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ABSTRACT

Crohn's Disease (CD) is a chronic inflammatory bowel disease that destroys a patient's gastrointestinal 

(GI) tract. CD is thought to be mediated mostly by cluster of differentiation 4 (CD4)+ T helper 1 (TH1) T-cells 

initially in response to the commensal gut microbiota, leading to chronic inflammation and destruction of 

the intestines.1 Environmental factors, genetic predisposition, dysbiosis, and antibiotic use are some of the 

proposed mechanisms for CD development.2-4 The current treatments include anti-Interleukin(IL)-12/23 

monoclonal5 antibody (mAb), anti-Tumor Necrosis Factor-  (TNF- ) mAb,6 antibiotics,7 corticosteroids,8, 

and anti- 4 7 mAb9 therapies. In some patients, these treatments do not allow long-term remission, and 

others become resistant to the medications. These therapies target downstream cytokines such as ,6

4 7,9, and IL-12/235 produced by effector T-cells (Teff). A new pharmaceutical target that looks promising 

is the cytokine IL-7. Commensal gut microbiota promotes Teff cells to make Interferon- (IFN- ) that then 

stimulates intestinal epithelial cells (IECs) to produce IL-7, causing the upregulation of 4 7 Teff cell gut-

homing integrin. As more Teff cells migrate to the intestines and produce IFN- , increased IL-7 production 

by IECs occurs, creating a positive feedback loop.10, 11 Thus, decreasing IL-7 with a monoclonal antibody 

could decrease Teff cell migration to the intestines, and subsequently decrease the pro-inflammatory 

cytokines that promote chronic inflammation and tissue destruction seen in CD.

Dysbiosis, the change in the microbiota profile that results in disease, has been strongly correlated to 

CD.12 However, the use of Fecal Microbiota Transplants (FMTs) to attempt to normalize the microbiota

has not been entirely successful for all CD patients.13 Administering an anti-IL-7R   mAb before FMT could 

decrease inflammatory cells, increasing the likelihood that the FMT is successful, and allow for remission in

CD patients.   
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INTRODUCTION

Crohn's Disease (CD) is a type of long-term (chronic) relapsing Inflammatory Bowel Disease (IBD). IBD 

encompasses both CD and Ulcerative Colitis (UC).14 CD is recognized as a Type IV Hypersensitivity, meaning 

the disease is mediated mostly by CD4+ TH1 cells. In the case of IBD, inflammation is thought to be initiated 

by a TH1 cell response against commensal gut microbiota leading to dysbiosis, chronic inflammation, and 

destruction of the intestines.1 Dysbiosis and chronic inflammation are key features of CD, and the 

resolution of these factors can result in remission in patients' symptoms. The gut microbiome is central to 

developing a healthy, modulated immune response towards commensal microbes.12, 15 Defining the 

vocabulary associated with the microbiome is necessary, as terms are often confusing and used 

interchangeably. The microbiome refers to the macro and micro-environment in a system, including all 

microorganisms (bacteria, archaea, eukaryotes, and viruses) and their genomes, whereas microbiota refers 

to the microorganisms present in a defined environment.16 The focus of this thesis will be the current 

research and development of CD and the gut microbiome.  

 Figure 1. Diagram outlining possible pathways leading to IBD.17
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Approximately 3 million people are affected by IBD in the United States; there are 3-20 new cases per 

100,000 people per year of CD,18 with women and Ashkenazim Jews being more prone to the disease. CD 

is most common in North America and Western Europe, and there is increasing incidence in Asia and South 

America. There is not yet an initial exact mechanistic cause of CD. A patient's genetics, dysbiosis, and 

environmental factors might play a role in disease progression. 19

Figure 2. Age-standardized prevalence (per 100,000 people) of Inflammatory Bowel Disease (includes both CD 
and UC) for both males and females in (A) 2017. (B) Percentage change in age-standardized IBD prevalence from 1990-
2017.20  
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The GI tract is a long hollow tube that begins in the oral cavity and ends at the anus. Each section of the GI 

tract contains the same layers of tissue making up this long hollow tube. The layers are the mucosa, 

submucosa, muscularis, and serosa. The mucosa makes up the intestines' lumen, while the serosa is the 

delicate connective tissue that anchors the intestines to the abdominal wall.21 CD causes inflammation that 

penetrates from the top mucosal layer through the bowel wall's serosal layer, defined as transmural 

inflammation. Crypt abscesses are the result of transmural inflammation and an increase in neutrophil tissue 

infiltration. Frequent cycles of destruction and healing of the intestinal crypts cause the usually straight and 

parallel crypts to take on abnormal branching patterns and distorted orientations. Noncaseating granulomas 

are formed by immune cells without a pathogen, foreign substance, or necrotic tissues present. In about 35% 

of CD patients, noncaseating granulomas are present in the intestinal walls and occasionally in the mesenteric 

lymph nodes,22 as seen in Figure 3.23

Figure 3. Histological slides that are showcasing different pathologies seen in CD. (A) Abnormal intestinal 

crypt organization resulting from chronic injury and regeneration of cells. (B) Example of a non-caseating granuloma, as seen in 

CD. (C) Transmural inflammation affects the mucosal layer through the serosa layer and is accompanied by noncaseating

granulomas (arrows).23
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CD affects multiple GI tract areas, with 50% of the time both the ileum and colon being affected, 30% only 

small bowel, and 20% colon only.24  Patients with CD often have many deep linear ulcerated regions of the 

bowel with clear boundaries of unaffected tissue, known as skip lesions. In combination with skip lesions, 

there is typically a linear pattern of ulcerated tissue that appears depressed compared to healthy tissue 

resulting in a cobblestone-like appearance of the bowel. Scar (fibrotic) tissue also begins to form in areas with 

repeated injury and healing, causing stenosis or intestinal lumen narrowing, which can eventually lead to 

intestinal blockage. In advanced CD cases, deep knife-like ulcers, known as fissures, can form within the 

intestinal mucosal folds. These fissures can lead to the development of holes in the bowel wall and the 

perforated intestine connecting to neighboring organs, known as fistula tracts.23 Fistula tracts result in the 

need for antibiotic treatment, increased medication, and often surgery to drain the fistula and restore normal 

anatomy, as seen in CD.25 Figure 4 from 23.   

