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Abstract 
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Microbiology &Immunology 

 

Helicobacter pylori (H. pylori) is a Gram-negative bacterium that colonizes the 

human stomach leading to the development of chronic gastritis, peptic ulcers and gastric 

cancer. It is estimated that 50% of the world population is infected with the bacterium 

and approximately 15-20% of those infected will develop gastric disease. It remains 

impossible to predict which individuals will develop disease, but it appears that host and 

environmental factors play a role along with bacterial virulence factors.  A greater 

understanding of  H. pylori virulence factors and their role in pathogenesis will help 

determine why over 80% of infected individuals remain unsymptomatic and healthy. The 

H. pylori Tumor necrosis factor- alpha (TNFα) inducing protein (Tipɑ) is a virulence 

factor shown to induce multiple pro-inflammatory cytokines in addition to TNFα, and is 

believed to contribute to cancer development.  We hypothesize that Tipɑ will have a pro-

infammatory effect on the host immune response and stimulate additional pro-

inflammatory pathways in gastric epithelial cells that promote inflammation and 

carcinogenesis. Mouse infections with wild-type Sydney strain (SS1) and  a Tipɑ mutant 

(Δtipα) suggest that Tipɑ plays a significant role in promoting inflammation by the 



		

upregulation of several pro-inflammatory cytokines such as TNFɑ, Interferon-gamma 

(IFNγ), Interleukin 17 (IL-17) and chemokine 1 (Cxcl1/KC) in mice and may play a role 

in the development of hyperplasia. A group of co-infected mice with a 1:1 mix of wild-

type SS1: and Δtipα had comparable cytokine expression and inflammation to the wild-

type mice. Three out of ten animals were positive for Δtipα in the co-infected group 

suggesting Δtipα can be outcompeted during co-infection. Examination of N87 gastric 

epithelial cells co-cultured with Δtipα showed similar gene expression and pathway 

analysis to N87 cells co-cultured with wild-type SS1 suggesting redundant mechanisms 

within the bacteria that induce similar responses to those induced by Tipα. The use of 

recombinant Tipα (rTipα) co-cultured with gastric epithelial cells shows the induction of 

pro-inflammatory upstream regulators TNFɑ, IFNγ, IL-6 and IL-1. Overall, we identified 

some putitive gene targets of Tipɑ for further exploration in addition to previous 

pathways known to be affected by H. pylori infection. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



		

 
 
 
 

 
 
 
 

 
 
 

 
 
 

 
 

The Role of the TNF-alpha Inducing Protein (Tipα) in the Host Immune and 
Inflammatory Response to Helicobacter pylori Infection 

 
 
 
 
 
 

by 
Lindsay Morningstar-Wright 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the  
University of Maryland, Baltimore in partial fulfillment  

of the requirements for the degree of  
Doctor of Philosophy  

2018



	

iii		

Acknowledgements 

 
I would like to thank my advisor Dr. Tom Blanchard for his support and guidance 
throughout the research and dissertation process. I would like to thank the members of 
the Blanchard Lab for their support and troubleshooting assistance especially Dr. Aditi 
Banerjee. I would also like to thank the members of my program, both past and present, 
for their motivation and help especially Alex Winters, Amber Million and Jess Cassin. 
 
I would like to thank the members of my committee: Drs. Steven Czinn, Joshua Lewis, 
Joao Pedra, Achsah Keegan, Nicholas Carbonetti and David Rasko for their advice and 
thoughtful discussion about my data. 
 
Finally, I want to send a special thanks to my husband Randy who has been my biggest 
cheerleader and motivator throughout the Ph.D. process. Also, I want to thank my family 
especially my mother Carol and my in laws, Margie and Ernie. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	

iv		

Table of Contents 

	
Acknowledgements ........................................................................................................... iii	
Table of Contents ............................................................................................................... iv	
List of Tables ...................................................................................................................... vi	
List of Figures ................................................................................................................... vii	
List of Abbreviations ....................................................................................................... viii	
Chapter I. Introduction ........................................................................................................ 1	
Chapter II. Background ....................................................................................................... 4	

2.1 Helicobacter pylori History and Epidemiology ......................................................... 4	
2.2 Helicobacter pylori Infection and Gastric Disease .................................................... 5	
2.3 The Gastric Niche: Anatomy and Histopathology of the Stomach ........................... 8	
2.4 Animal Models of Infection .................................................................................... 10	
2.5 Immune Response to Helicobacter pylori Infection ................................................ 13	

2.5.1 Innate Immune Response to H. pylori .............................................................. 13	
2.5.2 Adaptive Immune Response to H. pylori .......................................................... 16	

2.6 Virulence Factors of Helicobacter pylori ................................................................ 17	
2.6.1 Cag Pathogenicity Island and Cytotoxin Associated Gene A .......................... 19	
2.6.2 Vacuolating cytotoxin A (VacA) ....................................................................... 20	
2.6.3 Outer Membrane Proteins (OMPs) .................................................................. 20	
2.6.4 Urease ............................................................................................................... 21	
2.6.5 Duodenal ulcer promoting gene (DupA) and the Plasticity Zone (PZ) ............ 22	

2.7 TNF-alpha Inducing Protein (Tipα) ......................................................................... 23	
2.8 Summary .................................................................................................................. 24	

Chapter III. Materials and Methods ................................................................................... 26	
Bacterial strains. ............................................................................................................ 26	
Generation of H. pylori SS1 tipα mutant (Δtipα). ......................................................... 27	
Western Blot. ................................................................................................................. 28	
Mouse Strains and Infections. ....................................................................................... 28	
Microbial Load Determination. ..................................................................................... 29	
Histopathology. ............................................................................................................. 30	
Histological Scoring. ..................................................................................................... 30	
Quantitative PCR. .......................................................................................................... 31	
Statistical analysis for quantitative PCR, microbial load and histology. ...................... 33	
Human epithelial cell lines. ........................................................................................... 33	
Mouse gastric epithelial cell line. .................................................................................. 33	
Co-Culture of bacterial strains Helicobacter pylori SS1 and Δtipα with human NCI-
N87 cells. ....................................................................................................................... 34	
RNA Sequencing of N87 cells following co-culture with H. pylori. ............................ 34	
RNA-Seq Pipeline. ........................................................................................................ 34	
IPA Analysis. ................................................................................................................. 35	



	

v		

Multi-sample comparison of differentially expressed genes (Kmeans clustering). ...... 35	
Production of recombinant Tipα protein in Escherichia coli. ....................................... 36	
Recombinant Tipɑ and Epithelial cell co-culture. ......................................................... 37	
Mouse Microarray. ........................................................................................................ 38	

Chapter IV. Results ........................................................................................................... 39	
4.1 The Role of TNFα inducing protein (Tipα) in the Host Immune Response ............ 39	

In vivo mouse infections with wild-type SS1 and a TNFα inducing protein (Tipα) 
isogenic mutant (Δtipα). ............................................................................................ 39	
Tipα promotes an inflammatory immune response. .................................................. 41	
Co-infected mice develop inflammation and hyperplasia comparable to WT SS1 
infected mice. ............................................................................................................ 48	
Tipα may provide an advantage during co-infection. ................................................ 53	

4.2 The Role of the TNFα inducing protein (Tipα) in the Epithelial Cell Response .... 55	
Transcriptome analysis of N87 gastric epithelial cells co-cultured with WT SS1 or 
Δtipα strains. .............................................................................................................. 55	
Microarray Analysis of a mouse gastric epithelial cell line, GSM06. ....................... 62	

Chapter V. Discussion ....................................................................................................... 76	
Helicobacter pylori induces a mixed Th1/Th17 immune response. .............................. 78	
Helicobacter pylori induced gastric inflammation and hyperplasia .............................. 79	
SS1 and Δtipɑ whole bacteria analysis on gastric epithelial cells. ................................ 81	

Known pro-inflammatory canonical pathways affected by H. pylori infection. ........ 82	
PPARγ and LXR/RXR canonical pathways in H. pylori infection. ............................ 83	
Upstream regulator analysis. .................................................................................... 84	

LPS is a major contributor to pro-inflammatory gene expression. ............................... 86	
Summary and Future Directions .................................................................................... 90	

Appendix I. List of significant up-regulated genes in the wild-type SS1 compared to 
Δtipɑ treated N87 cells at 2 hours ...................................................................................... 92	
Appendix II. List of significant down-regulated genes in the wild-type SS1 compared to 
Δtipɑ treated N87 cells at 2 hours ...................................................................................... 96	
Appendix III. List of significant up-regulated genes in the wild-type SS1 compared to 
Δtipɑ treated N87 cells at 24 hours .................................................................................... 98	
Appendix IV. List of significant down-regulated genes in the wild-type SS1 compared to 
Δtipɑ treated N87 cells at 24 hours .................................................................................. 101	
Appendix V. List of Canonical Pathways with Z-scores for Δtipɑ and wild-type SS1 
versus unstimulated N87 cells at 2 and 24 hours. ........................................................... 104	
Appendix VI. List of Upstream regulators with Z-scores for Δtipɑ and wild-type SS1 
versus unstimulated N87 cells at 2 and 24 hours. ........................................................... 105	
References ....................................................................................................................... 110	
 
 

 



	

vi		

List of Tables 

Chapter III. Materials and Methods 
 
Table 1. Mouse quantitative PCR primer sequences ......................................................... 32	
Table 2. Human Quantitative PCR primers. ...................................................................... 32	
 
 
Chapter IV. Results 
 
Table 3. Overview of gene expression differences in Helicobacter pylori co-culture with 
N87 gastric epithelial cells at 2 and 24 hours .................................................................... 56	
Table 4. List of 5 unique genes from rTipα+PMB versus rTipα ....................................... 72	
Table 5. List of 26 unique gene in the rTipα versus unstimulated .................................... 73	
Table 6. Upstream regulators predicted to be activated by Tipα ....................................... 74	
Table 7. Predicted canonical pathways altered by Tipα .................................................... 75	
 

 

 

 

 

 

 

 

 

 



	

vii		

List of Figures 

Chapter II. Background 
 
Figure 2- 1. Anatomy of the human and mouse stomach. Depiction of the human and 
mouse stomach plus a schematic of the gland structure from the corpus and antrum. ....... 9	
Figure 2- 2. Chemical structures of Escherichia coli and Helicobacter pylori 
Lipopolysaccharide ............................................................................................................ 15	
Figure 2- 3. CD4+ Th Cell Subsets ................................................................................... 18	
 
Chapter IV. Results 
 
Figure 4- 1. Mutant Tipɑ generation in Helicobacter pylori Sydney strain (SS1) ............ 40	
Figure 4- 2. Microbial load determination in infected mice .............................................. 42	
Figure 4- 3. Additional cytokine production in infected mice (first infection) ................. 44	
Figure 4- 4. Total inflammation analysis of SS1 and Δtipα infected mice at 1 month and 4 
months post infection (first infection). .............................................................................. 45	
Figure 4- 5. Breakdown of inflammation by anatomical region, presence of acute vs. 
chronic inflammatory markers and hyperplasia analysis of SS1 and Δtipα infected mice at 
1 month and 4 months post infection (first infection) ....................................................... 47	
Figure 4- 6. Microbial load and cytokine expression analysis of SS1, Δtipα and SS1:Δtipα 
infected mice at 4 months post infection ........................................................................... 49	
Figure 4- 7. Additional cytokine production in infected mice at 4 months post infection 
(second infection) .............................................................................................................. 51	
Figure 4- 8. Inflammation analysis of SS1, Δtipα and SS1:Δtipα infected mice at 4 
months post infection (second infection) .......................................................................... 52	
Figure 4- 9. Quantifying ratio of WT SS1 to Δtipα in co-infected mice at 4 months post 
infection (second infection) ............................................................................................... 54	
Figure 4- 10. Canonical pathway expression differences .................................................. 57	
Figure 4- 11. Upstream regulator differences .................................................................... 59	
Figure 4- 12. K- means clustering analysis ....................................................................... 61	
Figure 4- 13. Helicobacter pylori recombinant Tipɑ (rTipα) protein expression ............. 63	
Figure 4- 14. Inflammatory KC and MIP-2 production in GSM06 cells .......................... 64	
Figure 4- 15. TNFα production in GSM06 cells ............................................................... 65	
Figure 4- 16. TNFα and KC expression in GSM06 cells treated with E. coli LPS and 
rTipα treated with Polymixin B (PMB) ............................................................................. 67	
Figure 4- 17. Gene expression across all microarray samples .......................................... 68	
Figure 4- 18. Overlap of genes differentially expressed in both comparisons .................. 71	
 

 

 



	

viii		

List of Abbreviations 

 
16SrRNA- 16S ribosomal RNA 
BabA - Blood group antigen binding adhesin 
CagA- Cytotoxin associated gene A 
cagPAI- Cag pathogenicity Island 
CFU- colony forming unit 
DU- Duodenal ulcer 
dupA- Duodenal ulcer promoting gene A 
EMT- epithelial mesenchymal transition 
Escherichia coli- E. coli 
Fgf7- fibroblast growth factor 7 
Gapdh/GAPDH- Glyceraldehyde 3-phosphate dehydrogenase 
GC- Gastric cancer 
GFP- Green fluorescent protein 
H. pylori- Helicobacter pylori 
H&E- Hematoxylin and Eosin 
IARC - International Agency for Research on Cancer 
IL- Interkeukin 
IFNγ- Interferon gamma 
IPA- Ingenuity Pathway Analysis 
IPTG- Isopropyl β-D-1-thiogalactopyranoside 
Kan- Kanamycin 
Kanr- Kanamycin resistant  
LPS- Lippopolysaccharide 
LXR- liver X receptors 
MALT- Mucous associated lymphoid tissue 
NFκB- nuclear factor kappa-light-chain-enhancer of activated B cells 
Nr4A3-  nuclear receptor subfamily 4, group A, member 3 
NSAID- Non-steroidal anti-inflammatory drugs 
oipA- Outer inflammatory protein A 
OMPs- Outer membrane proteins 
PAMPs- Patter-associated molecular patterns 
Pdgf- platelet derived growth factor b 
PMB- Polymixin B 
PPARγ- peroxisome proliferator-activator receptors 
PRRs- Pattern recognition receptors 
PU- Peptic ulcer 
PUD- Peptic ulcer disease 
PZ- Plasticity zone 
rTipα- recombinant Tipα 
RXR- retinoid X receptors 
SabA - Sialic acid binding adhesin 
SS1- Sydney Strain 



	

ix		

T4SS- Type IV Secretion System 
Th- T helper  
Tipα- TNF-alpha inducing protein 
TLR- Toll like receptor 
TNFα - Tumor necrosis factor alpha 
TPM- Transcripts per million 
TZ- Transitional zone 
VacA- Vacuolating cytotoxin A 
Wnt7b-  wingless-type MMTV integration site family, member 7B  
WT- Wild type 
Δtipα- Knockout mutant of TNF-alpha inducing protein



	

	
	
1		

Chapter I. Introduction 

Helicobacter pylori (H. pylori) is a Gram negative bacterium that colonizes the 

human stomach leading to the development of chronic gastritis, peptic ulcers and gastric 

cancer. While most remain asymptomatic, approximately 15-20% will develop gastric 

disease (1, 2).  It remains impossible to predict which individuals will develop disease but 

it appears that host and environmental factors play a role along with bacterial virulence 

factors. The most well characterized of these factors are the cag pathogenicity island 

(cagPAI) and vacuolating cytotoxin (VacA), which contribute to carcinogenesis (3-7). It 

is equally important in understanding H. pylori pathogenesis to determine why over 80% 

of infected individuals remain unsymptomatic and otherwise healthy.  

The H. pylori TNFα inducing protein (Tipɑ) is a virulence factor shown to induce 

multiple pro-inflammatory cytokines in addition to TNFα, and is believed to contribute to 

cancer development (8, 9). Most in vitro work has focused on the ability of Tipɑ to 

induce TNFɑ expression in gastric epithelial cells, most likely through NF-κB activation  

(10-12). The cytokine TNFα plays a role in multiple responses and can participate in both 

inflammatory and immunosuppressive pathways. This, in large part, depends upon the 

cellular source of the TNFα, the duration of exposure, and additional cytokines. In 

additon to the induction of pro-inflammatory cytokines  (13). Tipɑ has been shown to 

bind epithelial cells and translocate into the cytoplasm (14, 15). In vitro biochemical and 

structural studies show DNA binding abilities highlighting a potential mechanism  (16, 

17).  
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Here, we further characterized the role Tipα plays in H. pylori mediated 

pathogenesis by exploring host immune responses using mouse infections and gastric 

epithelial cell response to Tipα through gene expression and pathway analysis.  We 

hypothesized that Tipα functions as a pro-inflammatory virulence factor not only through 

the induction of TNFα expression via NFκB but also through additional pro-

inflammatory pathways. We addressed this hypothesis by completing the following 

specific aims. 

