody to 

neutralize TGFβ or control antibody, and then implied them into cultures of MSIE. We 

demonstrated that anti-TGFβ antibody abrogated the effect of neutrophil conditioned media in 

induction of AREG by MSIE cells at both RNA and protein levels (Figure 13D-E), suggesting 

that neutrophil-derived TGFβ contributes to the AREG production in IECs.  

 

TGFβ induction of AREG in IECs is MEK1/2-dependent  

We next investigated the mechanisms underlying TGFβ-induced AREG production by 

IECs. Previous studies have suggested a positive feedback loop in TGFβ signaling through 

upregulating the expression of its own receptors in different cells [125, 126]. We first set out to 

assess whether the phenomenon was consistent in IECs as well. However, we observed no 

significant change in the expression of either TGFβ type I receptor (TGFβ-RI) or TGFβ type II 
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receptor (TGFβ-RII) in MSIE cells under TGFβ treatment (Figure 14C). In addition to activating 

the cascade of SMADs, it is known that the activation of TGFβ receptor complex can also lead to 

the subsequent activation of mitogen activated protein (MAP) kinase pathways [127]. We then 

sought to determine if MEK-ERK signaling regulates AREG production in IECs. Western blot 

analysis showed that TGFβ activated ERK1/2 in MSIE cells, as evidenced by increased 

phosphorylation of ERK1/2 after treated with TGFβ (Figure 15A). To determine if activation of 

ERK mediates TGFβ-induction of AREG in IECs, we used two selective inhibitors of MEK, an 

ERK-activating enzyme. PD98059 and U0126 are small molecules readily crossing cell membrane 

to block ERK activation. We showed that addition of MEK inhibitors greatly decreased AREG 

expression induced by TGFβ (Figure 15B). To further confirm these results, we used MEK 

siRNA, which specifically inhibits the expression of MEK. Transfection of MSIE cells with MEK1 

or MEK2 siRNA, which are specific for MEK1 and MEK2 respectively, were characterized with 

a decreased expression of ERK-activating enzymes (Figure 16A). We demonstrated that 

transfection with either MEK1 or MEK2 siRNA decreased AREG expression in TGFβ-treated 

MSIE cells compared to non-targeting controls (Figure 15C). Furthermore, a specific knockout of 

MEK1 using CRISPR caused marked decrease of AREG production induced by TGFβ in MSIE 

cells compared to WT controls (Figure 16B-C). Altogether, these results indicate that MEK1/2 is 

required for TGFβ-induction of AREG production by IECs. 

 

AREG protects DSS-induced colitis  

AREG is a growth factor capable of inducing proliferation, differentiation, and maturation 

of a number of mesenchymal and epithelial cell types [128]. Previous studies have also detailed 

the importance of AREG in the development of intestinal epithelial structure and integrity [110, 



54 

 

129]. Therefore, we sought to determine if administration of exogenous recombinant AREG 

conferring protection against colitis upon DSS insults. WT mice were fed with DSS in drinking 

water, and recombinant AREG was administered to one group of the mice every 2 days. After 7 

days of DSS, followed by 2 days of water, the mice that received exogenous AREG suffered from 

a less severe wasting disease than control mice, as measured by change in body weight (Figure 

17A). Consistent with changes in body weight, analysis of histopathology also showed improved 

disease with AREG treatment (Figures 17B-C). It has been shown that AREG has a potent effect 

upon maintaining epithelial barrier integrity and repair. As such, the mice given exogenous AREG 

had significantly improved pathology scores (Figure 17B), specifically with regards to epithelial 

damage after DSS colitis. As the severity of tissue damage in the underlying mucosa and 

submucosa regions did not improve greatly with AREG treatment, it appears that AREG confers 

the greatest benefit upon the epithelial layer.  

 

Deficiency in AREG signaling increased susceptibility to intestinal damage upon DSS insults 

AREG signals through the EGF receptors to exert effects on various tissues. To further 

determine the role of AREG in intestinal homeostasis, we challenged both WT and Egfrwa5 mice 

with DSS and monitored disease outcome. It has been shown that Egfrwa5 mice with disrupted EGF 

receptor structure, present significantly decreased EGF receptor activity in the intestine [130]. 

Under steady conditions, Egfrwa5 mice did not demonstrate intestinal inflammation similar to those 

in WT mice (Figure 18A). Administration of DSS induced colitis in both WT and Egfrwa5 mice. 