Figure 4. Gross pathology of CD. (A) Photo demonstrating a small intestinal stricture. (B) Cobblestone appearance of 

the bowel wall caused by linear mucosal ulcers and fibrotic tissue. (C) Creeping fat caused by extensive transmural 

inflammation, as seen in CD.23  

Due to the chronic inflammation and ultimate destruction of the bowel's integrity and functionality, 

research and development of more effective pharmaceutical interventions are necessary. The following 

sections capture the past, current, and future directions that research and development have led to, including 
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molecular mechanisms and pharmaceutical interventions for CD. These sections lay the groundwork to 

understand the use of an anti-IL-7R  mAb and FMT to promote remission in CD patients.  

History of CD: Pathways, Cytokines, and Therapies for CD

Research has led to the discovery of molecular signaling pathways and cytokines involved in the 

development of CD. Cytokines are small signaling proteins produced by cells and that regulate interactions 

and communications between cells. Cytokines are essential in regulating and maintaining innate and 

adaptive immune cells and influencing local and systemic inflammation.26 This thesis will discuss the 

specific cytokines such as TNF- -17, IL-23, IL-6, and IL-7 as they are examples of pro-inflammatory 

cytokines that play a significant role in CD.  

TNF- 

TNF-  soluble cytokine and transmembrane protein produced mainly by immune cells such as 

monocytes, macrophages, and T-cells.27, 28 TNF- -inflammatory cytokines 

IL- and IL-6, as well as immune cell adhesion molecules that increase cell migration to affected tissue.29, 

30 TNF- ation of fibroblasts, procoagulant factors, acute phase reactants and 

inhibits apoptosis of inflammatory cells.31, 32 After research found a correlation between TNF- , 

anti-TNF- proved and implemented in clinics in 1998.33 However, about one-third of 

patients experience primary failure of anti-TNF- reatments, as they do not respond to the medication. 

Around fifty percent of people who initially see positive effects from the therapy will experience secondary 

failure, resulting in the treatment no longer working.34 Primary and secondary failure of anti-TNF-

therapies necessitated further research to develop alternative treatment strategies against CD.  
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IL-12/IL-23 Pathway and the Role of TH17 T-cells in CD

Further investigation found a relationship between the IL-12/IL-23 pathway and CD. Initially, 

researchers were looking at the cytokine IL-12 and its role in upregulating IFN- 35 IFN-

involved in upregulating innate and adaptive immune cells such as macrophages, innate Natural Killer T 

cells (iNKT, innate cytotoxic immune cell), neutrophils, CD4+ TH1 T-cells, and Cluster of differentiation 8

(CD8)+ Cytotoxic T-cells (CTL).36 IL-12 is composed of two different protein subunits called p40 and p35.37

Dendritic Cells (DC) and macrophages release IL-12, which binds to and activates the IL-12 receptor on 

naïve T-cells. The IL-12 receptor is comprised of two subunits IL- - -12 binds to the 

IL-12 receptor, this activates the Janus kinase (JAK)2 and tyrosine kinase 2 (TYK2) signaling proteins 

through phosphorylation. Once JAK2 and TYK2 are activated, this activates the Signal Transducer and 

Activator of Transcription (STAT)4 pathway, inducing the genes necessary to cause naïve T-cell to 

differentiate into CD4+ TH1 cells that then produce IFN- ,38-40 as depicted in figure 5.40 A mAb against IL-

12p40 subunit resulted in the resolution of colitis in mouse models but not with anti-IFN- 41-43 Anti-

IFN- treatments were discontinued due to the inefficiency of controlling CD flares.44

In 2000, a newly discovered cytokine subunit, p19, was found to be structurally similar to the IL-12 p35 

subunit. p19 can be co-expressed with IL-12's p40 subunit and forms a heterodimer. This cytokine was 

named IL-23.43 IL-23 is mainly produced by monocytes/macrophages and DC.43, 45 IL-23 receptor (IL-23R) 

consists of the IL-23Rp19 and IL- . The pathway is activated through the IL-23p19 subunit

binding to the IL-23R. This binding causes a conformational change of IL-23p19, allowing IL-12p40 to bind 

to IL- 1,46 resulting in the phosphorylation and downstream signaling of JAK2 and TYK2 and STAT3/4 

activation. STAT3/4 activation allows for the production of Transforming growth factor- (TGF- ) and IL-6 

47, 48, as seen in figure 5.40 Unlike IL-12 induction of naïve T-cell differentiation to TH1 cells that then 

produce IFN- -23 acts differently on T-cells. Only in the presence of the cytokines TGF- -6, naïve 
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T-cells begin to express the IL-23R.49 The transcription factor Retinoic acid receptor-related Orphan

Receptor- - allows for the upregulation of the IL-23R.50, 51 After expression of the IL-23R, naïve T-

cells in the presence of TGF- -6, and IL-23 will become pathogenic T-helper 17 (TH17) cells that then

produce IL-17 and TNF- 46, 51-53

Figure 5. Representation of the IL-12 and IL-23 pathways. IL-12 and IL-23 are released from DC or 

macrophages and result in TH1 or TH17 cells.40

As CD research studies continued, there was increasing uncertainty regarding whether anti-IL-12p40 

mAb's ability to positively mediate colitis resulted from downregulation of IL-12, IL-23, or both cytokines. 

