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Abstract 

A larval zebrafish (Danio rerio) model of adherent-invasive 

Escherichia coli infections 

Erika Flores, B.S. 
Advisory Professor: Anne-Marie Krachler, Ph.D. 

Inflammatory bowel disease (IBD), including Crohn’s disease and ulcerative colitis, is 

a broad term for chronic intestinal disorders that severely impact patient morbidity and 

quality of life. The global prevalence of IBD is rising, with over one million patients 

affected in the US alone. Adherent-invasive E. coli (AIEC) is a pathobiont frequently 

found in IBD biopsies. AIEC adhere to and invade epithelial cells, and can survive 

inside macrophages in vitro. However, how AIEC contributes to IBD in vivo remains 

unclear. Here a larval zebrafish (Danio rerio) model of AIEC was established, which 

facilitates the study of the role of pre-existing inflammation, and host- and pathogen- 

genetic factors during IBD pathogenesis. Paramecium caudatum, a natural prey of 

zebrafish larvae, was used as a vehicle for AIEC delivery to the gastrointestinal tract, 

and dextran sulfate sodium (DSS) pharmacologically induced colitis. AIEC colonized 

the zebrafish gut in higher numbers and persisted for longer compared to non-

pathogenic E. coli in the absence of chronic inflammation. Further, bacterial burden 

and persistence in the host were higher in fish with pre-existing DSS colitis. The 

proinflammatory response was further exacerbated by AIEC, resulting in higher 

neutrophil recruitment to the gut and increased relative expression of the genes that 

encode proinflammatory cytokines. In addition, we showed that two AIEC virulence 
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factors, FimH and IbeA, play a role in AIEC colonization and contribute to intestinal 

inflammation in larval zebrafish, similarly to what has been observed in mice. In 

conclusion, we established a high-throughput, genetically tractable model to study 

AIEC–host interactions in the context of chronic inflammation.   
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Overview of IBD  
 

Inflammatory bowel disease (IBD) is a broad term for chronic intestinal 

disorders, with the two main types being Crohn’s disease (CD) and ulcerative colitis 

(UC). The difference between CD and UC is based on the region of the gastrointestinal 

tract (GI) that is impacted. Inflammation experienced anywhere throughout the GI tract 

is referred to as Crohn’s disease, whereas inflammation that occurs predominantly in 

the colon is termed ulcerative colitis (Fig. 1-1) [1]. IBD is a major problem in the United 

States and in other industrialized nations [2]. It is estimated that over 1.5 million 

residents in the USA and 2.5 million in Europe have IBD, and the number of cases in 

low-incidence areas is expected to keep rising [3].  IBD is most frequently observed in 

genetically susceptible adults under the age of 30, however the disease can also 

develop in pediatric and geriatric populations [4].    
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Figure 1-1. Crohn’s disease and ulcerative colitis affect different regions of the 

intestine. 

Inflammation (blue) may occur anywhere along the gastrointestinal tract in patients 

with Crohn’s disease. However, patients with ulcerative colitis predominantly 

experience inflammation (blue) in the colon. Image was created with BioRender. 
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The common symptoms of CD and UC are diarrhea, mucus in the stool, 

abdominal pains, bowel obstruction, intestinal bleeding, and in some cases weight 

lossv[5]. Some patients may experience mild symptoms of the disease, but others 

experience recurrent episodes that can require surgical treatment [6]. Furthermore, 

inflammation associated with IBD can increase the risk of colorectal cancer [7]. There 

is currently no cure for IBD and treatment is based on symptom control with anti-

inflammatory drugs, immune suppressors, and antibiotics [8]. Unfortunately, not all 

patients are responsive to treatment and prolonged exposure to immunosuppressants 

can increase the risk of cancer [9]. Studies suggest that 70% and 25% of patients 

diagnosed with CD or UC, respectively, will undergo partial or complete intestinal 

removal [10, 11]. Patients with UC that are unresponsive to medications will often 

undergo J-pouch surgery to remove the affected colon and rectum [12].  

The exact cause of IBD is unknown, but the disease is modulated by various 

elements including host genetics, intestinal microbiota, and environmental factors 

[13]. To date studies suggest that IBD results from a hyperinflammatory immune 

response to intestinal microbes that is triggered by abnormal antimicrobial responses 

in genetically susceptible hosts. Hallmarks of IBD include a damaged intestinal 

epithelial barrier, defects in microbial recognition and elimination by immune cells, 

intestinal dysbiosis, and chronic intestinal inflammation [14].   

Components of intestinal barrier and the innate immune system  
 

A functional intestine relies on an intact intestinal epithelial barrier to regulate 

nutrient absorption and to mediate communication between the host and the 

environment. The intestinal epithelium maintains intestinal homeostasis by forming a 
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boundary between luminal microbes and the underlying host immune cells (Fig. 1-2) 

[15]. The intestinal barrier is made of an outer mucus layer, antimicrobial proteins 

(AMPs), immunoglobulins (Igs), a single layer of intestinal epithelium, and the lamina 

propria where the immune cells reside [16]. Changes to structural components within 

the intestinal barrier may compromise its protective role.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

 

Figure 1-2.The large intestine is composed of two mucus layers. 

The intestinal barrier consists of an outer mucus layer (light green), antimicrobial 

proteins (AMPs), the intestinal epithelial cell layer, and the lamina propria (bottom pink 

area) where the immune cells reside. The immune cells include monocytes (purple), 

eosinophils (pink), neutrophils (orange), and macrophages (blue). The intestinal 

epithelium is composed of enteroendocrine cells (purple), enterocytes (brown), stem 

cells (cyan), Paneth cells (dark pink), M-cells (blue), and goblet cells (green). The 

small intestine (A) has a single mucus layer, while the large intestine (B) has an inner 

(blue) and outer mucus layer. Intestinal microbes (colorful rods) primarily colonize the 

lumen (green) and outer mucus layer (light green). Image was created with 

BioRender. 



7 
 

The intestinal mucus layer 

The intestinal mucus layer is composed the mucins, MUC5B, MUC6 and 

MUC2, that are secreted by goblet cells, however MUC2 is the predominant mucin 

expressed throughout the gut [17]. This mucus layer acts as the first line of defense 

against external molecules and the microbiota by limiting the direct contact of luminal 

contents from the underlying epithelium [18]. Intestinal mucus is hypothesized to 

consist of approximately 95% water, 0.5-5% glycoproteins, and 1% free proteins, such 

as AMPs and Igs [19]. The high water and glycoprotein contents create the viscous 

mucus texture that lubricates the epithelium and facilitates the clearance of the 

resident bacteria [20, 21]. 

The epithelium of the small intestine is protected by a single outer loose mucus 

layer, whereas the epithelial cells of the stomach and colon are covered by two mucus 

layers (Fig. 1-2) [22]. The first inner mucus layer of the colon is a thin sterile layer that 

is tightly adhered to the epithelium and the second layer is a thicker outer layer that 

has loosely distributed mucus [22]. Although the inner and outer layers have a similar 

protein composition, the outer layer is thought to expand in volume after bacterial 

proteolytic cleavage within the cysteine-rich regions of MUC2 [23]. Unlike the inner 

layer, the outer layer is in direct contact with the microbiota and serves as a nutrient 

and colonization source for the resident bacteria [23]. Further, it is hypothesized that 

the mucus layer of the small intestine is thinner to facilitate nutrient absorption and 

thicker in the colon because bacteria reside in there for longer time periods [22, 24]. 

The mucin backbone is composed of four von Willebrand D domains within the 

N- and C- terminals and a central PTS domain that has multiple repeats of proline, 
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threonine, and serine residues (Fig. 1-3) [22].  Mucin polymers are stabilized by 

disulfide bonds formed within the von Willebrand D domains and are protected against 

bacterial degradation because the PTS domains are highly O-glycosylated [19]. O-

glycosylation occurs in the Golgi apparatus and promotes the binding of water to form 

a viscous protein [19] . Other post-translational modifications that fortify the MUC2 

backbone against microbial degradation include the addition of galactose, fucose, 

sialic acid, sulfate, and N-acetylgalactosamine [25]. These residues dictate the overall 

size and charge of MUC2 [25]. 
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Figure 1-3. The MUC2 backbone is composed of a PTS domain and 

oligosaccharides. 

(A) The N- and C- terminus of MUC2 have 3 and 1 von Willebrand D domains (purple), 

respectively. The MUC2 backbone is composed cysteines (pink) and a central PTS 

domain (blue) that has multiple repeats of proline, threonine, and serine residues. 

(B)The addition of galactose (Gal, orange), fucose (Fuc, green), sulfate (SO3-,red), 

and N-acetylgalactosamine (GalNAc) fortifies the MUC2 backbone. Image was 

created with BioRender. 
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The epithelium 

Underneath the mucus layer is the single layered intestinal epithelium that 

contains specialized cells. In the small and large intestine, the columnar epithelial cells 

are arranged in folds to increase the surface area (Fig. 2) [26]. The small intestine 

contains a higher number of folds that form finger-like projections, termed villi, to aid 

in nutrient absorption [26]. Within the villi are invaginations, knowns as crypts, that 

house the pluripotent stem cells that give rise to absorptive enterocytes, 

enteroendocrine cells, goblet cells, Paneth cells, and microfold cells (M cells) [27]. The 

absorptive enterocytes and colonocytes make up most of the intestinal epithelium in 

the small intestine and the colon, respectively [28]. The enteroendocrine cells are 

found throughout the whole intestine and secrete hormones that regulate appetite, 

digestion and mucosal immunity [29]. Paneth cells contain granules filled with AMPS, 

including lysozymes and a-defensins, and reside in the small intestine within the 

crypts of Lieberkühn [30].  Within the crypts reside the intestinal stem cells, that are 

regulated and protected by growth factors and AMPs, respectively [31]. Lastly, the M-

cells are also found in the small and large intestine, specifically in a region termed the 

follicle-associated epithelium (FAE) [32]. The FAE covers the luminal surface of the 

gut-associated lymphoid tissue which includes, Peyer’s patches, cecal patches, and 

colonic patches [32]. In the FAE, the M-cells regulate mucosal immune responses by 

transporting luminal antigens to the underlying gut-associated lymphoid tissues [32]. 

Passage of ions and large molecules through the intestinal epithelium is 

regulated by tight junctions, adherens junctions, and desmosomes (Fig.1-4) [33]. Tight 

junctions are found in the apical portion of the epithelium and maintain the cells’ 
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polarity [34]. Tight junctions include zonula occludens 1 (ZO-1, ZO-2), claudins, and 

occludins [35]. The adherens junctions stabilize the cell-to-cell adhesions through 

cadherins and catenins [36]. Desmosomes are found near the basal layer of cells and 

link intermediate filaments to the cells’ surface [37]. The desmosomal proteins include 

desmogleins and desmocollins [38]. In general, tight junction proteins are involved in 

the formation of the barrier and/or selective channels or pores, whereas desmosomes 

and adherens junctions mainly serve as communicators between neighboring cells 

[39, 40].   

The lamina propria 

The lamina propria is composed of loose connective tissue and separates the 

intestinal epithelial cells from the underlying smooth muscle cells [41]. The 

architecture of the lamina propria in the small intestine and the colon is similar and it 

is composed of elastin, collagen, lymphatic vessels and myofibroblasts [41]. Further, 

the lamina propria is well known to contain many types of immune cells both from the 

innate and adaptive immune systems. The most abundant immune cells found on the 

basal side are lymphocytes, monocytes, eosinophils, and plasma cells [42];[43]. 

Macrophages, neutrophils, and dendritic cells are less abundant under homeostatic 

conditions and are primarily distributed along the superior part of the lamina propria, 

close to the tips of the villi [44, 45].  

Cells of the innate immune system 

The innate immune system consists of macrophages, neutrophils, dendritic 

cells, mast cells, eosinophils, basophils, and natural killer cells [46]. Neutrophils, 
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macrophages, and dendritic cells are classified as phagocytes because they engulf 

and remove microbes, foreign materials, and dead cells [47]. In addition to their 

phagocytic activity, neutrophils also have granules that contain enzymes that kill 

bacteria and fungi after ingestion [48]. All of these phagocytes have pattern 

recognition receptors (PRRs) that recognize and bind pathogen-associated molecular 

patterns (PAMPs) on microbes [47]. And like neutrophils, intestinal epithelial cells also 

have PRRs [49]. The PRRs families include the nucleotide-binding oligomerization 

domain-like receptors (NLRs), Toll-like receptors (TLRs), the retinoic acid-inducible 

gene-I-like receptors (RLRs), the C-type lectin receptors (CLRs), and the AIM2-like 

receptor (ALR) [50]. Proper expression of these PRRs is imperative for maintaining 

intestinal homeostasis.  

Damage in the intestinal barrier during IBD 
  

Forty to fifty percent of IBD patients with active disease are estimated to 

experience intestinal permeability (Fig. 1-4) [51]. To date it is unclear whether 

intestinal permeability occurs prior to inflammation/disease or if preexisting 

inflammation leads to intestinal permeability. There are case studies of individuals with 

increased intestinal permeability who have not been diagnosed with IBD and these 

cases suggest that a dysfunction in gut permeability occurs prior to disease [52, 53]. 

However, other studies suggest that treatment of cultured cells and patients with drugs 

that inhibit the proinflammatory cytokine, tumor necrosis factor alpha (TNF-α), 

alleviates intestinal permeability, suggesting that inflammation triggers intestinal 

permeability [54, 55].  

Damage to the mucus layer  
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The thickness of the mucus layer of CD patients is similar and/or thicker than 

that of healthy controls [56, 57]. However, the amount of MUC2 protein (but not 

mRNA) is increased and the quality of the mucus is diminished [58]. These changes 

can be attributed to a decrease in post-translational sulfation and glycosylation [58, 

59]. Patients with UC have been observed to have decreased thickness in colonic 

mucus layer and a decrease in goblet cell numbers [57, 60]. The difference in the 

thickness of the mucus layer maybe explained by the observation that hath1 and 

Krüppel-like factor 4, two goblet cell differentiation factors, are actively induced in CD, 

but not UC [57, 61]. Although it is unclear whether mucin sulfation is reduced in CD, 

multiple studies have shown that the mucins of biopsy samples from UC patients have 

less sulfation than healthy controls [62, 63].  

The sulfation of MUC2 protects against rapid microbial degradation of the outer 

mucus layer and has a protective function in mice with experimentally induced colitis 

[64, 65]. It is hypothesized that the sulfation of mucin confers negative charges that 

prevent excessive glycan degradation, increases the retention of positively charged 

AMPs, and increases its viscosity [62, 66, 67]. Mucin sulfation is catalyzed by 

sulfotransferases (SULTs) that transfer a sulfonate group from the universal sulfate 

donor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) to an oligosaccharide in the 

mucin backbone, such as N-acetylglucosamine or galactose [68]. Moreover, SULTs 

also catalyze the sulfation of glycolipids, such as sulfatide and glycosaminoglycans, 

including heparin sulfate and chondroitin sulfate [69, 70].   

Several studies have associated loss of SULTs with intestinal inflammation [71, 

72]. For example, the expression of galactosylceramide 3'-sulfotransferase is reduced 
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in biopsy samples of individuals with gastritis and mice that do not express the colonic 

N-acetylglucosamine 6-O-sulfotransferase-2 (GlcNAc6ST-2) have less MUC2 

sulfation and are more susceptible colitis [65, 69]. In addition, the levels of 

sulphotransferase 2A1 are also decreased in patients with active CD [73]. Although 

the exact mechanism by which the expression of SULTs is regulated are unknown, it 

appears that microbial and host factors may be responsible for SULT activity and 

mucin sulfation. Croix, et al. showed that addition of flagellin, interleukin 13 (IL-13), 

and TNF-α to the human colonic goblet cell line LS174T induced the expression of 

carbohydrate sulfotransferase 5 (CHST5) and galactose-3-O-sulfotransferase 2 

(GAL3ST2) [74].  The expression of GlcNAc6ST-2 and mucin sulfation has also been 

shown to be induced after administration of butyrate to mice colonic epithelial cells 

and mice [65]. Further, sulfatases (enzymes that remove sulfate groups) of 

Bacteroides thetaiotaomicron are known to degrade colonic mucus and decrease the 

binding of Escherichia coli to the mucus layer [75, 76]. These reports suggest that 

although CD patients have a normal or thick mucus layer, it might not be as protective 

if post-translational modifications are lacking.  

Damage to Paneth cells 

Although Paneth cells are mainly found in the small intestine, individuals with 

IBD have been observed to have Paneth-like cells in the colon that secrete the AMP, 

human defensin 5 [77]. Chronic inflammation is thought to induce metaplastic Paneth 

cells in the large intestine to help defend against excessive bacterial invasion [78]. In 

contrast, the ileum of CD patients with active disease is known to have decreased 

human defensin 5 and human defensin 6 levels compared to healthy controls [79]. 
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Abnormalities in Paneth cells have been attributed to genes that regulate multiple 

pathways. For example, the secretion of AMPS by granules within Paneth cells is 

reduced in mice with a hypomorphic autophagy-related 16-like 1 (ATG16L1) gene and 

in CD patients carrying a mutation in the gene encoding the nucleotide-binding 

oligomerization domain-containing protein 2 (NOD2) protein [80, 81]. In addition to a-

defensins, Paneth cells also secrete a lectin encoded by the human intelectin-1 

(ITLN1) gene that binds acyclic vicinal (1,2)-diol residues on microbial cells [82]. 

Mutations in ITLN1 have been identified by genome-wide association studies (GWAS) 

as markers of CD susceptibility and mice with null mutations in this gene are 

susceptible to chemically induced colitis [83]. Although the mechanism by which 

ITLN1 confers protection against colitis is unknown, it is hypothesized that this lectin 

is important for the activation of the innate immune response upon microbial binding 

[83, 84]. 

Aside from genetic predisposition to malfunctional Paneth cells, environmental 

factors such as smoking, early-life antibiotic exposure, and vitamin D deficiency have 

also been found to negatively affect these cells in individuals with CD [85]. Berkowitz, 

el al. showed that intragastric administration of cigarette smoke condensate damages 

the ileum of mice [86]. The mechanism behind ileal damage was attributed to 

decreased secretion of AMPs by Paneth cells and dysbiosis of the fecal bacterial 

population [86]. Retrospective studies have shown that recurrent antibiotic exposure 

in children and adolescents under 18 years old is a risk factor of CD in susceptible 

hosts [87, 88]. Observations in mice have led to the speculation that early-life 

antibiotics alter the intestinal microbiota that are essential for the production of AMPS, 
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and for the maturation of the innate immune system [89, 90]. Other mice studies have 

shown that vitamin D deficiency in combination with high fat diets suppresses the 

production of α-defensin 5 and MUC2, and that vitamin D supplementation alleviates 

gut permeability [91]. 

Damage to tight junctions 

  As mentioned above, tight junctions control the integrity of the epithelial barrier. 

There are at least 27 different claudins in humans that are involved in the movement 

of ions, initiation of tight junction formation, and/or strengthening or weakening the 

epithelial barrier (Fig. 1-4) [92-94]. Different claudin family members affect the tension 

between one another to modulate the intestinal permeability [95]. Thus, a leaky or tight 

barrier is determined by the ratio of claudins that seal the paracellular intestinal barrier 

versus claudins that induce channel formation [96]. Claudins that maintain a tight 

barrier are claudin-1, -3, -4, -5, -6, -8, -12, -18, and -19, whereas the claudins that 

promote a leaky gut are claudins 2 and 15 [97-100] . In IBD, the expression of claudin 

-1, -2, and -18 is generally increased while the expression of the genes encoding 

claudin -3, -4, -5, -7, -8, and -12 is decreased [100, 101]. The tight junction protein, 

ZO-1, is also reduced in biopsy samples from IBD patients and has been shown to be 

critical for mucosal healing, but indispensable for barrier function [102, 103]. 

Specifically, ZO-1 regulates the mitotic spindle during cell division and failure to do so 

results in increased apoptosis in ZO-1 knockout mice [103].   
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Figure 1-4. Loss of the intestinal epithelial barrier integrity facilitates intestinal 

inflammation. 

The epithelial barrier is maintained by tight junctions, adherens junctions, and 

desmosomes. Decreases in the production of tight and adherens junction proteins 

may lead to intestinal permeability by weakening the barrier. A weak barrier (red 

enterocytes) fails to keep luminal bacteria (colorful rods) away from the lamina propria 

(bottom, white area) and away from immune cells. The interaction of the bacteria with 

macrophages and neutrophils contributes to intestinal inflammation in a susceptible 

host. Image was created with BioRender. 
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  As previously mentioned, it is not clear whether changes in the production of 

proteins involved in tight junctions lead to chronic intestinal inflammation or if intestinal 

inflammation modulates the function of tight junctions. However, the expression of 

genes encoding claudin 2 has been shown to be increased by the proinflammatory 

interleukins (ILs) IL-13 and IL-6, and decreased by butyrate [104-106]. Thus, it is 

possible that continuous inflammation may change the function of tight junctions and 

induce epithelial damage through increased apoptosis and ulcerations.  

Damage of the innate immune responses involved in microbial recognition 

Failure of the first line of defense to keep the microbiota from invading the 

lamina propria results in increased immune cell activation and inflammation. In a non-

diseased host, the innate immune system is capable of clearing bacteria that breach 

the epithelium and regulating the inflammatory response. However, individuals with 

IBD often have abnormal innate immune responses due to mutations in susceptible 

genes (Fig. 1-5) [107]. As a result, some essential immune cells fail to eliminate 

invasive or pathogenic bacteria, while other cells remain hypersensitive to the 

microbiota and fail to shut off proinflammatory pathways [107].  
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Figure 1-5. List of commonly affected genes in patients with IBD that lead to 

defective microbe sensing and elimination. 

 (A) Mutations in the ATG16L1 and IRGM genes interfere with phagophore formation 

and autophagy. Mutations in the genes involved in innate immunity, (A) NOD1, NOD2 

and (B) TLR4 and ITLN1, interfere with the activation of the NF-KB complex, and 

subsequent activation of proinflammatory and/or type 1 interferon genes. (A) Upon 

recognition of their respective target, the NOD1/NOD2 receptors oligomerize and 

recruit RIP2. Active RIP2 recruits the IKK complex that phosphorylates and 

ubiquitinates the NF-κB inhibitor-α, IKB, and released NFκB translocates into the 

nucleus to induce the transcription of genes encoding proinflammatory cytokines. (B) 

Binding of LPS to the TLR4/MD-2 complex triggers the homotypic interaction of 2 

TLR4 receptors, followed by activation of MyD88 or TRAM pathway. Signaling in the 
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MyD88 or TRAM pathway, leads the activation of NFκB activation or the synthesis of 

type I interferons, respectively. Image was created with BioRender. 

 
 
 
Autophagy 

There are three pathways that mediate bacterial clearance and in which 

mutations have been identified that lead to IBD susceptibility. One of these pathways 

is macroautophagy, hereafter referred to as autophagy. Autophagy is a highly 

conserved process in eukaryotes by which damaged organelles, non-functional 

proteins, apoptotic bodies, and microbes are degraded and recycled [108]. The 

processes of autophagy are as follows: initiation, phagophore formation, phagophore 

elongation, autophagosome maturation/closure, and degradation (Fig. 1-6) [109]. 

Briefly, the inactivation of the regulator of cellular metabolism, mTOR, initiates 

autophagy through the formation of the autophagosome, which is mediated by a large 

complex of 18 ATG proteins and LC3-I lipidation [110]. When lipidated LC3-I becomes 

LC3-II, LC3-II recruits ubiquitinated p62 to tag cells for degradation [110]. During the 

final stages, the autophagosome fuses with lysosomes and the degraded products 

are released into the cytoplasm [111]. 
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Figure 1-6. Schematic diagram of autophagy induction and completion. 

Inactivation of the regulator of cellular metabolism (mTOR) and activation of AMP-

activated kinase (AMPK) initiates the process of autophagy. During autophagy, 

cytoplasmic contents are engulfed by double membranes that are formed through 5 

steps: (1) initiation, (2) phagophore formation, (3) phagophore elongation, (4) 

autophagosome maturation/closure, and (5) degradation. During the initiation step, 

ATG proteins assemble in the PI3KIII nucleation complex, Unc-51-like kinase 1 

(ULK1) initiation complex, and the PI3P-binding complex. These complexes aid 

phagophore formation by facilitating the recruitment of the ATG conjugation system. 

In the ATG conjugation system, ATG12 binds ATG5 and ATG12-ATG5 bind 

ATG16L1. The ATG12-ATG5-ATG16L1 complex mediates LC3-I lipidation mediating 

the conjugation of phosphatidylethanolamine to LC3-1 form LC3-II. LC3-II is then 

incorporated into the autophagosome membrane during the elongation process and 
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recruits ubiquitinated p62 to tag cells for degradation. Following phagosome 

maturation, the autophagosome fuses with lysosomes and the degrades the 

internalized contents. Image created with BioRender. 
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The first autophagy gene that was linked to CD and shown to have single 

nucleotide polymorphisms by GWAS was autophagy-related 16-like 1 (atg16l1) [112]. 