However, Egfrwa5 mice exhibited exacerbated colitis with increased pathology score after DSS 

challenge (Figure 18B).  Histological examination of the colon tissue revealed expansion of 

inflammatory infiltration into submucosa area, more severe crypt damage and increased immune 



55 

 

cells accumulation in Egfrwa5 mice. Collectively, these data suggest that deficiency in AREG 

signaling impairs intestinal homeostasis. 

 

Neutrophils confer protection against colitis through the induction of AREG by IECs  

To determine whether neutrophils protect the mice from intestinal inflammation through 

inducing IEC production of AREG, we first administrated a Ly6G-specific neutralizing antibody 

to deplete neutrophils in the Rag−/− mice. Both control and neutrophil-depleted mice were exposed 

to 2% DSS for 7 days and off to regular drinking water for additional 3 days. Weight loss was 

monitored daily over a period of 10 days. Treatment with Ly6G antibody almost completely 

depleted neutrophils (Figure 7B). Consistent with our previous report [115], in comparison with 

mice treated with control antibody, mice treated with Ly6G antibody exhibited more severe weight 

loss (Figure 19A), and higher pathology scores (Figure 19B). Hematoxylin/eosin (H&E)-stained 

colon sections demonstrated exacerbated colitis in mice treated with Ly6G antibody, as evidenced 

by loss of crypt architecture and dramatic cells infiltrations (Figure 19C). To determine if 

neutrophils produce TGFβ, which possibly regulates IEC production of AREG in the setting of 

inflammation, we isolated neutrophils to measure their TGFβ expression. Because neutrophils are 

extremely fragile and it is almost practically impossible to isolate purified neutrophils from 

intestinal lamina propria as almost all neutrophils are dead after long process time (normally over 

10 h), we isolated neutrophils from the peripheral blood of mice and measured TGFβ expression 

by qRT-PCR. As it has been well-established that T regulatory (Treg) cells produce high levels of 

TGFβ, we also generated Treg cells from CD4+ T cells to serve as positive controls. As shown in 

Figure 19D, peripheral neutrophils from mice with DSS-induced colitis expressed higher levels 

of TGFβ compared to normal controls, at levels comparable to Treg cells. Moreover, the depletion 
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of neutrophils in the mice were associated with a significant decrease of colonic TGFβ mRNA 

expression (Figure 19E). Interestingly, lower level of soluble AREG was detected in the 

supernatants of ex vivo colon culture in neutrophil-depleted group (Figure 19F). Consistently, 

primary IECs isolated from neutrophil-depleted mice showed a decreased expression of AREG at 

both RNA and protein levels (Figures 19G-H). It has been shown that AREG is first expressed as 

a transmembrane precursor in the cells [131]. Shedding of AREG requests ADAM17, a TNFα 

converting enzyme found on neutrophil surface [132]. We found that depletion of neutrophils 

resulted in decreased ADAM17 in the colonic tissue of mice upon DSS insult (Figure 19I). 

Together, these data indicate that neutrophils induce IEC expression of AREG as well as 

ADAM17, which sheds AREG, thus promote net AREG production by IECs. It also suggests a 

role for TGFβ-producing neutrophils in AREG-dependent tissue protective pathway in the 

intestine. 

 

Neutrophils-elicited AREG production by IECs alleviates DSS-induced colitis and promotes 

IEC expression of HNF4α 

To investigate the mechanisms by which neutrophil-induced AREG protects the intestine 

from colitis, we performed the rescue experiments by giving neutrophil-depleted mice exogenous 

AREG daily in the setting of DSS colitis. We treated Rag−/− mice with anti-Ly6G antibody to 

deplete neutrophils, and groups of the mice were given AREG or PBS every two days. Neutrophil-

depleted mice received AREG treatment revealed less weight loss during the later course of DSS 

exposure (Figure 20A). In accordance with the improved pathology score (Figure 20B), H&E-

stained colon sections showed less severe pathological changes in AREG-treated mice, as 

evidenced by the restoration of epithelial architecture and less infiltration of immune cells in the 
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inflamed sites (Figure 20C). Moreover, ex vivo culture of colonic tissues showed decreased 

production of pro-inflammatory cytokines, such as IL-6, TNFα and IFNγ in mice received AREG 

(Figure 20D), suggesting that AREG can, at least partially, compensate the loss of neutrophils. 