In several different animal models, inhibition of IL-23 resulted in the lack of development of colitis, and IL-

12 knock-out models developed colitis.51, 52 In chemically induced colitis mouse models, the inhibition of 

the IL-23 receptor led to colitis improvement. Altogether this suggests that IL-23 is responsible for the 

inflammatory responses seen in CD rather than IL-12.54, 55 IL-12/IL-23 mAb treatments are still used in 
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clinics and are useful to the primary and secondary non-responders to TNF-

both TNF- -12/IL-23 therapies, not all patients respond, or after some time, CD symptoms are not 

effectively controlled.40

IL-17 and TH17 cells

Previous studies found that blocking IL-17 decreased symptoms in IBD patients. However, clinical trials 

involving anti-IL-17A mAbs found an increase in Crohn's Disease patients' symptoms. These adverse 

outcomes of anti-IL-17A mAbs led to the reconsideration of the potential role of TH17 cells and their 

derived cytokines in the alteration of the observed inflammation and pathogenesis of IBD.56 TH17 cells can 

be divided into two subsets based on their pathogenicity and specific production of cytokines. Classical 

TH17 cells induced by TGF- -6 are known to have more of a regulatory function through the co-

production of IL-17 and IL-10.57 Alternative TH17 cells have a pro-inflammatory and pathogenic presence, 

similar to TH1 cells. Alternative TH17 cells secrete proinflammatory cytokines such as IL-18, IFN-

granulocyte-macrophage colony-stimulating factor (GM-CSF).58 Interestingly, in the presence of IL-12 and 

IL-23 during T-cell activation in response to bacteria-derived signals, TH17 cells have functional plasticity

and can switch from the classical anti-inflammatory type to alternative TH17 cells that act more like TH1

cells in their production of IFN- 59, 60 

IL-6

IL-6 is a pleiotropic cytokine, in that binding of IL-6 to its receptor can result in various outcomes 

through signaling of different pathways.61 The IL-6 receptor (IL-6R), which typically binds IL-6, is expressed 

on some white blood cells (leukocytes) and liver cells (hepatocytes), but many cells do not express IL-6R. 

After IL-6 binds to the IL-6 receptor (IL-6R), the receptor interacts with cell membrane-bound 

glycoprotein130 (gp130), activating a signaling cascade. This IL-6R:gp130 interaction perpetuates a 

regenerative or anti-inflammatory effect, known as the classical pathway.62 The classical pathway leads to 
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the expression of IL-10, soluble TNF receptor (TNF-R), and IL-1R. Soluble TNF-R and IL-1R can act as 

antagonists to TNF- -1, which block the pro-inflammatory cytokines from binding to cell membrane-

bound receptors. In mouse models, IL-6 promotes IEC proliferation, healing, and inhibition of apoptosis 

that may be due to acute intestinal injury from a biopsy or bacterial infection.61 

IL-6 can also affect cells that do not express IL-6R through a type of signaling called trans-signaling. 

Trans-signaling occurs by producing a soluble form of IL-6R that binds to extracellular IL-6, which can then 

bind to cell-bound gp130 and induce a signaling cascade in cells that lack IL-6R. It is through trans-signaling 

that IL-6 induces pro-inflammatory conditions62, often seen in CD patients. Due to elevated levels of IL-6 

seen in CD patients' blood and colonic mucosa61 and its role in upregulating Claudin-263, IL-6 seemed like a 

logical pharmaceutical target. An anti-IL-6 mAb was designed and implemented in clinical trials for patients 

with moderate to severe CD with primary or secondary failure to anti- clinical trial 

seemed promising as subjects were responding, and some even achieved remission. However, some 

patients experienced GI abscesses and perforation with this therapy.64

A mouse study showed early-onset colitis and systemic inflammation in IL-6 and IL-10 double knock-

out (IL-6-/-/IL-10-/-) mice. IL-10 is a cytokine known to be involved in anti-inflammatory and regulatory 

pathways.61 IBD patients with IL-10 receptor (IL-10R) mutations tend to develop a more severe IBD 

phenotype with younger onset.65 IL-10 and IL-10R knock-out mice are regularly used as IBD research 

models as they develop spontaneous colitis and naturally have an upregulation of IL-6. This study also 

revealed that IL-6-/-/IL-10-/- mice had significantly decreased levels of the transcription factor Forkhead box 

P3 (FOXP3) and TGF- 61 Regulatory T (TReg) cells are classified by their unique

production of the transcription factor FOXP3, giving these T-cells their regulatory phenotype.66 FoxP3+ TReg 

cells differentiate from CD4+ naïve T-cells in the presence of TGF- 66 Often, FoxP3+ TReg 

cells maintain self-tolerance by inducing senescence in self-reactive lymphocytes.67, 68 This decrease of TReg



16 
 

cells in the colonic mucosa could explain why IL-6-/-/IL-10-/- mice developed early colitis. IL-6-/-/IL-10-/- mice 

also develop widespread systemic inflammation, leading to the confirmation of IL-6's function in the anti-

inflammatory/regulatory role seen in other studies. This study's findings suggest that knowing the patient's 

IL-10/IL-10R gene mutation status and monitoring of IL-10 throughout anti-IL-6 mAb therapy should be 

considered if using this treatment.61

Prolonged inflammation caused by some of the pro-inflammatory cytokines mentioned above can 

cause intestinal destruction and stenosis as seen in CD patients. This inflammation and stenosis lead to CD 

patient's diarrhea symptoms, abdominal pain, weight loss, nausea, vomiting, and the development of 

fevers and chills with the formation of fistulas.24, 69 Diagnostic markers used to detect CD include iron-

deficient anemia, elevated C-Reactive Protein (CRP), and erythrocyte sedimentation rate. However, these 

markers are not entirely indicative of only CD, but of other autoimmune processes also.70 Calprotectin 

stool tests can detect intestinal inflammation from bacterial infection, colorectal cancer, and or IBD 

disease activity and severity. Physicians can observe transmural inflammation with noncaseating 

granulomas using Computerized Tomography (CT) and Magnetic Resonance Imaging (MRI) scans.71