 The first aim of our study was to evaluate how the host inflammatory response 

differs between hosts infected with Sydney strain (SS1), a Tipα isogenic mutant (Δtipα) 

or 1:1 co-infection with wild-type and Δtipα bacteria. After 1 and 4 months post infection 

(p.i.), we evaluated the stomach tissues from all three infected groups and a naïve, 

uninfected group on the following: bacterial load, histologic gastritis and various 

cytokine expression including TNFɑ and IL-17.  

 The second aim of this study was to characterize the epithelial cell response to H. 

pylori Tipα (in vitro). We co-cultured N87 cells, a human gastric cancer epithelial cell 

line, with wild-type SS1 and Tipα mutant SS1 (Δtipα) whole bacteria and performed a 

transcriptome analysis to determine which cytokines and other factors are upregulated or 

downregulated. We used differential gene expression data from edgeR to identify 

different pathways or gene networks using the Ingenuity Pathway Analysis (IPA). In 

addition to transcriptome analysis using whole bacteria, we also completed a microarray 

analysis of the mouse gastric cell line, GSM06, co-cultured with recombinant Tipα 

(rTipα).  
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 By completing this work, we aimed to (1) determine how Tipα influences the host 

immune response, (2) increase our understanding of the role Tipɑ plays in H. pylori 

induced virulence and (3) identify pathways or genes targeted by Tipɑ. 
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Chapter II. Background  

2.1 Helicobacter pylori History and Epidemiology 

Prior to the discovery of Helicobacter pylori, people attributed the cause of 

gastric ulcers to a variety of environmental and lifestyle factors such as spicy foods, 

stress, smoking, etc. In 1984, Barry Marshall and Robin Warren were the first to isolate 

and identify a microaerophilic, spiral shaped bacterium (originally referred to as 

Campylobacter pylori) from the stomachs of peptic ulcer patients (2). This Gram 

negative bacterium has co-existed with humans for approximately 58,000 years and 

adapted to survive the extreme acidic environment of the stomach (18). Unlike most 

viruses and other bacterial pathogens, H. pylori’s successful adaptation and colonization 

of the gastric niche has allowed the bacterium to establish a life-long infection.  

Helicobacter pylori is typically acquired early in childhood and maintains a 

persistent infection throughout the life of the host unless treated with antibiotics. 

Diagnosis of H. pylori infection can be done either invasively by endoscopy or 

noninvasively by urea breath test or stool antigen tests (19, 20). How the bacterium is 

transmitted is largely unknown but believed to occur person-to-person via the oral-oral or 

fecal-oral route and is highly transmitted among families (20, 21). The current treatment 

strategy for H. pylori infection is a “triple therapy” consisting of a proton pump inhibitor 

and the use of two antibiotics, typically amoxicillin and clarithromycin (19, 22, 23). 

While the use of this method has been successful, the rise of antibiotic resistance has 

made the eradication of H. pylori in some geographical areas difficult (24-26).  

It is estimated that approximately 50% of the world population is infected with H. 

pylori with the prevalence of infection up to 80% in under-developed countries (21, 27-
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29). The majority of infected individuals remain asymptomatic but up to 20% will 

develop serious gastric diseases such as peptic ulcer disease (PUD), gastric 

adenocarcinoma and MALT (mucosa- associated lymphoid tissue) lymphoma (1, 2). 

There is a 10-15% lifetime risk of developing PUD and 1-2% risk for developing gastric 

cancer (30). It is widely accepted that the combination of environmental, host and 

bacterial virulence factors contribute to the severity and type of gastric disease. 

2.2 Helicobacter pylori Infection and Gastric Disease 

All infected individuals with gastric colonization of Helicobacter pylori develop 

histological gastritis (30). This is characterized by the infiltration of neutrophils and other 

inflammatory cells in both the antrum and corpus of the stomach (See section 2.4 The 

Gastric Niche: Anatomy and Histopathology of the Stomach for more information). 

This severe gastritis is also referred to as chronic active gastritis and is associated 

primarily with H. pylori infection.  Acute gastritis occurs early on in infection with 

transient dyspeptic symptoms such as pain/discomfort in the upper abdomen, nausea, 

vomiting and fullness (31). Studies related to the acute phase of infection are limited but 

do include the controlled infection of healthy individuals with a laboratory strain of H. 

pylori (31). Unless the infection is cleared from the body, prolonged infection will lead to 

chronic inflammation within the stomach. The interaction between acid production and 

bacterial growth largely influence the location of inflammation and the clinical outcome 

of infection (30, 32). Individuals with normal gastric acid secretion have higher bacterial 

colonization in the antrum where there is a limited number of acid secreting cells (33).  

This leads to the development of antral predominant gastritis. Alternatively, individuals 

with lower acid production tend to have bacterial colonization throughout the stomach 
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and develop corpus predominant or pangastritis (33).  In addition, H. pylori infection can 

account for up to 90% of duodenal ulcers and 80% of gastric ulcers (22, 27). These 

statistics highlight the importance of research into this bacterium and how it causes 

disease. 

Perforations in the lining of the duodenum and the gastric mucosa characterize 

peptic ulcer disease (PUD). Gastric ulcers tend to occur in the transitional zone (TZ) 

between the corpus and antrum of the stomach whereas duodenal ulcers occur in the 

duodenal bulb that is exposed to gastric acid (22). Damage to the duodenal epithelium, as 

a result of increased acid output from the antrum, leads to the development of gastric 

metaplasia and the formation of duodenal ulcers (34, 35). The two most common risk 

factors for development of PUD are H. pylori infection and the use of nonsteriodal anti-

inflammatory pain medications (NSAIDs) (22, 36). The lifetime risk for the development 

of PUD for an H. pylori positive individual is 3-10 times higher than a H. pylori negative 

person (21, 27). Strain-specific genetic variation within H. pylori can affect where the 

ulcers develop as well as the overall risk for developing ulcers (see 2.6 Virulence 

Factors of H. pylori for more information) (22, 27). Another factor contributing to the 

development of ulcers is the location of inflammation within the stomach. Individuals 

with antral predominant gastritis tend to have a higher acid output which influences the 

development of duodenal ulcers (27). Alternatively, pangastritis or the global presence of 

inflammation throughout the stomach is linked to a reduced amount of stomach acid, 

which contributes to gastric ulcers (32).  

Gastric cancer is the fifth most common malignancy and the third most common 

cause of cancer related deaths worldwide (37). Approximately 70% of all gastric cancers 
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occur in underdeveloped countries (37). Since its discovery, H. pylori has been 

recognized as a Class I carcinogen by the W.H.O. International Agency for Research on 

Cancer (IARC) for its ability to cause cancer (38) Although the global incidence of 

cancer is decreasing, its prevalence remains high in parts of East Asia, Eastern Europe 

and South America (39, 40). Chronic inflammation associated with H. pylori infection 

can lead to the development of atrophic gastritis. This is characterized by severe 

dysmorphology and loss of the normal architecture of the gastric mucosa, particularly the 

loss of gastric glands and the replacement of normal gastric epithelium with an intestinal 

type epithelium (intestinal metaplasia) (41). These changes put an infected individual at a 

greater risk for developing gastric adenocarcinoma  (30, 41).   

Among those that are infected, approximately 1-2% will develop gastric cancer  

(30). The transition from normal gastric mucosa to gastric adenocarcinoma is a gradual 

process that involves multiple morphological changes that occur over a period of time. A 

well-accepted description of this process is known as the Correa model of carcinogenesis 

(42). The basic sequence of events includes the transition from normal gastric mucosa ! 

non-atrophic gastritis ! chronic atrophic gastritis !intestinal metaplasia!dysplasia ! 

gastric adenocarcinoma (42, 43). Not only does infection with Helicobacter pylori 

increase the risk for the development of gastric cancer but strains producing the cytotoxin 

associated gene A (CagA) protein further increase the risk over cagA-negative strains 

(see 2.6 Virulence Factors of H. pylori for more information) (44, 45).  

MALT (mucosa- associated lymphoid tissue) lymphoma is another form of cancer 

associated with H. pylori infection. It is typically seen in less than 1% of H. pylori 

positive individuals as a result of chronic inflammation (1, 46). This lymphoma arises 
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from B cells that are associated with the gastric MALT tissue and is diagnosed 

histologically post endoscopy. Studies have shown H. pylori eradication can lead to full 

remission in some patients with disease (1).  

2.3 The Gastric Niche: Anatomy and Histopathology of the Stomach 

The human stomach can be divided into four anatomical regions: the cardia 

located at the junction between the esophagus and the stomach where food enters, the 

fundus is the upper section of the stomach, the corpus which makes up the central region 

or body of the stomach and contains the acid secreting glands, and the antrum which is 

the lowest region of the stomach that connects to the duodenum (Figure 2-1) (47-49). In 

contrast, the mouse stomach can be separated into two types of tissue made up of the 

non-glandular forestomach with stratified squamous epithelium and the glandular 

stomach made up of simple columnar epithelium (50). Similar to the human stomach, the 

glandular region of the mouse stomach can be broken into the corpus and antrum (Figure 

2-1) (47, 49). This anatomical difference is notable because mice are a common animal 

model for the study of Helicobacter pylori infection and pathogenesis (51, 52).  

 The inner layer of the stomach or the gastric mucosa consists of the surface 

epithelium (foveolar cells) that opens into the gastric pits (foveolae). These pits are 

invaginations within the epithelium that contain stomach glands and distinct cell types 

that produce mucus, proteolytic enzymes, and acid (Figure 2-1). A layer of mucous 

covers the gastric mucosa and provides protection against auto-digestion and the high 

acidity of the stomach (53, 54).   
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Reproduced with permission from the Company of Biologists Ltd. 
Burkitt MD, Duckworth CA, Williams JM, Pritchard DM. Dis Model Mech. 2017;10(2):89-104.  
 
Figure 2- 1. Anatomy of the human and mouse stomach. Depiction of the human and 
mouse stomach plus a schematic of the gland structure from the corpus and antrum (49).  
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Unlike other areas in the gastrointestinal tract, such as the intestines, the stomach 

does not contain any organized lymphoid tissue. However, during H. pylori infection 

lymphoid follicles develop in response to chronic inflammation. Histological gastritis 

associated with H. pylori infection is predominantly seen in the antrum of the stomach 

characterized by the infiltration of neutrophils and lymphocytes but can develop in the 

corpus as well (55, 56). The severity of inflammation and the distinction between acute 

versus chronic inflammation is determined by the degree of epithelial cell damage and 

the type of immune cells present in the tissue. Early infection causes acute inflammation 

characterized by neutrophil infiltration and epithelial cell changes (41).  Over the course 

of infection, acute inflammation develops into chronic inflammation with the infiltration 

of lymphocytes and marked mucosal dysmorphology. The combination of neutrophil and 

lymphocyte cell infiltration during infection is referred to as “active gastritis” and is a 

common characteristic of H. pylori infection (41). Chronic inflammation that develops as 

a result of prolonged infection can develop into different clinical pathologies in 

approximately 20% of infected individuals (See section 2.2 Helicobacter pylori Infection 

and Gastric Disease for more information). 

2.4 Animal Models of Infection 

Animal models have been critical to understanding the mechanism of H. pylori 

infection and the development of gastric disease. Research models have ranged from the 

use of  non- human primates to rodent models of infection (51, 57-59). Each has their 

own advantages and disadvantages but they all share the ability to be colonized with 

Helicobacter species (59-61). Infected animals do develop gastritis but few develop more 

serious outcomes such as ulceration and carcinogenesis, which can make the use of some 
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animal models challenging for studying long-term disease outcome. Ferrets infected with 

indigenous Helicobacter mustelae do develop ulcers but the cost and lack of suitable 

immune reagents limits the utility of this model  (62-64).  Most research investigating H. 

pylori infection is performed using Mongolian gerbil and mouse models because of their 

ability to closely mimic human disease (59, 61, 65-67).  

Infection of Mongolian gerbils with certain strains of H. pylori can lead to the 

development of ulcers and gastric cancers (65, 66). This makes them an ideal model to 

study environmental factors and main virulence determinants produced by the bacteria to 

determine how they contribute to the development of chronic inflammation and 

ultimately disease. For example, Mongolian gerbils given a high-salt diet and infected 

with cagA positive  H. pylori strains have more severe gastric inflammation and increased 

presence of gastric adenocarcinoma in comparison to gerbils given a normal diet (68)  

Exposure to low-iron or high-salt alters the activity and expression of the type IV 

secretion system (T4SS) and Cytotoxin associated gene A (CagA) expression 

respectively, which contributes to the exacerbation of inflammation and carcinogenesis  

(69-71). Similar to humans, treatment of infected gerbils with antimicrobial therapies 

show bacterial clearance and the reduction or attenuation of carcinogenesis in this model 

(72, 73).  

One limitation to the use of Mongolian gerbils is the study of host immune 

responses to infection. Mongolian gerbils are outbred with ill-defined genetic 

backgrounds making the control and genetic manipulation of this model challenging (74). 

There is also a relative lack of immunological reagents available for this model (74). For 

this reason, a large body of research uses mouse models for the study of H. pylori host 
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immune responses. The ability to genetically manipulate mice has allowed for the 

controlled study of host factors important in Helicobacter infection. Although mice 

develop consistent inflammation in response to infection, the bacterial burden and 

development of gastric disease varies greatly depending on the mouse strain used. For 

example, Helicobacter felis infection induces greater gastric injury, lower bacterial 

burden and the development of hyperplasia in C57BL mice as compared to BALB/c mice 

which maintain a greater bacterial burden but reduced development of gastritis (See 2.5.2 

Adaptive Immune Response to H. pylori infection for more information) (61, 75, 76).  

In addition, different knockout mouse strains can develop severe gastritis and gastric 

adenocarcinoma in response to prolonged H. felis infections and co-treatment with 

chemical carcinogens  (77-81). Although the use of H. felis closely mimics inflammation 

seen during human infection, H. felis lacks key virulence factors such as the cag 

Pathogenicity Island (cagPAI) and Vacuolating cytotoxin A (VacA) which are associated 

with severe gastric disease in humans (see 2.6 Virulence Factors of H. pylori for more 

information) (82, 83). This is a disadvantage to the use of H. felis when studying H. 

pylori virulence factor effects during infection. 

Helicobacter pylori infection in mice leads to the development of gastritis and 

epithelial cell hyperplasia (84). In most cases, more severe dysplasia and gastric 

adenocarcinoma do not occur. This can be explained by the differences in infection 

between the human and mouse stomach (47). Inflammation that develops in mice is more 

severe within the transitional zone (TZ) between the corpus and antrum whereas the 

inflammation in humans is predominately seen in the antrum during initial infection (50, 
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85). The degree of inflammation is determined by the infiltration of lymphocytes within 

the lamina propria in mice and the antrum in humans (50). 

2.5 Immune Response to Helicobacter pylori Infection 

Infection with H. pylori induces a robust immune response in the gastric mucosa. 

Although the immune system is activated, the host does not always completely eliminate 

infection unless treated with antibiotics. This has led to a body of research focusing on 

the immune response to H. pylori infection and the ways the bacteria have adapted to 

survive in the stomach. The following subsections will provide an overview of the 

immune response to H. pylori infection. 

2.5.1 Innate Immune Response to H. pylori 

The innate immune system is comprised of multiple mechanisms and acts as the 

first response to microbial invasion. In terms of H. pylori infection, toll- like receptors or 

TLRs are responsible for the initial recognition of the bacterium. TLRs are a subset of 

pattern recognition receptors (PRRs) that recognize conserved molecular structures or 

PAMPS (pattern associated molecular patterns) shared among different pathogens and 

not normally present in the host (86-88). Examples of PAMPs include flagellins, 

lipopolysaccharide (LPS), peptidoglycan and lipoproteins. All members of the TLR 

family are transmembrane proteins that contain leucine rich repeats and an intracellular 

domain (TIR) that allow for the recognition of specific PAMPs and subsequent 

downstream pathway activation (89). Currently, thirteen TLRs have been described and 

ten of these can be identified in humans (89, 90). Both immune and non-immune cells 

express TLRs, including gastric epithelial cells (90). Normal gastric epithelial cells have 
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been shown to express TLR2, TLR4 and TLR5 but there has been some controversy in 

regards to their role in the immune response to H. pylori infection (91, 92).   

TLR4 responds to LPS (lipopolysaccaride) on many Gram-negative bacteria, 

which prompted initial studies investigating its role in H. pylori infection (93). Some 

studies have demonstrated that infection of gastric epithelial cells with certain strains of 

H. pylori LPS leads to the upregulation of TLR4 while others suggests there is a TLR4- 

independent response to infection (94-97). There have been other groups that suggest 

TLR2 is the primary receptor that responds to H. pylori LPS (96, 97). One explanation 

for why there is such variability between studies include the structural differences in H. 

pylori LPS which has a 1000-fold lower biological activity in comparison to the LPS of 

other Gram-negative bacteria such as Escherichia coli (98, 99). This is the result of the 

tetra-acyl lipid A structure that contains fewer and longer fatty acid chains than E. coli 

(Figure 2-2) (100) .  