Importantly, gene expression analysis revealed an elevated expression of HNF4α in IECs (Figure 

20E), a protein which plays critical role in epithelial integrity and has been associated with 

ulcerative colitis [36]. To investigate whether AREG improves epithelial barrier permeability, we 

fed different groups of mice with FITC-dextran and examined serum fluorescence following FITC-

dextran gavage. The enhanced expression of HNF4α corresponded to the improved permeability 

in the gut in neutrophil-deficient mice with additional AREG (Figure 20F). Taken together, these 

data indicate that neutrophil-mediated IEC protection is possibly associated with AREG induction 

of HNF4α. 

 

DISCUSSION 

Tightly regulated intestinal barrier function is crucial in the maintenance of intestinal 

homeostasis. We demonstrated in this report that neutrophils protect the intestines from 

inflammation, at least partially through induction of AREG production by IECs. Administration 

of exogenous AREG mitigated tissue damage following depletion of neutrophils upon DSS 

challenge by restoring epithelial barrier function. Our findings, thus, reveal a previously 

unappreciated innate immune mechanism for coordinated epithelial response to microbiota 

through neutrophils. 

Despite the many advances made in studying the interaction between epithelial cells and 

immune cells, the interplay between IECs and innate cells remains poorly defined. We previously 

reported that IL-22-producing neutrophils enhance intestinal barrier integrity in the context of 
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colitis, suggesting that neutrophil-IECs crosstalk plays a critical role during inflammatory state 

[115]. To further interrogate the mechanisms underlying neutrophil regulation of IEC, we took 

advantage of intestinal epithelial enteroids, which recapitulate the diverse composition and 

complexity of the intestinal epithelial cells. Analysis of microarray data showed that neutrophil 

conditioned media-treated enteroids were enriched in mRNA responding to wound healing and 

junction formation, indicating a role for neutrophils in tissue repair. We also observed an increase 

in mRNA encoding proteins for IEC proliferation and differentiation, in which AREG is essential 

in both processes [7]. We confirmed that neutrophil conditioned media induced AREG expression 

by MSIE cells, a mouse small intestinal epithelial cell line. AREG has been shown as a crucial 

EGFR ligand in protection of inflammation in the intestine [6, 7]. We showed that the increased 

level of AREG corresponded with improved disease outcome in the DSS-induced colitis model. 

Moreover, additional exogenous AREG administration ameliorated disease with the improvement 

in the epithelial layer in the mice. Given that IBD is rooted in chronic dysregulated immune 

responses against the commensal microbiota, any initial contact with the microbiota by the 

immune system would lead to overwhelming inflammation that perpetuates itself into a chronic 

diseased state. As such, the rule of thumb for preventing aberrant immune activation is to possess 

a strong intact epithelial barrier to prevent penetration by the microbiota and leave the immune 

system quiescent. We speculate that deficiency in AREG production leads to a less robust 

epithelial barrier, thereby conferring susceptibility to IBD. In supporting this notion, we showed 

that the deficiency of AREG-EGFR signaling results in exacerbated colitis upon DSS insult. This 

finding is in accordance with a recent transcriptomic microarray analysis showing an increased 

intestinal ERRFI1 in both Crohn’s disease and ulcerative colitis patients. ERRFI1 mediates 

inhibition of the EGFR, thereby blocking signaling of AREG and other EGF family members [37]. 
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Interestingly, IECs themselves also express EGFR [133]. As accumulating evidence shows that 

AREG enhances epithelial function [6, 7], we thus treated MSIE cells with exogenous AREG to 

investigate if AREG can further amplify its own production. However, there was no evidence for 

changes in expression of AREG in IECs (Figure 14B).  