Current treatments include long term anti-IL-12/23 mAb5, anti- b6, antibiotics7, corticosteroids,8

and anti- 4 7 mAb,9 FMT72,  and dietary changes.73-75 However, many of these treatments do not allow for 

life-long remission of CD, and many patients eventually require bowel resection due to chronic 

inflammation and destruction of a healthy bowel.24, 76, 77
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Intestinal Tight Junction Proteins and their role in CD

Dysregulated tight junction (TJ) proteins are proposed to be one cause of the intestinal inflammation 

seen in IBD. TJ protein dysregulation results in a compromised intestinal barrier and allows for microbes 

and lumen particles78 to reach the intestinal submucosa, causing an inflammatory response. TJ proteins 

are located apically between the IECs, referred to as enterocytes. Together these TJ proteins form a tightly 

sealed yet selectively permeable barrier. TJ proteins include claudins, occludin, and Junctional Adhesion 

Molecules (JAMs), and Zonula Occludens (ZO) proteins. Claudins, occludins, and JAMs are integral 

membrane proteins, whereas ZO proteins are located intracellularly and anchor TJ proteins to the actin 

cytoskeleton, facilitating the maintenance and cytoskeletal regulation of TJ barrier structure and 

integrity.79 Located below the TJ proteins are the adherens junction proteins and desmosomes, which 

provide the necessary adhesive and mechanical features of the barrier functions. However, the adherens 

junction and desmosomes do not create the tight paracellular seal that TJ proteins do. In combination with 

ZO proteins, TJ proteins are essential in regulating the paracellular transport of nutrients and the 

bidirectional migration of specific cell types between the lumen to the intestines' underlying tissue 

layers.80 

Claudins are critical in the mechanical and operational functions of the TJ that forms the epithelial 

barrier.81 Of the 24 different Claudin isoforms discovered to date, Claudin 1, 2, 3, 4, 5, 7, 8, 12, and 15

isoforms are found throughout the human small and large intestines. Claudin isoforms fulfill specific 

functions such as creating paracellular channels for the flow of ions and or small molecules or tightening 

and sealing the barrier.82-84 Specific cytokines such as TNF- ,85, 86 IL-13,85 IFN- 87, 88, IL-1 89, 90, and IL-691

have been shown to remodel TJ proteins by either decreasing or increasing specific TJ protein expression, 

causing cytoskeletal contraction and apoptosis of the IEC.79 Loss of the integrity of the epithelial barrier 
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allows antigens and bacteria to pass through, leading to a T-cell mediated response against commensal 

enteric bacteria, as seen in CD.92 

Claudin-2, found mostly in the kidneys and intestines, forms paracellular pores by interacting with 

Claudin-2 or Claudin-3 on adjacent cells.93 This TJ protein is essential in cation transport such as K+ and Na+, 

which drives the water's paracellular movement.  Due to Claudin-2's size and the dimension of the pore it 

forms, it is unable to allow larger passage of molecules like mannitol and lactose.94 Claudin-2 associates 

with scaffolding proteins such as ZO and Membrane-Associated Guanylate Kinases that regulate other TJ 

proteins. IBD pathogenesis is thought to be partially due to an increased expression of Claudin-2 in IBD 

patients' colons. The upregulation of Claudin-2 has been shown to result from an increase of IL-6.63 In the 

case of CD, the upregulation of Claudin-2 could cause concomitant changes in other TJ proteins through 

changes in intracellular scaffolding proteins,63 leading to the CD phenotype of a leaky gut epithelial barrier. 

Roles of IL-7 and Dysbiosis in CD 

Our genome lacks hundreds of necessary genes for proteins involved in nutrient processing, energy 

homeostasis, and immune system development. The commensal gut bacteria produce these missing 

proteins.95 The human microbiome is dynamic in that it changes throughout life, and much of that change 

is dependent on the diet of an individual.96, 97 Microbial colonization of the intestines is a vital step in 

developing Mucosal Associated Lymphoid Tissues (MALT), which occurs in the first few weeks of an infant's 

life.98 MALT (including lymphoid follicles, Peyer's patches, and mesenteric lymph nodes) and intestinal 

draining lymph nodes are significant gut antigen processing and adaptive immune cell activation sites.99-101 

An infant's gut microbiota shapes these future immune cells of the gut and plays a role in developing

specific immune cells such as TH17102, 103 and TReg cells104, 105, which are essential in the homeostasis of the 

intestinal epithelium. FoxP3+ TReg cells differentiate from CD4+ naïve T-cells in the presence of TGF-
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retinoic acid and are important in modulating other lymphocytes to maintain self-tolerance.106 There are 

many other intraepithelial lymphocytes (IEL) and intestinal stem cells found within the intestinal tissue 

that support normal intestinal functions.107

The commensal gut microbiota is also essential in aiding in digestion and communication with the 

immune system through Short Chain Fatty Acids (SCFA) production. During digestion, carbohydrates and 

digestion-resistant oligosaccharides are broken down to SCFA through fermentation by intestinal 

microbiota. There are five types of SCFA based on the number of carbons they have; these include Formic 

acid (C1), Acetic Acid (C2), Propionic Acid (C3), Butyric Acid (C4), and Valeric Acid (C5).108 All SCFA have less 

than six carbons and interact and activate the G-Protein Coupled Receptors (GPCR/GPR) GPR41, GPR43109, 

and GPR109a.110 GPR41 and 43 are receptors found on most innate immune cells and IECs.111-113 GPR109a 

is found on most innate immune cells; specifically, dendritic cells, which, when activated by C4, have been 

shown to induce retinoic acid and IL-10 production, leading to the expansion of FOXP3+ TReg cells.114

 SCFA largely contribute to intestinal immune health by activating various signaling pathways such as 

RAS/Phosphoinositide 3-kinase (PI3K) and Extracellular signal-regulated kinases (ERK1/2).110, 113, 115-117 

These pathways, in turn, regulate gene expression, cell proliferation and differentiation, and apoptosis. 