TLR5 is a PRR that responds to bacterial flagellin and is expressed by cells in the 

gastric epithelium (92). H. pylori is a motile bacterium that has multiple flagella that 

allow for initial colonization of the stomach. Similar to findings of TLR4/TLR2, the role 

of TLR5 in inducing the immune response is controversial. Some studies indicate that H. 

pylori flagella stimulate TLR5 while others show little to no stimulation of TLR5 (92, 97, 

101, 102). Mutations in the N-terminal domain of H. pylori’s flagellin explain the 

reduced stimulatory activity of TLR5. Mutating the corresponding sequence in the highly 

immunogenic Salmonella flagellin completely ablates TLR5 stimulation (102, 103).  This 

explains how H. pylori may be able to produce modified bacterial components that 

weakly stimulate TLRs and other PRRs to evade immune detection. 
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Reused with permission from Baishideng Publishing Group Inc. 
Chmiela, Miszczyk & Rudnicka. World J Gastroenterol. 20: 9882-9897, 2014. 
 
Figure 2- 2. Chemical structures of Escherichia coli and Helicobacter pylori 
Lipopolysaccharide (100).  
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2.5.2 Adaptive Immune Response to H. pylori  

While the innate immune system is important in the initial recognition of bacterial 

infection, adaptive immunity is important in generating bacterial specific responses and 

memory (104). The adaptive immune response to Helicobacter pylori infection is 

comprised of specific B-lymphocyte (B-cell) and T-lymphocyte (T-cell) activation that 

contributes to the balance between promoting gastritis and limiting severe injury to the 

host as a result of inflammation. This has been shown in previous knockout mouse 

models of H. pylori infection. B-cell deficient (µ-MT) mice that are infected with H. 

pylori develop more severe gastritis and exhibit high bacterial clearance in comparison to 

wild- type infected mice (105). This difference can be explained by the lack of inhibitory 

cytokines, such as IL-10, that limit inflammation (105). In contrast, IFNγ deficient mice 

have decreased inflammation and higher bacterial loads in comparison to wild-type 

infected mice (79, 106-108). These studies highlight how the promotion of one T-cell 

response over another can promote or limit inflammation. 

There are multiple T-cell subsets that can become activated based on which 

cytokines are present (Figure 2-3). Traditionally, H. pylori infection has been described 

as inducing a predominant Th1 or Th2 response. A Th1 response is characterized by the 

production of IFNγ and the Th2 response by IL-10 and IL-4. Mouse models have been 

described that are dominant for a Th1 or Th2 cell response. For example, C57BL mice 

have stronger Th1 responses in comparison to BALB/c mice that have a greater Th2 

response when infected with H. felis (See 2.3 Animal Models of Infection)  (52, 76, 82).  

The Th1/Th2 immune response paradigm has been challenged by the discovery of 

additional T-cell subsets as well as evidence for the overlap between T-cell responses  
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(109, 110). For example, H. pylori infected tissues have increased levels of IL-17, which 

is indicative of a Th17 cell response (111, 112). Th17 cells have been previously 

implicated in autoimmune disease and also promote inflammation (113). Furthermore, 

IL-17-/- mice infected with H. pylori have decreased gastritis and reduced bacterial loads 

suggesting Th17 cells play a role in regulating H. pylori induced inflammation (114). In 

order to combat excessive inflammation, it was postulated that immunosuppressive 

pathways must exist because infected individuals fail to completely clear bacterial 

infection. Regulatory T cells (Tregs) are a subset of T-cells that have immunosuppressive 

effects and have been found in H. pylori infected individuals as well as mouse models of 

infection (115, 116). Because Tregs are present in the gastric mucosa, they may play a 

role in H. pylori persistence and the development of chronic inflammation (116, 117). 

2.6 Virulence Factors of Helicobacter pylori 

H. pylori has co-existed with humans for approximately 58,000 years (18). Over 

this period of time it has adapted to survive the acidic conditions of the stomach and 

establish a life-long infection. Large contributors to this success are the multiple 

virulence factors that are produced by the bacterium.  Different combinations of these 

virulence factors can affect the pathogenicity of a strain and may influence disease 

progression. The following subsections will review some of the well-known virulence 

factors. 

 



	

	
	
18		

  

Reused with permission from Elsevier. (License # 4296770362159) 
Bonilla & Oettgen. J Allergy Clin Immunol. 125: S33-S40, 2010. 
 
Figure 2- 3. CD4+ Th Cell Subsets (104).   
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2.6.1 Cag Pathogenicity Island and Cytotoxin Associated Gene A 

Discovery of the cag Pathogenicity Island (cagPAI) with its effector protein, 

cytotoxin associated gene A (CagA), were ground breaking for the study of H. pylori 

pathogenesis. The cagPAI is a 40kb stretch of DNA that encodes a type IV secretion 

system (T4SS) that facilitates the translocation of CagA into the cytoplasm of gastric 

epithelial cells (5, 118). Several genes within the cagPAI show homology to vir genes 

(virB4, virB7, virB8, virB9, virB10, and virB11) from T4SS described in Agrobacterium 

tumefaciens and Bordetella pertussis (5). Adhesion of the T4SS to epithelial cell integrins 

induces inflammation measured by IL-8 secretion (119). Translocated CagA enters the 

host cell where it induces multiple signaling events such as cell proliferation, loss of tight 

junction integrity, inflammation and cell motility (120-122). 

The majority of H. pylori strains in East Asian countries carry the cagPAI. This 

area of the world has the highest estimated gastric cancer mortality rates which are 14.0 

per 100,000 men and 9.8 per 100,000 women compared to North America which has the 

lowest (2.8 in men and 2.5 in women) (37). In Western countries, approximately 40% of 

H. pylori strains are cagPAI positive. Epidemiological studies have shown that CagA 

positive strains are more likely to be found in patients with gastric diseases such as 

gastric cancer (GC) and peptic ulcer disease (PUD) with variability between populations 

(123). Variation among populations can be explained by diversity within the C-terminus 

of the CagA protein.  

CagA can be broken down into Eastern CagA and Western CagA which differ in 

their Glu-Pro-Ile-Tyr-Ala (EPIYA) phosphorylation motifs (124, 125). Phosphorylation 

occurs on the tyrosine residues within the motif by the Src-Abl family of kinases (124-
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126). Four different EPIYA motifs A, B, C and D have been described but EPIYA-D is 

the most pathogenic. All strains have EPIYA-A and EPIYA-B motifs but Western strains 

contain between 1-3 EPIYA-C and East Asian strains contain EPIYA-D motifs (126, 

127). Multiple EPIYA-C motifs lead to an increase in Src- phosphorylation. Both 

phosphorylated EPIYA-C and EPIYA-D interact with Src homology 2 domain-

containing tyrosine phosphatase (SHP-2) which leads to cytoskeletal rearrangements and 

motility in gastric epithelial cells (126). H. pylori strains containing EPIYA-D motifs 

contain a SHP-2 binding motif that allows for more efficient binding which makes these 

particular strains more pathogenic (128, 129).   

2.6.2 Vacuolating cytotoxin A (VacA) 

The vacuolating cytotoxin A, VacA, is a secreted toxin present in almost all H. 

pylori strains and is the second most studied virulence factor of H. pylori (3, 7, 130).  

Secreted VacA binds to receptors on the cell surface of gastric epithelial cells. Upon 

binding, it is internalized and leads to the formation of cytoplasmic vacuoles that induce 

cellular apoptosis, in vitro (131-133). Allelic variation exists within three different 

regions of the vacA gene; signal (s), intermediate (i) and mid region (m), which 

influences its activity (134-136). The genotype of each strain can predict the cytotoxicity 

of VacA and its association with difference gastric diseases (137). Typically, strains that 

express the s1 i1 m1 genotype have greater cytotoxic activity. VacA also inhibits T-cell 

activation and proliferation by inhibiting IL-2 (Interleukin- 2) secretion (138, 139).  

2.6.3 Outer Membrane Proteins (OMPs) 

Outer membrane proteins (OMPs) make up approximately 4% of the H. pylori 

genome and play a large part in the adherence to gastric epithelial cells (140). These 
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genes undergo phase variation to switch protein expression between “on” or “off”. This 

allows for heterogeneity of OMP expression and contributes largely to immune evasion. 

OipA, outer inflammatory protein A, has been shown to promote inflammation, increased 

neutrophil infiltration and cell proliferation in gastric epithelial cells (141). The status of 

oipA expression has been studied in different populations and is associated with an 

increased risk of duodenal ulcer (DU) and gastric cancer (GC) development (142-144).  

BabA, blood group antigen binding adhesin, is the best-described adhesin that binds to 

Lewis histo-blood group antigen on the surface of gastric epithelial cells (145, 146). 

Three alleles have been described (babB, babA1 and babA2) but only babA2 allele is 

functionally active (147). Strains that are positive for babA2 have been associated with 

increased risk of GC and DU (143, 148, 149). The babA2+ strains that co-express cagA 

and vacA s1m1 show increased mucosal inflammation in comparison to strains that lack 

the additional virulence factors.  SabA, sialic acid binding adhesin, is an adhesin that 

binds to sialyl- Lewis antigen that is increased on the cell surface during inflammation 

and activates neutrophils (150-152).  SabA positive strains have been shown to have a 

higher density of bacteria in comparison to SabA negative strains, highlighting its 

importance in colonization (153). Interestingly, Helicobacter felis does not adhere to the 

gastric epithelium but induces severe gastritis in the mouse model casting doubt to the 

importance of attachment in Helicobacter infection (154-156).  

2.6.4 Urease 

Urease is an important enzyme produced by H. pylori that hydrolyzes urea to NH3 

and CO2 to combat the high acidity of the stomach (157, 158). It accounts for 

approximately 6% of the total protein content of H. pylori (159). Urease mutant strains 
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are unable to colonize the stomach, highlighting the importance of this enzyme as a 

colonization factor (160-162). The ability of strains to produce and secrete urease is step 

one to the success of H. pylori infection. Urease functions to neutralize the pH 

surrounding the bacterium allowing it to survive long enough to penetrate the mucous 

layer and reach the gastric epithelial cells. 

2.6.5 Duodenal ulcer promoting gene (DupA) and the Plasticity Zone (PZ) 

The plasticity zone (PZ) is a variable stretch of DNA located within the H. pylori 

genome. PZs are identified by low GC content (34%) in comparison to the rest of the 

genome (39%) (163). Each strain contains a different sized PZ and variability within gene 

content that is believed to play a role in clinical outcome (164, 165). It is estimated that 

approximately 60% of strain- specific genes are located within this region. The presence 

of a XerD tyrosine recombinase in the PZ facilitates the horizontal gene transfer of PZ 

between bacterial strains (165). One gene that appears frequently in the PZ is dupA, 

duodenal ulcer promoting gene. DupA is made up of two continuous gene sequences, 

jhp0917 and jhp0918, that together show homology to the virB4 gene, which is essential 

to the structure and function of the Type IV Secretion System (T4SS) (166). The 

presence of other vir gene homologues in the gene cluster with dupA is thought to 

function as a putative T4SS (referred to as tfs cluster) (167). Recently, the cagA positive 

strains that also have a full tfs cluster in the PZ have increased IL-8 production from 

gastric epithelial cells (168). Population studies have shown conflicting associations 

between DupA positive strains and an increase risk of duodenal ulcer (DU) development  

(169-171). Other studies have shown an inverse relationship between an increased DU 
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risk and a decreased risk of gastric cancer, however, other studies have shown that DupA 

can contribute to GC development (166).   

2.7 TNF-alpha Inducing Protein (Tipα)  

One of the more recent virulence factors to be described is the TNFα-inducing 

protein or Tipα. Before the alias Tipα was given to this protein, it was first referred to as 

HP-MP1 and was isolated from the clinical strain SR 7792 (8). More recent studies of 

Tipα use recombinant protein based on the HP0596 gene sequence from the common 

laboratory strain, 26695. The tipα sequence is conserved between H. pylori strains and 

shows weak homology to penicillin binding proteins from Gram-positive bacteria (172, 

173). Tipα is a target of interest because of its ability to induce TNFα and other pro-

inflammatory cytokines that influence gastric cancer development (8, 13).   

Tipα is a secreted protein found in all strains of Helicobacter pylori. The 

functional form of Tipα exists as a homodimer approximately 37kDa in size. Structural 

studies show that the Tipα dimer forms a tweezer- like shape with DNA and RNA 

binding activity in vitro suggesting a possible role as a transcription factor in gastric 

epithelial cells (16, 17, 174). Cysteine residues at positions 25 and 27 are believed to 

form disulfide bonds between two monomers to form the functional homodimer (16). All 

strains of H. pylori secrete Tipα but variation in the amount of protein has been shown to 

vary between isolates from different clinical pathologies (11). 

Co-culture of recombinant Tipα with various gastric epithelial cell lines, both 

human and mouse, has shown that this protein is able to induce not only TNFα but also 

other pro-inflammatory cytokines and chemokines such as IL-1 and IL-8 (13). It has also 

been shown to stimulate TNFα and IL-1 from macrophages. Secreted Tipα protein binds 



	

	
	
24		

nucleolin on the cell surface of gastric epithelial cells where it becomes internalized (14).  

Nucleolin is present on the cell surface, cytoplasm and nucleus but cell surface nucleolin 

can be involved in carcinogenesis. There are several external ligands of nucleolin such as 

hepatocyte growth factor (HGF), K-ras and Tipα that have been shown to be carcinogenic  

(175). The internalized Tipα protein is able to enter the gastric epithelial cells where it is 

able to induce the production of pro-inflammatory genes most likely through NFκB. 

Because NFκB activation plays an integral part in the link between inflammation and 

cancer, further investigation of Tipα can elucidate the mechanism of H. pylori induced 

carcinogenesis.  

Apart from its role in the epithelial cell response, how Tipα affects the host 

immune response is largely unknown. One study showed mice infected with a tipα 

isogenic mutant had reduced colonization in comparison to the wild-type Sydney strain 

(SS1) infected mice  (176). Although the lack of Tipα did not completely eliminate 

colonization, the reduction in bacterial load suggests Tipα may play an important role in 

bacterial survival. Lastly, these mice were only infected for 3 weeks so the effects of 

long- term infection is unknown. 

2.8 Summary 

Helicobacter pylori is an important pathogen that adapts to the gastric 

environment to establish life-long infection in its hosts. Approximately 20% of infected 

individuals will develop severe gastric diseases such as gastric cancer, peptic ulcer 

disease and MALT lymphoma. It remains unpredictable who will develop disease but the 

environment, host factors and bacterial virulence factors all contribute to disease 

development. Several virulence factors have been described and their roles in H. pylori 
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pathogenesis have been investigated. One virulence factor, the TNFα inducing protein 

(Tipα), has been shown to promote inflammation by inducing TNFα, other pro-

inflammatory cytokines and chemokines from gastric epithelial cells and macrophages. 

Because chronic inflammation can lead to cancer development, further investigation into 

the function of Tipα can provide a better understanding of the mechanism behind H. 

pylori induced carcinogenesis. 
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Chapter III. Materials and Methods  

Bacterial strains.  

H. pylori Sydney Strain (SS1), a mouse-adapted clinical isolate, was used for mouse 

infections (177). SS1 was maintained on Columbia agar (Difco, Detroit, MI) 

supplemented with 7% horse blood with 20µg/mL trimethoprim, 6µg/mL vancomycin, 

16µg/mL cefsulodin and 2.5µg/mL amphotericin B (antibiotics from Sigma-Aldrich, St. 

Louis, MO). The H. pylori tipα mutant (Δtipα) was grown on Columbia agar plates 

supplemented with 10% horse blood and 50µg/mL kanamycin (Sigma-Aldrich, St. Louis, 

MO). Strains were grown at 37°C.  

 

H. pylori SS1 and Δtipα growth in liquid culture was performed by harvesting bacteria 

from Columbia blood agar plates in 1mL of Brucella Broth (Difco, Detroit, MI) and 

transferred to 10mL Brucella broth supplemented with 10% fetal bovine serum (FBS) 

(Gemini Bio-Products, West Sacramento, CA) and 6µg/mL vancomycin  or 50µg/mL 

kanamycin  in T-25 flasks (Corning, Corning, New York). Liquid cultures were 

maintained at 37°C with 10% CO2. The bacterial density of liquid cultures for each strain 

was determined by measuring optical density (OD) at 450nm with comparison to a 

previously established growth curve. Bacteria were resuspended in NCI-N87 gastric cell 

culture media (see below) supplemented with 1X cholesterol lipid concentrate (Thermo-

Fisher Scientific, Waltham, MA) at the time of co-culture. 
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Generation of H. pylori SS1 tipα mutant (Δtipα). 