ATG16L1 is part of the large 18 protein complex required for autophagosome 

formation and lipidation of LC3-I to target membranes [113].  Crohn’s disease-

associated atg16l1 mutations can occur in the coiled-coil domain, the WD domain, 

and/or the 3’ untranslated region [114]. The most well studied variant is ATG16L1T300A, 

which contains a point mutation in the WD domain [115]. Human epithelial cells 

expressing ATG16L1T300A fail to clear intracellular bacteria and display increased 

secretion of proinflammatory cytokines [116]. Specifically, the point mutations in the 

WD domain increase caspase 3-mediated degradation of ATGl16L1 and prevent the 

association of the WD domain with transmembrane protein 59 that is required for 

labelling and targeting the compartment for autophagic degradation [115, 117]. In 

addition, ATG16L1 is also essential for the formation of the ATG12-ATG5-ATG16L1 

complex, which generates LC3-II to tag the cells for degradation [113]. 

Autophagy and other immune response pathways converge to suppress the 

production of excess proinflammatory proteins. For example, Atg16l1-deficient 

macrophages secrete high levels of proinflammatory cytokines in response to LPS 

binding to Toll-like receptor 4 (TLR4) [118]. Furthermore, germ-free mice hypomorphic 

for atg16l1 have increased type I interferon (an antiviral factor and member of a 

different pathway) signaling compared to the wild-type groups [119];[120].  

Mutations in the immunity-related GTPase M (irgm) gene are also linked to CD 

susceptibility and to altered autophagy [121, 122]. IRGM regulates the 
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phosphorylation of autophagy regulators to initiate phagophore formation and 

mediates the interaction of ATG16L1 with NOD2 to initiate autophagy [123]. Further, 

IRGM is also hypothesized to be essential for the maturation of the phagosome, as it 

has been observed to form complexes with the regulator of autophagic maturation, 

UV irradiation resistance-associated gene (uvrag), and to displace proteins that inhibit 

maturation [123]. The CD-associated variants of IRGM have single nucleotide 

polymorphisms within the upstream region of the gene, which suggest that mutations 

in the regulatory region may affect transcription of this gene [124]. 

NOD2 signaling pathway 

The second pathway is comprised of a family of membrane-bound receptors 

known as nucleotide-binding site/leucine-rich repeat (NBS/LRR) proteins [125, 126]. 

The nucleotide-binding oligomerization domain-containing protein 1 and 2 (NOD1, 

NOD2) genes encode proteins expressed by macrophages, dendritic cells, and 

epithelial cells [127]. Moreover, NOD2 is also expressed in Paneth cells [128]. NOD1 

and NOD2 recognize meso-diaminopimelic acid (meso-DAP) and muramyl dipeptide 

(MDP), respectively in the peptidoglycan of Gram-positive and Gram-negative 

bacteria [129]. It is hypothesized that upon recognition of MDP, NOD1/NOD2 

oligomerize and recruit the kinase receptor interacting protein 2 (RIP2/RICK)[129]. 

Active RIP2 recruits the IκB kinase (IKK) complex that phosphorylates and 

ubiquitinates the NF-κB inhibitor-α, IKBα, and released NFκB translocates into the 

nucleus to induce the transcription of genes encoding proinflammatory cytokines such 

as IL-8, TNF-α, and IL-1β (Fig. 1-5 B) [130]. NOD2 also plays an important role in 

autophagy through recruitment of ATG16L1 to the plasma membrane of target cells 
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[131]. Specifically, infected cells expressing the NOD2 variants linked to CD do not 

recruit ATG16L1 to the plasma membrane and fail to induce autophagy [131].  

NOD2 is the first IBD-risk gene identified by transmission disequilibrium tests 

and mutations in this gene have been observed in 30-50% of CD patients [132]. There 

are three common NOD2 gene variants (R702W, G908R, and L1007fs) and other 

minor variants with mutations in the LRR binding domain [133]. It is not clear how 

mutations in NOD2 lead to CD pathogenesis, but there are 3 current hypotheses. The 

first and most common hypothesis is that mutations in the LRR binding domain code 

for a hypomorphic protein that does not activate the NFκB pathway upon MDP 

exposure [134]. Thus, it is possible that failure to remove bacteria leads to a 

hyperinflammatory response through NOD2-independent pathways [135]. The second 

hypothesis is that NOD2 variants cannot recruit ATG16L1 to the plasma membrane 

of infected epithelial cells, and as a result bacterial clearance is limited due to impaired 

autophagy [136, 137]. The last hypothesis is supported by minor evidence that NOD2 

limits the activation of NFκB after the TLR2 pathway has been initiated and proposes 

that NOD2 mutations fail to limit the inflammation response through NFκB inhibition 

[138, 139]. Further, it is also hypothesized that having more than one NOD2 variant 

increases the chances of an individual developing CD. However, there are some 

people who are homozygous for NOD2 mutations and are not diseased [140]. Thus, 

this implies that other environmental factors may contribute to the pathology.  

TLR4 signaling pathway 
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Mutations in the members of the Toll-like receptor 4 (TLR4) signaling pathway 

are also linked to CD and UC [141]. There are 13 types of TLRs in mammals and each 

recognize different bacterial components [142]. TLR4 associates with the extracellular 

molecule, myeloid differentiation factor 2 (MD-2), to recognize lipopolysaccharide 

(LPS) of Gram-negative bacteria [143]. TLR4 is expressed on the cell surface of 

macrophages and in the Golgi apparatus in intestinal epithelial cells [143]. Like NOD2, 

TLR4 is also a transmembrane receptor with leucine-rich repeats in the extracellular 

region [144]. The binding of LPS to the TLR4/MD-2 complex triggers the homotypic 

interaction of 2 TLR4 receptors [145]. This leads to the initiation of either the myeloid 

differentiation factor 88 (MyD88) or the TRIF-related adaptor molecule (TRAM) 

pathway [146]. Signaling in the MyD88 pathway results in the activation of NFκB and 

proinflammatory cytokine production, while the activation of TRAM pathway results in 

production of type I interferon (Fig.1-5 C) [146]. The expression of gene encoding 

TLR4 has been observed to be increased in CD and UC patients [147]. The increased 

synthesis of TLR4 in these individuals leads to an increased secretion of 

proinflammatory regulating proteins such as TNF-a, chemokine CCL2, 

cyclooxygenase 2 (COX-2), and prostaglandin E2 (PGE2) by macrophages [148]. This 

is a major problem because the affected epithelium fails to regenerate during constant 

inflammation [149].  

Changes in the intestinal microbiome during IBD 

  The healthy human intestine contains more than 100,000 trillion 

microorganisms, with over 1,000 bacterial species that belong to the phyla 

Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia 
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[150].  Firmicutes and Bacteroidetes make up 90% of the total bacterial population 

and indirectly affect gut homeostasis [150, 151].Primarily, these two bacterial phyla 

aid in the digestion of complex carbohydrates and the production of short chain fatty 

acids (SCFA) [152]. The three most abundant SCFAs include acetate, butyrate, and 

propionate[153]. These SCFA are all primarily produced by bacterial fermentation of 

carbohydrates in the distal colon [153]. Studies suggest that butyrate is the most 

important SCFA because it is the main energy source of colonocytes, stimulates 

MUC2 production, facilitates the assembly of tight junction proteins ZO-1, claudin-1 

and -4, and inhibits activation of NF-κB in the colon [154-156].  

16S rRNA gene sequencing of biopsy samples from patients show that in IBD 

the diversity of the gut microbiota is reduced, and the microbiome is primarily 

composed of microbes associated with proinflammatory properties [157-159].  

Specifically, patients with CD and UC are reported to have a reduction of 50% and 

30% in microbial diversity respectively, compared to healthy controls [160]. 

Interestingly a lower bacterial diversity is often observed during all stages of UC [161]. 

This is in contrast to what is observed in CD and J-pouch patients, who display a 

decrease in bacterial diversity only during the active stages of disease [161]. In IBD 

the most abundant bacterial phyla are Proteobacteria and Fusobacteria, and the least 

abundant is Firmicutes [162]. Further, butyrate concentrations and butyrate-producing 

bacteria including the Faecalibacterium, Roseburia, and Ruminococcus genera (all of 

which are members of the firmicutes phyla) are decreased in IBD patients [163-165]. 

In addition, patients with J-pouch surgeries have also been found to have less 

lithocholic acid and deoxycholic acid, two secondary bile acids (SBA) important for 
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colon homeostasis, and a decreased amount of SBA-producing Ruminococcaceae 

[166].  

Colitis studies in mice show that enteric bacteria influence IBD pathogenesis. 

For example, mice with null mutations in the gene that codes for the anti-inflammatory 

cytokine, IL-10, develop colitis only in the presence known pathogenic bacteria [167]. 

Further, transgenic rats with the human major histocompatibility complex class I allele, 

human leukocyte antigen B27 (HLA-B27), also develop intestinal inflammation only in 

the presence of the gut microbiota [168]. In both examples the germ-free transgenic 

rodents do not develop disease even though they are susceptible to intestinal 

inflammation.  

Intestinal dysbiosis can be defined as loss of beneficial microbes and 

expansion of microbes that can contribute to a disease state [169]. The assessment 

of dysbiosis includes the identification of alpha and beta diversities and indexes that 

characterize the state of a disease and/or predict treatment outcomes [170]. Clinical 

studies show that there is a positive correlation in the pattern of gut dysbiosis and the 

severity of IBD. Dr. Kugathasan’s group showed that a higher degree of gut microbial 

dysbiosis is positively associated with increased calprotectin levels, a protein 

biomarker of intestinal inflammation [4]. This study also showed that IBD patients that 

failed to respond to their treatments (non-responders) had a higher abundance of 

Akkermansia species and Fusobacterium species compared to responders [4]. 

Fusobacterium species, such as Fusobacterium nucleatum, are common in dental 

plaque, present in colorectal adenomas, and contributors of UC pathogenesis [171]. 

Whether Akkermansia species are beneficial bacteria in IBD is still a controversy.  
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Wang, et al. showed that a membrane protein of A. muciniphila reduces immune cell 

recruitment and alleviates intestinal inflammation in mice with chemically induced 

colitis [172]. However, Ganesh, et al. showed that A. muciniphila indirectly 

exacerbates intestinal inflammation by promoting the survival of Salmonella 

typhimurium in gnotobiotic mice [173].  

Among the most abundant families frequently observed in CD and UC are 

Enterobacteriaceae, Fusobacteriaceae, and Pasteurellaceae, while the least 

abundant include Bacteroidales, and Clostridiales [174, 175]. Proteobacteria include 

the Enterobacteriaceae, family which are among the top microbes often identified in 

CD and UC [176]. Dr. Denson’s group proposed a mechanism that associated the 

depletion of Firmicutes and Bacteroidetes with in an increase in Proteobacteria and 

showed that this shift in bacterial communities is closely linked to severe mucosal 

injury [175]. Briefly, they proposed that as the disease progresses the expression of 

the genes encoding the anti-inflammatory antioxidant apolipoproteinA-I (APOA1) is 

downregulated, and the expression of the gene encoding the dual oxidase 2 (DUOX2), 

an enzyme that generates reactive oxygen species (ROS) is increased. As DUOX2 

increases, mature enterocytes begin to malfunction and the expression of the gene 

encoding the immune cell recruitment regulator, chemokine 9 (CXCL9), is 

upregulated. This generates an environment with high oxidative stress, expansion of 

Proteobacteria, and depletion of members within the Firmicutes and Bacteroidetes 

taxa. Altogether these processes result in severe mucosal injuries and epithelial 

ulceration [175]. 
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Although many microbial species have been identified to be associated with 

IBD, there is not a single microbe that is known to be the cause of the disease.  One 

pathobiont of the Enterobacteriaceae family that is abundantly present in the diseased 

mucosa of CD and UC is E. coli. In fact, E. coli has been reported to exceed more 

than 50% of the total number of bacteria in the mucosa of CD patients [177].    

Adherent-invasive Escherichia coli in IBD 

  The presence of adherent-invasive Escherichia coli (AIEC) has been more 

commonly reported in inflamed ileal biopsies of CD (55%) and to a lesser extent in the 

colonic samples associated with UC (35.7%) [178];[179-181]. AIEC is present in 

approximately 21-63% of CD patients, 0-35.7% in individuals with UC, and in 0-19% 

of healthy controls [180, 182, 183]. Furthermore, AIEC is hypothesized to be involved 

in the initial stages of CD and to cause disease relapses, because they are often 

isolated from lesions in patients with chronic CD as opposed to those in remission[180, 

184].  

Another reason that AIEC is hypothesized to be involved in the early stage of 

CD is because they induce infections with similar histopathological patterns to those 

observed in CD patients. Histological markers of CD include intestinal epithelioid 

granulomas that are characterized by aggregations of immune cells in small nodules 

at the site of inflammation [185]. Similarly, AIEC also induce granulomas in blood-

derived mononuclear cells and in the colon of Boxer dogs [186-188].  In humans AIEC 

is reported to cause granulomas along the mucosal surface closer to lumen, whereas 

in dogs AIEC strains are generally observed to induce granulomas within the mucosa 

[187-189]. In addition, E. coli DNA has been detected in approximately 80% of 
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granulomas isolated from CD patients and detected in only 10% of non-CD individuals 

[190].  

By definition AIEC adhere to and invade intestinal epithelial cells (IECs), 

survive inside of macrophages without inducing host cell death, and lack known 

virulence factors [191]. AIEC LF82 is the first identified strain and is currently used as 

a reference strain in AIEC- and IBD- associated studies [182]. Another well 

characterized AIEC prototype strain is NRG857c. Both strains were isolated from the 

ileum of CD patients and have a fully sequenced genome [192, 193]. Comparative 

genomics of AIEC LF82 and NRG857c show that both strains contain 35 genomic 

islands that encode fimbriae proteins, proteins required for capsular polysaccharide 

biosynthesis, and multidrug resistance efflux pumps that promote their survival in the 

host [193]. Thus far, it has been a challenge to identify AIEC-specific genetic factors 

due to their genotypic variability. AIEC LF82 and NRG857c belong to the B2 

phylogroup, but other identified AIEC strains are members of the phylogroups A, B1, 

and D [193]. In general, E. coli strains from the B2, and to a lesser extent D 

phylogroups, are considered pathogenic since they carry more virulence genes than 

those in groups A and B [194, 195]. AIEC that belong to group A and B1 are generally 

considered transient strains, because they don’t encode most adhesion and invasion 

genes [195]. Due to a lack in widely conserved genetic markers of AIEC, isolated E. 

coli strains are classified as AIEC by phenotypic analyses based on their ability to 

adhere to and invade intestine-407 cells, and survive inside of murine and human 

macrophages [196]. 
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AIEC are most closely related to extraintestinal pathogenic E. coli 

(ExPEC) because both harbor similar virulence genes and both consist of strains that 

belong to the same phylogroups, A, B1, B2, and D[193, 197, 198].  In general, ExPEC 

strains do not adhere to epithelial cells of CD patients and most are classified as non-

invasive, but there are a few isolates that invade IECs and macrophages [198-200]. 

Members within the ExPEC group include avian pathogenic E. coli (APEC), neonatal 

meningitis E. coli (NMEC), uropathogenic E. coli (UPEC), and sepsis-associated E. 

coli (SEPEC) [201].  Some AIEC strains have been found to carry unique virulence 

genes that set them apart from ExPEC. A study that looked at 36 AIEC isolates from 

biopsies of CD patients, including AIEC LF82, showed that these clinical strains 

express genes that regulate capsule synthesis (k1, k5, kps mt II), siderophore 

production (fyuA), host cell invasion (ibeA) and serum resistance (traT) that set AIEC 

apart from ExPEC [179].  Furthermore, AIEC contain numerous virulence genes that 

may mediate their survival inside of a host with IBD (Fig. 1-7).  
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Figure 1-7. Summary of host and microbials factors that promote AIEC 

colonization and survival in patients with IBD. 

Mucin sulfation and proteases secreted by AIEC (red) promote the invasion of AIEC 

through the mucus layer. AIEC express type 1 pili (short projections) that bind 

abnormally expressed CEACAM6 receptors (pink) in the ileum of patients. During 

inflammation, the CHI3L1 receptor (green) is abnormally expressed and binds to the 

chitin binding domains of the AIEC chitinase ChiA (green triangles). AIEC increase 

intestinal permeability by modulating the synthesis of tight junction proteins (purple). 

The binding of AIEC OmpA (purple triangles) to the host endoplasmic reticulum-

localized stress response chaperone, Gp96 receptor (purple), induces bacterial 

internalization. AIEC are internalized through interactions of AIEC long polar fimbriae 

with M cells. AIEC survive inside of phagolysosomes and replicate inside of 
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macrophages. Defective AIEC clearance is further modulated by mutations in 

atg16L1, irgm, and nod2, and abnormal AMP production/secretion. In addition, AIEC 

also bind to oligomannosidic glycans displayed on the membranes of apoptotic cells 

through pili. All together these mechanisms may lead to AIEC colonization.  
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Virulence factors of AIEC used for adhesion to and invasion of epithelial cells  

Type 1 pili 

Type 1 pili are long hair-like structures on the surface of AIEC cells that bind 

mannosylated host proteins [203]. The assembly of type 1 pili is mediated by the 

periplasmic chaperone, FimC, which facilitates the assembly of the secreted pilus 

subunits and delivers them to the outer membrane assembly platform, FimD [204].  

FimC and FimD facilitate the assembly of the other pilin subunits to form a pilus 

structure that is made of a pilus rod and tip fibrillum [204]. The large pilus rod consists 

of 500-3,000 subunits of FimA, and the smaller tip fibrillum is made up of two minor 

subunits FimF, FimG, and the terminal subunit/tip adhesin, FimH [205].  

Type 1 pili were among the first identified virulence factors and are known to 

induce host cell membrane elongations to mediate the invasion of AIEC LF82 into 

intestinal epithelial cells (IECs) [203]. Upon invasion, infected colonic cells increase 

the production of nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) 

oxidase 1 (NOX1) and NADPH oxidase organizer 1 (NOXO1) to generate ROS in 

response to AIEC infection [206]. Furthermore, this host response is known to be 

dependent on type1 pili, as ROS production does not occur when cells are infected 

with LF82ΔfimA. These observations suggest that AIEC may induce early 

inflammation in the ileum of CD patients.  

Aside from inducing ROS production upon invasion, AIEC also induce intestinal 

permeability. A recently published study by Dr. McKay’s group showed that IECs 

infected with wild-type LF82, but not LF82DfimH, displayed a decrease in barrier 

function due to AIEC-induced mitochondrial swelling and mitochondrial fragmentation 
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[207]. In accordance with these findings, two other studies also showed that the 

infection of cultured intestinal cells with LF82 decreases the integrity of the epithelial 

cell monolayers through the downregulation and disruption of ZO-1 [208, 209].  

Flagella 
 

Type 1 pili alone is not enough to trigger epithelial cell invasion by AIEC. This 

is corroborated by the observation that expression of type 1 pili in E. coli K-12 does 

not confer invasive properties [203]. AIEC and other pathogens rely on pili and 

flagellar motility to successfully colonize a host. AIEC LF82 defective in flagella have 

decreased motility, impaired adhesion and invasion to IECs, induce less host cell 

inflammation, and fail to induce colitis in mice compared to infections conducted with 

wild-type strains [210-213].  

  In E. coli, the genes that encode flagellar proteins are assembled in three 

categories (class I-III) and transcribed in a hierarchical manner to ensure that flagellar 

proteins are synthesized only when a functional flagellum will be produced [214]. 

Flagellar synthesis occurs when the class I master regulator, FlhD2C2, activates the 

alternate sigma factor, FliA[214]. FliA regulates the expression of the class II and class 

III genes [214]. Class II genes encode proteins that comprise the flagellar hook and 

basal body and class III genes encode proteins that comprise the flagellar filament, 

motor, and chemotactic signaling system [214]. The timing of transcription of the class 

III genes is tightly regulated by the cytoplasmic anti-sigma factor FlgM, which inhibits 

the FliA from associating with RNA polymerase until the assembly of the hook and 

basal body completed [214]. Once the assembly of the class II proteins is completed, 
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FlgM is secreted out of the cell and allows FliA to initiate the transcription of Class III 

genes [214, 215]. 

In AIEC, the expression of flagella and pili are interdependent. Studies show 

that the synthesis of type 1 pili and flagella are linked by the cyclic dimeric GMP (c-di-

GMP) pathway and FliA [210]. In addition to regulating flagellar synthesis, FliA also 

regulates the transcription of yhjH, which encodes a phosphodiesterase that degrades 

c-di-GMP [216, 217]. The study showed AIEC cannot form type 1 pili when the master 

regulator of flagellar synthesis, FlhD2C2, and FliA are deleted. Their proposed model 

is that activation of FlhD2C2 results in accumulation of FliA, and FliA promotes the 

transcription of yhjH, which ultimately leads to lower concentrations of c-di-GMP and 

type 1 pili synthesis [210]. Through this proposed mechanism, AIEC may be able to 

differentiate when it needs to be motile versus when it is ready to colonize.  

The RNA-binding protein Hfq of LF82 is a global regulator of posttranscriptional 

gene expression and required for the expression of type1 pili and flagella [211]. The 

deletion of hfq in LF82 decreases the invasion of LF82Dhfq into HeLa cells and 

generates mutants defective in motility, compared wild-type strains [211]. However, it 

is unclear how Hfq mediates the production of these surface structures. In other E. 

coli strains, Hfq binds small regulatory RNA molecules and regulates stress response 

pathways, however in AIEC the role of Hfq in mediating virulence is independent of 

those pathways [211].  

Long polar fimbriae and invasion of the brain endothelium protein A 

  Aphthous ulcers are early inflammatory lesions in CD patients and are 

predominantly observed in the FAE region within the ileum in the Peyer’s patches or 
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along colonic Patches [218, 219]. As mentioned above, the FAE contains specialized 

M-cells that uptake and transport luminal antigens to the Peyer’s patches and other 

gut-associated lymphoid tissues [32]. Studies suggest that AIEC may cause aphthous 

ulcers using long polar fimbriae (LPF). Infection of human monolayer cells and 

transgenic mice susceptible to IBD with AIEC LF82 results in the transcytosis of wild-

type AIEC, but not LPF-negative mutants, across the M cells into the Peyer’s patches 

and in increased intestinal permeability [220, 221]. Interestingly, AIEC isolated from 

CD patients, but not healthy controls express LFP [220]. The invasion of the brain 

endothelium protein A (IbeA) invasin also mediates the adhesion and transcytosis of 

AIEC NRG857c through M-like cells [222]. Wild-type NRG857c, and to a lesser extent 

NRG857cDibeA, cause ulcerations in the caecum and ileum of infected mice [222].  

Bile salts and ethanolamine, which are found in the ileum, may serve as AIEC 

signaling molecules that mediate recognition of the intestinal environment and 

induction of virulence genes. AIEC cells increase the production of LPF in the 

presence of bile acids and metabolize ethanolamine to obtain a fitness advantage in 

the intestine [221, 223-225]. Ethanolamine is abundant in inflamed mucosa and 

infected macrophages, and can only be metabolized by some pathogenic bacteria, 

including enterohemorrhagic E. coli (EHEC) and AIEC [225]. Bioinformatic analyses 

indicate that the LPF of LF82 is slightly similar (86%) to LFP of EHEC strain EDL-933 

[224]. Since EHEC increases synthesis of LPF in the presence of ethanolamine, it is 

possible that AIEC also utilizes it as a signaling molecule to increase the production 

of LPF [226].  
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The components of long polar fimbriae are encoded in the lpf operon. This 

operon encodes the fimbrial subunits, LpfA, LpfD, and LpfE, the periplasmic 

chaperone LpfB, and the outer membrane usher LpfC [227].  The LPF tip adhesin is 

composed of LpfD subunits that bind the extracellular matrix (ECM) components; 

fibronectin, laminin, and collagen type V in intestinal epithelial cells [227]. During 

intestinal inflammation, ECM degradation occurs due to an increase in matrix 

metalloproteinases (MMPs) and ECM remodeling [228]. Thus, it is possible that 

exposed ECM proteins act as AIEC attachment sites in the disease epithelium of 

patients with active disease.  