These signaling cascade pathways regulate pro-inflammatory cytokines IL-1, IL-6, TNF-

produce the anti-inflammatory cytokine IL-10. 118 Activation of GPR43 induces CXCL1/2 cytokine, which

increases chemotaxis and degranulation of neutrophils in inflamed or infected tissues.119, 120 Persistent 

neutrophil presence can lead to chronic inflammation of the tissue, as observed in CD. SCFAs types C2 

through C5 are regulators of Histone Deacetylase (HDAC) inhibitor activity. After cellular uptake, SCFA

inhibit Class I/II HDACs, increasing histones' acetylation and transcription factors.121, 122 The acetylation of 

histones allows for increased gene transcription, leading to a broad range of cellular proliferation that if 
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unregulated may eventually result in cancerous cells123, 124; CD patients are at higher risk of developing

colorectal cancer69 and small-bowel carcinoma.125 

In a healthy individual, the normal gut microbiota is predominantly comprised of Bacteroides and 

Firmicutes, known for their increased production of SCFAs. This increased production of SCFAs regulates

resident IELs and maintains the integrity of the intestinal epithelia. CD patient's intestinal microbiota have 

been observed to change from Bacteroides- and Firmicute-dominant profiles to Proteobacteria-dominant, 

giving rise to what is known as dysbiosis and chronic inflammation.12, 126 Dysbiosis can result in bacteria 

that are unable to ferment SCFA, and this can have negative consequences on the intestinal epithelium 

and immune function.126 SCFAs can be converted to Acetyl-CoA and be used in the Citric Acid Cycle, 

allowing for increased metabolism and ultimately increased ATP production. Increased metabolism 

upregulates the mammalian target of rapamycin (mTOR) protein activity, which plays a role in cell growth 

and proliferation.127 Activation of the mTOR pathway downregulates the activation of FoxP3+ TReg cells and 

increases Teff cells, such as TH1 cells, TH17 cells, CD8+ CTLs presence. 128 Teff cells are activated T-cells that 

typically function to eliminate pathogens and initiate (through cytokine production) migration of other 

adaptive and innate immune cells to the area of infection or inflammation. Interestingly, studies have 

shown that TH17 cell functions in the intestines are primarily dependent on present bacteria types. 

Segmented Filamentous Bacteria (SFB) induce classic TH17 cells that are primarily regulatory and produce 

anti-inflammatory signals such as IL-10 and IL-21.129 In contrast, Citrobacter is a Proteobacteria, which

induces alternative TH17130 cells that are pro-inflammatory through their secretion of IL-22, IFN- -

CSF.131 Thus, this microbial profile change leads to the production of proinflammatory cytokines, resulting 

in highly reactive intestinal TH17 cells and a decrease in TReg cells.1, 130 Diet also affects the bacterial profile 

of the intestinal microbiota. A high-fiber diet encourages the growth of SFB, therefore increasing SCFA 
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production, reducing intestinal inflammation through the increase of FOXP3+ TReg cells, and decreasing

autoimmune conditions in CD patients.15

Figure 6. Short Chain Fatty Acid's Role in Intestinal Health. (A) Depiction of SCFAs production and how they 

regulate immune cells. (B) SCFAs and their role in tissue barrier health through the regulation of immune cells.15

As described above, TH1 and TH17 Teff cells are influenced by the intestinal microbiota profile, SCFAs

production, and related cytokines. These factors play unique roles in CD by the overproduction of pro-

inflammatory cytokines by TH1 and TH17 Teff cells such as TNF- - -12, IL-23, GM-CSF,58 IL-17, IL-6,52

and IL-7. As the number of CD patients becoming unresponsive to anti-TNF- -IL-12/23 therapies 

increases,40 coupled with a lack of success in other clinical trials such as anti-IL-171 and anti-IL-6 mAb 

treatments,1, 64 other pro-inflammatory cytokines are being researched, such as IL-7. IL-7 is a cytokine 

essential for the development, survival, and homeostasis of T-cells. 10, 132 IL-7 has been of interest in the 

science community due to its role in autoimmune conditions such as IBD133, 134, Type I diabetes135, 136, 

Multiple Sclerosis137 and Systemic Lupus Erythematous.138 A study using colonic mucosal biopsies from UC 
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and CD patients showed that IL-

disease. Increased IL- -responsiveness to anti-

TNF- 10

The commensal gut microbiota has been shown to promote IFN-

then initiate the production of IL-7 by IECs.139, 140 IL-7 interacts with T-cell membrane-bound IL-7 receptor 

(IL-7R), comprised of an IL- 141 , combined with 

other cytokine-specific receptor chains, play an essential role in regulating different phases of T-cell life 

cycles.141 For example, the cytokine IL-2 interacts with the IL-2 receptor (IL-

IL-2R protein142 to maintain Teff and TReg cells. In IL- - -7, 

resulting in signaling through PI3K and JAK/STAT5 pathways.10 These pathways produce molecules such as

IL-6,143 B-cell lymphoma-2 (Bcl-2),144 and the integrin 4 7.10 IL-7 and retinoic acid induce the expression of 

integrin subunit, as well as 7 subunit of this integrin in T-cells.145 The 

4 7 is a T-cell gut-homing integrin that causes Teff cells to migrate to the intestines during times of 

inflammation and or disease, as seen in Figure 7.10 As IL-7 concentr 4 7 integrin is 

overexpressed in Teff cells. 4 7 increases the affinity to its ligand, Mucosal Vascular 