Consistent with our previous finding using T cell-induced colitis model, depletion of 

neutrophils led to more severe inflammation in DSS colitis model in RAG-/- mice. This data 

reinforces the idea of the innate immune components, especially neutrophils, as indispensable 

regulators in inflammation resolution. We found that the expression of TGFβ was impaired in the 

intestines of mice receiving neutrophil-depleting treatment. Similar to lung epithelium, we 

demonstrated that TGFβ induced robust expression of AREG in IECs. However, unlike innate 

lymphoid cell [6], Treg [5], cholangiocyte [123], epidermal cell [124] or fibroblast [57, 134], in 

IECs, TGFβ remains the only inducer among cytokines/factors tested capable of eliciting AREG 

production. Although the first report of neutrophil production of TGFβ was dated back to 1989 

[135], research attention has been mainly focusing on neutrophil-derived products facilitating 

TGFβ activation [136]. Our data provide the evidence that that neutrophils produced TGFβ was 

elevated in the setting of inflammatory state. Correlation between impaired tissue TGFβ and 

decreased IEC production of AREG revealed a previous unappreciated role for neutrophil 

regulation of barrier function.  

As an essential regulator of epithelial integrity, HNF4α has been identified as a 

susceptibility gene conferring risk of IBD [36]. We demonstrated that depletion of neutrophils 

impaired HNF4α in colonic tissue [115], whereas exogenous AREG treatment rescued HNF4α 

expression in the colon of neutrophil-depleted mice, restoring epithelial permeability. 

Additionally, neutrophil conditioned media induced Cldn4 encoding tight junction protein and 
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Lamc2 encoding extracellular matrix glycoproteins in the enteroids. As it has been reported 

neutrophils direct contacting IECs prevents neutrophil apoptosis, and meantime confer protection 

against tissue injury [60], the question whether direct physical interaction between neutrophils and 

IECs promote barrier function warranties a future investigation. 

ADAM17, a transmembrane protease found on the surface of neutrophils, regulates 

shedding of various substrates including AREG [61]. Our finding that neutrophil depletion 

impaired tissue ADAM17 level indicates a potential protective role of infiltrating neutrophils 

regulation of inflammation through localized AREG induction. Furthermore, neutrophil-facilitated 

AREG production is not only limited to epithelial origin, but also other cellular sources as well. 

Given the chemotactic effect of IECs on neutrophils under mucosal injury [137, 138], it is 

intriguing to speculate that IECs recruit and retain neutrophils in the inflammatory site as a way to 

increase local TGFβ level and promote AREG secretion during rampant inflammation. Such an 

occurrence would be consistent with the role of neutrophils to maintain and/or restore intestinal 

homeostasis. 

In summary, our studies demonstrated a novel pathway of neutrophil regulation of 

intestinal inflammation through induction of AREG by IECs, which is dependent on TGFβ. As 

TGFβ has been considered as one of the most important anti-inflammatory cytokines, our data 

provides a novel anti-inflammatory function of TGFβ in the intestines through induction of IEC 