Outer membrane proteins 
 
      In addition to long surface appendages, AIEC also use outer membrane proteins 

(OMPs) to adhere to and invade IECs. Transposon mutagenesis experiments have 

shown that the yfgL gene of AIEC encodes for the YfgL lipoprotein, which regulates 

the release of OmpA and OmpC through outer membrane vesicles (OMVs) [229]. The 

OmpA of AIEC binds the endoplasmic reticulum-localized stress response chaperone, 

GP96, to fuse with the ileal mucosa of CD patients [230]. The expression of GP96 

may be one of the reasons that AIEC colonize IBD patients, since GP96 is known to 

be significantly over synthesized in the apical plasma membrane of the ileal mucosa 

in patients with active and quiescent CD [230].  

      OmpC has been reported to be present in the mucosa of 37%-55% CD patients 

and to positively correlate with severe disease outcome [231, 232]. OmpC is a major 

porin in the outer membrane of E. coli and known to be predominantly present during 

high osmolarity [233]. The expression of OmpC is controlled by the EnvZ/OmpR two 
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component regulatory system [233].  EnvZ is a cytoplasmic sensor-transmitter and 

kinase that changes confirmation upon fluctuations in osmolarity and serves as the 

source of phosphate for the response regulator OmpR to induce transcription of ompC 

and ompF [233]. OmpC is essential for successful colonization of AIEC in the intestine 

because it protects against high osmolarity, a condition that might be encountered 

during the transition from the stomach to small intestine [234]. In addition, OmpC is 

also essential for the expression of pili and flagella in AIEC and is hypothesized to 

indirectly regulate the expression of these surface appendages through the σE 

pathway [234]. However, the exact mechanism by which OmpC and σE converge is 

unknown. Moreover, the response regulator, OmpR, also promotes the growth of 

AIEC in the presence of sodium deoxycholate (DOC), a major component of bile salts 

[235]. Survival of AIEC with ompC and ompF deletions suggest that OmpR mediates 

DOC tolerance through an unknown mechanism [235].  

      Another outer membrane protein that regulates the adhesion of LF82 to Intestine-

407 cells is the lipoprotein NlpI [236]. AIEC LF82ΔnlpI mutants exhibit a 35-fold 

decrease in adherence and 45-fold decrease in invasion to IECs, compared to wild-

type LF82 cells [236]. It is hypothesized that Nlp regulates an important pathway 

involved in pili and flagellar synthesis because LF82ΔnlpI mutants do not express 

flagella and produce small amounts of pili. However, this mechanism has not been 

elucidated.   

AIEC survive inside of host cells without inducing host cell death  

Survival in intestinal epithelial cells 
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      The internalization of AIEC by cultured intestinal cells occurs through elongations 

of microvillar extensions in an actin-and-microtubule-dependent mechanism [237]. 

AIEC survive inside of intestinal epithelial cells for at least 24 hours post infection (hpi) 

without altering the architecture of the mucosa and without inducing cell death [237, 

238]. Using an explant culture of colonic mucosa from a healthy individual, Dr. 

Laboisse’s team showed that AIEC are unable to activate caspase-1 to induce cell 

death, but do activate the proinflammatory transcriptional regulator, NFκB [238]. 

Specifically, AIEC-infected IECs decrease the concentrations of the NF-κB regulator 

cylindromatosis (CYLD), to promote the degradation of the NF-κB inhibitor, IκB-α, and 

NF-κB activation [239].  Activation of NFκB results in the secretion of the 

proinflammatory cytokines, TNF-α, IFN-γ, and IL-8 by AIEC-infected cells [238, 240, 

241].  

Survival in macrophages 

In vitro studies show that AIEC LF82 can survive inside of infected human and 

murine macrophages up to 24 hpi without inducing macrophage death [242]. In 

contrast, phagocytosis of non-pathogenic E. coli K12 results in macrophage death 

through apoptosis [243]. Intramacrophagic AIEC survival is shown to be dependent 

on the secretion of TNF-α, as neutralization of TNF-α decreases the number of 

intracellular AIEC [242]. Although TNF-α secretion is known to promote necroptosis 

during infections with Gram-negative bacteria, AIEC prevents cells death through 

TLR4 signaling [244, 245]. Infection of murine and human macrophages with LF82 

leads to the activation of TLR4 signaling through the TRIF-related adaptor molecule 

(TRAM) and subsequently to caspase 8-dependent cleavage of CYLD [244]. 
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Cleavage and removal of CYLD prevents the activation of the second pathway 

required for TNF-α-mediated necroptosis [244].  

AIEC replicate inside of macrophages and resist degradation in the 

phagolysosome 

In addition to being able to prevent infected macrophage death, AIEC also have 

unique genes that allow them to survive and replicate in the acidic environment of the 

mature phagolysosome [246]. A phagolysosome is defined as the product of fusion of 

a lysosome and other hydrolytic proteins with a phagosome (a membrane-bound 

vacuole) after phagocytosis. Of important note, studies suggest that AIEC does not 

modify the macrophage response, but rather employs mechanisms that permit 

bacterial survival [247]. Moreover, studies using compounds that interfere with 

phagolysosome formation reveal that acidification is a requirement for the replication 

of AIEC inside of macrophages [246]. 

In the mature phagolysosome, hydrogen peroxide and reactive oxygen species 

target the invading bacteria. Intracellular replication and survival of AIEC LF82 in 

J774-A1 macrophages relies on the stress protein, high-temperature requirement A 

(HtrA), and the periplasmic oxireductase, DsbA, respectively [248, 249].  HtrA is 

protein chaperone that degrades misfolded proteins and promotes proper protein 

folding [250]. AIEC has been shown to upregulate the expression of htrA, inside of the 

phagolysosome and use HtrA to protect against oxidative stress [248].  DsbA is a 

periplasmic protein that stabilizes membrane and exported proteins through the 

formation of intramolecular disulfide bonds between cysteine residues [251]. Deletion 

of dsbA in LF82 renders the intramacrophagic bacteria unable to survive to the acidic 
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pH and nutrient-poor environment [249]. It is hypothesized that HtrA and DsbA work 

together to ensure that other virulence factors required for intramacrophagic survival 

are properly folded in the periplasm and exported to the outer membrane.  

The dihydroorotate dehydrogenase (DHODH), encoded by the pyrD gene, is 

an enzyme involved in de novo pyrimidine/nucleotide biosynthesis and is essential for 

the replication of LF82 inside of macrophage environment-mimicking medium [252]. 

Transposon mutagenesis experiments showed that a mutation in the pyrD gene 

prevents the growth of LF82 in low pH and nutrient poor medium, and inhibits the 

expression of curli fibers and type 1 pili [252]. The stunted growth of LF82pyrD::Tn5 

inside of macrophages may be exacerbated by the limited levels of purines and 

pyrimidines inside of macrophages [247]. This mechanism may also be conserved in 

other AIEC strains.  Other studies showed that AIEC HM604 utilizes glycolysis to 

replicate inside of phagolysosomes and that this strain also utilizes the de novo 

pyrimidine biosynthesis pathway for replication [247].  

During pyrimidine synthesis DHODH generates uridine monophosphate 

(UMP), which is then phosphorylated to yield uridine triphosphate (UTP) [253]. The 

uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) pyrophosphorylase then 

synthesizes UDP-GlcNAc from UTP [253].  Increased O-GlcNAcylation post 

translational modifications occur in patients with CD and are known to interfere with 

appropriate NOD2 signaling responses [254]. In addition to increased host O-

GlcNAcylation, AIEC infected cultured and murine IECs also upregulate UDP-GlcNAc 

and have increased O-GlcNAcylation in response to infection [255]. Moreover, high 

levels of O-GlcNAc in infected tissues promote O-GlcNAcylation of IKKb and NF-kB 



44 
 

and result in the release of NF-kB from its inhibitor, IKKβ, which ultimately leads to 

nuclear translocation of NF-kB to activate the transcription of proinflammatory genes 

[255]. Thus, it may be possible that a similar mechanism occurs inside of infected 

phagolysosomes that produce high levels of TNF-a.  

The SOS and stringent response pathways also play a role in intramacrophagic 

survival and replication of AIEC [256]. The bacterial stringent response controls the 

expression of genes required during nutrient limitation and the SOS response is 

induced by with DNA damage and repair [257] . Inside of macrophages, AIEC activate 

a phenotypic switch that controls the replicative and stationary phases [256] . Based 

on reported data, it is hypothesized that nutrient depletion inside of the phagosome 

activates the stringent response and subsequently a non-replicating state that lasts 

approximately 7 hpi [256]. After this lag phase, the SOS response is activated and 

induces replication in a subpopulation of the non-replicating cells [256]. Bacterial cells 

that persist without growing inside of macrophages are shown to be resistant to 

antibiotics and proposed to be the cause of relapsing chronic diseases. Further, 

studies show the multidrug resistance efflux pump, MdtEF, is highly expressed in 

AIEC inside of macrophages and is essential for the survival of LF82 in this 

environment [258].  

AIEC subvert autophagy by inhibiting the elongation of phagophores  

AIEC utilizes the intracellular communication of host cells to suppress 

autophagy. Early studies suggested that human intestinal cells and macrophages 

infected with AIEC LF82 release exosomes that stimulate NF-kB activation and 

proinflammatory cytokine secretion in recipient cells [259]. Later it was demonstrated  
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that the activation of NF-kB by AIEC-infected IECs increased the expression of 2 

microRNAS, miR30C and miR130A, which decreased ATG5 and ATG16L1 levels 

[260]. Decreased expression of these ATG proteins prevent the completion of 

autophagy and lead to an increase in intracellular AIEC (Fig. 1-6) [260]. Recent 

findings have linked these two studies and shown that miR30C and miR130A are 

found inside of exosomes released by AIEC-infected T84 cells [261]. Of note, 

exosomes from uninfected epithelial cells and epithelial cells infected with E. coli K12 

do not contain these miRNAs and do not inhibit autophagy [261]. Since then, other 

microRNA variants that inhibit ATG16L1 and autophagy upon AIEC infection have 

been identified [262]. Thus, AIEC cause infected cultured cells to release exosomes 

containing microRNAs that suppress autophagy to promote their survival.   

AIEC also inhibit autophagy by decreasing host protein SUMOylation, a post-

translational process that involves the attachment of a small ubiquitin-like modifier 

(SUMO) protein to a target acceptor protein to regulate signal transduction [263]. The 

adhesion of AIEC is necessary for host cell modulation, since wild-type AIEC, but not 

AIEC LF82DfimH, decreases global protein SUMOylation in T84 cells and mice [263]. 

The adhesion of AIEC is hypothesized to increase host cell expression of miR-18, a 

negative regulator of SUMO E3 ligase PIAS3 required for SUMOylation [263]. Since 

the inhibition of miR-18 was shown to induce autophagy in AIEC-infected cells, it is 

also hypothesized that SUMOylation of host cell proteins is required for autophagy.  

Functional autophagy is essential for AIEC removal 

Studies show that human macrophages initiate autophagy within 30 minutes 

post internalization of AIEC [264-266]. The AIEC yersiniabactin siderophore mediates 
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autophagy through activation of the transcriptional activator (HIF-1a) [267]. AIEC-

mediated autophagy is carried out by the eukaryotic translation initiation factor 2 and 

4 and the activating transcription factor 4 (EIF2AK4-EIF2α-ATF4) pathway, which also 

occurs in mammals in response to nutrient deprivation [265]. During macrophage and 

IEC infection there is a subpopulation of intracellular AIEC that is rapidly degraded by 

autophagy and another subpopulation survives inside of phagolysosomes,and 

subverts autophagy possibly through the aforementioned mechanisms [264, 266]. The 

induction of autophagy by rapamycin in IECs and macrophages shows that autophagy 

reduces the number of intracellular AIEC (almost by 100%), but only when rapamycin 

is administered at the same time of infection [264, 266]. One striking difference 

between autophagy in cultured macrophages and IECs, is that autophagy occurs 

within 30 minutes post infection (mpi) in macrophages, whereas in IEC it occurs after 

1 to 6 hpi. Thus, AIEC might have higher chances of avoiding autophagy in IECs.  

Host defects in autophagy increase intracellular AIEC 
 

As mentioned above, variants of ATG16L1, IRGM, and NOD2 are present in 

some CD patients. Separate studies showed that knockdown of ATG16L1 and IRGM 

in macrophages and HeLa cells resulted in impaired autophagy, increased 

intracellular AIEC, and increased secretion of TNF- α and IL-6 [264, 266]. This group 

and others also showed that LC3-II (a marker for autophagy) failed to be induced in 

AIEC-infected macrophages and in dendritic cells isolated from nod2 null mice [264, 

268]. However, upon autophagy induction all host cells were able to effectively 

eliminate intracellular AIEC. Moreover, the overexpression of NOD2 in human colon 

cells also effectively cleared AIEC through autophagy, indicating that NOD2-mediated 
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autophagy is essential to control intracellular AIEC[269]. All of these studies suggest 

that host’s defects in autophagy may be advantageous for the survival of AIEC and 

that AIEC may also affect autophagy even in patients who do not carry autophagy-

related variants, as suggested by T84 studies.  

AIEC form biofilms in host cells  

  Inside of the phagolysosome AIEC forms intracellular bacterial communities 

(IBCs) that have an extracellular matrix composed of exopolysaccharides and curli 

fibers [270]. During the lag phase of bacterial growth, non-replicating AIEC cells 

induce the expression of biofilm-forming genes and produce exopolysaccharides and 

curli fibers. Afterwards, when bacterial replication is resumed, AIEC cells grow in IBCs 

inside of macrophages and survive for up to 24 hpi [270]. The formation of IBCs is 

also mediated by the yersiniabactin iron capture system, which is tightly linked to the 

biofilm pathway [268]. Yersiniabactin is a siderophore encoded in the high-

pathogenicity island (HPI) of AIEC and mediates the adhesion and invasion to T84 

cells, colonization in mice, and induces inflammation-associated fibrosis in mice 

susceptible to colitis [267, 270, 271].  

In AIEC, biofilm genes are encoded in the waaWVL operon and their 

expression is regulated by σE regulon [272]. This operon also mediates the adhesion 

of AIEC to cultured IECs, possibly through the indirect induction of type I pili and LPS 

synthesis [272]. Interestingly, the waaWVL operon of APEC, UPEC, and commensal 

E. coli strains do not encode biofilm forming genes [272].  

  The mechanisms behind how AIEC sense their environment inside of the 

phagosome and induce virulence genes are not well elucidated. However, it has been 
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shown that sugars and sugar-derivatives in the intestine can influence biofilm 

formation in AIEC. N-acetylneuraminic acid (NANA), N-acetylglucosamine (NAG), and 

fucose, components of the intestinal mucus, act as signaling molecules for biofilm 

inhibition in AIEC [273]. During NAG catabolism the NagC protein, a repressor of the 

nag operon, is inactivated and NAG is metabolized. However, how this mechanism 

converges with biofilm induction is unclear. In contrast, maltodextrin and propionic 

acid, two widely used food preservatives stimulate AIEC biofilm formation and 

increase the burden of AIEC in IECs and mice, respectively [274, 275].  

Host factors that influence colonization of AIEC 

The carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) is 

a cell surface glycoprotein that regulates many biological processes, such as cell 

adhesion and migration, immune responses, and inflammation [276]. CEACAM -1, -

5, -6, - 7, and -20 are expressed in the intestine however, only CEACAM 5 and 

CEACAM 6 are abnormally upregulated in the apical surface of the ileum in 35% of 

CD patients [277, 278]. CEACAM6 is a highly mannosylated molecule and a well-

known receptor of type 1 pili of AIEC [278]. Currently, there are two mouse models 

that express CEACAM6 in the intestine, CEABAC10 and Vill-hCC6 mice [278-280]. 

To date more data have been generated using CEABAC10 mice. CEABAC10 mice 

have increased AIEC LF82 burden and severe colitis compared to infected wild-type 

mice [280]. Severe colitis is characterized by high proinflammatory cytokine 

expression, rectal bleeding, reduced survival, weight loss, and erosive lesions.  

The type 1 pili terminal subunit, FimH, is essential for the induction of colitis as 

CEABAC10 mice infected with LF82ΔfimH do not develop colitis[280]. LF82 FimH 
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consists of pilin domains and a mannose-binding lectin domain that binds mannose 

moieties of host cells and surfaces with high affinity [281]. Phylogenetic analyses show 

that LF82 and other AIEC strains isolated from CD patients have polymorphisms in 

the FimH adhesin that increase their adherence and dissemination in CEBAC10 mice 

[282].  AIEC strains harboring FimH polymorphisms were found to have mutations in 

the D-mannose binding pocket and in the intermediate domain located between pili 

and lectin domains [282]. It is hypothesized that these mutations increase the 

mannose binding affinity.  

In addition to CEACAM6, AIEC LF82 also bind to oligomannosidic glycans 

displayed on the membranes of apoptotic cells through FimH [283]. The binding of 

LF82 to CEACAM6 cells through FimH has been demonstrated to induce apoptosis 

and AIEC is hypothesized to exploit this mechanism to colonize the intracellular 

spaces by binding to mannose residues on blebbing cells [283]. Further, it is proposed 

that apoptotic cells serve as entry points for AIEC to enter neighboring cells.  

Another receptor that is abnormally upregulated in the intestine of IBD patients 

is chitinase 3-like-1 (CHI3L1) [284]. The expression of CHI3L1 is usually very low 

under homeostatic conditions, but during inflammation it is increased more than 10-

fold in colonic epithelial cells [284, 285]. AIEC is known to bind N-glycosylated 

residues of CHI3L1 through the chitin-binding domains (CBD) of the chitinase, ChiA 

[286-288].  Binding of ChiA to CHI3L1 facilitates the invasion of AIEC into murine 

IECs, induces the secretion of proinflammatory cytokines, IL-22 and IL-6, and 

exacerbates colitis in mice chemically predisposed to intestinal inflammation [286-

288].  



50 
 

Paneth cells and mucin minimize the contact of bacteria with the intestinal 

epithelium. However, when a patient is suffering from IBD cellular and structural 

changes occur to these host factors that render them nonfunctional. Analysis using ex 

vivo follicle-associated epithelium (FAE) from patients with CD show that the secretion 

of a human defensin 5 (HD5) is decreased by 2-fold in the FAE of CD patients 

stimulated by LF82 compared to the FAE of non-IBD control patients [289]. Decreased 

HD5 secretion by diseased FAE is thought to be the reason for increased AIEC 

transcytosis across diseased FAE compared to non-IBD FAE [289]. However, other 

studies show that the genome of AIEC NRG857, but not LF82, consists of a plasmid-

encoded genomic island (PI-6) that encodes two genes, arlA and arlC, important for 

the resistance against HD5 and human β-defensin 2 (HBD2) [290]. PI-6 was shown 

to be essential for the survival of AIEC when exposed to cultured Paneth cells and in 

mice. Thus, it may be possible that even if the host has functional Paneth cells, it may 

not be sufficient to inhibit colonization of some AIEC strains.  

  Studies suggest that the intestinal mucus layer of IBD patients may not be 

enough to protect the intestinal epithelium against AIEC colonization. AIEC LF82 and 

other AIEC strains belonging to the B2 phylogroup harbor the VAT-AIEC mucinase 

that degrades intestinal MUC2 and facilitates colonization of AIEC in the colon of 

CEABAC10 mice [291]. In vitro experiments showed that AIEC uses VAT-AIEC to 

cleave and penetrate mucus to access the intestinal epithelial cells [291]. 

Furthermore, the transcription of vat-AIEC is induced in the presence of bile, mucins, 

and a pH below 7.5, which indicates that AIEC cells express virulence factors required 

to establish a niche in the intestine. In addition, comparative sequence analyses in 
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previously described genes have identified the presence of other potential metabolic 

genes that may degrade mucin in AIEC belonging to the B2 and D phylogroups [195].  

Previous work in our lab has shown that the gut commensal E. coli strain HS possess 

a multivalent adhesion molecule (MAM) that is 99% identical to the AIEC MAM 

adhesin and binds sulfate moieties within MUC2 [76]. These data also suggest that 

sulfation of mucin improves retention of E. coli by the mucosal layer and removal of 

these sulfation groups by sulfatase-producing commensal microbes allows E. coli to 

translocate into the epithelium in vitro [76]. Thus, it is plausible that AIEC MAMs bind 

to intestinal MUC2 in a sulfation-dependent manner like the E. coli strain HS MAM.  

Gaps in knowledge and significance of this work 

 It is clear that AIEC harbor unique virulence factors that facilitate pathogenesis 

in the intestine of a diseased host. To date it is still unknown whether the colonization 

of AIEC in a susceptible host triggers the onset of intestinal inflammation or if 

inflammation presents a favorable environment for the AIEC pathotype. However, 

given the high prevalence of AIEC in CD patients with active disease and in those 

predicted to have severe endoscopic postoperative recurrences post-surgery, studies 

using cultured cells are being conducted to identify therapeutics that target AIEC or 

protect the host from AIEC colonization [292, 293]. Current IBD treatment is based on 

symptom control with anti-inflammatory drugs, immune suppressors, and antibiotics. 

However, AIEC may influence the refractive nature of IBD because they are resistant 

to commonly used antibiotics in IBD treatment [294, 295].  

  Due to animal model limitations, the mechanisms of intramacrophagic AIEC 

are not well understood and have only been studied in vitro. Whether AIEC survive, 
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replicate inside of macrophages, and induce high secretion of proinflammatory 

cytokines in vivo is unknown. In addition, we do not fully understand how AIEC 

interacts with an intact innate system. Some questions that remain unanswered are: 

1) do neutrophils eliminate infected macrophages, 2) does a healthy mucus layer with 

AMPS limit AIEC invasion, 3) does AIEC clearance alleviate host intestinal 

inflammation, 4) does targeting inflammation also clear AIEC, 5) does the activation 

of autophagy in vivo clear AIEC 6) what are the molecular signatures of AIEC, and 7) 

does AIEC express other essential virulence factors. Thus, it would be beneficial to 

have an in vivo high throughput animal model to address these gaps in knowledge. 

Furthermore, this in vivo model permits the visualization of bacterial adherence in real 

time in an animal amenable to genetic and pharmacological manipulation. Having a 

powerful in vivo model of AIEC may facilitate the investigation of how AIEC respond 

to anti-inflammatory therapeutics and antibiotics used during IBD treatment.   

Current animal models of AIEC include CEABAC10 mice, conventional mice 

treated with broad-spectrum antibiotics, mice treated with colitis inducing agents 

(dextran sulfate sodium (DSS) and 2,4,6-trinitro-benzene sulfonic acid (TNBS)), and 

mice that are genetically susceptible to spontaneous colitis [296]. Moreover, a recent 

study has reported that CEACAB10 mice primarily express CEACAM6 in the colon 

rather than in the ileum, the region where AIEC is often observed [279]. Although mice 

are powerful tools, they have some limitations that include: expensive care, long 

development periods, small statistical power, and laborious genetic manipulation. 

Furthermore, pathophysiological changes in infected mice cannot be observed in a 

live animal, until after euthanasia. To address the gaps of knowledge in the AIEC, we 
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need an animal model that provides high throughput analyses and allows to us study 

AIEC infections in real-time.  

The larval zebrafish (Danio rerio) model system presents numerous 

experimental benefits including: a fully sequenced genome, high fecundity and rapid 

experimental turnover, genetic tractability, rapid development, and optical 

transparency throughout development into early adulthood [297]. Zebrafish also 

harbor at least 70 percent of human genes, including some IBD susceptibility genes 

[298, 299]. Additionally, the gastrointestinal tract of larval zebrafish is physiologically 

and functionally similar to the human intestine (Fig.8) [297, 300, 301].  

      There are various epithelial subtypes in the zebrafish gut that permit the 

identification of functionally defined intestinal segments that are classified as the 

anterior, mid, and posterior axes [302, 303]. The anterior gut is analogous to the 

mammalian stomach and contains digestive enzymes. The midgut functions like the 

small intestine because it mediates nutrient absorption. The posterior gut carries out 

water absorption and resembles the colon [302]. Like mammals, the zebrafish 

intestine is made of absorptive enterocytes, mucin secreting goblet cells, 

enteroendocrine cells, and M-like cells arranged in single layer of epithelial folds that 

are positioned above a lamina propria (Fig. 8) [302, 303]. However, enteroendocrine 

cells and M-like cells are limited to the anterior and mid segments, respectively.  
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Figure 1-8. The human and larval zebrafish gastrointestinal epithelium share 

common features. 

In humans (a) the intestinal epithelium is composed of intestinal folds with pronounced 

crypts and vili, and contains Paneth cells and M cells, which are not observed in 

zebrafish (b). The zebrafish epithelium has less pronounced intestinal folds. However, 

the zebrafish and human intestinal epithelium both contain goblet cells, 

enteroendocrine cells, enterocytes, and intestinal mucus.  

Flores EM, Nguyen AT, Odem MA, Eisenhoffer GT, Krachler AM. The zebrafish as a 

model for gastrointestinal tract-microbe interactions. Cell Microbiol. 