Addressin Cell Adhesion Molecule-1 (MAdCAM-1)10, generally produced by High Endothelial Venule cells in 

4 7: MAdCAM-1 interaction allows T-cells to leave the 

circulation (extravasation) and enter the intestinal tissue to become Teff cells in that area.146 A clinical trial 

using an anti- 4 7 mAb in CD patients resulted in 36.4%-39% of patients reaching clinical remission at 52 

weeks. However, serious adverse events and severe infections were higher in patients receiving anti- 4 7

mAb than the placebo.9 
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Figure 7. IL-7 production by damaged Intestinal Epithelial Cells and its consequential upregulation of IL- eff

cell intestinal homing integrin  and how this feedback loop causes an imbalance in the TReg to Teff cell 
populations in the gut.10  

 

To fully understand the possible consequences of using an anti-IL- mAb, it is essential to analyze IL-

7 and IL- -cells in the thymus. 

During T-cell development, the T-cell Receptor (TCR) is formed and tested for auto-reactivity through 

interaction with self-peptides. The developing T-cell will interact through its TCR with the cortical and 

medullary dendritic cells (DC) in the thymus. The cortical and medullary DC present both Major 

Histocompatibility Complex (MHC) I and II proteins, which present self-antigens to the developing naïve T-

cells. T-cell interaction with MHCI or MHCII determines if the T-cell will become a CD4+ or CD8+ T-cell. 

During this process, if the TCR binds too tightly or not enough to self-peptides presented on the MHCI/II 

proteins, the cell will undergo cellular apoptosis. If the TCR and MHCI/II interact appropriately with the 

self-peptide, the T-cell will survive. The intermediate interaction with self-peptide is essential as it signals 

to the DC that the T-cell recognizes self-antigens but will be less likely to be activated due to self-antigens 
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in the periphery.147 Once this interaction takes place, and the naïve T-cell will produce IL-7R and be able to

respond to IL-7 produced by DC. IL-7 then induces the anti-apoptotic proteins Bcl-2 and Mcl-1148, which 

inhibit the mitochondrial death pathways, stimulate the T-cell to uptake glucose through GLUT4 

upregulation149, and increase metabolism. Once the T-cell exits from the thymus and enters the periphery, 

constitutive activation of the TCR through weak interactions with self-peptide/MHC and occasional IL-7 

signaling is necessary for continued production of Bcl-2 and overall cell maintenance.150, 151

Activated T-cells downregulate IL- during infection/inflammation, and when controlled, the T-cell 

will then again upregulate IL- . IL-7R regulation during infection/inflammation should be considered 

when proposing the duration and quantity in the administration of an anti-IL-7R  mAb, as the Teff cells will 

have less IL-7R present during times of a CD flare.150 IL-

Lymphopoietin (TSLP) receptor and activate several pathways, including those for B-cell development and 

the conversion of highly self-reactive CD4+ T-cells into FoxP3+ TReg cells.152 TReg cells are essential in 

facilitating the self-tolerance of T and B lymphocytes. If they come upon a self-reactive lymphocyte, they 

can induce cell senescence to keep these cells from proliferating and producing more self-reactive 

lymphocytes.153 CTL and Teff cell lineages express a high-affinity IL- , and TReg cells express a low-affinity 

version of the IL- 142 This differentiation could explain why TReg cells do not respond as strongly to 

IL- 4 7 gut-homing integrin as noted in Teff cells of IBD patients. Thus, using 

an IL- eff cells that promote the inflammatory actions noted in 

IBD patients' intestines. By reducing the amount of Teff cells in the inflamed intestinal areas, there would 

be a chance to restore balance with TReg cells and self-tolerance in those resident lymphocytes. 10 10 10

However, due to IL-7 being involved in the development, maturation, and survival of T-cells, the use of an 

anti-IL- mAb should include monitoring of patient's T and B-cell counts.10
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Healthy gut microbiota is not only crucial in the regulation of adaptive immunity but also innate 

immune cell function and regulation.98 Pattern Recognition Receptors (PRR) are used as an innate immune 

cell signaling pathway and are located on cellular membranes, cytosolically, and can be soluble (secreted 

extracellularly).154 PRRs on cells typically interact with Microbe-Associated Molecular Patterns (MAMPs, 

which are produced on/by microbes) and initiate an immune response through the secretion of cytokines 

during times of infection,155 as seen in Figure 8.156  

 

Figure 8. TLR and MAMP interaction stimulate APCs to produce 'instructive' cytokines to drive naïve T-cells to TH1 

versus TH2 differentiation. At the time of TLR/MAMP interaction, the pathogen will be phagocytosed, and its 

antigens loaded onto MHC I or II complexes, which will ultimately determine if the T-cell is CD4+ (T-Helper cell: TH1/ 

TH2) or a CD8+ CTLs (Fig. 9). This, in turn, will determine the types of cytokines produced.156

However, not all PRR signaling results in a pro-inflammatory response. During steady-state (times of 

low inflammation), when commensal microbes' MAMPs interact with PRRs on cells, they produce anti-

inflammatory cytokines, allowing for local immune cell regulation.157 For example, the gut-commensal 

microbe Bacteroides fragilis produces a molecule called Polysaccharide A (PSA). PSA interacts with Toll-Like 

Receptor-2 (TLR)2/TLR1 heterodimer (a type of PRR) and Dectin (c-type of lectin PRR). Together these can 

regulate TH1 and TH2 cell balance, promote CD4+ T-cell differentiation to TReg cells in the presence of TGF-
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158 and upregulate anti-inflammatory cytokines such as IL-10.159 However, if there is a large 

concentration of IL-23 in the environment with PSA, this can also induce CD4+ T-cells to become alternate 

pro-inflammatory TH17 cells,17 as seen in CD. Figure 9 is from17.