The tipα knockout mutant (Δtipα) was generated in Sydney strain (SS1) by allelic 

replacement following a previously reported protocol (178) Briefly, a kanamycin 

resistance cassette (aph3) from Campylobacter jejuni was inserted between two 

fragments of the tipα gene. H. pylori SS1 genomic DNA was extracted following the 

Qiagen Genomic DNA protocol (Qiagen, Valencia, CA). H. pylori strain HP0596 

(NC_000915.1) was used as a reference sequence to amplify the HpSS1 tipα gene by 

PCR to generate two separate fragments (R1 and R2). The R1 was flanked using PCR 

primer design by a XbaI restriction enzyme site at the 5’ end and overlap with the 

upstream Kanamycin gene cassette at the 3’ end using primers XbaI-FP [5’-

CCGATATCTAGAGTGTTAGAAAAATCTTTTTT-3’] and 5primeaph3 [5’- 

TTATTATTTCCTTCCTCTTTTCTACAGTATTTAAAGATACATTTGGAAAAATAA

GCCTC-3’]. R2 was flanked by overlap with the downstream kanamycin gene cassette 

and an XbaI restriction enzyme site at the 5’ and 3’ end of the R2 fragment respectively, 

using primers 3primeaph3 [5’- 

GTACCTAGATTTAGATGTCTGAATTCGTAACCAACCGCATCAAGCAAAAG-3’] 

and XbaI-RP [5’- GATGCCTCTAGACTACATGGCTATAGGGACTT-3’]. All PCR 

products were gel purified using the Qiagen QIAquick Gel Extraction Kit (Qiagen, 

Valencia, CA). SS1 was transformed with 1 µg of the resulting product on non- selective 

Columbia blood agar plates at 37°C. After 24 hours, bacteria were harvested and re-

plated on selective Columbia blood agar plates supplemented with 50µg/mL kanamycin 

and incubated at 37°C. Kanamycin resistant (Kanr ) colonies were selected 5-7 days post 

transformation and expanded further on selective Columbia blood agar plates with 
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50µg/mL kanamycin. We used PCR to confirm the addition of the kanamycin cassette 

within the tipα gene of our Δtipα strain. 

 

Bacterial cell lysates were collected from wild-type SS1 and the tipα knockout mutant 

(Δtipα) grown on Columbia blood agar plates. A bacterial cell pellet was resuspended in 

10 mL of lysis buffer consisting of 100mM NaCl, 25mM Tris Base, 10mM MgCl2, 

50µg/mL DNaseI and 0.2mg/mL lysozyme pH 8.0. The cell suspension was lysed by 

sonication 4 times with a 50% duty cycle and power setting of 5. The cell lysates were 

aliquoted and stored at -80°C until used for Western blot analysis. 

Western Blot. 

For the Δtipα mutant confirmation, 10µg of bacterial cell lysate from wild-type and 

mutant strains were used for SDS-PAGE and blots were developed using a Tipα specific 

rabbit antiserum, anti-HP0596, obtained from Dr. Renata Godlewska (Institute of 

Microbiology, University of Warsaw) at a dilution of 1:1000 (176). For the detection of 

recombinant Tipα protein (see below), 1µg of purified protein was used for SDS-PAGE 

and blots were developed using anti-6xHis antibody from Invitrogen (Carlsbad, CA) at a 

1:500 dilution.  

Mouse Strains and Infections.  

C57BL/6 mice (#000664) and C57BL/6 FoxP3-GFP mice (#023800) were purchased 

from Jackson Laboratory (Jackson Laboratories, Bar Harbor, ME) and used for two 

independent H. pylori infections. Mice were housed under pathogen-free conditions in 

microisolater cages at the University of Maryland Baltimore animal facilities. This study 

was carried out in strict accordance with the Guide for the Care and Use of Laboratory 
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Animals of the National Institutes of Health. The protocols were approved by the 

Institutional Animal Care and Use Committee of the University of Maryland in 

Baltimore.  

 

Four- to five- week old mice on normal diet were infected by oral gavage (1x107 CFU in 

0.5mL Brucella Broth) (Difco, Detroit, MI) with wild-type SS1 and Δtipα. Liquid 

cultures of each strain were used for infections and bacterial density was determined by 

measuring optical density at 450nm with comparison to a previously established growth 

curve. Groups of mice were euthanized at either 1month or 4 months post infection (p.i.) 

and whole stomachs were harvested. A subsequent infection included a 1:1 ratio of SS1 

to Δtipα co-infected group in addition to infection with wild-type SS1 and Δtipα. Each 

group (uninfected control, SS1, Δtipα and SS1: Δtipα infected mice) contained 10 

animals at each time point. 

Microbial Load Determination. 

Longitudinal strips of stomach from each group were placed into pre-weighed 1.5mL 

microcentrifuge tubes and frozen in liquid Nitrogen prior to storage at -70°C. Total DNA 

was extracted from the frozen tissues using the DNeasy Blood and Tissue kit (Qiagen, 

Valencia, CA) with an additional 10 minute incubation at 95°C following the initial 

digestion step to facilitate lysis of bacteria. Quantitative PCR (qPCR) was performed on 

each gastric sample in triplicate with SYBR Green (Thermo-Fisher Scientific, Waltham, 

MA) and H. pylori 16SrRNA primers forward primer [5’- tttgttagagaagataatgacggtatctaac- 

3’] and reverse primer [5’- cataggatttcacacctgactgactatc- 3’] (179). Samples were then 

compared to a standard curve consisting of purified H. pylori SS1 chromosomal DNA 
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(180). Bacterial load was reported as the number of 16SrRNA copies per gram of tissue. 

To quantify Δtipα bacteria in the coinfected mice, kanamycin (aph3) forward primer [5’- 

gaggctttatttttccaaatgtatctttaaatactgtagaaaag- 3’] and reverse primer [5’- 

ctttgcttgatgcggttggttacgaattcagacatctaaatc- 3’] were used.  

Histopathology. 

Longitudinal strips encompassing the entire length of the stomach, from forestomach to 

duodenum, were fixed in 10% buffered formalin (Sigma-Aldrich, St. Loius, MO) for 48 

hours. Tissues were trimmed and placed into cassettes and sent to the Histology Core at 

the University of Maryland Baltimore for paraffin embedding and mounting of 5µm 

sections prior to Hematoxylin and Eosin (H&E) staining.  

Histological Scoring. 

H&E- stained sections were sent to Vanderbilt University, School of Medicine to be 

graded in a blinded fashion by pathologist M. Blanca Piazuelo using the Sydney system  

(181). Grading was performed using a scale of 0-3. The corpus and antrum of the 

stomach were given separate scores assessing the linear extent of inflammation, depth of 

white blood cell penetration, pan-mucosal vs. focal distribution, changes in tissue 

architecture and contents of the cellular infiltrate. A separate score was given for 

presence of acute inflammation, chronic inflammation and hyperplasia. Chronic and 

acute inflammation consists of the combined score from the antrum and corpus with a 

maximum score of 6. Acute inflammation was defined as the presence of neutrophils and 

chronic by the presence of lymphocytes. Antral and Corporal inflammation consists of 

the combined score of chronic and acute with a maximum score of 6. Global 

inflammation was calculated using the sum total of all inflammation scores with a 
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maximum score of 12. Sections were also graded on the degree of hyperplasia using a 0-3 

scale.  

Quantitative PCR. 

Relative quantification of cytokines from epithelial cell lines and gastric tissue was 

performed as previously described (182). Longitudinal strips of stomach tissue from each 

group was placed into 1.5mL microcentrifuge tubes and flash frozen in liquid Nitrogen 

prior to storage at -70°C. Tissues were ground into powder using a mortar and pestle and 

total RNA was isolated using the RNeasy kit (Qiagen, Valencia, CA).  RNA was 

quantified and 1µg was converted to cDNA using the Quantitect Reverse Transcription 

Kit (Qiagen, Valencia, CA). PCR amplification was performed using SYBR Green 

(Thermo-Fisher Scientific, Waltham, MA) in reaction volumes of 20µL containing 10µL 

2X SYBR green, 1 µL of forward and reverse primer, 2 µL cDNA and 6 µL dH2O. 

Samples were loaded onto 96 well plates in duplicate. Primers used are listed in Table 1 

and Table 2. Relative gene expression changes were calculated using the 2-ΔΔCT 

method and expression was normalized using the housekeeping gene glyceraldehyde 3-

phosphate dehydrogenase (Gapdh/GAPDH). Quantitative PCR data is expressed as fold 

change compared to the naïve, uninfected control for mouse gastric tissue and 

unstimulated control for epithelial cell lines. 
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Table 1. Mouse quantitative PCR primer sequences. 

Gene Forward Primer (5'-3') Reverse Primer (5'-3') 

Il-17 ATCCCTCAAAGCTCAGCGTGTC GGGTCTTCATTGCGGTGGAGAG 

Tnfα TCCCAGGTTCTCTTCAAGGGA GGTGAGGAGCACGTAGTCGG 

Il-10 CCCTGGTGAGAAGCTGAAG CACTGCCTTGCTCTTATTTTCACA 

Ifn-γ CATGGCTGTTTCTGGCTGTTACTG GTTGCTGATGGCCTGATTGTCTTT 

KC CAATGCGCTGCGCTGTCAGTG CTTGGGGACACCTTTTAGCATC 

Gapdh CCAGGTTGTCTCCTGCGACTT CCTGTTGCTGTAGCCGTATTCA 

Il-18 ATGACTTCCAAGCTGGCCGTGGCT TCTCAGCCCTCTTCAAAAACTTCTC 

Il-1β AACCTGCTGGTGTGTGACGTTC CAGCACGAGGCTTTTTTGTTGT 

GFP CCTGAAGTTCATCTGCACCACC CTGCTGGTAGTGGTCGGCGAGC 

FoxP3 GGCCCTTCTCCAGGACAGA GCTGATCATGGCTGGGTTGT 

Il-6 ATGAACTCCTTCTCCACAAGCGC GAAGAGCCCTCAGGCTGGACTG 

 

 

Table 2. Human Quantitative PCR primers. 

Gene Forward Primer (5'-3') Reverse Primer (5'-3') 

TNFα ATGAGCACTGAAAGCATGATCC GAGGGCTGATTAGAGAGAGGTC 

IL-8 ATGACTTCCAAGCTGGCCGTGGCT TCTCAGCCCTCTTCAAAAACTTCTC 

GAPDH CGACCACTTTGTCAAGCTCA AGGGGAGATTCAGTGTGGTG 
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Statistical analysis for quantitative PCR, microbial load and histology. 

Data are presented as mean ± standard error (S.E) calculated by one-way analysis of 

variance (ANOVA) using Graph Pad Prism for Macintosh 5.0c (Graph Pad Software Inc., 

San Diego, CA). Significance between groups was further analyzed using the post hoc 

Tukey’s test. P values were considered significant if less than 0.05 and are indicated 

using asterisks * = P < 0.05, ** = P < 0.01, *** = P < 0.001. 

Human epithelial cell lines. 

AGS (CRL-1739) and NCI-N87 (CRL-5822) gastric epithelial cell lines were obtained 

from the ATCC (Manassas, VA). AGS cells were cultured in Dulbecco’s Modified Eagle 

Media (DMEM) (Corning, Corning, New York) supplemented with 10% FBS (Gemini 

Bio-Products, West Sacramento, CA) and 1% v/v Anti/Anti (Life Technologies, 

Gaithersburg, MD). NCI-N87 cells were cultured in a 1:1 mixture of Dulbecco's 

Modified Eagle's Medium (DMEM) and Ham's F-12 Nutrient Mixture (Corning, 

Corning, New York) supplemented with 10% FBS (Gemini Bio-Products, West 

Sacramento, CA) and 1% v/v Anti/Anti (Life Technologies, Gaithersburg, MD). Cell 

cultures were grown and expanded at 37°C with 5% CO2 prior to experimentation. 

Mouse gastric epithelial cell line. 

GSM06 cells, a mouse gastric epithelial cell line generated from a T antigen transgenic 

mouse was obtained from RIKEN (Wako, Saitama, Japan). Cell cultures were maintained 

in Dulbecco’s Modified Eagle Media (DMEM) (Corning, Corning, New York) 

supplemented with 10% FBS (Gemini Bio-Products, West Sacramento, CA), 1% v/v 

Anti-/Anti- (Gemini Bio-Products, West Sacramento, CA) and 1% v/v ITS (Insulin, 

transferrin and sodium selenite) (Thermo-Fisher Scientific, Waltham, MA). Cells were 
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maintained and expanded at 33°C with 5% CO2. GSM06 cells were co-cultured with 

recombinant Tipα at 37°C with 5% CO2 during experimentation. 

Co-Culture of bacterial strains Helicobacter pylori SS1 and Δtipα with human NCI-

N87 cells. 

N87 cells were plated in 24 well plates with 1x106 cells/well 24 hours prior to co-culture 

with H. pylori strains SS1 and Δtipα. Cells were treated with 50:1 bacteria-to-cell ratio 

for 2 hours, 4 hours, 6 hours, 8 hours and 24 hours in triplicate and incubated at 37°C 

with 5% CO2. Supernatants were collected at each time point and stored at -20°C for 

downstream analysis. RNA was extracted from cells using the RNeasy kit (Qiagen, 

Valencia, CA) and DNase treated.  Total RNA was quantified using the NanoDrop 2000 

spectrophotometer and stored at -80°C. The 2 hour and 24 hour RNA samples were used 

for transcriptome analysis.  

RNA Sequencing of N87 cells following co-culture with H. pylori.  

N87 cell-line poly-A selected libraries were constructed using the NEBNext Ultra RNA 

Library Prep Kit for Ilumina (New England Biolabs, Ipswich, MA) following the 

manufacturer protocol and fragmented with the Covaris E210. The RNA was purified 

between enzymatic reactions and the size selection of the library was performed with 

SPRI-select beads (Beckman Coulter Genomics, Danvers, MA). Indexed libraries were 

pooled and sequenced on a 2 x 125 bp run using the Illumina HiSeq 2500 v4 sequencer. 

RNA-Seq Pipeline. 

The University of Maryland, Baltimore Institute for Genome Sciences (IGS) RNA-Seq 

Eukaryotic pipeline was used for alignments and differential expression analysis. 
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TopHat2, version 2.1.1 was used to align the sequence reads to the human genome 

(Ensembl GRCh38) (183) . The edgeR algorithm was used to identify differentially 

expressed genes between samples by comparing each wild-type SS1 sample to the 

unstimulated control and to the Δtipα mutant at the same time point (184). The mutant 

Δtipα samples were also compared to the unstimulated control. The edgeR algorithm was 

used to determine differentially expressed genes in each sample by performing a 

statistical analysis on the read counts of each gene (184). A gene was considered 

differentially expressed if the P-value was <0.05 and the absolute value of the log2-fold 

change was ≥2. 

IPA Analysis. 

The Ingenuity Pathway Analysis (IPA), version 01-07 (Ingenuity Systems, Valencia, CA) 

was used to identify entire gene networks that have altered expression in a sample (185).  

Pairwise differential expression data from edgeR was used as input to IPA from H. pylori 

SS1 and Δtipα strains co-cultured with N87 cells. Then IPA CORE analysis was 

conducted for each pairwise comparison using all networks, all node types, all data 

sources, only experimentally observed confidence, only human species, all tissues and 

cell lines, and all mutations. The CORE analysis output was used for a Comparison 

Analyses to look at trends across all pairwise comparisons. Z-scores were filtered with an 

absolute value ≥ 2 and p-values <0.05. Text files containing z-scores and p-values were 

exported from IPA and used to generate heat maps using heatmap.3 in R version 3.2.0.  

Multi-sample comparison of differentially expressed genes (Kmeans clustering). 

Gene counts generated from HTSeq were used to calculate transcripts per million (TPM) 

for each RNA sample, each co-culture condition plus the unstimulated control was 
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completed in triplicate (186). Genes with ≤ 2 counts per million across all the samples 

were removed. From this filtered set of TPM values, differentially expressed genes were 

identified using a quasi-likelihood fit test and false discovery rates (FDR) were defined. 

This list of differentially expressed genes was used to calculate z-scores based on log2 

(TPM). K-means clustering was then used to split the differentially expressed genes into 

clusters based on TPM values. Annotations were assigned to each cluster based on gene 

ontology and Interpro terms, which were then used for a Fisher’s exact test to determine 

Fisher’s odds ratios and p-values to represent enrichment of the functions in each cluster. 

Heat maps of all z-scores and the z-scores from each cluster were created with the 

heatmap.2 function of R. 