2020;22(3):e13152, Figure 1, by permission of John Wiley & Sons, Inc.  
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In contrast to mammals, zebrafish lack a stomach, Paneth cells, and the crypts 

of Lieberkuhn [302]. Despite the fact that zebrafish do not have a stomach, they do 

express several digestive enzymes that are functionally equivalent to those found in 

mammalian stomach, such as rennin, capthepsins, and lipases, and contain lysosome 

rich enterocytes in the mid gut that aid in protein adsorption [302, 304, 305]. In 

mammals, epithelial cell division occurs within the crypts of Lieberkühn house, 

however in zebrafish division occurs at the base of the epithelial folds [28];[297, 302, 

306]. Moreover, even though zebrafish lack Paneth cells, they still express 

antimicrobial peptides and proteolytic enzymes, including the LPS degrading 

phosphatase alpi.2 and AMP ly97.2 [307, 308]. 

Zebrafish larvae have an innate immune system that is active by 28 to 30 hours 

post fertilization (hpf) and do not have a functional adaptive immune system until 4-6 

weeks post fertilization [309]. Like mammals, the zebrafish innate immune system 

consists of signal transducers (NOD1, NOD2, TLRs, and the myeloid differentiation 

primary response 88 (MyD88), neutrophils, macrophages, mucin, cytokines, and the 

AMPS [308, 310]. Macrophages appear at 15 hpf and have phagocytic activity at 26 

hpf [311]. Neutrophils develop at 18 hpf and secrete myeloperoxidase by 24 to 48 

hpf[312]. One of many benefits of using larval zebrafish as a model organism is that 

transgenic lines that express fluorescently labeled proteins are available. These 

benefits have propelled the use of zebrafish as effective high-throughput models and 

have contributed to our understanding of numerous biological processes [313].  

Recent studies show that human intestinal pathogens, including E. coli, can be 

studied in larval zebrafish [297]. Previous work from the Krachler lab suggests that 
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EHEC upregulates the expression of the locus of enterocyte effacement (LEE) 

pathogenicity island in response to the shear forces experienced in the gut and that 

zebrafish may be a suitable model to investigate how bacteria sense their environment 

[314]. In this work I attempt to characterize larval zebrafish as a model of adherent-

invasive E. coli infections. In Chapter 3, a zebrafish model of intestinal inflammation, 

induced by DSS, is validated. This model is then used to characterize AIEC infections, 

as described in Chapter 4. Chapter 4 also discusses whether known virulence factors 

that are important for AIEC colonization in mice also play a role in the colonization of 

AIEC in the zebrafish intestine.  
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Chapter 2: Methods  
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Zebrafish maintenance and breeding 

The zebrafish used in this study were wild-type (AB) and transgenic 

Tg(mpo::egfp)[315] and Tg (mpeg1:egfp)[316], which produce enhanced green 

fluorescent protein (GFP) in neutrophils and macrophages, respectively. Adult fish 

were kept in a recirculating tank system at the aquatics facility of The University of 

Texas Health Science Center CLAMC (Center for Laboratory Animal Medicine and 

Care) on a 14:10 h light:dark cycle at pH 7.4 and 28 °C. Eggs were obtained from the 

natural spawning of adult fish. Fertilized embryos were bleached for 30 sec. in 0.05% 

sodium hypochlorite solution (stock solution 4.00-4.99%, Sigma-Aldrich) and kept at 

30 °C on a 14:10 h light:dark cycle at pH 7.4.  Embryos were raised in petri dishes 

containing E3 buffer (10 mM HEPES, 5 mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2, 0.67 

mM MgSO4) buffered to pH 7.4. The amount of HEPES added to the E3 buffer was 

increased compared to the original recipe to neutralize the acidic (pH 3) solution that 

arose after dissolving DSS in standard E3 buffer. The additional HEPES maintained 

the E3 media containing DSS at pH 7.4. Larvae that were maintained past 6 days post 

fertilization (dpf) were fed GEMMA Micro 75 (Skretting) daily after 7 dpf until 

euthanized.  

Bacterial strains and growth conditions 

The bacterial strains used in this study were the non-pathogenic E. coli strain 

MG1655, and the adherent-invasive E. coli (AIEC) strain LF82 (parent strain obtained 

from the Torres Lab, University of Texas Medical Branch), and its derivatives 

LF82DfimH, LF82DibeA, LF82DfimH:fimH, and LF82DibeA:ibeA. The LF82 deletion 

strains were generated using gene doctoring [317]. Briefly, constructs were generated 



59 
 

by amplifying a kanamycin cassette from the plasmid pDOC-K using oligonucleotide 

pairs that contain at least 45 bp of homology to the DNA immediately upstream and 

downstream of the target genes (Table 1). The amplified fragment was inserted into 

the plasmid pDOC-C, and the construct sequence was verified by sequencing (Azenta 

Life Sciences). The constructed pDOC-C deletion plasmid and the recombineering 

plasmid pACBSCE were co-transformed into LF82 via electroporation and plated on 

LB agar containing chloramphenicol (35 µg/ml), ampicillin (200 µg/ml), and kanamycin 

(50 µg/ml). Selected colonies were grown in 1 ml of LB broth containing 0.5% glucose 

for 2 h and then induced with 0.5% arabinose for 4 h. The cells were then collected 

by centrifugation, resuspended in 50 ul of residual medium and spotted on LB plates 

without NaCl, but containing 5% sucrose and kanamycin. Sucrose insensitive and 

kanamycin resistant recombinant colonies were transferred to LB chloramphenicol 

plates to confirm loss of the pACBSCE plasmid. Loss of the pDOC-C plasmid was 

confirmed by using pDOC-specific oligonucleotides [317], instead of patching on LB-

ampicillin plates, since the LF82 strain is resistant to ampicillin. Lastly, the gene 

deletion was confirmed by PCR analysis of the relevant chromosomal regions using 

oligonucleotide pairs (Table 2) and sequencing of the resulting PCR products. All 

strains were transformed with plasmid pME6032::mCherry by electroporation and 

plated on LB containing tetracycline (15 µg/ml). The resulting strains were grown in 

LB broth supplemented with 15 µg/mL tetracycline, at 37 oC in a shaker. 

Complementation strains were generated by introducing a copy of the gene of interest 

including its endogenous promoter into the attTn7 site on the LF82 chromosome using 

Tn7 transposition[318].  Briefly, 500 bp upstream and downstream of the fimH and 
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ibeA genes were taken (to include the promoters) and amplified by PCR from AIEC 

LF82 genomic DNA. The amplified DNA was purified, digested with SpeI/ApaI (fimH) 

or SpeI/KpnI (ibeA), ligated into the vector pGp-Tn7-Gm, and then introduced in 

DH5α-λpir competent cells by electroporation to construct pGp-Tn7-fimH and pGp-

Tn7-ibeA vectors. Positive clones (gentamycin resistant) were checked by colony 

PCR and confirmed by Sanger sequencing. The Tn7 transposase encoding, 

temperature-sensitive plasmid pSTNSK-Cm was electroporated into the LF82DfimH 

and LF82DibeA strains. Then the pGp-Tn7-fimH and pGp-Tn7-ibeA vectors were also 

introduced into LF82DfimH and LF82DibeA by electroporation. The electroporated 

cells were spread on LB plates containing gentamycin (15 µg/ml) and chloramphenicol 

(20 µg/ml), and incubated at 30oC for 20 hours. Following a 20-hour incubation, 20-30 

colonies were selected, streaked on LB agar plates without antibiotics, and incubated 

at 42 oC for 20 hours to promote the loss of plasmid pSTNSK-Cm. The colonies were 

passaged 4-5 times on LB agar plates, incubated at 37 oC and screened for resistance 

to gentamycin and sensitivity to chloramphenicol. The integration of the Tn7 

transposon at the attTn7 site located downstream of the glmS gene of LF82 was 

checked by PCR (Table 3). 

Paramecium caudatum maintenance and infection 

Paramecia stocks were maintained in T25 flasks at room temperature in 10 mL 

of E3 medium. Paramecia were propagated by adding 1 mL of the initial paramecia 

stock culture to 8 mL of fresh E3 medium and fed 108 CFU/mL of E. coli MG1655 

resuspended in 1 mL of E3 medium. Paramecia were propagated one day prior to 

infection experiments, and every two weeks to maintain live cultures.  Loading of 
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paramecia with AIEC LF82 and MG1655 was conducted as described previously[319].   

Briefly, bacterial cultures were grown for 12 hours in LB broth (containing 15 µg/mL 

tetracycline when required), washed with E3 medium, and resuspended in 20 mL of 

paramecia cultures prepared the day before.  

E. coli burden in Paramecium caudatum 

After adding E. coli to 20 mL of the paramecia culture, the amount of AIEC or 

MG1655 in paramecia at the initial time point (T0) was assessed. The sample was 

washed to remove E. coli that was not initially taken up by spinning the sample at 300 

RCF at 15 oC for 5 minutes. The sample was placed in 1% Triton X-100 and vortexed 

to lyse the paramecia. Serial dilutions (1:10) were performed, and 5 µL of each dilution 

was plated on CHROMagar™ O157 plates (Drg International Inc). The plates were 

incubated at 30 oC for 24 h, and then at room temperature for an additional 24 h to 

permit full growth of colonies. The number of colonies was assessed 48 h after plating.  

Larval zebrafish infections 

Following the 2 h incubation of paramecia and E. coli, the co-culture was placed in a 

50 mL conical tube and centrifuged at 300 RCF at 15 oC for 10 minutes. Ten milliliters 

of the supernatant was removed, and the pellet was resuspended with an additional 

10 mL of E3 medium and centrifuged again for 5 minutes at the same settings. This 

process was repeated two additional times to remove E. coli cells that were not 

engulfed by the paramecia. After the final wash, 500 µL of the co-culture was placed 

into a 2 mL microfuge tube and centrifuged again at 300 RCF for 5 minutes. Four 

hundred microliters of the supernatant were removed, and the pellet was gently 
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resuspended with the remaining solution and 20 µL of 37% formaldehyde. The number 

of live paramecia were counted using an automated cell counter (Life Technologies 

Countess II) and used to calculate the volume of the co-culture required to feed larvae 

at a final concentration of 2*105 paramecia/mL in E3 medium. After setting up the 

paramecia containing medium, groups of 8 larvae were anesthetized with tricaine and 

transferred into 3 mL of the E. coli-containing-paramecia mixture in sterile 6-well tissue 

culture plates. The larvae were then incubated with the paramecia for 2 h at 30 oC. 

After feeding, the larvae were anesthetized and washed six times in 3 mL of fresh E3 

medium containing 0.16 mg/mL tricaine in the 6-well plate. The larvae were gently 

transferred using a glass pipette to minimize excess volume transfer.  

E. coli burden and persistence in larvae 

Infected zebrafish larvae were euthanized with 1.6 mg/mL of tricaine, and then 

incubated with 100 µL of a 1 mg/mL filter-sterilized pronase solution, vortexed, and 

incubated at 37 oC for 6 minutes. The larvae were then homogenized by repeated 

passage through a 31-gauge needle attached to a 1 mL syringe. The solution was 

diluted 1:10 and 5 µL was spotted on CHROMagar™ O157 plates. The plates were 

incubated at 30 oC for 24 h and then at room temperature for an additional 24 h to 

permit full colony growth. The number of dark steel-blue (AIEC) and mauve (MG1655) 

colonies were assessed afterwards. Data was analyzed using Prism 9 software.  

DSS administration and survival analysis of DSS-treated larvae 

Colitis grade dextran sulfate sodium (DSS) (36,000-50,000 MW, MP 

Biomedical) was used to induce enterocolitis as previously described by Dr. Oehlers’ 
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group[320]. DSS at a concentration of 0.5% (w/v) was made fresh every day in E3 

medium at room temperature. At 3 dpf, 120 larvae were anesthetized with 0.16 mg/mL 

of tricaine and transferred to a 150 mm diameter petri dish containing 90 mL of 0.5% 

DSS (w/v). Survival or death was assessed daily, by the presence or absence of a 

heartbeat on anaesthetized larvae using an Olympus SZX10 stereomicroscope. Dead 

larvae were removed every day following assessment, and the surviving larvae were 

transferred to a new petri dish containing fresh DSS in E3 medium. 

Measurement of intestinal and body length, and swim bladder assessment 

All fish were imaged on an Olympus SZX10 stereomicroscope at 1.6 X 

magnification. Fish were anesthetized in 0.16 mg/mL tricaine and embedded in 1% 

low melt agarose (LMA). ImageJ was used for image analysis to assess whole body 

and intestinal length. To calibrate the measurements, 0.3 cm on a ruler was imaged 

at 1.6 X magnification, and the corresponding number of pixels was determined. Then, 

the ImageJ pixel value was converted to millimeters. The length of the intestine was 

measured from the beginning of the bulb to the end of the cloaca, and the total body 

length was determined from the mouth to the tip of the tail. The presence of a swim 

bladder was visualized under the stereomicroscope on anesthetized larvae embedded 

in 1% LMA, from 3-10 dpf.  The data was analyzed using Prism 9 software.  

Histological analysis 

Zebrafish larvae were fixed in 4% formaldehyde diluted in PBS, overnight at 4 

oC. Larvae were processed by the UTHealth Histopathology Lab. Briefly, larvae were 

embedded in paraffin, sectioned along the sagittal plane at 2 µm, and stained with 

hematoxylin and eosin (H&E). Imaging was performed on an AmScope microscope 
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with a MU1003 camera and the AmScope software version x64, 3.7.11443.20180326 

(Courtesy of Dr. Rady, UTHealth Houston).  

Neutrophil and macrophage recruitment 

Zebrafish were anesthetized with tricaine, embedded in 1% LMA in a 6-well 

glass bottom plate, and imaged on an Olympus Fluoview FV3000 confocal 

microscope for 3-21 hours post infection (hpi). A Z-stack of 190 images of 2 uM slices 

was analyzed with Fluoview FV3S-SW. The images were then imported into the Imaris 

software, version 9 7.2, which was used to quantify the number of fluorescent cells. In 

Imaris, the “surfaces” feature was used to outline the larval intestine and the number 

of GFP-expressing neutrophils or macrophages within the intestine was counted using 

the “cell count” feature. Imaris tracked the number of individual neutrophils recruited 

to the intestine over the course of 3 to 21 hpi.  

Immunofluorescence staining and microscopy 

Larvae were euthanized with 1.6 mg/mL tricaine, placed in a 4% formaldehyde 

(diluted in PBS) solution and stored at 4 oC overnight. The following day, larvae were 

washed twice with phosphate buffered saline (PBS) solution, permeabilized in acetone 

for 15 minutes at -20 oC and incubated in blocking solution composed of PBS, 1% 

BSA, 1% DMSO, and 0.5% Triton-X100 (PBDT). Anti-laminin antibody (Sigma-

Aldrich, L9393) was diluted 1:25 in PBDT and added to a 500 µL microfuge tube 

containing 4-8 larvae. The samples were incubated at 4 oC overnight with gently 

rocking. The following day, the samples were washed and incubated with solution 

containing goat anti-rabbit IgG secondary antibody conjugated with Alexa Flour 488 

(2:500) (Thermo Fisher Scientific, A27034) and 1 µM/mL 4′,6-diamidino-2-
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phenylindole (DAPI) overnight. The samples were kept at 4 oC overnight and imaged 

on a confocal microscope (Olympus Fluoview FV3000 confocal microscope at 60 X 

magnification) and then transferred to cellSENS version 2.3 for deconvolution with five 

iterations. 

Quantification of bacteria inside of epithelium 

The quantification of bacteria inside of the intestinal epithelium was performed 

on deconvoluted images taken after immunofluorescence imaging. ImageJ was used 

to quantify the fluorescent signal of the mCherry channel (representing bacteria). The 

data was plotted using Prism 9 software and assessed using an unpaired t-test.  

RNA isolation and quantitative reverse transcription PCR 

For each condition, 15 zebrafish larvae were infected with E. coli, euthanized, 

and used for RNA extraction. RNA  isolation from groups of 15 larvae was performed 

as previously described[321]. Briefly, larvae were placed in a 2 mL microfuge tube 

and homogenized in 1 mL of TRIzol reagent (Thermo Fisher, 15596026) using a 

disposable pellet pestle (Fisher Scientific, 12-141-364). The concentration of the 

isolated RNA was quantified using a NanoDrop ND-1000 spectrophotometer. The 

RNA was treated with RNAase-free DNase (Qiagen RNase-Free DNase Set) and 

cleaned and concentrated using a Zymo Research RNA clean & Concentrator Kit. 

Removal of DNA contamination was verified by PCR using purified RNA as template. 

Reverse transcription was carried out using oligo(dT) primers and the SuperScript™ 

IV First-Strand cDNA Synthesis Reaction system. Synthesized cDNA was purified 

using a QIAquick PCR Purification Kit (QIAGEN Inc, Valencia, CA, United States) and 

the final cDNA concentration was determined using a NanoDrop spectrophotometer. 
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Each qRT-PCR reaction used 45 ng of cDNA. cDNAs and primers (listed in Table 4) 

were mixed with Luna Universal qPCR Master mix (New England Biolabs) and 

amplification was carried out in a BioRad CFX96 Real Time system. The reactions 

were performed in duplicate in a CFX96 Real-Time System C1000 Touch Thermal 

Cycler (Bio-Rad, Hercules, CA, United States). The elfα and rpl13 genes were used 

as internal controls, and the relative fold-change for each gene of interest was 

expressed in 2-∆∆CT, where ∆∆CT = [(CT gene of interest-CT internal control) one 

condition - (CT gene of interest- CT internal control) another condition[322]. For DSS 

experiments, the DSS data was normalized to the untreated group, whereas in the 

infection experiments the data was normalized to controls fed paramecia without 

added bacteria. PCR cycling conditions were 95 oC for 1 min, 60 oC for 30 s, 95 oC for 

15 s and 39 cycles, and 60 oC for 31 s.   
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Table 2-1. List of primers used to amplify the pDOC-K plasmid with 45 base pair 

homology to the DNA upstream and downstream of ibeA and fimH. 

The restriction site is in red and the region homologous to the kanamycin cassette is 

in green. 

 
Gene Forward primer sequence (5-3) Reverse primer sequence (5-3) 

ibeA  CGGAATTCGCGCGGGGGATTGT
TTTACTCAATTATTGAATACGGA
GATAAAGTATGGAAGACCGGTC
AATTGGCTGGAG 
 

CGGCTAGCGCGCGACATAAAAA
CTGGGTTTTTCTCTCATAACTTT
ATTCCCTGTTAAAAAATATCCTC
CTTAGTTCCTATTCCGAAGTTC 
  

fimH CGGAATTCTTAGCATCACCTATA
CCTACAGCTGAACCCGAAGAGA
TGATTGTAATGAAAGACCGGTC
AATTGGCTGGAG  
 

CGGCTAGCTCAGGTAATATTGC
GTACCTGCATTAGCAATGCCCT
GTGATTTCTTTATTGAATATCCT
CCTTAGTTCC 
 

 

 

 

Table 2-2. List of primers used to verify deletion mutants. 

Strain Forward primer sequence (5-3) Reverse primer sequence (5-3) 

LF82ΔfimH  CAACCAAAACAGTTCAGG 
TGG 

GCTGATTATTAGCATGGTAGCG 

LF82ΔibeA GGCAAAGAGAGATGATCT 
CCTT 

CCCATAACACCGATGCCAATA 
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Table 2-3. List of primers used to analyze the integration of the Tn7 transposon 

system at the attTn7 site located downstream of the glmS gene. 

Strain Forward primer sequence  
(5-3) 

Reverse primer sequence  
(5-3) 

LF82 
complementation 
strain 

TGGCTTACCACGTTGCGCG CATACACCGGCGCAGGGAAG  

 

 

 

 

 

Table 2-4. List of primers used to analyze the transcription of proinflammatory 

genes and housekeeping genes. 

Gene  Forward Primer Sequence (5-3) Reverse Primer Sequence (5-3) 

rpl13 TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG 
ilb ATCAAACCCCAATCCACAGAGT GGCACTGAAGACACCACGTT 
cxcl8 TGTTTTCCTGGCATTTCTGACC TTTACAGTGTGGGCTTGGAGGG 
mmp9 CATTAAAGATGCCCTGATGTATCCC AGTGGTGGTCCGTGGTTGAG 
tnfα GTTTATCAGACAACCGTGGCCA GATGTTCTCTGTTGGGTTTCTGAC 
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Chapter 3: Characterizing a Larval Zebrafish Model of Colitis 
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Introduction 
To date animal models of inflammatory bowel disease (IBD) have included 

rabbits, primates, rats, mice, and zebrafish. Although mice are the most widely used 

IBD models, larval and adult zebrafish have emerged as powerful tools to complement 

mouse IBD studies. In fact, there are zebrafish models for almost every IBD mouse 

model. There are numerous mouse and zebrafish colitis models and they have been 

generated by several methods [323, 324]. In these animals, colitis can be induced 

through administration of chemicals, targeted and spontaneous genetic modifications, 

adoptive T cell transfer, spontaneous mutations, and transplantation of pathogenic 

bacteria [325]. Although the methods used to induce colitis in these models differ, 

there are three common features shared by all: (1) immune system-mediated 

inflammation, (2) bacteria as a disease initiator, and (3) genetic background as a 

disease modifier. 

Chemical induction of colitis 

Chemical agents used to create IBD-like colitis in rodents include dextran 

sulfate sodium (DSS), 2,4,6-trinitrobenzene sulfonic acid (TNBS), oxazolone, acetic 

acid, carrageenan, peptidoglycan-polysaccharide and nonsteroidal anti-inflammatory 

drugs (NSAIDs) [326]. To date, only DSS, TNBS, oxazolone, and NSAIDs have been 

used in zebrafish. In general, chemicals are administered to zebrafish through 

immersion. Water-soluble chemicals are absorbed by zebrafish through their gills and 

skin, and can also be consumed orally by larvae starting a 72 hours post fertilization, 

(hpf) (corresponding to the protruding-mouth stage) [327].  

DSS is a large negatively-charged and sulfated polysaccharide that is toxic to 

the colonic epithelial cells [328]. The consumption of DSS by animals through their 
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drinking water damages the intestinal mucosal barrier, thereby facilitating the entry of 

luminal contents into the underlying tissue, and ultimately results in large secretion of 

proinflammatory cytokines [329, 330]. The immersion of larval zebrafish in DSS results 

in all of the above and in neutrophil recruitment to the intestine, altered goblet cells in 

the intestine, and mucin accumulation in the intestinal bulb [320, 331, 332]. DSS is the 

most widely used method to induce colitis in mice and zebrafish and is ideal for 

studying aspects of the innate immune system and factors that modulate epithelial 

integrity [329]. 

TNBS is a small molecule that causes colitis through a delayed hypersensitivity 

response when it binds to host proteins [333]. TNBS is administered to mice and adult 

zebrafish intrarectally and to zebrafish larvae through immersion. In adult zebrafish 

and mice, binding of TNBS to colonic proteins initiates the T-helper 1 (Th1) response, 

in which CD4 positive T lymphocytes are activated [333]. These T cells secrete large 

quantities of interferon gamma (IFN-γ) and promote the recruitment of neutrophils and 

macrophages, which all together result in transmural colitis [325]. In contrast, TNBS 

is hypothesized to induce colitis in larval zebrafish by directly disrupting intestinal 

epithelial cell function or altering the secretion of mucin, since larvae do not have a 

developed adaptive immune system [332].  

Fleming and colleagues were the first group to report that immersion of larval 

zebrafish in TNBS resulted in enterocolitis [334]. They showed that TNBS causes 

smoothening of the intestinal epithelium, expansion of the lumen, and an increased 

number of goblet cells at 6 days post TNBS exposure. Oehlers and colleagues further 

investigated the effects of varying TNBS concentrations on larval zebrafish, but did 
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not observe changes in goblet cell numbers or changes to the intestinal epithelium 

morphology [320, 332]. However, they showed that TNBS exposure primarily elicited 

an infiltration of neutrophils to the intestine and subsequently caused elevated 

secretion of proinflammatory cytokines IL-1b, Tnf-a, matrix metallopeptidase 9 

(MMP9), chemokine ligand 20 (CCL20), and IL-8 and increased nitric oxide production 

[320, 332]. TNBS-induced colitis models are generally used studying 

immunotherapies and the adaptive immune system response. For instance, it has 

been shown that TNBS-induced colonic inflammation is IL-12-driven and can be 

decreased with monoclonal antibodies against IL-12 [335, 336].  