production of AREG. 
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Figure 12. Neutrophil conditioned media induces AREG expression by IECs 
Intestinal enteroids were cultured with or without neutrophil conditioned media for 6 h and the 
RNAs were applied to microarray analysis. (A) Hierarchical clustering of genes that were 
significantly (P < 0.05 one-way ANOVA) and differentially (|Fold change| > 2) expressed between 
the two groups (n = 2). Heat map of some differentially expressed probes between the two groups 
(n = 2). (B) Scatterplot displaying the log2 fold change in expression between the two groups (n = 
2). (C) mRNA expression levels of AREG in the enteroids was measured by qRT-PCR and 
normalized to GAPDH. (D) MSIE cells were treated with or without neutrophil conditioned media 
for 6 h, and mRNA expression level of AREG measured by qRT-PCR and normalized to GAPDH. 
Data are presented as mean ± SEM of three independent experiments. CM, neutrophil conditioned 
media; None, media alone. *P < 0.05, **P < 0.01 Student’s t test. 
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Figure 13. TGFβ induces AREG production in IECs 
(A) MSIE cells were treated with different cytokines/factors for 6 h, and mRNA expression level 
of AREG was measured by qRT-PCR and normalized against GAPDH. (B) Level of TGFβ was 
determined in neutrophil conditioned media versus media control. (C) mRNA expression level of 
AREG in the MSIE cells treated with 20 µg/ml TGFβ over time, and normalized against GAPDH. 
(D and E) Neutrophil conditioned media was pre-treated with 10 µg/ml anti-TGFβ antibody and 
then added into MSIE cell cultures. (D) mRNA expression level (6 h) and (E) protein level of 
AREG (24 h) were measured by qRT-PCR and Western blot respectively. Data are presented as 
mean ± SEM of three independent experiments. CM, neutrophil conditioned media; None, media 
alone. *P < 0.05, **P < 0.01, ***P < 0.001 Student’s t test, one-way ANOVA. 
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Figure 14. TGFβ induces AREG production in primary IECs 
(A and B) mRNA expression level of AREG in isolated primary IECs treated with (A) different 
reagents, and (B) AREG. n.s., no significant difference; Data are presented as mean ± SEM of 
three independent experiments; ***P < 0.001 one-way ANOVA. (C) mRNA expression level of 
TGFβ receptor I and II in MSIE cells treated with TGFβ for 6 h. n.s., no significant difference; 
Data are presented as mean ± SEM of three independent experiments. Student’s t test. 
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Figure 15. TGFβ induction of AREG in IECs is MEK1/2-dependent  
MSIE cells were treated with or without TGFβ. (A) The phosphorylated ERK1/2 (pERK1/2) was 
determined by Western blot (1 h). (B and C) MEK1/2 was inhibited or knockdown in MSIE cells 
in the presence of TGFβ. mRNA expression level of AREG was measured by qRT-PCR in the 
MSIE cells treated with (B) specific inhibitors or (C) siRNA. Data are presented as mean ± SEM 
of three independent experiments; NT, no treatment; NT siRNA, non-targeting siRNA.  *P < 0.05, 
**P < 0.01, ***P < 0.001 one-way ANOVA. 
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Figure 16. MEK1/2 regulates TGFβ-induced AREG production in IECs 
(A) Transfection efficiency of siRNA targeted either MEK1 or MEK2 in MSIE cells. (B and C) 
MEK1 was knocked out in MSIE cells by CRISPR, and then treated with TGFβ for 6 h. (B) mRNA 
expression level of AREG in WT and MEK1 KO MSIE cells. (C) CRISPR knock out efficiency. 
n.s., no significant difference; Data are presented as mean ± SEM of three independent 
experiments. *P < 0.05, **P < 0.01 Student’s t test, one-way ANOVA. 
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Figure 17. AREG protects the intestinal epithelium from DSS-induced injury 
WT mice were administered 2% DSS in drinking water for 7 days, followed by 2 days of water. 
One group of mice received 15µg of AREG every 2 days. (A) Relative body weight change. (B) 
Blinded histopathological scoring. (C) Representative images of H&E-stained colon sections. 
(Scale bar, 100 µm) n = 4 per group per experiment. Data are representative of 3 independent 
experiments; *p<0.05 Student’s t test. 
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Figure 18. Deficiency in AREG signaling increases susceptibility to intestinal damage upon 
DSS insult 
WT and Egfrwa5 mice received drinking water in the presence or absence of 3% DSS in drinking 
water. (A) Representative images of H&E-stained colon sections. (Scale bar, 200 µm) (B) Blinded 
histopathological scoring. n = 5-7 per group per experiment. Data are representative of 3 
independent experiments; *P < 0.05, ***P < 0.001 one-way ANOVA. 
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Figure 19. Neutrophils confer protection against DSS-induced colitis through the induction 
of AREG in IECs 
Rag1-/- mice were administered 2% DSS in drinking water for 7 days, followed by 3 days of water. 
One group of mice received Ly6G-depleting antibody (4 mg/kg) every 3 days. (A) Relative body 
weight change. (B) Blinded histopathological scoring. (C) Representative images of H&E-stained 
colon sections. (Scale bar, 100 µm) (D) mRNA expression level of TGFβ in peripheral neutrophils 
isolated from healthy versus disease mice with Treg as positive control. (E) mRNA expression 
level of TGFβ in the colonic tissue of mice. (F) Soluble AREG was measured in colonic culture 
supernatant via ELISA. (G and H) IECs were isolated from the colon of mice, mRNA expression 
level (G) and protein level (H) of AREG were measured in IECs. (I) mRNA expression level of 
ADAM17 in the colonic tissues of mice. n = 4 per group. Data are representative of 3 independent 
experiments; PMN, neutrophil; *P < 0.05, **P < 0.01 unpaired Student’s t test, one-way ANOVA, 
nonparametric Mann–Whitney U test. 
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Figure 20. Neutrophil supernatant induces AREG expression in IECs 
Rag1-/-  mice were administered 2% DSS in drinking water for 7 days, followed by 3 days of water. 
The mice were given Ly6G-depleting antibody i.p. every 3 days. A group of mice received AREG 
every 2 days and the other group received PBS. (A) Relative body weight change. (B) Blinded 
histopathological scoring. (C) Representative images of H&E-stained colon sections. (Scale bar, 
100 µm) (D) Protein level of inflammatory cytokines in colonic culture supernatant. (E) mRNA 
expression level of HNF4α in isolated IECs. (F) FITC-dextran level in plasma was determined. n 
= 4 per group. Data are representative of 3 independent experiments; ND, not detectable; *P < 
0.05, ***P < 0.001 unpaired Student’s t test, one-way ANOVA, nonparametric Mann–Whitney U 
test. 
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SUMMARY AND CONCLUSION 