Production of recombinant Tipα protein in Escherichia coli. 

A recombinant Tipɑ (rTipɑ) construct was purchased from Addgene (Cambridge, MA) 

and was created by cloning the H. pylori tipɑ sequence into a pET28b expression vector 

incorporating  an N-terminal 6X Histidine tag (17). The recombinant plasmid was 

transformed into E. coli BL21(DE3) competent cells (New England Biosystems, Ipswich, 

MA) and plated on LB agar (Difco, Detroit, MI) plates supplemented with 30µg/mL 

kanamycin. We used colony PCR amplification of the tipɑ gene sequence to select 

colonies that were positive for the construct [forward primer 5’- 

CAGGTTGGATCCGTGTTAGAAAAATCTTTTTT 

-3’ and reverse primer 5’- TTCAGGGATATCGGTACATCCCTAGGTTCGCG - 3’]. 

These colonies were used to inoculate 25mL starter cultures in LB broth supplemented 

with 30µg/mL kanamycin to be used for large-scale recombinant Tipɑ protein expression.  
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Protein expression was carried out in transformed E. coli BL21(DE3) cells following the 

suggested protocol by the manufacturer (New England Biosystems, Ipswich, MA). The 

25mL starter culture was used to inoculate 500mL of LB broth supplemented with 

30µg/mL kanamycin. The OD600 was measured every hour until log phase was reached 

(OD600 = 0.45 after 3 hours) and recombinant protein expression was stimulated with 

0.5mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Louis, MO). 

The culture was shaken at 210 rpm overnight at 30°C to maximize protein production. 

Cultures were collected by centrifugation and cell pellets were resuspended in 10mL of 

lysis buffer containing 50mM Tris-HCl, pH7.9, 200mM NaCl, 10% v/v glycerol and 

50mM imidazole (17). Cells were sonicated 4 times in 10-second bursts with 30 second 

resting period in between bursts. Cell debris was removed by centrifugation and the 

supernatant was applied to HisPur Ni-NTA Resin (Thermo-Fisher Scientific, Waltham, 

MA) to purify the recombinant Tipɑ protein following the manufacturer protocol. 

Purified recombinant Tipɑ was quantified using the Pierce BCA assay (Thermo-Fisher 

Scientific, Waltham, MA) and detected by western blot analysis as described above. The 

Pierce Limulus amebocyte lysate (LAL) assay (Thermo-Fisher Scientific, Waltham, MA) 

was completed to quantify the amount of E. coli lipopolysaccharide (LPS) contamination 

within the recombinant Tipɑ protein samples. 

Recombinant Tipɑ and Epithelial cell co-culture. 

Two human gastric epithelial cell lines, AGS and NCI-N87, and one mouse gastric cell 

line, GSM06, were stimulated for 2 hours with 10µg/mL recombinant Tipɑ (rTipɑ), 

1µg/mL of E.coli LPS or 100 µg/mL Polymixin B (PMB). After 2 hours, RNA was 

isolated using the RNeasy kit (Qiagen, Valencia, CA, Cat #74104).  Total RNA was 
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quantified using the NanoDrop 2000 spectrophotometer and stored at -80°C. Prior to the 

co-culture, the rTipɑ protein and the E. coli LPS control were treated with 100 µg/mL 

Polymixin B (PMB) for 30 minutes. The addition of the Polymixin B to the rTipɑ was to 

eliminate any LPS contamination that could interfere with downstream gene expression 

analysis (187).  

Mouse Microarray. 

Microarray analysis was completed by the Biopolymer-Genomics Core facility at the 

University of Maryland School of Medicine. Total RNA from unstimulated (n=2), 

Polymixin B (PMB) (n=2), rTipɑ treated (n=2) and PMB + rTipɑ treated (n=2) GSM06 

cells were converted to cRNA and hybridized to the Mouse Clariom S array (Applied 

Biosystems, Waltham, MA) containing >221,300 gene targeting probes. Differential gene 

expression analysis was performed using Oligo package for R statistical software (188)  

A gene was considered differentially expressed if the P-value was <0.05 and the log2-

fold change was ≥2 or ≤ -2.  The Ingenuity Pathway Analysis (IPA) was completed using 

the differential gene expression analysis from Oligo to identify entire gene networks that 

may be attributed to Tipɑ (185). The gene expression and IPA pathway analysis were 

completed by Dr. Yang Song (The Institute for Genome Sciences, University of 

Maryland Baltimore).  

 

 

 

 

 



	

	
	
39		

Chapter IV. Results 

4.1 The Role of TNFα inducing protein (Tipα) in the Host Immune Response 

In vivo mouse infections with wild-type SS1 and a TNFα inducing protein (Tipα) 

isogenic mutant (Δtipα).  

Most studies to date have focused on in vitro effects of Tipɑ using a recombinant 

protein (rTipɑ) on gastric epithelial cell lines. One previous in vivo study however 

examined mice infected with wild- type Sydney strain (SS1) and a tipα mutant for three 

weeks (176). Both infected groups, wild- type (WT) and mutant H. pylori infected mice, 

were able to colonize mice with the mutant showing reduced colonization in comparison 

to the WT. We wanted to expand this model of in vivo infection to explore the effects of 

Tipɑ on the host immune response by infecting mice with WT SS1, an isogeneic SS1 tipα 

mutant (Δtipα) and a 1:1 SS1 to Δtipα co-infected group.  

As described in Chapter III Materials and Methods, we were able to generate 

the Δtipα mutant by inserting a kanamycin resistance cassette within the tipα gene. 

Insertion of the kanamycin cassette had no effect on growth and viability of the Δtipα 

strain. The Δtipα mutant colonies were able to grow into confluent lawns when spread on 

Columbia blood agar plates, similar to the WT SS1. There were also no differences in 

viability of the Δtipα strain in liquid culture compared to the WT SS1, measured by the 

presence of motile bacteria. Lack of Tipɑ expression was confirmed by PCR and western 

blot, and the strains were used for two independent mouse infections (Figure 4-1 A and 

B). The first infection included a naïve (uninfected control), wild-type SS1 infected and 

Δtipα infected mice for 1 month and 4 months.  
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Figure 4- 1. Mutant Tipɑ generation in Helicobacter pylori Sydney strain (SS1). (A) 
Anti-HP0596 antibody was used for the detection of Tipɑ in a western blot to confirm 
knockout generation. (B) Genomic DNA from WT SS1 and Δtipα showing the WT gene 
(592 bp) and the presence of the tipɑ gene with the kanamycin cassette insertion (1467 bp 
band).  
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The subsequent infection included a 1:1 wild-type SS1 and Δtipα co-infected 

group in addition to the naïve (uninfected control), wild-type SS1 infected and Δtipα 

infected mice for 4 months. The addition of the co-infected group was to determine if the 

presence of Tipα provides a competitive advantage and how the host response would be 

impacted. 

Tipα promotes an inflammatory immune response. 

For the first infection, microbial loads of each infected group confirmed infection 

with Helicobacter pylori SS1 and Δtipα with an overall reduction of microbial load in the 

Δtipα infected mice in comparison to wild-type (WT) SS1 (Figure 4-2 A). We evaluated 

the expression of multiple cytokines to examine the role, if any, Tipα may play in the 

immune response to Helicobacter pylori infection. TNFα is a cytokine that promotes 

inflammation and can contribute to carcinogenesis (189-191). We found that TNFα was 

expressed 4 fold higher in our WT SS1 infected mice at 1 month and 7 fold higher by 4 

months post infection in comparison to the Δtipα infected mice.  TNFα expression was 5 

fold higher in WT SS1 infected mice compared to the naïve at 1 month and 9 fold by 4 

months (Figure 4-2 B). Consistent with previous findings, Tipα contributes to the 

expression of TNFα and in its absence expression is reduced  (8, 11, 192).  

High levels of IL-17 have been found in H. pylori infected gastric mucosa (111, 

112). This cytokine is expressed from a subset of T-helper 17 (Th17) cells and promotes 

inflammation during H. pylori infection. IL-17 levels were increased 7 fold in the WT 

SS1 infected group in comparison to the Δtipα infected group and 17 fold higher in the 

naïve group at both 1 and 4 months post infection (p<.05 and p<.001, respectively) 

(Figure 4-2 C).  
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 Figure 4- 2. Microbial load determination in infected mice. H. pylori specific 
16SrRNA primers were used for qPCR to determine microbial load. TNFα and IL-17 
primers were used for RT-PCR. (A) Microbial load (B) TNFα expression (C) IL-17 
expression at 1month and 4 months post infection for the first infection. *p<0.05, 
**p<0.01, ***p<0.001. 
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Although no known mouse equivalent to the human pro-inflammatory IL-8 

cytokine has been found, KC (CXCL1) is believed to be one of the likely candidates 

(193). There was an increased expression of KC in the WT SS1 infected mice by 1 month 

but it was only significant in comparison to the naïve, uninfected control mice (Figure 4-

3 A).  At 4 months post infection, KC levels were higher in the WT SS1 infected group as 

compared to the Δtipα group (~4 fold, p<.001 ) (Figure 4-3 B). This analysis provides 

support for the role of Tipα in promoting pro-inflammatory gene expression. In addition, 

we didn’t see significant differences between additional pro-inflammatory cytokines such 

as IL1β, IL-6 and IL-18 nor did we see significant differences in IL-10 and FoxP3 at 

either time point (Figure 4-3).  

Typical infection with H. pylori leads to a predominant Th1 host immune 

response marked by interferon-gamma (IFNγ) expression. By 4 months post infection, 

IFNγ levels were elevated in the H. pylori infected groups in comparison to the naïve, 

uninfected control, however, expression levels were not significant (Figure 4-3 B). It is 

likely that the lack of significance was the result of variation of IFNγ expression within 

each infected group. Overall, it appears the both groups of infected mice induce the Th1 

response. 

Tipα induces histological gastritis and hyperplasia. 

Histologic evaluations were performed on gastric tissues to quantify the specific 

tissue responses and the overall degree of inflammation. Leukocyte infiltration was 

evident in the gastric mucosa of SS1-infected at one and four months ranging from the 

submucosa through the length of the glands (Figure 4-4 A).  
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 Figure 4- 3. Additional cytokine production in infected mice (first infection). 
Cytokine specific primers were used for RT-PCR. (A) Expression levels at 1 month post 
infection (B) Expression levels at 4 months post infection for the first infection. * = P < 
0.05, ** = P < 0.01, *** = P < 0.001. 
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Figure 4- 4. Total inflammation analysis of SS1 and Δtipα infected mice at 1 month 
and 4 months post infection (first infection). A. Representative H&E stained stomach 
sections of each group encompassing the transitional zone between the corpus and antrum 
of the stomach at 100x magnification. B. Total score of inflammation across the whole 
stomach encompassing antrum and corpus/ acute and chronic inflammation scores. 
Maximum score of 12. *p<0.05, **p<0.01, ***p<0.001. 
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We initially measured global inflammation or gastritis present throughout the 

whole stomach encompassing the corpus and antrum. Detectable differences in global 

inflammation were seen by 4 months post infection in the H. pylori infected groups 

compared to the naïve control (Figure 4-4 B).  Global inflammation was almost 6 fold 

higher in the WT SS1 infected group compared to the Δtipα mice (Figure 4-4 B).  

Acute H. pylori infection will present with antral predominant gastritis and 

overtime chronic infection can lead to pangastritis or the global presence on inflammation 

throughout the stomach. At 1 month post infection, greater antral inflammation was 

present in WT SS1 infected mice corresponding to the initial colonization of the gastric 

antrum in H. pylori infection (Figure 4-5 A). There was no detectable increase seen in 

the corpus. Antral inflammation increased, as well as the presence of inflammation in the 

corpus of the stomach in the SS1 infected group when compared to the Δtipα and naïve 

mice by 4 months  (p<.005) (Figure 4-5 A).  

The presence of acute and chronic inflammatory markers was determined by 

grading histological sections looking for the presence and degree of neutrophil and 

lymphocyte infiltration. Almost immediately following infection, H pylori induces acute 

gastritis characterized by neutrophil infiltration into the gastric pits and surface 

epithelium. Prolonged infection leads to the development of chronic gastritis that is 

marked by the infiltration of lymphocytes in the lamina propria. Active gastritis is 

commonly seen in H. pylori infection where both neutrophils and mononuclear cells are 

present within the gastric mucosa (Figures 4-5 B). By 4 months post infection, the WT 

SS1 infected group had a greater presence of acute and chronic inflammatory markers 

compared to Δtipα and naive mice (Figure 4-5 B).  
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Figure 4- 5. Breakdown of inflammation by anatomical region, presence of acute vs. 
chronic inflammatory markers and hyperplasia analysis of SS1 and Δtipα infected 
mice at 1 month and 4 months post infection (first infection). A. Inflammation scores 
comparing sections of the antrum and corpus of the stomach at 1 month and 4 months 
post infection. Scores include both acute and chronic inflammation scores, maximum 
score of 6. B. Inflammation scores comparing the presence of acute (neutrophil) and 
chronic (lymphocytes) inflammatory markers at 1 month and 4 month post infection. 
Scores include both antral and corporal inflammation scores, maximum score of 6. C. 
Histology scores comparing the presence of hyperplasia between each infected mouse 
group and naïve, uninfected mice. Maximum score of 3. *p<0.05, **p<0.01, ***p<0.001. 
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The presence of foveolar hyperplasia, marked by changes in epithelial cell 

morphology and atrophy of gastric glands, was examined in the gastric tissue samples 

between the H. pylori infected groups and the naive control. The WT SS1 infected group 

showed signs of hyperplasia whereas little to no hyperplasia was seen in the naïve and 

Δtipα infected mice (Figures 4-5 C).  Although the presence of hyperplasia does not 

mean the cells are cancerous, it does indicate the presence of cellular changes that can 

predispose to cancer. This data, in conjunction with the increased pro-inflammatory 

cytokine production and increased presence of histological gastritis in the wild-type 

infected mice, suggests that Tipɑ may play a significant role in promoting H. pylori 

induced gastritis. 

Co-infected mice develop inflammation and hyperplasia comparable to WT SS1 

infected mice. 

In our second in vivo experiment, in addition to infection with either WT SS1 or 

Δtipα H. pylori, a group of mice was co-infected with a 1:1 mix of WT SS1 and Δtipα 

bacteria to determine if the presence of Tipα provides an advantage during co-infection. 

At 4 months post infection, microbial load levels in all three H. pylori infected groups 

had comparable loads in comparison to each other and higher loads overall in comparison 

to the first infection (Figure 4-6 A). We also evaluated various cytokine expression 

levels in all three H. pylori infected groups and the uninfected control similar to the 

previous mouse infection.  

IL-17 levels were comparable between all the H. pylori infected groups and all 

were significantly higher than the naïve group (Figure 4-6 C). Unexpectedly, we saw no 

difference in the Δtipα infected group compared to WT SS1 or the co-infected group. 
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Figure 4- 6. Microbial load and cytokine expression analysis of SS1, Δtipα and 
SS1:Δtipα infected mice at 4 months post infection. H. pylori specific 16SrRNA 
primers were used for qPCR to determine microbial load. TNFα and IL-17 primers were 
used for RT-PCR. (A) Microbial load (B) TNFα expression and (C) IL-17 expression at 4 
months post infection in the second infection. *p<0.05, **p<0.01, ***p<0.001. 
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Both TNFα and KC expression levels were increased in the WT SS1 infected as 

well as the co-infected group in comparison to both the naïve and Δtipα infected mice 

(Figure 4-6 B and Figure 4-7). Expression levels of both cytokines were not 

significantly different between the WT SS1 and the co-infected group. IFNγ levels were 

higher overall in the subsequent infection but the WT SS1 and the co-infected group had 

~3-fold higher IFNγ expression compared to the Δtipα infected group (Figure 4-7). 

There was no difference in IFNγ expression between the WT SS1 and the co-infected 

group. Reduction of IFNγ in Δtipα infected mice may suggest Tipα contributes to the 

activation of the Th1 response. We didn’t see significant differences in IL-10 and FoxP3 

expression at 4 months post infection between any of the groups (Figure 4-7).   

In contrast to the previous histological analysis, the Δtipα infected mice had 

comparable inflammation levels overall in comparison to the other H. pylori infected 

groups. Specifically, global inflammation was comparable in the Δtipα infected mice 

despite the significant differences in cytokine expression (Figure 4-8 A). We did not see 

any significant antral inflammation in H. pylori infected groups but we did see 

significantly higher inflammation in the corpus of infected groups compared to the naïve 

control at 4 months (p<.05) (Figure 4-8 B). In addition, we saw no significant increase in 

acute inflammation between groups but chronic inflammation was comparable between 

all of the H. pylori infected groups and higher than the uninfected control (Figure 4-8 D). 