Like TNBS, oxazolone is also a haptenizing agent that induces a 

hypersensitivity response after intrarectal injection [325].  However, oxazolone 

induces an IL-4-driven Th2 response that is characterized by a hypersecretion of IL-

13 by natural killer T cells [337]. The Th2 response causes inflammation in the distal 

half of the colon that resembles the pathology observed in UC patients [337]. Although 

this method has not been used in larval zebrafish, it is commonly administered to adult 

zebrafish and mice. In adult zebrafish oxazolone causes thickening of the epithelium, 

loss of the intestinal folds, decreased goblet cells, and a significant infiltration of 

neutrophils and eosinophils [338]. In general, this model is used to identify 

therapeutics that target Th2 immune responses.  

Other methods used in larval zebrafish for the disruption of the mucosal barrier 

are soybean meals and the nonsteroidal anti-inflammatory drug (NSAID) glafenine. 

Soybean meals have long been considered a primary source of protein for 

commercially important fish, however multiple studies show that the glucoside, IL-1β 
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saponin, found in soybeans causes intestinal inflammation [339-341]. Saponin 

consumption results in reduced production of tight junction proteins, increased 

transcription of the genes encoding proinflammatory cytokines, IL-1β and IL-8, and 

neutrophil infiltration [36;337;338]. Interestingly, this method is unique because 

intestinal inflammation is independent of the intestinal microbiota, as inflammation 

occurs in germ-free fish fed saponin [341]. NSAIDs, including ibuprofen and glafenine, 

reduce inflammation by inhibiting cyclooxygenases (COX) that form proinflammatory 

molecules, including prostaglandin and thromboxane [342]. Moreover, blockage of the 

COX enzyme by glafenine induces intestinal damage in humans, mice, and adult 

zebrafish [343]. Larval zebrafish immersed in glafenine exhibit epithelial cell shedding 

and apoptosis, but do not have increased intestinal permeability [343].  

Genetic modifications 

      During the last 30 years, more than 74 transgenic mouse models of IBD, including 

20 that carry human susceptibility genes, have been developed [344]. Genetically 

engineered mouse models fall into different categories including transgenic (Tg) 

animals that overexpress a gene, gene knockouts (KO), inducible knockouts (iKO), 

and knock-in models (KI) that carry a mutation in the gene of interest[344]. The most 

commonly used model is the IL-10-/- KO mouse that develops spontaneous colitis due 

to lack of T-cell mediated expression of the anti-inflammatory cytokine, IL-10, which is 

also a CD- and UC- susceptibility gene in children and adults [345];[346].  These mice 

develop inflammation in the colon due to infiltration of neutrophils, macrophages, and 

lymphocytes [347]. Recent zebrafish studies show that in addition to regulating 

leukocytes, IL-10 also regulates goblet cell differentiation through the Notch signaling 
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pathway [348]. Moreover, this mechanism is also conserved in mice and may provide 

a plausible mechanism by which mutations in the genes regulating IL-10 production 

lead to IBD.  

Another study using the zebrafish line TgBAC(tnfα:gfp) showed that mutations 

in the ubiquitin-like protein containing PHD and RING finger domains 1 (uhrf1) gene 

result in decreased methylation of the tnfα promoter and increased TNF-a production 

in the intestinal epithelium [349]. Increased TNF-a causes epithelial shedding and 

apoptosis and ultimately induces inflammation [349]. Further studies have confirmed 

that mutations in uhrf1 also cause colitis in mice due to increased TNF-a secretion by 

macrophages upon exposure to LPS [350]. Together, these studies suggest that 

polymorphisms in uhrf1 may be an indication of susceptibility to IBD in humans. 

Adoptive T cell transfer 

The adoptive T-cell transfer mouse model is created by the transfer of naïve 

CD4+ T-cells from a healthy donor mouse to a recipient mouse with severe combined 

immunodeficiency (SCID) or a Rag1 mouse that lacks mature B and T lymphocytes 

[351]. These mice experience colonic inflammation driven by the Th1 response and 

are generally used to study the role of T cells in mucosal inflammation [325]. Adoptive 

T-cell transfers are also carried out in zebrafish to study the role of T cells in adaptive 

immunity. However, these studies are conducted in older zebrafish, as the adaptive 

immune system of zebrafish is not fully developed until three to six weeks post 

fertilization [352]. 

Spontaneous mutations 
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Senescence-accelerated P1 mice (SAMP1/YitFc) develop spontaneous 

mutations that recapitulate the pathology of CD due to inflammation in the ileum [353, 

354]. These mice suffer from acute and chronic inflammation of the ileum and are 

used to identify therapeutics that interfere with the full development of disease [325]. 

However, one drawback of this model is that it takes approximately 30 weeks to 

develop disease. Spontaneous mutations of zebrafish have been conducted using the 

mutagenesis agent, N-ethyl-N-nitrosourea (ENU), for forward mutagenesis screens in 

a colorectal cancer model, however this method has yet to be used for IBD studies 

[355].  

Transplantation of enteric pathogens 

      Germ-free (GF) IL-10-/- and SAMP mice have also been used to investigate the 

correlation of microbes with IBD. Recent studies show that engraftment of microbiota 

isolated from IBD patients in remission to SAMP mice induce severe ileitis, which 

suggests that proinflammatory bacteria continue to be present in the absence of 

disease [356]. Furthermore, inoculation of GF IL-10 (-/-) with Helicobacter hepaticus, 

but not wild-type mice, results in acute inflammation mediated by IFN-γ and IL-12, 

suggesting that H. hepaticus only causes disease in susceptible hosts [357]. Human 

enteric pathogens also cause intestinal inflammation in zebrafish. Infections of 

zebrafish with Salmonella enterica result in significant recruitment of neutrophils to the 

site of infection and overexpression of the genes encoding heat shock proteins Hsp70, 

HSPA4b, and HSPA4a [358].  

Together these studies highlight the use of zebrafish as a model organism for 

uncovering novel IBD pathways and for investigating how microbial pathogens 
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contribute to IBD. As highlighted here and in other studies, zebrafish complement 

mouse models well and offer faster turnover rates. For example, the induction of colitis 

in larval zebrafish takes approximately 3 to 5 days, whereas in mice it can take 

anywhere from 3 to 5 weeks. My overall goal for the project detailed in this chapter 

was to validate a larval zebrafish model of acute inflammation to use in further studies 

with AIEC. In this chapter I treat larvae with different DSS concentrations and 

characterize the resulting intestinal inflammation.  
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Results 
To recapitulate the immunopathology of IBD in larval zebrafish I chose to use 

the DSS colitis model due to its practical approach and reproducibility. Previous 

groups have established a base line of DSS concentrations that induce colitis at 

different days post fertilization and these studies helped identify a starting point [320, 

331, 332, 359, 360]. Prior studies suggested that the immersion of larvae in DSS for 

one day would not be sufficient to induce acute colitis, because larvae recover quickly 

upon DSS removal. As a result, larvae were immersed in DSS for 3 days at 3 dpf 

during the mouth protruding stage (Fig. 3-1A).  A range of different DSS 

concentrations (0.25%, 0.5%, and 0.75%) were tested and the percent survival was 

recorded (Fig 3-1 B). The immersion of larvae in 0.75% DSS caused significant 

mortality at 2 days post DSS exposure and 99% of the fish did not survive 3 days post 

DSS treatment. In contrast, treatment of larvae with 0.25% DSS did not cause 

significant mortality and the fish did not display any signs of inflammation. However, 

the percent survival of larvae treated with 0.5% DSS was lower than fish administered 

0.25% DSS and higher than larvae treated with 0.75% DSS. Furthermore, the 

surviving larvae of the 0.5% DSS group displayed slower bursts of swimming 

compared to untreated larvae, which is a sign of stress in zebrafish [361]. Thus, a DSS 

concentration of 0.5% was chosen and phenotypic changes in DSS-treated larvae 

were further characterized.  
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Figure 3-1. DSS immersion of larvae at 3 dpf induces mortality in a time- and 

dose-dependent manner. 

(A) Schematic of DSS administration (red) from 3 to 6 dpf and survival experiment 

from 1-7 days post exposure (B) Survival of larvae administered 0.25%, 0.5%, or 

0.75% DSS in E3 medium from 1 to 7 days post DSS exposure relative to untreated 

controls. Percent survival was analyzed using a Kaplan-Meier plot and Mantel-Cox 

test. The survival of fish treated with 0.5% DSS was significantly different than that of 

larvae exposed to 0.25% DSS and 0.75% DSS,****, p < 0.0001. n=20.  
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At two days post DSS exposure, some larvae were found lying on their side 

and unable to swim. Closer inspection revealed the absence of a fully developed swim 

bladder (Fig. 3-2 A) in a large percentage of treated fish, predominantly at 3 days post 

DSS exposure (Fig. 3-2 B). The swim bladder is a gas-filled organ essential for 

buoyancy and gas exchange [362]. Development of the swim bladder starts during 

embryogenesis and is completed by 5 dpf, once it becomes inflated [363]. It is possible 

that the swim bladder is not fully developed because the larvae are immersed in DSS 

for half of their development period. Other phenotypic changes that occurred were 

shortening of the intestine (Fig. 3-2 C) and stunted growth (Fig. 3-2 D). Shortening of 

the colon is a common phenotype in mice administered DSS due to excessive 

inflammation and edemas [329, 364]. Although the intestines of DSS-treated larvae 

were shorter, they were growing, although at a slower rate compared to untreated fish 

(Fig. 3-2 C and E). We did not anticipate DSS would cause shortening of the whole-

body length. To assess whether shortening of the gut was caused by DSS and was 

not a result of overall stunted growth, linear regression analyses were conducted (Fig. 

3-2 E). The negative slope of the linear regression graph suggested that during 

maturation the body length increases faster than length of the gut, indicating that 

shortening of the intestine was a result of DSS exposure.  
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Figure 3-2. DSS inhibits full development of larval swim bladders and decreases 

the length of the gut and total body length. 

 (A) Representative images of untreated (UT) and DSS-treated larvae at 6 dpf (3 days 

post 0.5% DSS exposure), with the swim bladder (teal outline) and the intestine (red 

outline) highlighted. Scale bar = 0.3 mm. (B) Quantification of UT (black) or DSS-

treated (red) larvae with fully developed swim bladders from 1 to 7 days post DSS 

exposure. Group differences were analyzed using Mantel-Cox test, ****, p ≤ 0.0001. 

Quantification of the lengths of the intestine (C) and whole body (D) of UT and DSS 

exposed larvae from 1 to 7 days post DSS exposure in millimeters, n≥13. Group 

differences were analyzed with linear regression, *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 

0.001; ****P ≤ 0.0001. (E) The gut to body length ratio was analyzed by linear 

regression. Larvae treated with DSS displayed a decreased growth rate of the gut and 

total body length compared to the untreated controls. The slopes of DSS and UT 
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groups were both negative and the elevation of the slopes were significantly different, 

****P ≤ 0.0001. 

The next goal was to investigate whether the histopathology of larvae exposed 

to 0.5% DSS recapitulated that of previously reported larval zebrafish and murine 

studies. At 6 dpf (3 days post DSS) larvae were collected for hematoxylin and eosin 

(H&E) staining, after paraffin embedding, and sectioning. The epithelium of untreated 

larvae displayed folds in the anterior, mid, and posterior intestine (Fig. 3-3 A). In 

contrast, H&E-stained sections of DSS-treated larvae showed epithelial corrosion with 

flat surfaces, loss of intestinal folds, and detachment of the epithelial layer from the 

basement membrane in all intestinal segments (Fig. 3-3 B). The midgut of untreated 

zebrafish was rich in mucus secreting goblet cells, whereas DSS-treated larvae 

showed a severe loss of goblet cells (Fig. 3-3 A vs 3B, which are the cells containing 

clear/light blue mucus droplets [365].  

The recruitment of neutrophils is another method used to assess intestinal 

inflammation in zebrafish infections [331, 332]. Phagocyte recruitment is increased 

during DSS exposure due to disruption of the mucosal barrier, which promotes 

bacterial invasion and colonization of the intestinal epithelium. Neutrophils are the first 

responders to bacterial infections, whereas macrophages appear at later time points 

to mediate tissue repair and clearance of spent neutrophils [332, 366-368];[369];[320]. 

Transgenic larvae containing green fluorescent neutrophils (Tg(mpo::egfp)) or 

macrophages ((Tg(mpeg1:egfp)) were used to study phagocyte recruitment during 

DSS treatment. Neutrophil recruitment to the gut was significantly increased in DSS-

treated larvae compared to the untreated controls at both 6 and 7 dpf (3 and 4 days 
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of DSS treatment, respectively, (Fig. 3-3 C, D)). There were also more neutrophils 

recruited to the intestine of DSS-treated fish at 7 dpf compared untreated groups. In 

contrast, macrophage recruitment was not significantly changed in untreated and 

DSS-treated groups (Fig. 3-4 A-B).  

To evaluate the extent of inflammation, we also quantified the expression of 

proinflammatory marker genes at 6 and 7 dpf (3 and 4 days of DSS treatment, 

respectively). At 6 dpf, the expression of cxcl8, il-1b, and mmp9, corresponding to 

interleukin 8, interleukin-1b, and matrix metallopeptidase 9, respectively, were 

significantly increased in DSS-treated larvae compared to untreated groups, whereas 

tnfa expression was not significantly increased (Fig.3-3 E). Between 6 and 7 dpf, the 

expression of inflammatory markers decreased in DSS-treated fish, and expression 

of cxcl8, il1b and tnfa was similar in DSS-treated and untreated fish, whereas mmp9 

expression was still elevated (Fig. 3-3 F). Taken together, these data recapitulate key 

morphological and proinflammatory features described by previous groups and 

support our methodology of immersing larvae in DSS from 3 to 6 dpf to induce 

inflammation prior to introducing the bacteria.  
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Figure 3- 3. DSS causes intestinal epithelial damage and inflammation. 

 (A) Longitudinal sections of the anterior, mid, and posterior intestine from control (Ai-

iii) and DSS-treated (Bi-iii) larvae at 6 dpf; n=4. Scale bar = 50 µm. (C) Representative 

images of Tg(mpo::efgp) larval zebrafish. Recruitment of GFP-producing neutrophils 

to the whole gut (outlined by the red box) was analyzed using live-cell confocal 

analysis from 6-7 dpf (Ci-iv). Larvae were imaged for 18 h (3-20 hpi), a complete Z-

stack of 190 images is shown. Scale bar = 200 µm. (D) Quantification of neutrophils 

in the intestine at 6 and 7 dpf (3- and 4-days post DSS treatment); unpaired two-tailed 

t-test, n≥11, (E) qRT-PCR analysis of cxcl8, il1b, mmp9, and tnfa in DSS-treated 

larvae relative to untreated controls at 6 dpf and 7 dpf; n=3. (F). Unpaired two-tailed 

t-test. Mean with SEM, *, P ≤ 0.05; **, P ≤ 0.01.  
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Figure 3-4. Macrophage recruitment to the intestine does not change after DSS 
treatment. 

 (A) Enumeration of macrophages recruited to the intestine of Tg(mpeg1::egfp) larvae 

treated with DSS for 3 days and control (UT) larvae. (B) Live imaging of whole-mount 

untreated (Bi) and DSS-treated (Bii) larvae with green, fluorescent macrophages; 

n≥9, unpaired two-tailed t-test. Mean with SEM. Scale bar = 200 µm. 
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To investigate why the expression of tnfa was not significantly expressed, PCR 

was performed on larvae that displayed significant inflammation after 3 days of 

exposure to DSS. These fish had a heartbeat, but were unable to swim and had 

intestinal edemas (Fig. 3-5A). The expression of cxcl8, il1b, mmp9 and tnfa were 

assessed relative to untreated (Fig. 3-5 B) and healthy DSS-treated larvae (Fig. 3-5 

C). The expression of il1b and mmp9 were significantly increased compared to healthy 

control fish (Fig. 3-5 B) and mmp9 and tnfa transcripts were also slightly significantly 

increased in fish with severe inflammation compared to those that appeared normal 

after DSS exposure (Fig. 3-5 C). This data suggested that non-swimming and severely 

inflamed fish were suffering from severe inflammation and that an increase in the 

relative expression of the gene encoding TNFa does occur after DSS exposure. 

However, the relative fold change of tnfa may be less than that of other 

proinflammatory cytokines. 
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Figure 3-5. DSS creates severe inflammation in some larvae after 3 days of 
exposure. 

(A) A representative image of severely inflamed fish without a swim bladder (outlined 

in red) and with intestinal edema (black arrow). (B) qRT-PCR analysis of cxcl8, il1b, 

mmp9, and tnfa in severely inflamed DSS-treated larvae relative to untreated controls; 

n=2, and (C) relative normal DSS-treated fish at 6 dpf (3 days post DSS); Unpaired 

two-tailed t-test, n=2. Mean with SEM, *, P ≤ 0.05; **, P ≤ 0.01; ****P ≤ 0.0001. 
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Discussion 
The overall goal for this chapter was to generate a larval zebrafish model of 

acute inflammation. The data suggest that this is accomplished by repetitive 

administration of 0.5% DSS. Although inflammation is observed after immersion of 

larvae in DSS for 3 days, the state of inflammation is resolved by 1 day post DSS 

removal as suggested by histological analyses of the intestine and quantitative real-

time PCR (qPCR) of the proinflammatory genes. It is hypothesized that the association 

of DSS with intestinal fatty acids facilitates its paracellular transport through the 

claudins and through this mechanism it disrupts the integrity of the membrane and 

induces a proinflammatory response [370]. Zebrafish larvae are known to have striking 

regenerative abilities. Others have shown  that the intestinal injuries caused by DSS 

in larvae are promptly resolved 1 day after DSS removal and that burn wounds on the 

caudal fins of zebrafish heal 4 days post injury [359];[371].  

Due to the mode of administration, DSS unintentionally has off-target effects 

including on the swim bladder and overall body length. Nonetheless, intestinal 

inflammation is still observed as indicated by the increased recruitment of neutrophils 

to the intestine, transcription of genes encoding proinflammatory cytokines, and 

smoothening of the intestine. The evaluation of intestinal inflammation varies between 

organisms. In mice readouts of intestinal inflammation caused by DSS include 

intestinal permeability, increased transcription of genes encoding proinflammatory 

cytokines, severe bleeding, diarrhea, decrease in mucin secretion and goblet cells, 

infiltration of neutrophils into the submucosa and occasionally in the crypts, and death 

[329]. The presence of diarrhea and rectal bleeding are difficult to visualize in larvae 

due to their size, however the other readouts can be observed in zebrafish. In contrast, 
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diagnosis of Crohn’s disease and ulcerative colitis in humans is conducted by the 

analysis of blood and stool samples that identifies inflammation biomarkers in blood 

(c-reactive protein and erythrocyte sedimentation rate) and in stool samples 

(calprotectin and lactoferrin) and by endoscopy to visualize inflammatory bowel 

lesions [372]. Recent studies also show that adult zebrafish produce S100A-10b, a 

protein homologous to calprotectin, in response to intestinal inflammation [373].  Here, 

I have not assessed whether calprotectin produced by larvae is secreted in response 

to DSS, however it is something that could be performed in future studies.  

One of the major differences between the DSS mouse and the zebrafish model 

is that DSS predominantly causes colitis in rodents and to a lesser extent inflammation 

in the ileum, whereas in fish DSS causes inflammation throughout the whole intestine 

(enterocolitis) [374]. The reason for this difference could be explained by the DSS 

delivery approach. Mice intake DSS ad libitum through drinking water, whereas 

zebrafish continuously up take DSS. Thus, it is possible that in mice most of the DSS 

is absorbed in the colon, whereas in zebrafish larvae DSS is continuously absorbed 

by various cell types due to the constant exposure. Of note, an aggregation of 

neutrophils was often observed in the cloaca of DSS-treated zebrafish (3-3 C i-iv), 

however histological sectioning showed that the whole intestine was damaged. 

Upon intestinal barrier damage, commensal bacteria invade the epithelium, which 

results in intestinal inflammation. Neutrophil recruitment to the intestine was 

significantly upregulated in DSS-treated fish relative to untreated controls, possibly as 

an effort to control bacterial invasion to the epithelium. However, the average number 

of macrophages was not significantly changed between DSS and untreated fish (Fig. 
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3-4 A). Larval zebrafish studies show that although neutrophils efficiently phagocytose 

bacteria on the surface of tissue, macrophages specialize in engulfing bacteria located 

in fluid-filled cavities and or blood [375]. Macrophage recruitment to the intestine may 

not be significantly changed in untreated and DSS-treated fish since the role of 

macrophages is to clear microbes from fluid environments. 

Neutrophils are key players in the initial stages of inflammation. After migrating to 

the site of infection, neutrophils phagocytose microbes, release antimicrobials 

peptides, and produce cytokines that activate macrophages and initiate tissue repair 

[376]. Here the relative expression of the genes encoding the proinflammatory 

cytokines interleukin 8 (il8 or cxcl8), interleukin-1-b (il1b), and matrix metallopeptidase 

9 (mmp9) was observed to be increased relative to the untreated controls. IL-1β, IL-

8, and TNF-α are primarily produced by macrophages. However, IL-8 is mainly 

associated with the activation and mobilization of neutrophils, whereas IL-1b and TNF-

α are involved in signaling pathways that regulate apoptosis and cell survival [377]. 

During inflammation MMP9 degrades the extracellular matrix and through this process 

it activates cytokines to that mediate tissue/wound healing [378]. A decrease in the 

expression of proinflammatory cytokines at 7dpf (24 h post DSS) may suggest that 

inflammation is resolved in DSS-treated larvae, a process that is necessary to prevent 

chronic inflammation.  

TNF-a appeared to be the only proinflammatory cytokine that was not significantly 

upregulated. Figure 3-5 suggests that the relative expression of tnfa is less than that 

of il1b and mmp9 in healthy DSS-treated fish (fish able to swim) and surprisingly also 

in fish that appear have elevated inflammation as characterized by edemas in the gut 
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and failure to swim. Moreover, the relative expression of the gene encoding TNF-α in 

fish with severe inflammation is increased 30-fold relative to DSS-treated fish with less 

diseased phenotypes (Fig. 3-5 C). Thus, this might explain why tnfa is not significantly 

upregulated in the larvae that were previously assessed (Fig. 3-3 F). To conduct 

bacterial infection experiments (detailed in the next chapter) it is important that DSS-

treated larvae can swim properly and for this reason only healthy DSS-treated larvae 

will be used in future experiments. 
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Chapter 4: Larval Zebrafish as a Model Organism for AIEC 
Infections 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

Introduction 
Several approaches have been used to introduce foreign bacteria into 

zebrafish. The simplest route of bacterial inoculation is the bath immersion model. 

This method involves the immersion of larval or adult zebrafish in an environment 

containing high concentrations of bacterial pathogens (1010 CFU/ml), such that the 

fish take up the pathogen ad libitum. This model is advantageous for investigating how 

the immune system responds to local infections after the zebrafish have been 

externally injured [379]. However, one drawback of this model is that the amount taken 

up by the zebrafish varies between fish and it is difficult to retain a high bacterial 

burden for subsequent colonization by mammalian pathogens. Another drawback is 

that this method cannot be used to inoculate zebrafish with obligate anaerobic 

bacteria, which include many intestinal pathogens.  

In contrast to immersion, a precise bacterial load at a specific anatomical site 

may be introduced to zebrafish using microinjection. The site of administration may 

be chosen based on the desired response (Fig. 4-1). Systemic bacterial infections are 

accomplished through microinjection into the duct of Cuvier (cardinal vein that empties 

blood into the first chamber of the heart), the caudal vein (largest vein in tails of 

vertebrates) and with intraperitoneal injections [380, 381]. Local infections can be 

established through intramuscular injections or injections in the notochord [379]. The 

zebrafish notochord is a tissue that is similar to cartilage and analogous to the human 

bone, and is inaccessible to neutrophils and macrophages [382, 383]. Other 

microinjection sites that result in localized infections include the hindbrain ventricle, 

otic vesicles, yolk sac, and the tail fin [313]. Interestingly, hindbrain infections show 



93 
 

that Bdellovibrio bacteriovorus synergizes with the innate immune system to clear 

infections of antibiotic resistant Shigella flexneri[384].  

 

 
 

Figure 4- 1. Localized and systemic infections in larval zebrafish are achieved 

by inoculation at different anatomical regions.  

Intravenous injections of microbes at the caudal vein (CV), blood island (BI), or the 

duct of Cuvier (DC) results in microbial dissemination throughout the bloodstream. 