The intestines are the largest mucosal surface in the body, and are continually exposed to 

luminal microbiota and environmental insults. The mutualistic interaction between microbiota and 

the host requires an intact intestinal epithelial barrier and proper immunity. Chronic systemic 

inflammation due to the compromise of epithelial integrity or dysregulation of the subsequent 

immune responses predispose individuals to IBD. As an essential component of the innate immune 

system, neutrophils contribute to the maintenance and/or restoration of gut homeostasis. In my 

dissertation studies, I discuss how neutrophils contribute to AREG-mediated protection, and the 

mechanisms and functional implications underlying neutrophil production of both IL-17 and IL-

22 in colitis.  

It has been proposed that neutrophils are capable of producing both IL-17 and IL-22 under 

various inflammatory or infectious conditions [53, 54, 66, 90]. However, the underlying molecular 

mechanisms remain poorly defined. In the present study, I identified IL-23 as an active inducer of 

both IL-17 and IL-22 in neutrophils. Different from other cell types like CD4+ T cell subtypes and 

ILC3, IL-23 remains the sole inducer of IL-17 and IL-22 in neutrophils. Notably, partially 

activated peritoneal neutrophils express higher amounts of IL-23 receptor compared to bone 

marrow naïve cells, and IL-23 further promotes the expression of its own receptor, likely 

suggesting a positive feedback loop to stabilize the neutrophil phenotype and contributing to 

constant IL-17 and IL-22 production. I showed that IL-23 induces the expression of two 

transcription factors, RORgt and AhR. RORgt regulates the production of both IL-17 and IL-22, 

whereas AhR only contributes to IL-22 production in neutrophils. The two transcription factors 

also work in a synergetic manner, as indicated by the depletion of cytokine production with 

pathway inhibition. Given the crucial role of the mTOR pathway in neutrophil metabolism and 
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functions [93-95], I tested PI3K-mTOR signaling in the presence of IL-23 treatment. Using 

specific inhibitors targeting mTOR, I found that IL-23 activates mTOR, specifically mTOR 

complex 1. Mechanistically, mTOR regulates the transcription of both RORgt and AhR as a way 

to mediate IL-17 and IL-22 production in neutrophils. In line with this, I observed that alternative 

activation pathways such as P38 MAPK pathway were unaffected by mTOR/PI3K inhibition. 

Finally, I showed that STAT3-NF-kB pathway is also involved in IL-23-induced cytokine 

production by neutrophils.  

As one of the first responders to microbial invasion, neutrophils contribute to the resolution 

of inflammation during the early stages of colitis. However, the accumulation and insufficient 

clearance of neutrophils have been considered detrimental in the context of a chronic inflammation 

state [98]. In the present study, I challenged the conventional dogma by depleting neutrophils in 

mice in the setting of T cell adoptive transfer colitis. I demonstrated that without the presence of 

neutrophils, mice suffered from worse disease compared to control mice as evidenced by increased 

weight loss and increased disease score. In line with this finding, I observed similar outcomes in 

both lymphocyte-sufficient and lymphocyte-deficient mice with DSS-induced colitis. Together, 

my initial studies indicate a protective role for neutrophils in colitis. 

Prevailing evidence has demonstrated a protective role of IL-22 on host antibacterial 

defense, tissue regeneration and wound healing [58]. This phenomenon has been observed in my 

studies in which blockade of IL-22 signaling led to exacerbated colitis in mice compared to control 

group. Given my data of a clear subset of IL-22+ neutrophils after stimulation of IL-23, and large 

amounts of soluble IL-22 detected in the neutrophil conditioned media, I speculated that IL-22-

producing neutrophils remain an important source of IL-22, promoting colitis resolution. In fact,  

a recent report showed that IL-22-producing neutrophils promote antimicrobial peptide production 
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of intestinal epithelial cells, aiding host bactericidal response [66]. To isolate the function of IL-

22+ neutrophils, I depleted ILCs in lymphocyte-deficient mice to block other major IL-22 sources. 