The WT SS1 infected group and the co-infected group showed signs of hyperplasia 

whereas little to no hyperplasia was seen in the naïve and Δtipα infected mice (Figures 4-

8 C). 
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Figure 4- 7. Additional cytokine production in infected mice at 4 months post 
infection (second infection). Cytokine specific primers were used for RT-PCR to 
measure expression levels. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4- 8. Inflammation analysis of SS1, Δtipα and SS1:Δtipα infected mice at 4 
months post infection (second infection). (A) Global inflammation across the whole 
stomach encompassing antrum and corpus/ acute and chronic inflammation scores. 
Maximum score of 12. (B) Inflammation scores comparing sections of the antrum and 
corpus of the stomach at 4 months post infection. Scores include both acute and chronic 
inflammation scores, maximum score of 6.  (C) Histology scores comparing the presence 
of hyperplasia between each infected mouse group and naïve, uninfected mice. Maximum 
score of 3. (D) Inflammation scores comparing the presence of acute and chronic 
inflammatory markers at 4 months post infection. Scores include both antral and corporal 
inflammation scores, maximum score of 6. *p<0.05, **p<0.01, ***p<0.001. 
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Tipα may provide an advantage during co-infection. 

Overall, the WT SS1: Δtipα co-infected group had comparable cytokine 

expression levels seen in the WT SS1 infected group with no statistical difference 

between these two groups for any cytokine (Figure 4-6 and Figure 4-7). The co-infected 

mice expressed significantly more TNFα, KC and IFNγ than mice infected with Δtipα H. 

pylori (Figure 4-6 and Figure 4-7). Although comparable inflammation was seen among 

all three infected groups, only the WT SS1 and the SS1: Δtipα co-infected group 

developed hyperplasia (Figure 4-8). Microbial load data shows that knocking out Tipα 

expression does not inhibit the Δtipα strain from colonizing mice, however, it could be 

inferior to WT SS1 during co-infection. Only 3 out of 10 co-infected mice were positive 

for Δtipα (Figure 4-9 A) and overall, the mutant strain was present at a reduced quantity 

in comparison to the WT SS1 (Figure 4-9 B). Specifically, for every 1 cfu of Δtipα per 

gram of tissue, there is 100 cfu of WT SS1. In addition, the amount of Δtipα bacteria in 

the 3 mutant positive animals from our co-infected group were comparable or greater 

than the total microbial load determined using H. pylori specific 16SrRNA primers 

(Figure 4-9 C). It is possible that these three mice are infected with only the mutant 

Δtipα strain in comparison to the other 7 mice infected with only WT SS1. Overall, the 

predominance of the WT SS1 strain in this group can explain the comparable cytokine 

expression and histology seen in the WT SS1 infected group. 
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Figure 4- 9. Quantifying ratio of WT SS1 to Δtipα in co-infected mice at 4 months 
post infection (second infection). Kanamycin and H. pylori specific 16SrRNA primers 
were used for qPCR to quantify the amount of Δtipα and the total bacterial load, 
respectively. (A) The percentage of Δtipα positive mice in each group using kanamycin 
primers. (B) Total microbial load in each infected group determined by 16SrRNA 
primers with microbial load determination of the Δtipα strain using kanamycin primers 
on a log scale. (C) Total microbial load in each Δtipα positive mouse from the co-infected 
group determined by 16SrRNA primers with microbial load of the Δtipα strain using 
kanamycin primers on a log scale. 
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4.2 The Role of the TNFα inducing protein (Tipα) in the Epithelial Cell Response 

Transcriptome analysis of N87 gastric epithelial cells co-cultured with WT SS1 or 

Δtipα strains. 

In order to determine the effect Tipα has on the epithelial cell response, we co-

cultured human gastric epithelial cells (N87 cells) with either WT SS1 or Δtipα 

Helicobacter pylori strains. We analyzed whole transcriptome expression at 2 hours and 

24 hours to provide insight on initial and downstream gene expression changes induced 

by Tipα. A total of 15,150 genes were differentially expressed and Table 3 summarizes 

the number of significant gene expression differences for each comparison. The WT and 

Δtipα versus the unstimulated control had a comparable number of gene expression 

changes at 2 and 24 hours (Table 3). The WT SS1 versus Δtipα comparison (Table 3) 

resulted in significant (p-value <.05) differential gene expression results at both 2 and 24 

hours (Appendices I-IV).  

We used the gene expression data from Table 3 to complete downstream analysis 

using IPA (Ingenuity Pathway Analysis) to identify pathways or upstream regulators that 

were altered. We filtered the IPA analysis by including pathways and upstream regulators 

with a p-value of <.05 and an absolute Z-score of 2 (Appendices V and VI). The p-value 

assessed the overlap of differentially expressed genes within our dataset compared to 

known involvement in canonical pathways or regulated by a specific upstream regulator. 

The purpose of the z-score is to determine if a pathway or upstream regulator is predicted 

to be “activated” or “inhibited.” In this analysis, a positive Z-score indicates “activated” 

and a negative Z-score indicates “inhibited.” Figure 4-10 shows the canonical pathways 

that were altered in the WT SS1 and the Δtipα versus the unstimulated control.  
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Comparison Gene Expression 2 hours 24 hours 

 WT vs. unstimulated Up-regulated 552 1094 
Down-regulated 641 1374 

 Δtipα vs. unstimulated Up-regulated 462 1024 
Down-regulated 567 1327 

WT vs. Δtipα 
Up-regulated 101 1094 

Down-regulated 43 1374 
 
Table 3. Overview of gene expression differences in Helicobacter pylori co-culture 
with N87 gastric epithelial cells at 2 and 24 hours. Number of up or down- regulated 
genes based on edgeR differential gene expression analysis. A gene was considered 
differentially expressed if the P-value was <0.05 and the absolute value of the log2-fold 
change was ≥2. 
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Figure 4- 10. Canonical pathway expression differences. Heatmap showing various 
canonical pathways predicted to be up or down- regulated in the WT versus unstimulated 
and Δtipα versus unstimulated at 2 and 24 hours. Z-scores were filtered with an absolute 
value ≥ 2 and p-values <0.05. Positive Z-scores (red) indicate “activated” pathways and 
negative Z-scores (green) indicate “inhibited” pathways. 
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The heatmap demonstrates that both strains activated or inhibited the same 

pathways after 2 hours and 24 hours. We see common pro-inflammatory pathways that 

have been previously implicated in H. pylori infection including Inteleukin-8 (IL-8), 

Interleukin-6 (IL-6), High mobility group box 1 (HMGB1) and Nuclear factor kappa-

light-chain-enhancer of activated B cells (NFκB) signaling.  

There were 192 upstream regulators that were differentially affected in the WT 

and Δtipα when compared to the unstimulated control at 2 and 24 hours (Figure 4-11, 

Appendix VI). Similar to the canonical pathway analysis, pro-inflammatory upstream 

regulators from this analysis have been previously implicated in H. pylori infection 

including Tumor necrosis factor (TNF), Interleukin 1 (IL-1) and Toll-like receptors 

(TLRs). The IPA analysis for the WT compared to the Δtipα did not predict any 

canonical pathways or upstream regulators that met the significance criteria (absolute Z-

score ≥ 2). When looking at the gene lists from both up and down-regulated genes in the 

WT compared to the Δtipα, we see a large number of transcripts with no predicted 

function or gene name in addition to non-coding RNAs and pseudogenes at both 2 and 24 

hours (Appendices I-IV). We also performed a K-means clustering on all of the 

differential gene expression data (Figure 4-12). Here we show the gene clustering 

relationship across each sample used for transcriptome analysis. Both WT and Δtipα 

samples cluster together at each time point suggesting close similarities in how they 

affect N87 cells upon stimulation. This coincides with the IPA analysis (Figure 4-10 and 

4-11) that shows similarities between WT and Δtipα stimulation of N87 cells. 

Overall, this data shows us that both strains similarly affect N87 cells in co-

culture. Because we chose to use whole bacteria in our co-culture, we believe that H. 
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pylori has multiple mechanisms to induce the same pathways as Tipα which overshadows 

Tipα effects. However, we did see pathways and upstream regulators that are known to 

be affected during H. pylori infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4- 11. Upstream regulator differences. Heatmap showing various upstream 
regulators predicted to be up or down- regulated in the WT versus unstimulated and Δtipα 
versus unstimulated at 2 and 24 hours. Z-scores were filtered with an absolute value ≥ 2 
and p-values <0.05. Positive Z-scores (red) indicate “activated”  and negative Z-scores 
(green) indicate “inhibited” upstream regulators. 
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Figure 4-11 Continued 
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Figure 4- 12. K- means clustering analysis. Heatmap showing clustering relationship 
across the 15,150 genes between each triplicate sample in our transcriptome analysis with 
bootstrap values. 
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Microarray Analysis of a mouse gastric epithelial cell line, GSM06. 

In addition to our whole bacteria transcriptome analysis, we performed RNA 

microarray analysis on cells treated with recombinant Tipα (rTipα) to determine Tipα 

specific effects. Recombinant Tipα was produced using a purchased construct previously 

generated for biochemical structural analysis (17). This construct added a 6X- Histidine 

tag that allowed for protein purification. Tipα is produced as a homodimer (39kDa) and a 

monomer (19kDa), which can be seen by distinct bands in the western blot (Figure 4-13). 

Although there are two forms, the homodimer is predicted to be the functional form  (11, 

13).  

The mouse gastric epithelial cell line, GSM06, was treated with 50µg, 10µg or 

5µg of purified rTipα protein to determine the optimal dose to use for downstream 

analysis. We found that our cytokine analysis did not titer out as expected when the 

amount of protein decreased (Figure 4-14 and 4-15). ELISA assays were used to 

measure KC and MIP-2 production and RT-PCR to measure TNFα expression. The 

amount of each cytokine is essentially the same for each dosage of rTipα across all time 

points (Figure 4-14 and 4-15).  

 This observation suggested to us that there could be lipopolysaccharide (LPS) 

contamination in our protein sample. LPS is a large component of the outer membrane in 

Gram-negative bacteria, therefore using Escherichia coli for protein production can lead 

to LPS in our samples. It is well known that LPS is a potent inducer of TLR4, which can 

lead to the up-regulation of pro-inflammatory cytokines such as TNFα (194-196). Since 

we are investigating pro-inflammatory pathways, we want to be sure that our results are 

because of Tipα and not LPS.  
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Figure 4- 13. Helicobacter pylori recombinant Tipɑ (rTipα) protein expression. Anti- 
6X histidine antibody was used for the detection of rTipɑ in a western blot to confirm 
recombinant protein production. The 39kDa band represents the Tipɑ homodimer and the 
19kDa band represents the monomeric form. 
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Figure 4- 14. Inflammatory KC and MIP-2 production in GSM06 cells. Cytokine 
expression measured by ELISA on GSM06 gastric epithelial cells treated with 50µg, 
10µg or 5µg of purified rTipα protein for 1, 2, 4, 8 hours. A. MIP-2 expression. B. KC 
expression.  
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Figure 4- 15. TNFα production in GSM06 cells. Mouse TNFα primers were used for 
RT-PCR in GSM06 gastric epithelial cells treated with 50µg, 10µg or 5µg of purified 
rTipα protein of rTipα for 1, 2, 4, 8 hours. 
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We quantified the amount of LPS in our sample using the LAL (Limulus 

amebocyte lysate) assay. The rTipα post purification prep was contaminated with 60EU/ 

mL or 6ng/mL of LPS. The In order to eliminate any potential LPS contamination, rTipα 

was pre-treated with Polymixin B (PMB) for 30 minutes prior to co-culture with GSM06 

cells.  PMB is an antibiotic commonly used to combat Gram-negative bacteria by 

targeting Lipid A and neutralizing LPS effects  (197, 198). After PMB pre-treatment, we 

stimulated GSM06 cells with purified E. coli LPS and rTipα for 2 hours (Figure 4-16). 

We found that the use of PMB largely inhibits the expression of KC and TNFα in both E. 

coli LPS and rTipα treated GSM06 cells. Even though there was a decrease in the 

inflammatory cytokine production post PMB treatment, there was approximately a 4- fold 

increase in cytokine expression compared to the unstimulated and PMB controls (Figure 

4-16).  

 RNA from unstimulated, PMB, rTipα and rTipα+PMB treated GSM06 cells was 

used for microarray analysis. Only two comparisons yielded significant gene expression 

results, rTipα versus unstimulated and rTipα versus rTipα+PMB.  The rTipα treated cells 

up-regulated 107 genes and down-regulated 9 compared to unstimulated cells. However, 

rTipα+PMB up-regulated 9 genes and down-regulated 85 when compared to rTipα 

suggesting that LPS in the rTipα sample may be responsible for much of the gene 

expression activity.  This is illustrated in Figure 4-17 where the heatmap demonstrates 

rTipα induces the most pronounced and widespread changes while the addition of PMB 

to the rTipα resulted in patterns similar to unstimulated cells. These data show that rTipα 

induced changes may be subtle. In addition, rTipα+PMB compared to unstimulated did 

not give significant differential gene expression results. 
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Figure 4- 16. TNFα and KC expression in GSM06 cells treated with E. coli LPS and 
rTipα treated with Polymixin B (PMB). Cytokine specific primers were used for RT-
PCR. A. TNFα expression. B. KC expression. 
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Figure 4- 17. Gene expression across all microarray samples. Heatmap showing 
differentially expressed genes. Z-scores were filtered with an absolute value ≥ 1 and p-
values <0.05. 
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In order to determine if there could be any genes attributed to Tipα, we took the 

differentially expressed genes from both comparisons and looked for overlap between 

samples (Figure 4-18). Because each comparison contains rTipα (without PMB 

treatment), the 89 gene overlap represents those genes targeted by LPS leaving 5 unique 

genes from the rTipα+PMB versus rTipα and 26 unique genes from the rTipα versus 

unstimulated that could be influenced by Tipα (Tables 4 and 5). Among the 26 genes are 

Tnf and Nfκb related proteins, including A20 (Tnfaip3), NFkB inhibitor beta (IκBβ/ 

Nfkbib) and NFkB inhibitor alpha (IκBɑ/ Nfkbia) are up-regulated. The presence of 

nuclear proteins and transcription factors such as Nr4a3, could suggest additional targets 

since Tipα has been shown to enter the nucleus (15). Nr4a3 is a member of the Nr4a 

family of orphan nuclear receptors that have been linked to cancer  (199-201).  