Immune cell recruitment studies can be performed by intramuscular (IM) or 

subcutaneous (SC) injections or by injections within the hindbrain ventricle (HV), otic 

vesicle (OV), tail fin (TF). Localized infections may occur within the yolk sac (YS), HV, 

TF, and OV. Injections at the notochord (NC) permit the study of bone and cartilage 

inflammation. Image was created with BioRender.  
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Alternatively, a bacterial suspension may be administered to adult and larval 

zebrafish through oral gavage [385, 386]. However, this approach requires specialized 

equipment for the insertion of a needle into the mouth of the fish through the 

esophagus and into the anterior intestinal bulb, a procedure that can be challenging 

to learn and apply reproducibly. More recently, our lab has established a model of 

food-borne infections using the protozoan Paramecium caudatum as a way to deliver 

the pathogen into the gastrointestinal tract [297, 314]. Paramecia prey on bacteria and 

are a natural food source of larval zebrafish. Ingestion of bacteria by paramecia is 

followed by bacterial internalization in an acidifying storage vacuole, which is 

hypothesized to prime gastrointestinal pathogens, similarly to the mammalian 

stomach, prior to consumption of the bacteria-loaded paramecia by larvae [297]. This 

approach has been shown to efficiently deliver EHEC into the zebrafish intestine [314]. 

Colonization of EHEC in the larvae intestine prompts the expression of virulence 

genes and decreases the survival of infected larvae [314].  

Other gastrointestinal pathogens previously modeled in larval zebrafish include 

major aquaculture and opportunistic human pathogens. Edwardsiella and Aeromonas 

species are acquired by consumption of contaminated food and cause gastroenteritis 

in immunocompromised humans and zebrafish [387, 388]. Infection studies of 

zebrafish with Edwardsiella tarda suggest that the type III secretion system is essential 

for bacterial replication in phagocytic cells and have contributed to the identification of 

novel invasins and flagellar components involved in adhesion and biofilm formation 

[389-391]. Similarly, the immersion of zebrafish with Aeromonas sp. results in 
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intestinal inflammation, alters the intestinal microbiota of the host, and induces the 

secretion of extracellular enzymes that degrade host cells [379, 392, 393].  

Some members of the Vibrio genus are natural fish pathogens and are 

transmitted to humans through contaminated food [394]. Once colonized, the host 

may develop vibriosis, an illness involving diarrhea, nausea, and fever, and may be 

susceptible to bacteremia depending on the colonizing strain [395]. V. cholerae is the 

causative agent of cholera and a good colonizer of the zebrafish intestine [396]. Using 

zebrafish as a model organism, studies show that although the cholera toxin is 

dispensable for colonization and pathogenesis in zebrafish, the accessory toxins RTX 

and hemolysin A (HlyA) are essential during intestinal colonization and are regulated 

by the metabolic regulator cAMP receptor protein (CRP) during host infection [397].  

Other enteric bacteria that are not natural fish colonizers, but have been 

successfully modeled in zebrafish larvae are Salmonella enterica serovar 

Typhimurium and E. coli. Infection of larvae with Salmonella causes inflammation in 

the intestine and cloaca and causes neutrophil recruitment to the site of infection, a 

process that is dependent on IL-8 and leukotriene B4 [398]. Further, human 

commensal E. coli strain Nissle and E. coli 40, also colonize larval zebrafish, and 

reduce the colonization of V. cholerae by decreasing the intestinal pH due to glucose 

metabolism [399].  

Altogether these studies support the establishment and characterization of 

larval zebrafish as a model organism for adherent-invasive E. coli infections (AIEC). 

Here, paramecia were used as delivery vehicles for AIEC to the zebrafish intestine. 

This model was chosen because it facilitates the introduction of AIEC into the lumen 
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following the ingestion of AIEC-loaded paramecia and allowed us to investigate 

whether AIEC invades the host or is successfully cleared.  
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Results 
 
Clinical AIEC strains isolated from the ileum and colon exhibit antibiotic 
resistance 
 

In the previous chapter a larval zebrafish model of colitis was characterized to 

investigate whether larvae with preexisting inflammation are a suitable model 

organism of AIEC infection. Current AIEC studies in mice suggest that AIEC are true 

pathobionts, as they only cause disease in animals suffering from intestinal 

inflammation attributed to genetic or environmental factors [202]. Since numerous 

clinical studies suggest that AIEC are important disease modifiers, the search for AIEC 

targeting-strategies is on-going. Early studies are generally conducted in tissue culture 

cells prior to advancing to a mammalian system. However, the results obtained in vitro 

may not always be translatable in vivo. Thus, it would be advantageous to have a 

high-throughput animal model with similar hallmarks of infection to the mammalian 

model, for the identification of therapeutics and the discovery of novel mechanisms of 

AIEC pathogenesis. For this reason, I set out to investigate whether the larval 

zebrafish model is suitable for the modeling of AIEC infections.  

The first aim of this project was to investigate the antibiotic susceptibility of 

AIEC strains isolated from IBD patients to establish the model. These AIEC strains 

were acquired from the Diehl lab (in Baylor College of Medicine) and were used in 

prior studies to identify genes associated with the AIEC phenotype and pathways 

involved in virulence [178]. The susceptibility to ampicillin, kanamycin, tetracycline, 

and chloramphenicol in AIEC strains 50, 341, 342, 343, 344, 345, 346, 347, 356, 365, 

366, and LF82 was assessed using the Kirby-Bauer disc diffusion susceptibility test 

to identify an appropriate marker of fluorescent protein-expressing plasmids. 
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Susceptibility or resistance to the antibiotics was determined based on previously 

published cutoff values of the diameter of the zone of inhibition [400]. Quantification 

of the zone of inhibition (Table 4-1) suggested that 50% of the strains (AIEC 342, 345, 

346, 347, 356, and LF82) are resistant to ampicillin (as no growth inhibition was 

observed) and that all strains are susceptible to either tetracycline or chloramphenicol, 

except for AIEC 366.  

To complement these results, AIEC strains were grown in liquid cultures with 

the same antibiotics, but at different concentrations (Fig. 4-2). The reference strain, 

AIEC LF82 (Fig. 4-2 A) did not grow well in low concentrations of tetracycline (10 

µg/mL) and chloramphenicol (25 µg/mL), but grew in the liquid culture containing 

kanamycin (50 µg/mL), which was in accordance with the data quantified in Table 4-

1. Likewise, the growth of the AIEC strains 50, 341, and 343 was inhibited by 

tetracycline and chloramphenicol (Fig. 4-2 B,C,D), which was also observed in the 

disk diffusion assays (Table 4-1). Surprisingly, increasing the concentration of 

ampicillin by 10-fold remained ineffective at inhibiting the growth of the AIEC stains 

(Table 4-1 and Fig. 4-2). Consequently, we decided to use a tetracycline resistance 

marker for future experiments. These AIEC strains were transformed with a plasmid 

encoding mCherry and the tetracycline repressor (for tetracycline resistance) and kept 

for future experiments.  
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Table 4- 1. Most of the AIEC strains that were isolated from patients are 

susceptible to tetracycline and/or chloramphenicol.  

After streaking bacteria on LB plates, antibiotic discs were added, and the plates were 

incubated at 37 oC for 24 hr. Following the incubation, the diameter of the zone of 

inhibition was measured in centimeters (cm). Based on previously established values, 

ampicillin (10 µg), kanamycin (30 µg), tetracycline (30 µg) and chloramphenicol (30 

µg) discs were considered effective antimicrobial agents if the measured zone of 

inhibition was greater than 1.6, 1.7, 1.8, and 1.7 cm, respectively [400]. The dimeter 

measurements that were above the cutoff values and a sign of antibiotic susceptibility 

are shown in bold.  

 

 

 

     
AIEC Strain Amp (10) Kan (30) Tet (30) Chl (30) 

50 1.7 1.5 2 2.3 
341 1.7 1.6 1.9 2 
342 No inhibition No inhibition 1.7 2.8 
343 1.6 2 1.7 2.1 
344 1.5 1.7 1.8 1.9 
345 No inhibition 1.9 1.9 2.3 
346 No inhibition 1.6 1.8 2.1 
347 No inhibition 1.5 1.7 1.8 
356 No inhibition 1.5 1.9 1.6 
365 1.9 1.8 No inhibition 2.3 
366 1.7 1.9 No inhibition No inhibition 

LF82 No inhibition 1.7 2 2 
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Figure 4- 2. The growth of AIEC reference strains LF82, 50, 341, and 343 is 

suppressed by tetracycline and kanamycin.  

AIEC strains (A) LF82, (B) 50, (C) 341, and (D) 343 were adjusted to an initial OD of 

0.1 and the growth in a 96-well plate was assessed every hour for 6 hours in the 

presence or absence of antibiotics. n=3. Mean and SEM.  Blue= no antibiotic, black = 

ampicillin (100 µg/mL), purple = chloramphenicol (25 µg/mL), red = tetracycline (10 

µg/mL), green = kanamycin (50 µg/mL).   
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Paramecia engulf and deliver AIEC to the zebrafish intestine 

As mentioned in the introduction, paramecia were used as vehicles to deliver 

of AIEC into the zebrafish intestine. In the model AIEC are fed to paramecia and the 

AIEC-loaded paramecia are incubated with zebrafish larvae (Fig. 4-3 A). To 

approximate the bacterial dosage consumed by the zebrafish following a 2-hour 

incubation of larvae with AIEC-loaded paramecia, I first determined the AIEC LF82 

half-life (the time at which the initial AIEC quantity inside of the paramecia is halved) 

following uptake by paramecia. This was an important step since bacteria consumed 

by paramecia are internalized in a storage vacuole that acidifies and degrades its 

contents over time [401]. The reference AIEC strain LF82 was transformed with the 

mCherry plasmid pME6032, containing tetracycline resistance, to visualize LF82 

inside of paramecia and zebrafish.  

The uptake of AIEC by paramecia occurred almost instantly, as the presence 

of 790 colony-forming units (CFUs) per paramecia was observed minutes after the 

introduction of LF82 (Fig.4-3 B, Time 0). This is in accordance with other studies that 

show that paramecia engulf their targets within seconds to minutes after their 

identification [314, 402]. Based on the number of CFUs per paramecia over the course 

of 6 hours, the LF82 half-life (t) was shown to be 2.3 hours (Fig. Fig.4-3 B). The LF82 

decay rate (k) inside of paramecia was then determined based on the LF82 half-life 

(2.3 h) and found to be 0.30 h-1 (Fig. 4-3 C). The rate at which larvae feed on 

paramecia (prey rate) was also determined based on video analysis (Fig. 4-3 E,F). 

Based on the half-life, decay rate, number of CFUs at time 0, and prey rate, the 
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theoretical LF82 dosage consumed by fish following a 2-hour incubation of larvae with 

LF82-containing paramecia was approximated to be 6.7 x 105 CFUs (Fig. 4-3 D). 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

 

Figure 4- 3. The bacterial dosage is dependent on the half-life of AIEC LF82 

inside of paramecia and the prey rate of larval zebrafish on AIEC-containing 

paramecia.  

 (A) Paramecia (Ai) were co-cultured with 108 mCherry-expressing AIEC LF82 (Aii,Aiii, 

red). Following a 2-hour co-incubation of paramecia and AIEC LF82, paramecia-

containing AIEC were fed to larval zebrafish (Aiv), scale bar = 20 μm. (B) AIEC-loaded 

paramecia were sampled from 0-6 hours post incubation to count CFUs of AIEC per 

paramecia and to determine the paramecia concentration, and CFUs/ paramecia was 

calculated. The number of AIEC CFUs per paramecia was 790 at time 0. The half-life 

(t) of AIEC LF82 in paramecia is 2.3 hours. Error bar, mean +/- SEM (C) The decay 
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constant (k) is determined based on the half-life (t) of AIEC LF82 and is 0.30 h-1. (Non-

linear fit, first order decay); Half-life: 2.3 hrs, n=3. (D) The equation used to calculate 

the bacterial dosage consumed by larval zebrafish after a 2-hour incubation (t) of 

larvae with AIEC-containing paramecia. This equation takes into account the rate at 

which larvae prey on paramecia (p), the initial bacterial quantity at time 0 (N0), and the 

decay rate of AIEC (k). (E) Still images from a video used to determine the prey rate 

of larvae on paramecia. The prey rate was 1539/h based on video analysis, n= 10 (F). 

Plugging in these values into (D) results in a bacterial dosage of 6.7 x 105 CFUs 

following a 2-hour incubation of AIEC-containing paramecia with larval zebrafish.  

 

Flores, E., Thompson, L., Sirisaengtaksin, N., Nguyen, A. T., Ballard, A., Krachler, A. 

M. Using the protozoan Paramecium caudatum as a vehicle for food-borne infections 

in zebrafish larvae. J. Vis. Exp. (143), e58949, doi:10.3791/58949 (2019), by 

permission of JoVE Journal.  
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Adherent-invasive E. coli LF82 and non-pathogenic E. coli MG1655 colonize 

the gut with a similar burden, but AIEC persists longer 

After establishing the bacterial dosage consumed by fish, the next task was to 

investigate how AIEC would interact with the GI tract of healthy zebrafish larvae 

(hereafter referred to as untreated (UT) fish). The survival of larvae infected with LF82 

or the nonpathogenic E. coli strain MG1655 was also assessed. Surprisingly, fish 

infected with either LF82 or MG1655 had 100% survival from 2 to 48 hpi (Fig. 4-4 A). 

To determine whether LF82 exhibits different colonization patterns compared to 

MG1655, infected larvae were homogenized and plated on selective CHROMagarTM.  

Here, AIEC LF82 formed dark, steel-blue colonies that were distinguishable from 

MG1655 (mauve), and the larva’s endogenous microbiota (white, Fig.4-4 B). PCR 

analysis further confirmed that the steel-blue and mauve colonies were indeed LF82 

and MG1655, respectively (data not shown).  

Following food-borne delivery, AIEC and MG1655 were taken up by the larvae 

at similar concentrations (Fig. 4-4 C, 2 hpi), however at later time points, AIEC formed 

a significantly higher burden within fish than E. coli strain MG1655 (6-24 hpi). The 

number of detected MG1655 CFUs in homogenized zebrafish samples decreased 

after 6 hpi and by 24 hpi no MG1655 CFUs were detected (Fig. 4-4 C). Interestingly, 

the number of LF82-infected fish with a burden below the detection limit also began 

to increase from 6 to 24 hpi, and by 30 hpi the burden of LF82 was significantly 

decreased compared to prior timepoints. To get a better representation of the 

difference in colonization between these two E. coli strains, the bacterial persistence 

was analyzed and quantified as the percent of fish that contained AIEC and MG1655 



106 
 

burdens above the detection limit (10 CFUs). As shown in Fig. 4-4 D, AIEC LF82 was 

significantly more persistent than non-pathogenic E. coli MG1655 from 2 to 24 hpi. 

Altogether these data suggests that AIEC LF82 forms a slightly higher burden and 

persists longer inside larval zebrafish compared to nonpathogenic E. coli. 

The next task was to investigate the localization of AIEC inside of the larval 

zebrafish intestine. Following administration of AIEC LF82::mCherry and 

MG165::mCherry to UT larvae, AIEC was observed in the foregut, lumen, and 

attached to the midgut epithelium (Fig. 4-5 A). Closer observation of LF82 and 

MG1655 in the midgut revealed that both strains were internalized by the intestinal 

epithelium and located within the cytoplasm, which was outlined by phalloidin (shown 

in cyan) (Fig. 4-5 B). At 2 hpi individual red LF82 and MG1655 cells were 

predominantly observed (Fig. 4-5 Bi, Biv). However, LF82 clusters became more 

prominent at 24 and 30 hpi (Fig. 4-5 Bv-vi). In contrast, individual MG1655 cells 

observed at 2 hpi gradually disappeared from 24 to 30 hpi (Fig. 4-5 Bii-iii). These 

observations were in agreement with the burden data shown in Fig 4-4, C-D. 
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Figure 4- 4. AIEC LF82 persists longer than nonpathogenic E. coli MG1655 in 

healthy larval zebrafish but does not cause mortalities in infected fish.  

(A) Survival of larvae fed paramecia and paramecia with or without E. coli. (B) 

Bacterial colonies grown on a CHROMagarTM plate. The zebrafish microbiota forms 

white colonies and is distinguished from AIEC LF82, which forms dark steel-blue 

colonies, and E. coli MG1655, which forms mauve colonies. (C) Quantification of LF82 

(red) and MG1655 (black) CFUs per fish. The detection limit was 101 (dashed line), 

this was the lowest CFU number that was detected in all dilutions. Fish that did not 

have any detectable E. coli were annotated as “1”. n <15 fish/condition, p values; **,P= 
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0.0099, *P = 0.0312. Non-linear regression first order decay, ROUT outlier test with 

Q=0.2%, Paired t-test and Wilcoxon test. (D) Bacterial persistence was quantified as 

percentage of fish that contained a burden of AIEC and MG1655 above the detection 

limit from 0 to 30 hpi. Significance in persistence (D) at 2, 6, 24, and 30 hpi were: **,P= 

0.0019, *,P= 0.0104, ***, P=0.006, and ns, P > 0.05, respectively. Persistence was 

analyzed using a Fisher’s exact test.  
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Figure 4- 5. LF82 and MG1655 colonize the cytoplasm of intestinal epithelial 

cells after 2 hpi.  

(A) Larvae infected with LF82 and imaged at 10X. The intestinal segments are 

separated into the foregut (f), midgut (m), and hindgut (h). Figure B are magnified 

(60X) images of the area identified by the box in A. (Bi-vi) Sagittal views of the midgut 

of larvae infected with MG1655 (Bi, Bii, Biii) and LF82 (Biv, Bv, Bvi) at 2, 24, and 30 

hpi. Scare bar = 100 um.  E. coli (red) inside of the cytoplasm (cyan, stained with anti-

laminin) of the columnar intestinal epithelium (white) at 2, 24, and 30 hpi. The 

basement membrane is slightly outlined by anti-laminin (parallel horizontal teal lines 

at the bottom edge of the intestine) and contains flat endothelial cells that comprise 

the vasculature.   
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Preexisting colitis and AIEC infection synergize to increase proinflammatory 

responses 

Although AIEC colonizes the gastrointestinal tract of healthy hosts, it is more 

prevalent in hosts experiencing chronic inflammation, such as with patients suffering 

from IBD [186, 240, 241]. Consequently, the larval model was expanded to address 

whether preexisting inflammation affects AIEC colonization. Following the protocol 

established in the previous chapter, DSS was administered to larval zebrafish from 3 

to 6 dpf, at which point DSS treatment stopped, and E. coli was introduced (Fig. 4-6 

A). AIEC LF82 were administered to larvae at 6 dpf because at this stage the intestine 

is fully functional [306]. Larvae that were moribund or had defective swim bladders 

were excluded from bacterial infection experiments to prevent the paramecia from 

preying on the sick fish. 

The burden of LF82 in DSS-treated zebrafish at 2 hpi was bimodal with half of 

the larvae containing more LF82 than the rest and slightly more than untreated fish, 

(Fig. 4-6 B), but not significantly different than the average burden of AIEC in untreated 

fish. Although the burden of LF82 fluctuated, the average burden remained within the 

range of 100-10,000 CFUs per fish from 2 to 48 hpi and was significantly higher than 

that of untreated controls at 6 and 12 to 48 hpi (Fig. 4-6 B). Further, the persistence 

of LF82 in DSS-treated larvae was significantly higher compared to untreated fish (Fig. 

4-6 C). These results suggested that preexisting inflammation enhances the 

persistence of LF82 in the intestine of larval zebrafish. Further, these results are in 

accordance with those of published murine studies that show that AIEC persists longer 

in mice with IBD compared to healthy controls [234, 403, 404]. 
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To investigate whether the colonization of AIEC was enhanced due to pre-

existing inflammation or due to AIEC’s pathogenicity, the colonization patterns of 

MG1655 in DSS-treated larvae were also assessed. The burden of LF82 was 

significantly higher than MG1655 at 2, 6, 24 and 48 hpi (Fig. 4-6 D). Surprisingly the 

burden of MG1655 was higher in some larvae sampled at 30 hpi compared to those 

sampled at 24 hpi.  However, by 48 hpi, the number of fish that contained MG1655 

significantly decreased and the persistence of MG1655 was lower than that of LF82 

(Fig. 4-6 E). Moreover, CFUs of MG1655 and LF82 were not detected at 72 hpi (data 

not shown). These results reveal that although the treatment of larvae with DSS 

enhanced the burden of both LF82 and MG1655, AIEC LF82 still colonized and 

persisted better compared to nonpathogenic E. coli in fish with colitis (Fig. 4-6 D-E). 

Overall, these data suggest that the colonization of LF82 in fish with preexisting 

inflammation might be due to its unique virulence genes.  

Data presented in Chapter 3 showed that larvae have reduced survival after 

DSS treatment. Thus, next I investigated whether the persistence of LF82 in DSS-

treated larvae affected their survival. The percent survival of DSS-treated larvae 

infected with LF82 was decreased relative to that of DSS-treated uninfected fish and 

DSS-treated fish fed the paramecia vehicle only (Fig. 4-7 A). Moreover, the 

introduction of LF82 also lowered the survival of DSS-treated larvae relative to those 

infected with MG1655 (Fig. 4-7 B).  
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Figure 4-6. Preexisting inflammation enhances the colonization and persistence 

of AIEC LF82, but not of nonpathogenic E. coli MG1655.  

 (A)Timeline of DSS administration, infection of larvae with AIEC LF82 or MG1655, 

and CFU monitored. (B) Quantification of LF82 CFUs per larva with (solid black 

circles) and without (open circle) prior DSS treatment, n<15. The detection limit was 

101 (dashed line). (C) Bacterial persistence (% fish with a burden of AIEC above the 

detection limit) from 2-48 hpi. The half-life of LF82 in larvae either DSS-treated (solid 

black) or untreated (open circles) is 30 and 10 hours, respectively. Non-linear 

regression first order decay, ROUT outlier test with Q=0.2%, Paired t-test and 

Wilcoxon test. (D) Quantification of MG1655 (red) and LF82 (black) CFUs per fish 

treated with DSS. Fish that did not have any detectable E. coli were annotated as “1”, 

n = 17 fish/condition. (E) Bacterial persistence (% fish with a burden of AIEC and 

MG1655 above the detection limit) from 0-48 hpi. Persistence was analyzed using a 
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Fisher’s exact test. The half-life of LF82 is 18 hours and 6 hours for MG1655. *, P ≤ 

0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.000. 

 

 

Figure 4- 7. DSS-treated larvae infected with LF82 have decreased survival 

compared to the control groups.  

 (A) Percent survival of DSS-treated larvae that were uninfected (black), fed the 

vehicle control (blue), or vehicle and AIEC (red). Mantel-Cox test, followed by a 

Bonferroni correction test n = 17. **, P ≤ 0.01; ***, P ≤ 0.001.  (B)  Percent survival of 

DSS-treated fish infected with MG1655 (black) and AIEC LF82 (red). Gehan-Breslow-

Wilcoxon test, n=6. *, P ≤ 0.05.  
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One of the major benefits of using larval zebrafish to model infections is that 

bacterial colonization in the intestine may be visualized without disturbing the tissue.  

To capitalize on this, I attempted to generate an algorithm that quantified bacterial 

translocation from the lumen into the epithelium to assess whether AIEC invades the 

epithelium deeper than MG1655. Two hours post infection, larvae were euthanized 

and stained with phalloidin to visualize E. coli relative to the cytoplasm (Fig. 4-8 A). 

The images were compressed to 10 by 20-pixel images (Fig. 4-8 B), with pixel (bin) 0 

corresponding to the lumen and bin 20 corresponding to the basement membrane 

(Fig. 4-8 A and B). The fluorescence intensity of the mCherry channel (E. coli) was 

quantified for each “bin” in untreated fish infected with LF82 and MG1655, 

respectively. However, no significant changes in fluorescence intensities were 

identified (Fig. 4-8 C). Approximately 50 fish were analyzed at 2, 24, and 30 hpi and 

the same results were observed. We reasoned that this approach was not reliable due 

to differences in the widths of zebrafish intestines (see for example Fig. 4-5 B). This 

method would probably be suitable for samples with equal measurements, however 

after looking at several images it was clear that there was too much variability and 

thus this approach was abandoned.  
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Figure 4- 8. An approach to quantify E. coli invasion into the epithelium. 
(A) Representative image of a larval zebrafish intestine containing E. coli (red). All 

images were converted to grey scale and compressed into a 10 X 20 (length x width) 

pixel image (B). The compressed images consisted of 20 bins that represented 

vertical slices from the cytoplasm to the basement membrane and 10 horizontal bins 

that represented the length of the intestine. The fluorescence intensity of the red 

channel was then quantified in each bin. An example of the readouts is illustrated in 

(C) in which the fluorescence intensity of the red channel (y) is quantified in 20 bins 

(x) that extend from the lumen to the basement membrane. n=15, data showed no 

significant differences. 
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Based on immunofluorescence analysis, it was clear that there was a difference 

in the colonization patterns of LF82 in larvae exposed to DSS compared to the control 

group. Since the approach described above did not work, the fluorescent intensity of 

the mCherry channel inside of the intestinal epithelium was quantified as a measure 

of invading AIEC cells. DSS-treated and UT larvae were infected with LF82, 

euthanized at 2, 24, and 48 hpi, and labeled with anti-laminin to assess the localization 

of LF82::mCherry inside of the epithelium (delineated by the white lines) in between 

the lumen (asterisk) and basement membrane (right above the blood vessel “V”)  

(Fig.4-9 A-B). In UT fish, individual LF82 cells were observed at 2 hpi, and by 24 hpi 

aggregates appeared (Fig. 4-9 Ai-ii) however by 48 hpi individual cells were not 

observed rather the mCherry protein appeared to have been internalized by 

specialized epithelial cells (Fig. 4-9 Aiii)[305]. Based on burden analysis, the signal 

appeared to be solely due to the mCherry protein since no LF82 CFUs in UT fish was 

observed during CFU counts at 48 hpi (previous figure, Fig. 4-6 B). Further studies 

are required to investigate why the mCherry protein was internalized in UT fish. 