I showed that IL-22+ neutrophils mediated the expression of HNF4α, a susceptibility gene for UC 

reported in a recent GWAS study [36]. HNF4α facilitates the formation of epithelial junction 

proteins which is crucial for epithelial integrity. Consistent with these findings, I found that mice 

with functional IL-22-producing neutrophils have preserved intestinal permeability.  

In light of the decrease HNF4α in the intestines of neutrophil-depleted mice, I questioned 

whether neutrophils interact with IECs upon an inflammatory state. By utilizing intestinal 

epithelial enteroid culture system, microarray data showed that neutrophil conditioned media-

treated enteroids had up-regulated expression of the gene encoding AREG. AREG belongs to the 

EGF family, which plays important role in cell processes including cell proliferation, 

differentiation, survival and wound healing [6, 7]. Recently, it has been shown that TGFβ is 

capable of inducing AREG in lung epithelium [139]. In accordance with this finding, I proved that 

neutrophil-derived TGFβ attributes to the AREG production in IECs. Few reports show that human 

peripheral neutrophil produce TGFβ [135]. I detected soluble TGFβ in neutrophil conditioned 

media. Consistently, murine peripheral neutrophils showed increased TGFβ expression under 

inflammatory insult when compared to control neutrophils from healthy state. On the other hand, 

I observed impaired tissue expression of TGFβ in the intestines when neutrophils were depleted. 

Strikingly, decrease tissue TGFβ positively correlated with the production of AREG by IECs in 

the context of intestinal inflammation. Together, my data revealed a previously unappreciated role 

for neutrophils as a critical source of TGFβ and regulation of barrier function.  

AREG-EGFR signaling has been implicated in the pathogenesis of IBD [37]. Deficiency 

in this pathway leads to increased susceptibility of chemical-induced colitis. Oppositely, 
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exogenous AREG protects mice from intestinal inflammation. I further demonstrated that 

administration of exogenous AREG following depletion of neutrophils renders mice resistance 

against DSS-induced colitis. The AREG-mediated protection was conferred by inducing HNF4α. 

Indeed, I revealed elevated expression of Cldn4 and Lamc2, which encode tight junction protein 

and extracellular matrix glycoproteins respectively, in enteroids treated with neutrophil 

conditioned media. Moreover, I found that neutrophil depletion resulted in decreased tissue 

ADAM17 levels in the intestines of mice. ADAM17 is a protease indispensable for AREG 

shedding [131]. Given that neutrophils express ADAM17 on the surface of membrane [140], it is 

intriguing to speculate that neutrophils not only directly induce IEC production of AREG, but also 

contribute to AREG production from other cellular sources.  

Taken together, my studies demonstrated novel mechanisms of neutrophil regulation of 

intestinal colitis through interaction with IECs. In the context of microbial breach, injured IECs 

release chemokines and cytokines to recruit and retain neutrophils in the inflamed sites [137, 138]. 

Accumulation of neutrophils increases local IL-22 and TGFβ concentration attempting to promote 

epithelial barrier function and re-establish intestinal homeostasis. However, it is plausible that 

these repeated attempts fail to hamper the rampant inflammation, and over time end up pushing 

the system further out of equilibrium. Therefore, the role of neutrophils in IBD is more complicated 

than we originally thought, and should not be simply classified as either pro-inflammatory or anti-

inflammatory. Several points have to be taken into considerations: 1) Infiltration of neutrophils ≠ 

pro-inflammatory role. Increasing evidence suggests that transmigrating neutrophils help shape 

the mucosal microenvironment contributing to tissue protection. 2) Neutrophils are critical sources 

of various cytokines. Influx of neutrophils enable replenishment of cytokines to maximally 

augment the anti-inflammatory effect. 3) Neutrophil targeted treatments may provide new insight 
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into IBD therapy. Our studies to better understand the mechanisms of neutrophil regulation of 

colitis may help direct therapeutic approaches for IBD through the regulation of neutrophils and 

their pathways. 
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