Figure 9. Depiction of the complexity of the interactions of the gut microbiome and immune cells.17 This 

figure depicts many of the interactions and subsequent pathways that have previously been discussed. Gut 

microbiome-derived NOD and TLR ligands and metabolites (i.e., SCFA) interact directly with enterocytes, 

intestinal immune cells, and modulate cells systemically via circulation. In Peyer's patches, FOXP3+ TReg cells 

and TH17 T-cells influence B-cell class switching and IgA production, regulating the gut microbiome 

composition.17 Bacteroides fragilis produces PSA, which regulates TH1 and TH2 cell balance, promotes CD4+ T-

cell differentiation to TReg cells in the presence of TGF- 158 and upregulates anti-inflammatory cytokines such 
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as IL-10.159 SFB promote the production of classical TH17 cells to maintain an anti-inflammatory environment 

for commensal microbes. Early gut microbiome development restricts iNKT expansion via sphingolipid 

production, which prevents future possible disease-promoting events due to over-expression of pro-

inflammatory cytokines IL-4 and IL-13.17 

As noted, dysbiosis in CD patients, specifically the reduction of Clostridia species160, 161 affects both the 

adaptive and innate immune system, resulting in a pro-inflammatory environment of the intestines.162, 163

A longitudinal study involving shotgun metagenomic sequencing of stool observed an association of 

unregulated nitrogen metabolism in Crohn's disease patients compared to normal individuals.12, 164

Nitrogen metabolism is essential for amino acid production and ultimately bacterial replication. For 

bacteria to synthesize amino acids, they need a nitrogen source, and for this, they utilize urea. Urea is 

formed through the breakdown of proteins into small peptides in the small intestines through proteolysis. 

These small peptides are either deaminated in the small intestine lumen or brought across IECs

membranes and further broken down into amino acids. These amino acids are then converted into urea or 

NH3 and reused in amino acid synthesis.165 Urea concentration will increase in the intracellular and 

extracellular fluid compartments and cause influx back into the GI lumen.166 Urea is then hydrolyzed 

through microbial-produced urease resulting in large amounts of ammonia and CO2, as seen in this 

equation, [CO(NH2)2 + H2 2 + 2NH3]. The ammonia is then converted into ammonium hydroxide, 

[NH3 + H2 4OH],167, 168 leading to an alkaline pH, which in large amounts causes intestinal mucosal 

irritation, promoting the development of enterocolitis.169, 170 Ammonium hydroxide production has been 

shown to lower the trans-epithelial electrical resistance in response to increased urea concentration and 

depletion of TJ membrane proteins occludin, claudin-1, and ZO-1.166-168 As noted above, TJ proteins are 

essential to maintain intestinal integrity and homeostasis. Disruption and depletion of the TJ proteins by 

ammonium hydroxide production enables cytotoxic luminal and microbial substances to migrate into the 
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intestinal tissue and released into the body through lymphatic and vascular systems. Thus, gut microbiota 

can cause local and systemic inflammation, destroy IECs via disruption of TJ proteins, and cause uremic 

toxin build-up.78 Specific bacterial species attribute to dysbiosis in CD patients such as Escherichia, 

Klebsiella, Haemophilus, and Proteus taxa, all belonging to Proteobacterium phylum. Proteobacteria

produce higher urease levels, which, in turn, correlates to increased ammonium hydroxide concentrations 

and CD severity.12, 78, 171 A possible treatment for dysbiosis is FMTs. FMTs are performed by taking donor 

fecal matter and giving it to a recipient to restore the normal intestinal microbiota.172 FMTs are delivered 

to recipients via specific methods depending on dysbiosis location, indicated in Table 1. 

Table 1. FMT Insertion Methods

Location of Dysbiosis FMT Insertion Methods

Oral cavity, esophagus, stomach, or duodenum Capsule, pill suspension, endoscopy, nasogastric tubes

Small Intestines Endoscopy, nasojejunal tube, colostomy

Large Intestines Colonoscopy, stoma, colostomy, retention enema

 Table 1. Possible insertion methods for FMT dependent upon the location of dysbiosis.173 

Donors are typically family members, friends, or persons without risk factors for viruses, pathogenic 

bacteria, or parasitic infections. FMT donors are thoroughly screened every 3-6 months to ensure that an 

already sick patient does not obtain an infection from a donor transplant.174 Even after thorough 

screenings of donors, recipients cannot be immunocompromised or have decompensated liver cirrhosis to 

be eligible for FMTs, due to the high risk of contracting a potential enteric pathogen from a donor.173, 175

The idea of FMTs for reversing dysbiosis in CD patients began after patients with chronic Clostridiodes

difficile infections (CDI), also caused by dysbiosis, had a 92% success rate after FMTs.175 A recent clinical 

trial observed 47.8% - 52.0% clinical remission and 56.0% - 68% clinical improvement during follow-up over 
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15 months with fresh FMTs (versus frozen FMT) given every three months in CD patients with 

inflammatory bowel masses. The clinical trial outcomes give us insight into FMT's frequency and type that 

may confer longer and increased likelihood of transplant survival.72 In comparison to CDI patients, lower 

clinical remission rates is thought to be because of the complexity of IBD, in that it involves not only 

dysbiosis but also autoimmunity, genetics, and environmental factors. 173 Other factors impacting FMT 

efficacy rates could be that incorporating new microbes into an already chronically inflamed intestinal 

lumen may increase inflammation and destruction of the donor microbes and intestinal cells. Other 

reasons for this low remission rate could be a donor: recipient compatibility, the donor having a vastly 

different microbiome than the patient,176 or if the pre-treatment protocol is not effective.173 