Similarly, individual AIEC cells were found inside of the epithelium at 2 hpi in 

DSS-treated larvae and aggregates were observed at 24 and 28 hpi (Fig. 4-9 Bi-iii). 

Throughout 2 to 48 hpi, the number of internalized AIEC was significantly greater in 

larvae with preexisting inflammation compared to healthy UT fish (Fig. 4-9 C). 

Moreover, AIEC were found localized closer to the basement membrane (thick blue 

line above the blood vessel “V”) in the DSS group, whereas in UT fish AIEC mainly 

remained on the apical surface of the cells (Fig. 4-9 A vs B). Thus, it was hypothesized 

that the localization of AIEC closer to the basement membrane may modulate 
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intestinal inflammation since adhesion to the basement membrane may induce a 

proinflammatory response.  

 

 

 

Figure 4- 9. DSS enhances the invasion of AIEC LF82 in the larval zebrafish 

intestine. 

LF82 (red) in the mid-intestine of control (Ai-ii) and DSS-treated (Bi-iii) larvae relative 

to the basement membrane (blue) from 2 to 48 hpi or 6-8 dpf. Internalized mCherry 

protein was observed in specialized intestinal cells (Aiii) [305] . The dotted white line 

outlines the intestinal epithelium and separates it from the lumen, indicated by *, and 

the blood vessel below the basement membrane (V). Scale bars represent 10 µm. (C) 

Quantification of the fluorescent mCherry signal (arbitrary fluorescence units (AFU)) 

which represents AIEC inside of the intestinal epithelial cells at 2, 24, and 48 hpi, x= 

6, *, P ≤ 0.05; **, P ≤ 0.01. 
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Murine studies show that colonization of AIEC LF82 exacerbates intestinal 

inflammation in DSS-treated animals and causes an immunopathology similar to the 

one observed in IBD patients [404-406]. Thus, next I investigated whether AIEC could 

exacerbate inflammation in UT- or DSS-treated larvae, respectively. The midgut of 

untreated fish infected with LF82 presented mucus secreting goblet cells at 2, 24, and 

48 hpi that were not observed in UT fish fed the paramecia control (Fig. 4-10, Ai-iii vs 

Bi-iii, cells containing clear/light blue mucus droplets)[365]. As mentioned in Chapter 

3, DSS disrupts the intestinal folds at 6 dpf (3 days post-DSS treatment) however 

these folds are restored at 7 and 8 dpf (4-5 days post-DSS treatment) (Fig. 4-10 Cii-

iii). These observations suggest that the intestine may partially recover upon DSS 

removal. In contrast, DSS-treated larvae infected with LF82 were unable to fully 

recover from colitis by 48 hpi; they did not recover the original intestinal fold 

architecture and exhibited a thinner epithelial cell layer compared to DSS-treated 

larvae that were not infected (Fig. 10 Di-iii vs Ci-iii).  Altogether these data suggested 

that AIEC LF82 alters the architecture of the intestine of larvae, in UT fish LF82 

increases goblet cell number, and in DSS-exposed fish it prevents epithelial healing. 

The increased presence of mucin-producing goblet cells may indicate a host-defense 

response to fight off bacterial infections whereas flattening of the intestinal villi may be 

due to inflammation [67].  

To further examine the effect of LF82 on inflammation, neutrophil recruitment 

was assessed, and induction of inflammatory markers was quantified using qRT-PCR. 

For these experiments, UT- and DSS-treated larvae fed the paramecia vehicle only 

(without E. coli) were used as controls. Neutrophil recruitment to the intestine was not 
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changed in UT fish infected with LF82 compared to UT paramecia-fed fish (Fig. 4-10 

Ei and Eiii, F). However, infection of DSS-treated larvae with LF82 significantly 

increased neutrophil recruitment to the intestine compared to DSS-fish fed paramecia 

only (Fig. 4-10 Eii and Eiv, F). The infection of DSS-treated larvae with LF82 increased 

the relative expression of proinflammatory CXCL8, IL-1b, and MMP9 encoding genes 

compared to UT fish infected with LF82 (Fig. 4-10 G). To further investigate whether 

LF82 could enhance the proinflammatory response in DSS-treated larvae, the relative 

expression of CXCL8, IL-1b, MMP9, and TNF-a encoding genes was assessed in 

DSS-treated fish with LF82 and paramecia only. Here we saw that the expression of 

CXCL8 and MMP9 encoding genes were increased in DSS-treated fish infected with 

LF82 compared to DSS-fish fed paramecia only and relative to the UT paramecia 

control group (Fig. 4-10 Eii, H). All together these data suggested that AIEC do not 

induce intestinal inflammation in untreated larvae, but do exacerbate inflammation in 

hosts with existing colitis. Interestingly, although the number of macrophages recruited 

to the intestine was unchanged across samples (Fig. 4-11), in some DSS-treated fish 

LF82 was observed to replicate inside macrophages over time (Fig. 4-12). 
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Figure 4- 10. Figure 4-10. AIEC LF82 exacerbates intestinal inflammation in DSS-

treated larvae. 
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 (A-D) H&E-stained longitudinal sections of the mid-intestine of larvae fed paramecia 

with (C) and without DSS (A), and those infected with paramecia plus LF82 (B and D) 

at 6, 7, and 8 dpf (2, 24, and 48 hpi). n=3. Black arrows point to goblet cells. Scale 

bars represent 50 µm. (E) Representative confocal images (10X) of Tg(mpo::egfp)  

larvae fed paramecia only or LF82 at 6 dpf. Larvae were imaged for 18 h (3-20 hpi), 

maximum intensity projection of 190 images; neutrophils (green) and bacteria (red). 

Neutrophils were also seen on the ventral fin underneath the intestine. Scale bars 

represent 200 µm. (F) Quantification of neutrophils per intestine in UT- and DSS- 

treated fish fed with paramecia only (black) or infected with LF82 (red); n ≥10. (G) 

qRT-PCR analysis of cxcl8, il1b, mmp9, and tnfa in UT (white) and DSS-treated (red) 

larvae infected with LF82 relative to UT paramecia only controls at 6 dpf, n=6. (H) 

qRT-PCR analysis of cxcl8, il1b, mmp9, and tnfa in DSS-treated (red) larvae infected 

with LF82 and DSS-treated larvae fed paramecia (black) relative to UT paramecia 

controls at 6 dpf, n=7 Unpaired two-tailed t-test. Mean with SEM, *, P ≤ 0.05; **, P ≤ 

0.01; ***, P ≤ 0.001. 
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Figure 4- 11. Macrophage recruitment to the intestine does not change in fish 

infected with AIEC LF82. 

 (A) Representative confocal images of untreated (Ai) and DSS-treated (Aii) 

Tg(mpeg1::egfp) larvae with LF82 (red) with green macrophages during live imaging 

from 2 to 24 hpi. Scale bars represent 200 µm. (B) Enumeration of macrophages 

recruited to the intestine of larvae treated with DSS and control untreated larvae 

infected with LF82. n ≥10, unpaired two-tailed t-test. Mean with SEM. ns= not 

significant.  
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Figure 4- 12. AIEC LF82 may replicate inside of zebrafish macrophages over 

time. 

Images collected during overnight imaging using Tg(mpeg1::egfp) infected with 

mCherry expressing LF82 (red). The GFP channel (top images) and the mCherry 

channel (bottom images). At roughly 13 hpi (11 hours of imaging) two macrophages 

(green) stop circulating and remain in a fixed location (circled in red). Over the course 

of the next 6 hours, the macrophages expand in size, and individual LF82 colonies 

form within. n=3. Scale bar: 100 µm. 
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The fimH adhesin and ibA invasin mediate the pathogenicity of AIEC LF82 in the 

larval zebrafish intestine  

Next, I investigated whether previously characterized AIEC virulence factors 

played a role in bacterial pathogenesis in larvae with preexisting inflammation. Among 

the identified AIEC virulence factors that mediate adhesion and invasion of intestinal 

epithelial cells are the fimbrial adhesin FimH and the invasion of the brain endothelium 

protein A (IbeA), respectively [222, 282]. FimH is the terminal subunit of type I pili and 

binds collagen type I and type IV, laminin, fibronectin, and mannosylated glycoproteins 

[407] . Moreover, FimH of AIEC LF82 adheres to the human carcinoembryonic 

antigen-related cell adhesion molecule 6 (CEACAM6) that is abnormally expressed in 

ileal samples of CD patients and in transgenic CEABAC10 mice [280, 282]. It is 

hypothesized that the presence of CEACAM6 receptors in a host promotes the 

colonization of AIEC and indirectly contributes to intestinal inflammation, since binding 

of AIEC to CEACAM6 through FimH triggers intestinal inflammation in CEACAM6-

expressing, CEABAC10 mice [408]. Further, in vitro studies suggest that the secretion 

of IFN-g and TNF-a induces the synthesis of CEACAM6 receptors, which could 

indicate a positive feedback loop that leads to AIEC colonization [278].  

IbeA is an invasin and outer membrane protein conserved in the E. coli B2 

phylogenetic group that includes avian pathogenic E. coli, newborn meningitis-

causing E. coli, and AIEC strains NRG857C and LF82 [222] . BLAST analyses show 

that the IbeA protein in these pathogenic E. coli strains are 100% identical. IbeA binds 

to vimentin proteins found in macrophages, fibroblasts, and endothelial cells and 

mediates the invasion of AIEC NRG857c to Caco-2 and M-like cells [222]. Moreover, 
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since the deletion of ibeA decreases intramacrophagic AIEC NRG857c survival and 

sensitizes APEC to H2O2, this suggests that IbeA contributes the replication of AIEC 

in macrophages and to resistance to the ROS response [222, 409]. However, in vivo 

data suggests that IbeA does not play a role in colonization of AIEC NRG857c to the 

mouse intestine and that colonization of NRG857cΔibeA leads to moderate intestinal 

epithelial damage compared to colonization of wild-type AIEC NRG857c [222]. 

To further investigate whether FimH and IbeA play a role in the colonization 

and invasion of AIEC LF82 in zebrafish larvae, these genes were deleted from the 

parent strain and complemented by inserting fimH or ibeA with their endogenous 

promoters into the chromosome. Deletion and complementation of both genes did not 

affect the overall growth of AIEC LF82 in LB media over the course of 20 hours (Fig. 

4-13 A). The survival of larvae infected with the parent strain LF82 and complemented 

strain LF82ΔfimH:fimH was significantly lower than that of fish infected with the fimH 

deletion strain (LF82ΔfimH) (Fig. 4-13 B). On the contrary, the survival of larvae 

infected with LF82ΔibeA was not significantly different when compared to larvae 

infected with the parent strain and LF82ΔibeA:ibeA (Fig. 4-13 C). 

Interestingly, the burden of LF82ΔfimH and LF82ΔibeA was higher than that of 

the parent strain at 2 hpi, while the burden of LF82ΔfimH:fimH and LF82ΔibeA:ibeA 

was not statistically different than that of LF82 (Fig.14 A and C, 2 hpi). At 24 hpi, the 

burden of LF82ΔfimH remained similar to of the parent strain (Fig. 14 A, 24 hpi) and, 

although not statistically significant, there was a 2-log difference in the average 

number of CFUs of LF82ΔibeA compared to the parent strain (Fig. 14 C, 24 hpi). 

Further, for unknown reasons, the burden of the LF82ΔfimH:fimH and LF82Δibe:ibeA 



126 
 

strains was lower than that of WT at 24 hpi (Fig. 14 A and C). By 48 hpi, the burden 

of LF82ΔfimH and LF82ΔibeA was significantly lower than that of the parent strains 

and complemented strains (Fig. 4-14 A and C, 48 hpi). Due to similarities in the 

number of fish with undetected E. coli, the bacterial persistence of LF82ΔfimH was 

not significantly different than that of LF82 and LF82ΔfimH:fimH (Fig. 4-14 B). 

However, the persistence of LF82ΔibeA was lower than that of LF82 (Fig.4-14 D). 

Based on CFU analyses, it is possible that FimH is important for the retention of AIEC 

in the zebrafish intestine throughout the infection. Although, previous studies suggest 

that IbeA does not play a role in colonization, this data suggest that IbeA may also be 

essential for the retention of AIEC inside of larvae across 48 hpi.  
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Figure 4- 13. Deletion and complementation of fimH and ibeA in AIEC LF82 does 

not affect LF82 growth and results in changes in the survival of infected larvae. 

(A) Growth of LF82, LF82ΔfimH, LF82ΔfimH:fimH, LF82ΔibeA, LF82ΔibeA:ibeA in LB 

over 20 hours n=3. Survival of larvae infected with (B) LF82, LF82ΔfimH, 

LF82ΔfimH:fimH or (C) LF82, LF82ΔibeA, LF82ΔibeA:ibeA at 2, 24, and 48 hpi. 

Kaplan-Meier and Mantel-Cox test, followed by a Bonferroni correction test, n=20. 
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Figure 4- 14. Deletion and complementation of fimH and ibeA in AIEC LF82 

changes the burden of LF82 inside of larval zebrafish 

Quantification of the burden (A and C) and persistence (B and D) of LF82, (A) 

LF82ΔfimH, LF82ΔfimH:fimH, (C) LF82ΔibeA, and LF82ΔibeA:ibeA in DSS-treated 

larvae from 2-48 hpi, The burden was analyzed using a Kruskal-Wallis test, n ≥ 16. 

Bacterial persistence was defined as the percent of fish with a burden of AIEC above 

the detection limit and was analyzed using a log-rank test. The detection limit was 101 

CFU/fish (dashed line). Non-linear regression, first order decay graph used to model 

bacterial persistence. *, P ≤ 0.05; **, P ≤ 0.01. 
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Previous reports show that the IbeA adhesin of AIEC NRG857c mediates the 

invasion, but not adhesion, of AIEC to the intestinal epithelium [222]. Therefore, the 

next question to address was whether the deletion of ibeA in AIEC LF82 affected the 

invasion of AIEC into the intestinal epithelium. We also investigated whether the 

deletion of fimH influenced to invasion of LF82. Infected larvae were euthanized, fixed, 

and stained with anti-laminin to visualize the localization of LF82ΔibeA and 

LF82ΔfimH over the course of 48 hpi. Based on image analyses, LF82ΔfimH was 

observed inside of the epithelium from 2 to 48 hpi (Fig. 4-15, B), however there were 

less cells observed at 24 and 48 hpi, compared to the parent strain and 

LF82ΔfimH:fimH (Fig. 4-15, B compared to A and C.) Interestingly, LF82ΔibeA was 

observed colonizing the surface of the epithelial cells (along the cytoplasm) at 2 and 

48 hpi (Fig. 4-15 Di and Diii), while the parent and complemented strains were both 

found inside of the epithelium at these time points (Fig. 4-15 A and E). These 

observations suggested that the deletion of ibeA may affect the invasion of AIEC LF82 

into the intestinal epithelium.  

In these images, the localization of AIEC within the lamina propria was not 

observed. However, there was a striking difference in the AIEC colonies formed inside 

of the intestine of LF82ΔfimH, LF82ΔfimH:fimH, LF82ΔibeA, and LF82ΔibeA:ibeA 

compared to the parent strain (Fig. 4-15 B-E compared to A). As the infection time 

progressed, LF82 formed larger biofilm-like colonies, whereas LF82ΔfimH, 

LF82ΔfimH:fimH, LF82ΔibeA, and LF82ΔibeA:ibeA  remained as individual cells. 

Additional experiments are required to confirm whether LF82 forms biofilms inside of 

larvae and whether there is a difference in biofilm-formation in the mutant strains.  
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Figure 4- 15. Deletion of ibeA, but not fimH, results in the localization of AIEC 

LF82 along the surface of the epithelium.   

Representative images of the mid-intestine of larvae infected with LF82 (A), 

LF82ΔfimH (B), LF82ΔfimH:fimH (C), LF82ΔibeA (D), or LF82ΔibeA:ibeA (E)  at  2, 

24, and 48 hpi. AIEC LF82 (red) is observed inside of the epithelium (outlined in cyan); 

nuclei (white). Single plane view of the midgut, n=3. Scale bars represent 10 µm. 

 
 
 
 
 
 
 
 
 



131 
 

Surprisingly, although the burden of the of LF82ΔfimH and LF82ΔibeA strains 

was significantly higher than expected at 2 hpi, the mid-intestine of larvae harboring 

these deletion strains seemed to be less damaged than that of larvae infected with the 

parent or complemented strains (Fig.4-16 B and D compared to A, C, and E). At 2 hpi 

the mid-intestine epithelium of larvae infected with LF82, LF82ΔfimH:fimH, and  

LF82ΔibeA:ibeA appeared flattened and thinner than the epithelium of fish harboring 

LF82ΔfimH and LF82ΔibeA (Fig.4-16 Ai, Ci, and Di compared to Bi and Di). At 24 hpi, 

the epithelium of fish infected with LF82ΔfimH exhibited intestinal folds that were not 

observed in fish infected LF82, LF82ΔibeA, and the complemented strains (Fig. 4-16 

Bii compared to Aii, Cii, Dii, and Eii). By 8 dpf, the epithelium of larvae infected with 

all LF82 strains, except the parent strain, appeared thicker (Fig. 4-16, Biii, Ciii, Diii, 

and Eiii compared to Aiii).  

A plausible reason that the intestinal epithelium of larvae infected with 

LF82ΔibeA and LF82ΔfimH was not significantly damaged may be due to lower 

neutrophil recruitment to the intestine (Fig. 4-16 F). Larval zebrafish infected with LF82 

were shown to have more neutrophils recruited to the intestine compared to fish 

harboring LF82ΔfimH and LF82ΔibeA (Fig. 4-16, F). Complementation of fimH and 

ibeA also resulted in higher neutrophil recruitment in comparison to fish infected with 

LF82ΔfimH and LF82ΔibeA (Fig. 4-16) and even more so when compared to those 

carrying LF82 (in the case LF82ΔibeA). Altogether, these data suggested that FimH 

and IbeA have an immunogenic effect in the larval zebrafish intestine.  
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Figure 4- 16. Deletion of fimH and ibeA in AIEC LF82 results in less tissue 

damage and decreased neutrophil recruitment to the intestine compared to 

LF82. 

H&E longitudinal sections of the mid-intestine of larvae infected with LF82 (A) 

LF82ΔfimH (B), LF82ΔfimH:fimH (C), LF82ΔibeA (D), and LF82ΔibeA:ibeA (E) at 2, 

24, and 48 hpi. Representative images for n=3. Scale bars represent 50 µm.  (F) 

Quantification of neutrophils per intestine for DSS-treated fish infected with above 

mentioned LF82 strains or paramecia only control. Kruskal-Wallis test. n = ≥11. *, P ≤ 

0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****P ≤ 0.0001.  
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Discussion 
The overall goal of this project was to assess the consequences of AIEC LF82 

colonization in larval zebrafish to determine whether larval zebrafish are a suitable 

model of AIEC colonization and infection. This goal was further expanded to address 

whether AIEC exacerbates preexisting inflammation in larvae, and if this was 

dependent on previously described AIEC virulence factors. To address these 

questions, paramecia were used as vehicles to deliver E. coli to the zebrafish intestine. 

Previous studies from the Krachler lab showed that MG1655 and EHEC survive 

acidification inside of paramecia vacuoles and are successfully delivered to the 

zebrafish intestine [314]. As a result, the paramecia model was expanded to include 

AIEC. Data presented in figure 4-3 suggests that AIEC have a similar stability in 

paramecia compared to other E. coli, and that the incubation of AIEC-loaded 

paramecia with larvae for 2 hours is sufficient for the delivery of 105 CFUs of AIEC to 

the gut.  

Studies that have previously used larval zebrafish to study intestinal infections 

have typically administered 104-108 CFUs of different bacterial species, however 107-

108 CFUs are generally considered to be on the high end and cause high mortality 

rates[397, 410, 411]. Further, previous studies from our lab on EHEC and others 

suggest that zebrafish infections with 104-105 CFUs of E. coli is a suitable range to 

study colonization and pathogenesis [314, 412]. Therefore, the original protocol was 

adapted to include 2 hours of AIEC feeding to paramecia and another 2 hours for the 

preying of zebrafish on AIEC-loaded paramecia. E. coli not internalized into paramecia 

are removed by several washing steps.  
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An advantage of using this foodborne model is that it facilitates the colonization 

of the GI tract by bacterial species that are not native zebrafish colonizers, and/or 

strains that do not colonize well through immersion infection. Members of the zebrafish 

microbiota belong to the phyla Proteobacteria and to a lesser extent Fusobacteria, 

Bacteroidetes, and Firmicutes [150, 413]. Prior metagenomics studies by our lab 

(unpublished) and others have shown that E. coli are not natural members of the larval 

zebrafish intestinal microbiome, but here we found that paramecia efficiently deliver 

E. coli to the intestine, where it persists for several days. Further, this protocol has 

also been successfully used to deliver of Salmonella enterica and Vibrio cholerae to 

larvae [319, 414, 415]. In addition to bacteria, paramecia are also able to engulf 

amoeba and yeasts, however this model has not yet been tested with these microbes 

[416].  

Following ingestion of E. coli-loaded paramecia by larvae, paramecia are 

degraded in the foregut, and bacteria are released into the intestine [319]. During the 

initial hours post infection, AIEC is observed in the foregut and the midgut, however 

over the course of infection, AIEC shows a preference for colonizing the midgut of 

larvae, similar to EHEC [314]. This region of the intestine contains absorptive 

enterocytes, mucin secreting goblet cells, and M-like cells, all of which are also found 

in the mammalian small intestine [302]. As previously mentioned, AIEC are 

predominantly found colonizing the ileum of CD patients and adhere to the CEACAM6 

glycoprotein expressed in transgenic CEABAC10 mice. One drawback of CEABAC10 

mice is that the expression of CEACAM6 is directed to colonic epithelial cells [279]. 

However, this model has been the gold standard for studying AIEC infections since 
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the discovery that the CEACAM6 receptor is abnormally expressed in the ileum of CD 

patients [417]. In CEABAC10 and commonly used C57/BL6 mice administered DSS, 

AIEC causes histopathological damage in the colonic mucosa, which suggests that 

this may be the site of colonization in vivo [280, 418]. 

In the present study, the colonization of AIEC LF82 was determined under 2 

host conditions: untreated (healthy) hosts, and hosts with preexisting inflammation 

(enterocolitis). AIEC colonization was also assessed in comparison to nonpathogenic 

E. coli MG1655 in both host conditions. We observed that AIEC LF82 colonized better 

than MG1655 in hosts with and without intestinal inflammation, an observation also 

reported in murine studies [403]. Figure 4-4 (C-D) suggests that although AIEC LF82 

colonizes a bit longer than MG1655, it is only present up to 24 hpi in UT larvae. 

Furthermore, although preexisting inflammation caused by DSS enhanced the 

persistence and colonization of AIEC LF82 in fish, it only did so for an additional 24 

hpi (Fig. 4-6 B-C).  

Wild-type and CEBAC10 mice treated with DSS are colonized with AIEC LF82 

up to 6 days post infection, however there is a significant difference in the amount of 

LF82 present in these groups by 6 dpi (104 compared to 106 CFU/g of feces, in wild-

type and DSS-treated larvae, respectively) [280]. In contrast, LF82 is rarely observed 

past 24 hpi in UT larval zebrafish, but persists in DSS-treated fish until 48 hpi. One 

striking difference between mice studies and this zebrafish study is that transgenic 

and wild-type mice are usually challenged with 108-109 LF82 CFUs through oral 

gavage for daily 3 or 15 days, respectively, and treated with broad-spectrum 

antibiotics for multiple days to deplete most of their endogenous microbiome [280, 
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286, 419]. In contrast, here roughly 104-105 AIEC CFUs are consumed through 

foodborne infections once, making the model less labor intensive. It is also not 

necessary to pretreat with antibiotics, and AIEC colonization can be studied with the 

natural microbiota intact. Although it may seem that LF82 do not persist long enough 

in larvae, longer colonization times may be achieved through multiple bacterial 

challenges to study readouts over a longer time period.  