 We used the 26 genes from Table 5 to complete IPA analysis. The IPA results for 

upstream regulators and canonical pathways that could be attributed to Tipα are listed in 

Table 6 and Table 7. Upstream regulator analysis predicted common pro-inflammatory 

mediators, in addition to TNF, to be activated (Table 6). IL-1, IL-6 and IFNγ are 

common cytokines expressed during H. pylori infection leading to inflammation. The 

canonical pathways NFkB and PPARγ have been shown to play a role in gastric 

inflammation as well as H. pylori infection and were predicted to be down-regulated in 

our analysis. The increased expression of NFkB inhibitory proteins can explain why this 

pathway was inhibited. PPARγ was also predicted to be down-regulated in our previous 

transcriptome analysis and may have an anti-inflammatory role. Acute phase response 

signaling is a pro-inflammatory pathway activated in response to infection or injury and 

is activated in this analysis. It is likely that additional upstream regulators and canonical 
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pathways would have been identified without the removal of the 89 genes we attributed 

to LPS contamination. It is also likely that PMB did not completely neutralize LPS 

effects and some of these genes could still be attributed to LPS contamination. 
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Figure 4- 18. Overlap of genes differentially expressed in both comparisons. This 
venn digram uses the significant differentially expressed genes from both comparisons to 
identify unique genes in each dataset. 89 genes are predicted to be influenced by LPS 
leaving 26 unique genes from rTipα versus unstimulated and 5 unique genes from rTipα+ 
PMB versus rTipα.   
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Gene Name Description Fold Change 
Up-regulated 

 Gpr87   G protein-coupled receptor 87  2.03 
 Chrna5   cholinergic receptor, nicotinic, alpha polypeptide 5  2.13 

Down-regulated 

 Stat5a   signal transducer and activator of transcription 5A  -2.17 
 Enpp2   ectonucleotide pyrophosphatase/phosphodiesterase 2  -2.15 

 S1pr1   sphingosine-1-phosphate receptor 1  -2.38 
 

Table 4. List of 5 unique genes from rTipα+PMB versus rTipα.  
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Gene Name Description Fold Change 
Up-regulated 

 Gm1045   predicted gene 1045  3.52 
 Gch1   GTP cyclohydrolase 1  3.37 
 Nlrp3   NLR family, pyrin domain containing 3  2.81 

 Nfkbiz  
 nuclear factor of kappa light polypeptide gene enhancer in B cells 
inhibitor, zeta  

2.50 

 Nfkbia  
 nuclear factor of kappa light polypeptide gene enhancer in B cells 
inhibitor, alpha  

2.49 

 Tnip3   TNFAIP3 interacting protein 3  2.46 
 Nr4a3   nuclear receptor subfamily 4, group A, member 3  2.43 
 Glis3   GLIS family zinc finger 3  2.42 
 Dtx3l   deltex 3-like (Drosophila)  2.38 

 Tnfsf15   tumor necrosis factor (ligand) superfamily, member 15  
2.36 

 Hk2   hexokinase 2  2.33 
 Tnfaip3   tumor necrosis factor, alpha-induced protein 3  2.24 

 Wnt7b   wingless-type MMTV integration site family, member 7B  
2.21 

 Nfkbib  
 nuclear factor of kappa light polypeptide gene enhancer in B cells 
inhibitor, beta  

2.18 

 Tnf   tumor necrosis factor  2.18 

 Serpina3n   serine (or cysteine) peptidase inhibitor, clade A, member 3N  
2.17 

 Rhbdf2   rhomboid 5 homolog 2 (Drosophila)  2.12 

 Gdpd5   glycerophosphodiester phosphodiesterase domain containing 5  
2.10 

 Hivep2   human immunodeficiency virus type I enhancer binding protein 2  
2.10 

 Ampd3   adenosine monophosphate deaminase 3  2.04 
 Plscr1   phospholipid scramblase 1  2.03 
 Cish   cytokine inducible SH2-containing protein  2.02 
 Fgf7   fibroblast growth factor 7  2.01 
 Pdgfb   platelet derived growth factor, B polypeptide  2.00 

Down-regulated 
 Rapgef4   Rap guanine nucleotide exchange factor (GEF) 4  -2.06 
 Sdpr   serum deprivation response  -2.00 
 

Table 5. List of 26 unique genes in the rTipα versus unstimulated that could be Tipα 
gene targets. 
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Upstream Regulators 

Regulator Molecule 
Type 

Predicted 
Activation 

State 

Activation z-
score Target genes in dataset 

IL1A cytokine Activated 2.395 GCH1,NFKBIA,NFKBIZ, 
SERPINA3,TNF,TNFAIP3 

IL1B cytokine Activated 2.019 AMPD3,NFKBIA,NFKBIB,NFKBIZ,NR
4A3,SERPINA3,TNF 

TNF cytokine Activated 1.172 NFKBIA,PDGFB,SERPINA3, 
TNF 

IL-6 cytokine Activated 2.372 GCH1,NFKBIA,NR4A3,PLSCR1, 
TNF,TNFAIP3 

IFNγ cytokine Activated 1.953 CISH,GCH1,NFKBIA,TNF 
 

Table 6. Upstream regulators predicted to be activated by Tipα. Five upstream 
regulators predicted from IPA analysis of 26 significant genes. All regulators are 
cytokines and analysis includes the predicted activation state, Z-score and the genes from 
the dataset that are targets by each upstream regulator. 
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Canonical Pathways 
Pathway z-score Genes 
Acute Phase Response Signaling 1 NFKBIA,SERPINA3,NFKBIB,TNF 
NF-κB Signaling -1 NFKBIA,TNFAIP3,NFKBIB,TNF 
PPAR Signaling -2 NFKBIA,NFKBIB,TNF,PDGFB 
 

Table 7. Predicted canonical pathways altered by Tipα. Three canonical pathways 
predicted from IPA analysis of 26 significant genes. Each pathway includes the Z-score 
and the genes from the dataset found in each pathway. 
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Chapter V. Discussion 

Helicobacter pylori infects 50% of the world’s population (21). Although most 

individuals will remain asymptomatic, 15-20% will develop serious gastric disease such 

as peptic ulcer disease, MALT lymphoma and gastric cancer  (1, 2). The prevalence of 

infection varies between geographical populations and it is widely accepted that a 

combination of bacterial, host genetics and environmental factors contribute to disease. 

H. pylori produces several virulence factors that allow it to adapt and survive the harsh 

environment of the stomach to sustain a lifelong infection.  This work was performed to 

test the hypothesis that the TNF-alpha inducing protein (Tipα), a virulence factor 

produced by H. pylori, contributes to H. pylori colonization and pathogenesis using an 

animal model and in vitro epithelial cell models.  

Overall, we also show that Tipα contributes to inflammation and may play an 

important role in promoting gastric hyperplasia. Tipα also does not seem to play a part in 

colonization. We also further characterized the gastric epithelial cell response to H. pylori 

infection using wild-type SS1 and Δtipɑ for transcriptome analysis. We also completed a 

microarray analysis using recombinant Tipα protein (rTipα).  

 

Infection of mice with wild-type and Δtipɑ SS1. 

Previous findings have shown that Tipα may play a role in H. pylori induced 

inflammation and carcinogenesis. This is largely demonstrated through the induction of 

TNFα via NFκB  (8, 192). and the increased expression of additional pro-inflammatory 

chemokines  (13). Recently, Tipα has been linked to the epithelial- mesenchymal 

transition (EMT) promoting carcinogenesis in the MKN-1 gastric cancer cell line (202). 
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 These studies have been largely cell culture-based. The present experiments were 

performed to expand our understanding of how Tipα influences the host response using a 

mouse model of H. pylori infection. In a previous study, mice were infected with either 

wild-type SS1 or an isogeneic Tipα mutant for three weeks (176). The mutant strain was 

able to infect mice albeit with reduced colonization in comparison to the wild-type SS1. 

In our initial mouse infection, we show that Δtipɑ is able to infect mice with reduced 

loads in comparison to wild-type H. pylori infected mice during a 1 month and 4 month 

infection. 

In our second in vivo experiment, in addition to infection with single strains, 

either SS1 or Δtipα H. pylori, a group of mice was co-infected with a 1:1 mix of SS1 and 

Δtipα bacteria. This group was included in order to determine if Tipα has an advantage 

during co-infection and how the host response would be impacted. Microbial loads were 

comparable between all H. pylori infected groups in contrast to the previous experiment 

where Δtipα had a reduced load compared to wild-type SS1 infected mice. The increase 

in microbial loads in the second infection eliminated the possibility that any differences 

in the host immune response in the Δtipα infected mice is because of Tipα and not a 

reduced microbial load.  

The co-infected mice had comparable histology and pro-inflammatory cytokine 

production to the wild-type SS1 infected mice suggesting to us the wild-type strain 

dominates Δtipα during co-infection. Only 3 animals from the co-infected group were 

positive for Δtipα and overall there was 100 fold more wild-type SS1 compared to Δtipα 

in these mice. Even though Tipα is a secreted virulence factor, it may be secreted locally 

so only the wild-type strain can benefit from its production. Increased levels of pro-
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inflammatory cytokines have been shown to enhance the growth of bacteria in respiratory 

infection models (203). as well as contributing to the disruption of tight junctions in the 

intestine (204). Because Tipα induces the expression of multiple pro-inflammatory 

cytokines, the wild-type SS1 could possibly be exposed to nutrients or some additional 

factors that promote bacterial growth and survival. 

Helicobacter pylori induces a mixed Th1/Th17 immune response.  

The development of inflammation in response to H. pylori infection relies on 

initiating an effective T-cell response  (205, 206). H. pylori infection has been classically 

characterized by a predominant Th1 cell mediated immune response in both mice and 

humans  (106, 107, 207, 208). This response is marked by an increased production of 

IFNγ and contributes to the development of gastritis (79, 209). While IFNγ contributes to 

the development of inflammation, it is not the sole contributor to inflammation (114, 

205). Recently, a subset of T-helper cells, Th17, was described based on the production 

of IL-17 (210). Th17 cells are known for their role in autoimmune disease, such as 

Rheumatoid arthritis, where increased IL-17 production can lead to damaging 

inflammation through the recruitment of inflammatory cells and induction of pro-

inflammatory cytokines such as TNFα, IL-8 and IL-1β (211). Heightened levels of IL-17 

have been seen in H. pylori infected gastric mucosa  (112, 114, 212, 213). implicating the 

role of Th17 cells in the development of H. pylori induced gastritis  (114).  

Congruent with these findings, our model shows mice infected with wild-type H. 

pylori develop a mixed Th1/Th17 immune response marked by the elevated levels of 

IFNγ and IL-17. The co-infected group produced cytokine levels comparable to the wild-

type SS1 infected mice and higher in comparison to the Δtipɑ infected mice. Despite the 
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conflicting IL-17 results in the Δtipɑ infected mice, this group overall had reduced 

production of pro-inflammatory cytokines such as IFNγ, TNFα and KC. Because Tipα in 

vitro contributes to the induction of pro-inflammatory cytokines, we expected to see a 

reduction of these cytokines leading to reduced inflammation in the Δtipɑ infected mice. 

IFNγ and TNFα are secreted by Th1 cells and lower expression levels in our mutant 

infected mice suggest that Tipα may play a role in inducing Th1 mediated immunity. 

How Tipα influences the Th17 immune response is unclear given the conflicting IL-17 

levels in mutant infected mice between experiments, but the reduced microbial loads 

from the first infection could account for this.     

In most cases the host is unable to clear infection, there is a body of evidence that 

suggests the immune system overall is suppressed. An increased presence of regulatory 

T-cells, Tregs, has been described during H. pylori infection (214-216). providing a 

mechanism to keep inflammation in check and allow the persistence of the bacteria. Treg 

depletion studies in mice have demonstrated that in their absence H. pylori induces 

significantly more severe gastric inflammation and a reduction and sometimes eradication 

of the bacterial load (116). We examined Treg presence by measuring FoxP3 expression 

but found no significant difference in any of our H. pylori infected mice in comparison to 

each other and the uninfected control.  

Helicobacter pylori induced gastric inflammation and hyperplasia 

Most patients remain asymptomatic when infected with H. pylori but all infected 

individuals develop histological gastritis (30). Acute infection can present with antral 

predominant gastritis that can also become widespread throughout the stomach, to 

include the corpus, as infection persists (56). We did see increased inflammation in the 
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antrum and corpus after 4 months infection in the wild-type SS1 infected mice compared 

to Δtipɑ infected mice after the first experiment, attributable to the increase in Th1 and 

Th17 cell responses. IL-17 and IFNγ can modulate the expression of cytokines such as 

IL-6, IL-8, IL-1 and TNFα to contribute to inflammation (106, 112, 211, 217). For 

example, IL-17 enhances the expression of IL-8 from the gastric mucosa (112), which is 

known to attract polymorphonuclear neutrophils (PMNs) to the site of infection (218).  

Chronic active gastritis is a hallmark of infection and is marked by a mix of 

PMNs and lymphocyte infiltration mediated by chemokines and cytokines, such as IL-8 

produced from the gastric mucosa. In our histological evaluation, we expected to see a 

greater presence of both acute (PMNs) and chronic (lymphocytes) inflammatory markers 

in our SS1 H. pylori infected tissues as well heightened inflammation encompassing the 

antrum and corpus compared to Δtipα infected mice. Corresponding to this inflammation, 

we saw an increase in levels of pro-inflammatory cytokines such as IFNγ, IL-17, KC and 

TNFα, which are expressed at increased levels during H. pylori infection (219-223).  

Foveolar hyperplasia is caused by chronic gastritis and seen during H. pylori 

infection. The presence of hyperplasia is not a marker for cancer, but it does indicate the 

presence of cellular changes that can predispose to cancer (224). Our Δtipɑ infected mice 

failed to develop hyperplasia after 4 months infection whereas some degree of 

hyperplasia was seen in the wild-type and co-infected group. Based on previous reports 

using in vitro analysis indicating that Tipα is a pro-inflammatory factor and our new 

mouse infection model, we believe that Tipα contributes to the development of 

hyperplasia because of its ability to induce inflammation. 
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As mentioned previously, IL-17 levels were higher in the Δtipɑ infected mice 

during a second experiment where global inflammation scores were comparable to the 

SS1 infected mice despite lower IFNγ, KC and TNFα levels. In all cases where IL-17 

levels were elevated, significantly higher inflammation was seen which highlights the 

importance of the Th17 response in the development of gastritis  (225). It is possible that 

Tipα has no effect on IL-17 production. We acknowledge the variation between 

experiments with respect to these findings and attribute these differences to the reduced 

microbial loads seen in the first experiment. When comparing microbial loads between 

experiments, we see the microbial loads from our second infection were higher in 

comparison to the first infection. The same mouse strain, H. pylori strains as well as the 

same inoculation amounts were used in both experiments.  

In summary, the reduction of IFNγ and TNFα in the Δtipɑ infected mice in both 

mouse infections suggests that Tipɑ may play a role in inducing the Th1 immune 

response. Despite the variation of IL-17 levels between our two infections, the expression 

of IL-17 is important in H. pylori mediated inflammation. The Δtipɑ infected mice 

showed little to no hyperplasia in both infections indicating that Tipɑ may contribute to 

the development of hyperplasia.  

SS1 and Δtipɑ whole bacteria analysis on gastric epithelial cells. 

The results of our mouse infection showed a significant reduction of inflammation 

in mice infected with our Δtipɑ strain suggesting to us that Tipɑ has a large pro-

inflammatory role in the host immune response. Additionally, Tipɑ may contribute to the 

development of hyperplasia. This provided justification for using our wild-type SS1 and 

Δtipɑ strains to evaluate the impact of Tipɑ on gastric epithelial cell signaling. Despite 
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the differences seen in our in vivo infection, we found the overall epithelial cell response 

to be similar between N87 cells co-cultured with either wild-type SS1 or Δtipɑ at 2 and 

24 hours. Because we co-cultured whole bacteria with our gastric epithelial cells, it is 

likely additional pathways and upstream regulators similar to those induced by Tipɑ were 

induced, therefore, we would not see a difference between wild-type and Δtipɑ. Pathway 

analysis did not yield any canonical pathways or upstream regulators in our wild-type 

SS1 versus Δtipɑ comparison. The gene lists from this comparison contained mostly 

pseudogenes and transcripts with no predicted name or function, offering a potential 

explanation for the lack of pathways results.  

Although we were unable to see any changes attributable to Tipɑ, this data 

contributes to existing knowledge of H. pylori effects on gastric epithelial cells and 

highlights the inflammatory nature of this bacterium. After 2 hours co-infection, common 

pro-inflammatory pathways and upstream regulators known to be affected by H. pylori 

are up-regulated in both strains. In addition, pathways previously shown to have 

increased expression during H. pylori infection had decreased expression in our analysis. 

Known pro-inflammatory canonical pathways affected by H. pylori infection. 

Increased IL-6 has been seen in H. pylori infected tissues arising from immune 

cells and epithelial cells (226-229). IL-6 in combination with TGF-β plays a role in the 

Th17/Treg balance contributing to the development of chronic inflammation and 

autoimmune disease  (230, 231). IL6/STAT pathway was recently found to be up-

regulated by Tipɑ to induce the epithelial-mesenchymal transition (EMT) in gastric 

cancer cells (202, 232). EMT is the process where cells lose polarity and ability to form 
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tight junctions, both of which are characteristic to the gastric mucosa, and become 

migratory and invasive and thought to be an early stage of gastric cancer (233).  

IL-8 is an additional pro-inflammatory pathway up-regulated in gastric epithelial 

cells infected with H. pylori (234, 235) particularly in response to cytotoxin associated 

gene A (CagA) positive strain (235-237). Contact between the H. pylori Type 4 secretion 

system (T4SS) and the gastric mucosa leads to the increase in IL-8 production and to the 

recruitment of immune cells to the site of infection  (235, 238). NFkB is comprised of a 

family of transcription factors that regulates the expression of many genes such as IL-8 

and TNFɑ, in response to H. pylori infection (239-241). The elevated expression of these 

pro-inflammatory cytokines leads to the development of inflammation and 

carcinogenesis. The Tipɑ enters the nucleus of gastric epithelial cells and activates NFkB 

to induce the expression of TNFɑ and other chemokines (13). Strains lacking a functional 

cag pathogenicity island (cagPAI), such as SS1 and H. felis, have reduced ability to 

induce NFkB in human gastric epithelial cells, but induce NFkB from mouse epithelial 

cells suggesting cagPAI independent mechanisms (242, 243).  

PPARγ and LXR/RXR canonical pathways in H. pylori infection. 

One pathway predicted to be down-regulated in our analysis was previously 

shown to be up-regulated in response to H. pylori infection. PPAR, peroxisome 

proliferator-activator receptors, represents a group of transcription factors that play a role 

in fatty acid oxidation and glucose utilization but PPARγ has been implicated in H. pylori 

infection (244). PPARγ is a type of RXR (retinoid X receptors) nuclear receptor that 

binds to LXR (liver X receptors) in order to control gene expression (244, 245). PPARγ 

has an anti-inflammatory effect by inhibiting NFkB in order to reduce the expression of 
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pro-inflammatory cytokines and epithelial cell apoptosis (244). PPARγ acts as a tumor 

suppressor by limiting cancer cell proliferation and is expressed at higher levels in H. 

pylori positive gastric cancer patients  (244, 246, 247). In a cancer cell model, it would 

make sense if PPAR signaling were down-regulated, either by mutation or a secondary 

mechanism, to allow for the uncontrolled proliferation of cancer cells.  