As dysbiosis has been observed in CD patients, clearance of abnormal microbial species from the 

intestines before an FMT could be crucial to the longevity of symptomatic remission.12, 177 The typical FMT 

pre-treatment is with Rifaximin, Trimethoprim/ Sulfamethoxazole, and Metronidazole for three days. A 

study dosed five adult human subjects using the three antibiotics pre-FMT protocol for three days. There 

were no significant changes in their fecal bacterial load, measured through 16S rRNA sequencing. They 

then implemented a protocol with Vancomycin and Neomycin for three days. On the second day, subjects 

were given 4 liters of polyethylene glycol to cleanse the bowel completely. After 72 hours of the new 

protocol, there was a 5-log decrease in the participants' fecal bacterial load. Although this is a small group 

of participants, these results could set a new standard pre-treatment protocol for FMTs with these 

conditions and may result in greater long-term FMT outcomes in patients with IBD.12
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Discussion:

In healthy individuals, inflammation is necessary to defend the host against pathogens and rebuild 

damaged tissue after injury or infection. There is a delicate balance of pro and anti-inflammatory signals to 

maintain homeostasis. However, there is a high proportion of pro-inflammatory cytokines released by 

immune cells and IECs in CD patients, causing TH1-cell and TH17-cell activation against commensal 

intestinal microbiota. 178 These TH1 and TH17-cells initiate dysbiosis, and the dysregulation of TJ proteins 

destroying healthy intestinal tissue.12, 78, 171, 178 Resulting in the bowel stricturing, granulomas, abscesses, 

colon cancer, and need for bowel surgery often seen in CD patients.33, 179  

Whether dysbiosis, genetic factors, or environmental factors primarily induce the CD phenotype is still 

unknown. Current therapies such as anti-TNF- 6 anti-IL-12/23 mAbs, 5 anti- 4 7 mAb,9 FMT,173 

corticosteroids,8 and antibiotics7 provide some relief in CD patients, but some do not respond, or the 

treatment is ineffective. Other pharmaceutical methodologies such as anti-IL-1713 and anti-IL-6 mAbs,64

although logically sound, unexpectedly resulted in aggravated CD symptoms.1, 64 A specific cause for 

dysbiosis in CD patients is still unknown. One research study showed that an increase of urease is enough 

to cause dysbiosis and consequently a CD phenotype in mice.12 Some research studies argue that lack of a 

high fiber diet and loss of sufficient SCFA production drives dysbiosis and high inflammation rates leading 

to a CD phenotype.15 Other causes for dysbiosis have also been genetic mutations in NOD2,180 prolonged 

use of antibiotics, and other environmental causes.126, 181 Therefore, current research is looking into a 

more definitive mechanism for IBD (UC and CD), which will allow for the development of long-lasting and 

more effective treatment options.  

As discussed, some proposed initial events may cause the CD phenotype, such as environmental

factors, genetic predisposition, dysbiosis, and antibiotic use. 2-4 A possible mechanism is that in a healthy 

individual, the IL-7 and IFN- commensal microbiota and intestinal T 
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lymphocytes' stability to maintain protection against invading microbial species.11 However, in patients 

with C -7, resulting in upregulation of the gut-homing integrin

4 7 and increased Teff cell migration to the intestines. TReg cells are not as receptive to IL-7 and thus less 

4 7, resulting in an imbalance of TReg cells versus Teff cells. TReg cells migrating less to 

the intestines causes more Teff cells to be present.10, 11 Microbes become a target of these Teff cells, and 

destruction of specific commensal microbes results in the dysbiosis seen in CD patients. As a result of the 

dysbiosis, there is an increase in microbially-derived urease, and subsequently, TJ proteins become 

dysfunctional and downregulated.12, 78 The IECs will continue to produce IL-7, leading to increased Teff cell 

presence and migration of innate immune cells and more significant destruction of the commensal gut 

microbiota, intestinal TJ proteins, and ultimately destruction of the intestinal wall.10, 11 

Previously discussed pro-inflammatory cytokines such as TNF- -12/IL-

produced by T-cells due to downstream signaling cascades. However, IL-7 production initiates the signaling 

cascades and subsequent pro-inflammatory cytokine production from T-cells. Production of IL-7 is initiated 

by IECs after subsequent inflammation and or bacterial invasion into the intestinal submucosa, as seen in 

CD and UC. 11, 182 IL-7 production results in the over-production of the intestinal 4 7 in T-

lymphocytes and migration to the intestines. Subsequently, this increases IL-7-dependent Teff cells' survival

in the intestines and induces the IBD phenotype in humanized mouse models and ex vivo punch colon 

biopsies from UC patients.10 Thus, anti-IL- -7

feedback loop. This mAb would reduce IL- -7 binding and activation of

PI3K and JAK/STAT5 pathways. Subsequently, there would then be a decrease in Teff cell's production of 

4 7 gut-homing integrin, lessening their migration to the intestines, restoring the TReg to Teff cell balance, 

and thus decreasing inflammation and tissue destruction seen in CD.10, 11
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Suppression of the increased urease production resulting from dysbiosis can be achieved through an 

FMT. There is some speculation that due to chronic inflammation in CD patients, introducing new antigens 

from an FMT might cause the loss of the transplant or cause increased inflammation.12, 78 Using an anti-IL-

7R mAb before a FMT could mitigate downstream signaling cascades that arise due to IL-7, such as 

4 7- Teff cell gut-homing integrin, with an increased presence of TH1 and TH17 Teff cells. 10, 11

Thus, decreasing IL-7R  with a monoclonal antibody would decrease Teff cell migration to the intestines 

and decrease the pro-inflammatory cytokines that promote the chronic inflammation and tissue 

destruction seen in CD. Once the patient's CD symptoms are under control, the administration of the new 

pre-FMT protocol, as previously described, should occur before the actual FMT. Thus, by implementing an 

anti-IL-7R  mAb, a new pre-FMT protocol, and using healthy FMT donors, we can hopefully come closer to 

solving the CD crisis.
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Appendix Figure Permissions:
Figure 1: 

Figure 2: 
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Figure 5:
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