Although the paramecia model may be less technically challenging than 

traditional oral gavage, it introduces a few limitations. For example, the reason for the 

lack of detection of AIEC in some larvae is unknown (Figure 4-4 C and 4-6 B). There 

are two plausible causes for this observation: (1) the larvae did not eat any/enough 

paramecia or (2) AIEC was more rapidly cleared from the intestine prior to sampling, 

for example through differences in peristalsis between individual larvae. These are 

issues that could potentially be addressed if a fixed number of bacteria was 

administered through oral gavage. Another limitation is that using the paramecia 

model prevents the introduction of AIEC to severely inflamed larvae, which may skew 

the final results. This is because larvae with higher inflammation are moribund and 

become unable to prey on paramecia. Therefore, this study may be lacking key 

readouts from AIEC infections in hosts with higher proinflammatory responses.  

Here, it was also shown that the survival of DSS-treated larvae infected with 

LF82 is significantly decreased compared to DSS-treated fish that were uninfected or 

infected with MG1655 (Fig. 4-7). Similarly, DSS-treated CEABAC10 mice also 

experience decreased survival rates beginning at 2 dpi, and by 7 dpi the percent 

survival is only 20% [280]. In contrast, wild-type mice administered DSS and infected 
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with AIEC LF82 do experience lower survival rates compared to controls, but the 

survival is not as strikingly low. A plausible reason for a decreased survival rate in 

infected larvae may be due to the host being unable to regulate the proinflammatory 

response that LF82 exerts, in addition to the preexisting inflammation induced by DSS. 

Further, although AIEC decreases the survival rate in larvae, the percent survival is 

between 40%-50% and is not as low as observed in mice. A reason that AIEC may 

not induce a high mortality rate in infected larvae, as observed in mice, may be 

because E. coli is not a natural member of the zebrafish microbiome and does not 

persist in the larvae for long periods of time. For example, the colonization of larval 

zebrafish with Aeromonas hydrophila, a natural fish pathogen, results in higher 

persistence and higher mortality rates using lower bacterial dosages than used here 

[379].  

Based on the data presented in figure 4-10 AIEC LF82 does exacerbate 

intestinal inflammation in infected hosts with preexisting inflammation. This is 

supported by an increase in neutrophil recruitment to the intestine, the inability of the 

mid-intestine to heal while colonized with AIEC, and the increased relative expression 

of the genes encoding the proinflammatory cytokines cxcl8, il1b, mmp9. Recently 

published work by Dr. Withey’s lab at the Wayne State University School of Medicine, 

established adult zebrafish as model organisms of AIEC infections and showed that 

adult zebrafish produce S100A-10b, a protein homologous to calprotectin, in response 

to intestinal inflammation caused by LF82 [373]. As mentioned in Chapter 3, the 

production of S100A-10b was not investigated here, but may be examined in future 

work to quantify inflammation. Moreover, Dr. Withey’s work further supports that AIEC 
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induce inflammation in zebrafish. Their work showed that AIEC LF82 persists at a high 

burden (104 CFU/fish) in adult zebrafish intestine up to 3 dpi and at a lower burden 

(102 CFU/fish) for up to 10 days, increase the relative expression of genes encoding 

TNFα, IL1β, and interferon-γ (IFNγ), and damage the intestinal villi [373]. However, in 

contrast to my study, the colonization of AIEC LF82 in adult larval zebrafish did not 

cause any mortality in infected fish. Furthermore, although AIEC caused inflammation 

in untreated adult zebrafish in Dr. Withey’s study, here I see that AIEC only induce 

inflammation when the larvae are pretreated with DSS. The reason that AIEC trigger 

inflammation in UT adult zebrafish, and not in UT larvae is unknown, however it may 

be due to differences in AIEC colonization and persistence. The decision to use adult 

or larval zebrafish to study AIEC depends on the type of readouts for which one is 

searching. Furthermore although, LF82 may persist in the adult zebrafish longer, adult 

zebrafish are not transparent, so in vivo host responses to the infection cannot be 

visualized by live imaging. On the other hand, it may be possible to study the 

interaction of AIEC with B and T cells using adult zebrafish.   

Although the burden of LF82 inside of larvae drops approximately 2-fold from 

2 to 48 hpi, it is possible that the immune response is still activated even after AIEC 

have cleared, since AIEC-derived antigens may still be present. For example, 

neutrophils remain active along the notochord of larvae days after the clearance of E. 

coli K12, which prevents resolution of inflammation [382]. Further, two phenotypes 

commonly used to assess intestinal inflammation in mice are the presence of bloody 

diarrhea and changes in body weight [325].  A limitation of using larval zebrafish is 

that these phenotypes are not easily quantifiable, although changes in gut motility may 
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be observable in infected larvae and may signify important intestinal changes in hosts 

colonized by AIEC [420].  

 The reason why AIEC colonizes hosts with preexisting inflammation more 

efficiently than untreated fish is not well understood. However, there are three possible 

reasons for this observation. The first most obvious reason is that DSS damages the 

intestinal barrier and facilitates the adhesion and invasion of AIEC, which results in 

bacterial localization closer to the epithelial basement membrane (Fig. 4-9). As a 

result, the bacteria are farther away from the lumen and fail to be cleared out by 

peristaltic contractions [421]. Within the basement membrane, fibronectin, collagen 

types IV, VII and XVIII, and laminin are abundant, and these host proteins are all 

known to bind several bacterial adhesins [422].  Previously published studies from the 

Krachler lab have shown that the E. coli MAM adhesin, which is highly similar to that 

of AIEC, binds fibronectin and collagen, and to a lower extent laminin [76]. 

Additionally, FimH binds mammalian laminin, fibronectin, and type I and IV collagens 

[407].  Therefore, it may be possible that AIEC can also bind these proteins. 

A second reason may be that DSS changes the composition of the intestinal 

microbiota that may otherwise limit AIEC colonization. Studies show that the 

administration of TNBS to larval zebrafish changes the proportion of species 

belonging to the Proteobacteria and Firmicutes phyla [423]. TNBS-treated fish 

experience an increase in Proteobacteria and a decrease in Firmicutes, an 

observation that has been found to be positively correlated with severity of intestinal 

inflammation [423].  Moreover, treatment of mice with DSS also results in dysbiosis of 

the colonic microflora and these changes are also correlated with severity of the 
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disease [424]. Further, it has also been shown that AIEC prevents the restoration of 

the normal intestinal microbiota in DSS-treated mice [425]. 

The third potential reason may be that intestinal inflammation causes the 

overexpression of a receptor important for binding of AIEC. In vitro studies suggest 

that AIEC can increase the expression of host adhesins. For example, the binding of 

LF82 through FimH to CEACAM6 induces blebbing of apoptotic cell-derived 

membranous vesicles, which exposes oligomannosidic glycans that serve as AIEC 

binding sites [283]. Moreover, others have shown that the expression of CECAM6 is 

increased by TNF-α and IFN-γ following AIEC infections [278]. To date, only one 

CEACAM ortholog (CEACAMz1) has been characterized in larval zebrafish. This 

protein has been shown to be predominantly expressed in gills and to a lesser extent 

in the intestine [426]. Interestingly, mammalian CEACAM6 is also expressed in the 

alveolar and airway epithelial cells of the lungs under homeostatic conditions and is 

highly expressed in the gut only during intestinal disease [427]. Further, larval 

zebrafish express a CEACAM6-like protein (encoded by the zgc:198329 gene) in the 

intestine that is 29% identical to human CEACAM6 [428].  More studies are required 

to investigate whether the CECAM6-like protein is mannosylated, like human 

CEACAM6.  

In an effort to investigate whether fimH and ibeA are important for AIEC 

colonization in the zebrafish intestine, these 2 genes were deleted from the parent 

strain. The reasoning was that FimH and IbeA are known virulence factors in other in 

vitro and in vivo models, so we wanted test if this was also the case in zebrafish larvae 

to address if our model is suitable for the discovery of virulence factors that mediate 
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in vivo infections. We reasoned that the phenotypes of known virulence factors would 

serve as a benchmark.  It was surprising to see a slightly higher burden of LF82ΔfimH 

and LF82ΔibeA compared to the parent strain at the initial time point (Fig. 4-14 A and 

C).  The reason for this is unknown, but it could be that the deletion of important 

virulence genes induces an overexpression of other adhesins. Although fimH and ibeA 

are important, AIEC possess numerous adhesins (as outlined in Chapter 1). As a 

result, the burden of AIEC LF82ΔfimH is not significantly decreased until 2 dpi in 

CEABAC10 mice and until 10 dpi in Vill-hCC6 mice with mammalian CEACAM6 

expression in the ileum [221;[279]. Moreover, deletion of ibeA does not significantly 

impact the burden of AIEC in mice across 14 dpi [222, 280]. Based on the data 

presented here, FimH and IbeA may be more important for the retention of LF82 inside 

of larvae as the infection progresses. Interestingly though, the intestinal epithelium of 

larvae colonized with LF82ΔfimH and LF82ΔibeA displayed less flattening through 48 

hpi compared to the epithelium of fish infected with LF82, LF82ΔfimH:fimH and 

LF82ΔibeA:ibeA. Furthermore, the infection of larvae with LF82ΔfimH or LF82ΔibeA 

also led to less neutrophil recruitment compared to fish infected with LF82, 

LF82ΔfimH:fimH, and LF82ΔibeA:ibeA. Although, FimH and IbeA may be dispensable 

for early colonization to the zebrafish intestine, these 2 proteins do induce an 

immunogenic effect in the larval zebrafish intestine.  

Inside of the larval intestine, LF82 appeared to form bacterial cell aggregates 

that were not observed when larvae were infected with the LF82ΔfimH and LF82ΔibeA 

strains. Bacterial adhesion to the surface is an essential step in biofilm formation [429]. 

Since FimH plays a role in bacterial adhesion, it is plausible that its deletion interferes 
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with the biofilm formation process. Further, the FimH adhesins of uropathogenic E. 

coli and Salmonella enterica are highly similar to the FimH of AIEC LF82, and have 

been shown to be essential for biofilm formation in these strains [282, 430, 431]. 

Moreover, the deletion of ibeA in avian pathogenic E. coli also decreases biofilm 

formation, in comparison to the parent strain [432]. These observations suggest that 

the deletion of FimH and IbeA in AIEC LF82 may contribute to loss of biofilm formation 

and may explain why the deletion strains do not form bacterial cell aggregates inside 

of the larval zebrafish intestine.  

For unknown reasons, the complementation of the fimH and ibeA in the AIEC 

LF82 deletion mutants did not restore the parent phenotypes (including bacterial cell 

aggregation and epithelial cell flattening at 48 hpi). However, whole genome 

sequencing showed that fimH and ibeA (as well as the Tn7 site from the mini-Tn7 

vector used to insert the genes to the bacterial chromosome) were present at the Tn7 

attachment site (attTn7) that is located downstream of the glms1 gene in LF82. These 

data indicated that the complementation process was successful.  

Based on immunofluorescence images, LF82ΔibeA colonized the surface of 

cytoplasm at 2 and 48 hpi (Fig. 4-15, Di and Diii). However, at 24 hpi, LF82ΔibeA was 

observed inside of the intestinal epithelium, like the parent and complemented strains. 

These data suggests that LF82 may employ other as of yet unidentified factors to 

invade. Interestingly, a phenotype that was seen several times during live imaging 

was what appeared to be the replication of AIEC LF82 inside of macrophages. 

Replication of AIEC inside of macrophages was usually observed outside the 

intestine. It is plausible that if AIEC breached the lamina propria, it moved into the 
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bloodstream, where it might have been engulfed by macrophages. Another reason 

might be that AIEC was internalized by epithelium-associated macrophages that 

sample the intestinal lumen [433]. Longer imaging experiments may be necessary to 

confirm this phenotype and to investigate how AIEC behave inside of macrophages in 

vivo. In vitro experiments suggest that the formation of a phagolysosome may be 

essential for the replication of AIEC inside of macrophages, however whether this 

occurs in a live animal is unknown [246]. 
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Chapter 5: Overall Discussion and Perspectives 
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Overall discussion 
The overall goal of my thesis was to determine whether larval zebrafish are a 

suitable model of AIEC colonization and pathogenesis. To address this question, the 

consequences of AIEC colonization in healthy and diseased hosts was investigated. 

Initial findings showed that the colonization and persistence of LF82 in untreated 

larvae was higher than that of MG1655. This model was then expanded to address 

how preexisting inflammation modulated AIEC colonization and persistence. The data 

presented in Chapter 3, showed that 0.5% DSS was a suitable concentration to induce 

intestinal inflammation in zebrafish larvae. This is in agreement with previous studies 

from Dr. Stefan Oehlers’ lab, however some modifications were made to the E3 buffer 

to neutralize the acidification caused by 0.5% DSS. Treatment of larvae with 0.5% 

DSS resulted in increased colonization and persistence of AIEC LF82 compared to 

untreated larvae. Moreover, the colonization of LF82 in larvae with preexisting 

inflammation (caused by DSS) resulted in a significant increase in larval mortality 

compared to the survival of UT fish colonized with LF82, DSS-treated fish colonized 

with MG1655, and uninfected DSS-treated fish. These data suggest that DSS 

treatment of larvae enhanced the death of fish with existing inflammation infected with 

LF82, but LF82 alone did not induce larval death. Thus, the next question was why do 

AIEC cause mortality in larvae with preexisting inflammation. Intestinal neutrophil 

recruitment, histology, and qPCR analyses suggested that LF82 exacerbates 

inflammation in DSS-treated hosts. Further, image analysis showed that the burden 

of AIEC LF82 invading the intestinal epithelium was higher in DSS-treated fish 

compared to untreated controls, and that AIEC localized closer to lamina propria in 

fish with preexisting inflammation.  
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To investigate whether two virulence factors that mediate AIEC adhesion and 

invasion played a role in exacerbating inflammation, fimH and ibeA, were deleted from 

the parent LF82 strain, respectively. Based on the data presented in Chapter 4, it was 

concluded that the deletion of ibeA and fimH alone did not significantly affect burden 

and persistence during the first 24 hpi, but does significantly decrease AIEC burden 

at 48 hpi. As previously discussed in the Chapter 4 discussion, the deletion of fimH in 

LF82 does not significantly impact the AIEC burden in transgenic mice that express 

the type 1 pili receptor, CEACAM6, until later infection time points [221;279]. And the 

deletion of ibeA in AIEC NRG857c does not impact the burden of AIEC in mice across 

14 dpi [222, 280]. Thus, although IbeA and FimH may not be essential for early LF82 

colonization, they seem to be important for colonization at later time points in zebrafish 

larvae. Moreover, these data suggest that AIEC LF82 may express additional 

virulence factors that promote its survival inside of larvae. Interestingly, the 

colonization of LF82ΔibeA and LF82ΔfimH resulted in decreased intestinal neutrophil 

recruitment and less epithelial damage compared to larvae that were infected with 

LF82, LF82 ΔibeA:ibeA, and LF82ΔfimH:fimH. In mice, the colonization of AIEC 

NRG857 results in epithelial desquamation (flattening), severe ulceration, and 

complete loss of villi and crypts, however mice infected with AIEC NRG857cΔibeA do 

not exhibit severe damages, other than minor epithelial desquamation (flattening) 

[222]. Similarly, colonization of LF82ΔfimH causes less severe colonic epithelial 

damage compared to mice colonized with the parent LF82 strain [280]. Altogether 

these data suggest that larval zebrafish with preexisting inflammation exhibit similar 
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results as mice colonized with AIEC and may be used to model AIEC infections and 

to complement established mouse models.  

The colonization of AIEC LF82 resulted in a significant increase in preexisting 

intestinal inflammation, suggesting that AIEC LF82 cause an immunogenic response 

that was not observed in larvae fed paramecia without bacteria. It is important to note 

that larvae fed paramecia, also potentially contained a small amount of the 

nonpathogenic E. coli strain MG1665, since all paramecia cultures are prepared and 

maintained using MG1655 as a food source. The presence of MG1655 (usually less 

than 102 CFU/fish) was sometimes observed on CHROMagar plates with 

homogenates of larvae fed paramecia only, indicating MG1655 might have been 

present in larvae during the initial infection times (2 hpi). However, inflammation was 

not exacerbated in larvae fed paramecia, as shown by the quantification of the relative 

expression of the proinflammatory cytokines and neutrophil recruitment to the intestine 

in these larvae compared to LF82-infected fish.  

One major difference between larval zebrafish and mammals is the difference 

in body temperature. While mammals have an average body temperature of 37 oC, 

larval zebrafish are maintained at 30 oC [434]. However, this change in temperature 

has not hindered the modeling of bacterial infections in larvae, based on previously 

published studies [314, 415]. Controls to verify the expression of well-studied virulence 

genes may include a fluorescent gene reporter that monitors the expression of the 

gene inside the fish or by detecting the expression of the gene in AIEC grown at 30 

oC.  
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Although this study included key readouts used to quantify intestinal 

inflammation in zebrafish larvae, there were two phenotypes that were not assessed 

after infection with AIEC. Clinical studies show that in humans, AIEC infections induce 

granulomas along the luminal mucosal surface of the intestine, but this was not 

assessed in larvae [187-189]. Although the aggregation of macrophages and 

neutrophils was observed during live imaging, the formation of granulomas was not 

further confirmed by transmission electron micrographs here. However, this method 

is commonly used in embryonic zebrafish infected with Mycobacterium marinum, and 

could be pursued in follow-up studies [435].  

Another phenotype that was not studied in larval zebrafish infected with AIEC 

was intestinal permeability. Previous studies using monolayers of human colon-

derived epithelial cells show that the parent LF82 strain, but not LF82DfimH, 

decreases intestinal barrier function [206]. Although it is unknown whether AIEC 

increase intestinal permeability in larvae, I attempted to investigate it here. Due to the 

lack of equipment for the oral gavage method, which is commonly used to deliver 

fluorescent dextran into the zebrafish intestine, infected larvae were incubated with 10 

kD dextran conjugated to AlexaFluor 680, to visualize the translocation of dextran from 

the lumen into the bloodstream by microscopy. However, the dextran was difficult to 

wash away from the outside of the body of the larvae. To properly carry out this assay, 

oral gavage is required.  

Future studies will investigate whether there are any significant changes in the 

transcription of proinflammatory cytokines in the zebrafish larvae infected with LF82 

WT, LF82DfimH and LF82DibeA at 6, 7, and 8 dpf (2, 24, and 48 hpi). Previous work 
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showed that mice colonized with LF82DfimH have lower levels of il1b, il-6, and il-17 

mRNAs [280]. Therefore, it would be interesting to know if larvae infected with the 

parent LF82 strain have increased markers of inflammation relative to those infected 

with LF82DfimH.  

In addition, another challenge that was encountered was finding antibodies that 

target proinflammatory cytokines for Western blot analyses. In an effort to confirm our 

data from qRT-PCR experiments that quantified the transcription of proinflammatory 

genes, I performed Western Blot and immunofluorescence analyses with antibodies 

targeting proinflammatory markers, by testing zebrafish homogenates and fixed larval 

specimens. Ultimately, I did identify an IL-8 antibody that worked in the 

immunofluorescence assay, but the others did not work due to a lack of cross-

specificity of the antibodies for zebrafish protein homologs. In general, this is an issue 

for many studies and a current limitation in the zebrafish field. However, as the field 

continues to grow, it is likely that new antibodies specifically targeting zebrafish 

inflammatory markers will become available.   

Perspectives 

As previously mentioned, the larval zebrafish model is not meant to replace 

mouse models of AIEC infections. Rather it is meant to complement mouse studies. 

In comparison to mammals, zebrafish larvae are cheaper to maintain, produce large 

numbers of offspring, and have a functional digestive system by 6 dpf. Additionally, 

many transgenic lines are available from repositories, and microscopy can be used to 

image tissues from the whole-organism level down to single cell detail. These 

characteristics make larval zebrafish advantageous for modeling intestinal diseases 
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and infections during early time points. Positive results regarding microbial virulence 

factors, host factors contributing to disease progression, and initial drug candidates in 

larval zebrafish, may then be further evaluated in mammals. Ultimately, this method 

will save researchers time and money.  

There is an ongoing effort to identify a common AIEC molecular genetic 

signature in genotypically diverse strains to provide a means to develop diagnostics 

and alternative therapeutics for IBD patients, and to determine if there is a correlation 

between the presence of AIEC and disease severity. Some researchers argue that 

the reason that such biomarkers have not yet been discovered arises from the 

limitations of currently used infection models and in vitro models to classify E. coli 

strains as AIEC [196]. Previous attempts to identify molecular markers of AIEC have 

relied on in vitro systems to quantify adhesion, invasion, and replication inside of 

infected cells, since there are no widely conserved genetic features, such as the LEE 

pathogenicity islands in EHEC/EPEC, or certain toxins, such as in the case of STEC 

(Shiga-like toxins) and ETEC (LT/ST enterotoxins). However, it is plausible that there 

may be genes essential for AIEC in vivo colonization that are not expressed in a 

simplified in vitro model. In addition, other experts in the field believe that there are 

yet undiscovered AIEC genes, not commonly found in nonpathogenic E. coli strains 

that are yet to be identified. These are hypotheses that may be addressed using 

transposon mutagenesis and high-throughput assays in larval zebrafish.   

A major drawback of using DSS to induce intestinal inflammation is that 

approximately 50% of the larvae are lost after treatment. A second drawback is that 

although DSS creates an inflammatory environment, it does not completely mimic the 
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mechanisms behind IBD. As outlined in chapter 1, IBD is a complex disease that 

arises from mutations in genes that are essential for the clearance of foreign microbes. 

However, with the rapid expansion of the zebrafish field it may be possible to 

investigate the consequences of AIEC colonization in zebrafish with genetic mutations 

similar to those carried in IBD patients. Recently, a novel IBD zebrafish model with a 

knockout in the tRNA methyltransferase 5 (trmt5) gene, a mutated gene in IBD 

patients, was generated and shown to develop spontaneous inflammation [436]. The 

development of the trmt5−/− larval zebrafish shows that larvae are generating more 

traction for the study of IBD and opens the possibilities for future studies to investigate 

the effect of AIEC colonization in a host with impaired bacterial sensing and 

autophagy. 

One reason this project was developed was to use it in future studies to 

investigate the interactions of AIEC with the mucin, MUC2. Previous work from our 

lab has shown that the gut commensal strain E. coli HS, possesses a MAM adhesin, 

that is 99% identical to the MAM adhesion of AIEC, and that binds sulfate moieties of 

MUC2 [76]. This study also showed that sulfatase-secreting bacteria influence the 

retention of E. coli HS by the mucus layer. Further, clinical studies suggest that there 

is a correlation between sulfatase-secreting bacteria and IBD. For instance, mucosal 

tissue samples isolated from patients with IBD have an overabundance of sulfatase 

secreting Bacteroidetes and Prevotella species, compared to healthy controls [437]. 

Moreover, B. thetaiotaomicron, induces colitis in genetically susceptible mice through 

secretion of sulfatases via OMVs [438]. Additionally, increased sulfatase activity has 

been observed in fecal samples from IBD patients compared to healthy patients [439]. 



153 
 

Further, as previously mentioned in Chapter 1 there is a positive correlation between 

a decreased expression of sulfotransferases (SULTs) and IBD [71, 72]. Altogether 

these data suggest that mucin sulfation plays a role in maintaining intestinal mucosal 

defenses, and that determining the role of mucin sulfation and sulfatases in AIEC 

colonization and IBD may be beneficial for the development of therapeutics that 

restore the integrity of the mucus barrier.  

The larval zebrafish is a suitable model organism for this study because the 

zebrafish MUC2.1 mucin protein is homologous to mammalian MUC2 and its 

expression in the intestinal tract is conserved [440]. Zebrafish MUC2.1 also contains 

proline threonine serine-rich (PTS) domains that undergo O-glycosylation, 

fucosylation, sialylation, and sulfation [440]. Furthermore, zebrafish express homologs 

of two human intestinal enzymes responsible for mucin sulfation: carbohydrate 

sulfotransferase 5 (CHST5) and galactose-3-O-sulfotransferase-2 (GAL3ST2) [441, 

442]. These features make zebrafish an appropriate model for potentially elucidating 

mucin-associated mechanisms of AIEC retention in the mucus layer in vivo. Currently, 

our lab is investigating whether the colonization of AIEC LF82 influences the 

expression of GAL3ST2 and CHST5. We hope that these studies will further the AIEC 

and IBD field and eventually translate into meaningful outcomes for patients.  
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