The LXR/RXR pathway was previously shown to be up-regulated in H. pylori 

infection, however, we observed decreased expression in our transcriptome analysis. A 

recent study investigating the expression of LXRs in gastric cancer cells show that 

inhibiting LXR expression reduces invasion and epithelial- mechenchymal transition 

(EMT) in carcinogenesis (248). So, in terms of carcinogenesis, it would be beneficial for 

LXR expression to be up-regulated (248). There is no evidence in the literature to support 

that the N87 cell line naturally has aberrant expression of these two pathways commonly 

elevated in H. pylori infection, but could be attributed to using the mouse adapted strain 

on human cells. It is also possible that different gastric epithelial cell lines respond 

differently to infection.   

Upstream regulator analysis. 

We did not identify any host pathways that were differentially regulated between 

strains so we looked at possible upstream regulators. Similar to the pathway analysis, 

both strains had similar effects on upstream regulators at 2 and 24 hours.  Our analysis 

shows several toll- like receptors (TLRs) activated after 2 hours that have been 

previously implicated in the innate immune response to H. pylori infection. The role of 

TLR4 in the host response to H. pylori is somewhat controversial where some studies 

show H. pylori LPS can stimulate TLR4 while others suggest simulation is TLR4-
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independent (95, 97, 249, 250). There is a general consensus however that H. pylori LPS 

has very limited activity (251, 252). The evidence for TLR2 activation in the recognition 

of H. pylori is more substantial  (97). Here, we find that TLR4 and TLR2 are activated 

upon stimulation with H. pylori. TLR2 is known to respond to peptidoglycans but have 

also been shown to respond to additional H. pylori factors such as HP- neutrophil 

activating protein (HP-NAP) (253) and heat shock protein 60 (HSP60) (254, 255). TLR5 

is also activated in this analysis. The PAMP that induces TLR5 is known to be flagellin 

from many but not all bacteria. While some studies indicate that H. pylori flagellin 

stimulates TLR5, others show little to no stimulation of TLR5 and responds to the 

presence of flagellin  (92, 97, 101, 102). Molecular analysis of the H. pylori flagellin has 

demonstrated that it lacks the consensus sequence regions present in flagellin from other 

bacteria that are necessary for activation of TLR5. Additionally, TLR7 and TLR9 are 

activated in this analysis but little is known about their role in H. pylori infection. 

However, previous microarray analysis on H. pylori positive gastric biopsies showed 

increased expression of TLR7 and TLR9 (256).   

Pro-inflammatory upstream regulators such as TNFα, NFkB and IL-1α/β were 

activated in the both the wild-type SS1 stimulated N87 cells and Δtipɑ stimulated N87 

cells. All of these have been implicated in H. pylori infection. Both TNFα and IL-1 

cytokines are expressed in elevated levels by gastric epithelial cells and other immune 

cells. Upon stimulation of gastric cells, both contribute to the development of 

inflammation by up-regulating additional pro-inflammatory factors via NFkB, inducing 

cell proliferation and apoptosis (221, 257, 258).   
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NUPR1 (nuclear protein 1/ p8) was first described in the pancreas and has since 

been associated with tumorigenesis in various human cancers such as breast, brain, liver, 

and pancreas (259-261). NUPR1 expression is increased in response to stress stimuli and 

other factors such as transforming growth factor- beta (TGFβ) and TNFα, but it is largely 

dependent on cell type and molecular interaction (260-262). Little is known about the 

role of NUPR1 in gastric tissue or H. pylori infection. It is possible that increased TNFα 

or TGFβ levels could play a role in the increased expression of NUPR1 in this analysis. 

RABL6 (RAB-member of Ras oncogene family) is implicated in promoting 

tumorigenesis by increasing cell survival and proliferation in breast and pancreatic cancer 

cells (263, 264). Furthermore, knockdown of RABL6 has a protective effect against 

cancer by inhibiting cell proliferation and tumor growth (264). We would have expected 

activation of RABL6 in our analysis based on the literature, but it is possible that RABL6 

does not play a significant role in promoting H. pylori induced carcinogenesis.  

LPS is a major contributor to pro-inflammatory gene expression. 

We decided to further explore of the role Tipɑ plays on the epithelial cell 

response by using purified recombinant protein (rTipɑ) on mouse gastric epithelial cells. 

The contamination of purified recombinant proteins with LPS is well known to 

complicate analysis when using recombinant proteins (194, 265) particularly when 

evaluating pro-inflammatory pathways. Polymixin B (PMB) is an antibiotic used to treat 

bacterial infections and known to neutralize LPS (197, 265). In our experiment, the use of 

PMB with rTipɑ greatly reduced the expression of TNFɑ and KC. Despite the decrease in 

expression of those genes, expression was still greater compared to unstimulated cells. 

We predicted that additional pathways could still be identified in the microarray analysis. 
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Unfortunately, the PMB treated rTipɑ did not yield any significant differential gene 

expression when compared to unstimulated cells. This could be the result of PMB not 

completely neutralizing LPS effects or Tipɑ induced subtle effects in gastric epithelial 

cells. However, comparisons between PMB+ rTipɑ vs. rTipɑ and unstimulated vs. rTipɑ 

did yield significant results. Using rTipɑ as a common denominator in each group, we 

could eliminate LPS effects and identify unique genes.  

The Venn diagram analysis shows 26 potential genes influenced by Tipɑ 

including TNFɑ, which has been described previously (10, 13). The increased expression 

of A20, NFkB inhibitor beta (IκBβ/ Nfkbib) and NFkB inhibitor alpha (IκBɑ/ Nfkbia) 

have also been reported previously (13) and suggests that feedback inhibition of NFkB 

occurs in response to Tipɑ stimulation. Additionally, other genes including nuclear 

proteins and transcription factors were also up-regulated.  This is promising given Tipɑ 

has been shown to bind epithelial cells and enter the nucleus (10, 15). DNA binding 

assays have shown that Tipɑ is able to indiscriminately bind to DNA/RNA in vitro (174). 

It is possible Tipɑ is able to interact with other transcription factors or nuclear proteins, in 

addition to NFkB, to influence gene expression. For example, Glis3, a zinc finger protein 

that controls gene expression in several tissue types, is up-regulated in our analysis (266).  

Mutations in this gene are linked to neonatal diabetes and congenital hyperthyroidism 

(267). Little is known about its role in cancer but it is highly expressed in small-cell lung 

cancer samples (268).   
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Nr4A3 is a member of the orphan nuclear receptor family 4, Nr4A, consisting of 

two additional members, Nr4A1 and Nr4A2. These nuclear receptors play a role in 

multiple cellular processes including apoptosis, cell proliferation and migration in 

addition to contributing to inflammation and cancer (199). NR4A3 is expressed in 

chronic inflammatory diseases such as rheumatoid arthritis (RA) and osteoarthritis (OA)  

(269). Increased expression of NR4A1/NR4A2 receptors were reported in colon cancer 

cells (199), in contrast to a reduction of NR4A1/NR4A3 expression in acute myeloid 

leukemia (201). This suggests that the function of NR4A receptors is cell-type dependent. 

We found expression of this gene to be increased in not only our microarray analysis, but 

in the previous transcriptome analysis of N87 cells treated with WT SS1 and Δtipɑ H. 

pylori strains. IPA analysis indicates that NR4A3 is a downstream target of both IL-1β 

and IL-6, indicating NR4A3 may contribute to inflammation induced by Tipɑ in our 

model. 

Wnt7b is a member of the Wnt family of secreted signaling proteins that are 

highly conserved and play a role in developmental processes and oncogenesis. The WNT/ 

β-catenin pathway has been implicated in H. pylori induced gastric carcinogenesis 

through the increased accumulation of β catenin, in vitro and in vivo, particularly from 

infection with CagA positive strains. We show Wnt7b to be up-regulated in this analysis. 

WNT7b has been linked to breast cancer, gastric cancer, chronic leukocytic leukemia, 

and WNT/ β catenin pathway activation in pancreatic cancer  (270-273).  A previous 

study indicates H. pylori infection and TNFɑ can activate the WNT/ β catenin pathway 

by inducing WNT proteins, such as WNT10a (274).  
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Additional genes up-regulated in this analysis have been implicated in 

carcinogenesis. Platelet derived growth factor (PDGF) functions in multiple processes 

such as cell proliferation, migration, angiogenesis and has also been linked to gastric 

cancer metastasis (275). Fgf7, fibroblast growth factor 7, has also been implicated in 

gastric disease and may work to down-regulate the WNT signaling pathway (276, 277).   

IPA analysis predicted the activation of pro-inflammatory upstream regulators 

such as TNF and IFNγ, both of which were increased in our wild-type SS1 infected mice 

and reduced in the Δtipɑ infected mice. Compared to the previously reported 

transcriptome data, the Z-score for these pathways are not as strong. We did eliminate 89 

additional genes from the overlap between comparisons. If we were to have included 

those genes, it is possible the Z-scores for these pathways and others would likely be 

higher. 

Previous studies on Tipɑ activity have relied on the use of large amounts of 

recombinant protein (100µg/mL) on a small number of gastric epithelial cells (5x105-

1x106). Most studies to date use 100ug/mL but 10ug/mL is sufficient enough to see TNFɑ 

expression from gastric cells (11). We chose to use a smaller but significant amount of 

rTipɑ (10µg/mL) to mimic physiological protein levels that would interact with the 

gastric epithelium, although we admit that even this amount of protein is high. We 

believe that at some point an excessive amount of protein would be unrealistic to what 

happens in vivo. However, it is possible that by only choosing to do 10ug/mL, it was not 

enough to induce significant changes. It may be that a large quantity of Tipɑ is needed to 

elicit a response.  
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Summary and Future Directions 

The purpose of this work was to test our understanding of the TNF-alpha inducing 

protein (Tipα) and its role in the host immune response. We also wanted to further 

characterize the gastric epithelial cell response to Tipα. We show that Tipα has a 

predominant pro-inflammatory role during H. pylori infection by contributing to gastritis 

and hyperplasia in a mouse model of H. pylori infection. Additional experiments should 

be performed in mice to more fully determine the role of Tipα on the Th17 mediated 

immune response. Even though the amount of IL-17 induced varied between our two 

infections, the expression of IL-17 is important in H. pylori mediated inflammation. IFNy 

levels were lower in our mutant infected mice indicating Tipα may contribute to the Th1 

immune response, which also contributes to inflammation. Additionally, infection 

analyses should be completed to include a complemented Δtipɑ strain. Although we 

attempted to complement our SS1 Δtipɑ strain we were unable to develop a useful 

construct, which is not uncommon with H. pylori. Using another mouse-adapted H. pylori 

strain may be more successful. Use of the INS-GAS mouse model may be useful in 

determining the role of Tipα in the development of hyperplasia give that these mice can 

develop gastric cancer in response to H. pylori infection (278).  

 The use of wild-type and mutant strains on gastric cancer cells was not successful 

for determining Tipα specific effects. The differential findings of our mouse infection did 

not carry over to the transcriptome analysis. However, further investigation of the 

transcripts in Appendices I-IV may provide insight into additional Tipα targets. We used 

recombinant Tipα (rTipα) protein to stimulate gastric cells as a way to discover Tipα 

specific effects. LPS was a major factor in inflammatory cytokine production so the use 
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of PMB to eliminate those effects allowed us to identify some putative Tipα targets in 

addition to TNFα/ NFkB or IL6/STAT pathways. Further analysis, including qPCR, 

needs to be done in order to confirm the expression of the 26 genes targets from our 

microarray. Additional pathway analysis needs to be done to determine if any of the 

genes are regulated by or interact with Tipα.  
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Appendix I. List of significant up-regulated genes in the wild-type SS1 
compared to Δtipɑ treated N87 cells at 2 hours 

ID logFC pvalue Gene Description 

ENSG000
00214064 

5.877 0.001 RPL6P5 ribosomal protein L6 pseudogene 5 [Source:HGNC 
Symbol;Acc:HGNC:36199] 

ENSG000
00254099 

5.641 0.003 AC005740.5 none 

ENSG000
00166313 

5.641 0.004 APBB1 amyloid beta (A4) precursor protein-binding, family B, 
member 1 (Fe65) [Source:HGNC 
Symbol;Acc:HGNC:581] 

ENSG000
00152969 

5.641 0.004 JAKMIP1 janus kinase and microtubule interacting protein 1 
[Source:HGNC Symbol;Acc:HGNC:26460] 

ENSG000
00170950 

5.506 0.005 PGK2 phosphoglycerate kinase 2 [Source:HGNC 
Symbol;Acc:HGNC:8898] 

ENSG000
00225611 

5.358 0.011 RP11-
70C1.1 

none 

ENSG000
00249866 

5.358 0.023 OR7E83P olfactory receptor, family 7, subfamily E, member 83 
pseudogene [Source:HGNC Symbol;Acc:HGNC:14688] 

ENSG000
00252643 

5.358 0.024 RNU6-
1136P 

RNA, U6 small nuclear 1136, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:48099] 

ENSG000
00248174 

5.192 0.031 RP11-
148L24.1 

none 

ENSG000
00236319 

5.192 0.021 CTD-
2033D24.2 

none 

ENSG000
00226367 

5.192 0.025 ST7-AS2 ST7 antisense RNA 2 [Source:HGNC 
Symbol;Acc:HGNC:16044] 

ENSG000
00248493 

5.192 0.027 AC005351.1 none 

ENSG000
00204669 

5.005 0.023 C9orf57 chromosome 9 open reading frame 57 [Source:HGNC 
Symbol;Acc:HGNC:27037] 

ENSG000
00254596 

5.005 0.024 CTD-
3074O7.7 

none 

ENSG000
00255928 

5.005 0.048 RP11-
456I15.2 

none 

ENSG000
00188162 

4.790 0.045 OTOG otogelin [Source:HGNC Symbol;Acc:HGNC:8516] 

ENSG000
00216977 

4.790 0.045 RPL21P65 ribosomal protein L21 pseudogene 65 [Source:HGNC 
Symbol;Acc:HGNC:36017] 

ENSG000
00251521 

3.867 0.010 IMPA1P inositol(myo)-1(or 4)-monophosphatase 1 pseudogene 
[Source:HGNC Symbol;Acc:HGNC:33956] 

ENSG000
00123610 

3.551 0.012 TNFAIP6 tumor necrosis factor, alpha-induced protein 6 
[Source:HGNC Symbol;Acc:HGNC:11898] 

ENSG000
00232398 

3.442 0.001 TMPRSS11
CP 

transmembrane protease, serine 11C, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:31934] 

ENSG000
00185972 

3.428 0.014 CCIN calicin [Source:HGNC Symbol;Acc:HGNC:1568] 

ENSG000
00248592 

3.293 0.022 TMEM110-
MUSTN1 

TMEM110-MUSTN1 readthrough [Source:HGNC 
Symbol;Acc:HGNC:38834] 

ENSG000
00225796 

3.210 0.001 MTND4P23 MT-ND4 pseudogene 23 [Source:HGNC 
Symbol;Acc:HGNC:42210] 

ENSG000 3.145 0.037 UBE2F- UBE2F-SCLY readthrough (NMD candidate) 
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00258984 SCLY [Source:HGNC Symbol;Acc:HGNC:48339] 
ENSG000
00244357 

3.145 0.033 RN7SL145P RNA, 7SL, cytoplasmic 145, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:46161] 

ENSG000
00169507 

2.916 0.005 SLC38A11 solute carrier family 38, member 11 [Source:HGNC 
Symbol;Acc:HGNC:26836] 

ENSG000
00237380 

2.829 0.018 HOXD-AS2 HOXD cluster antisense RNA 2 [Source:HGNC 
Symbol;Acc:HGNC:43756] 

ENSG000
00226819 

2.829 0.018 MEIS1-AS3 MEIS1 antisense RNA 3 [Source:HGNC 
Symbol;Acc:HGNC:40369] 

ENSG000
00232909 

2.829 0.020 RP3-
510O8.4 

none 

ENSG000
00254094 

2.715 0.020 AC078852.1 none 

ENSG000
00201592 

2.715 0.030 snoU2_19 Small nucleolar RNA U2-19 
[Source:RFAM;Acc:RF00494] 

ENSG000
00226604 

2.592 0.040 PAPPA-
AS2 

PAPPA antisense RNA 2 [Source:HGNC 
Symbol;Acc:HGNC:35160] 

ENSG000
00236846 

2.592 0.040 RP11-
239E10.2 

none 

ENSG000
00245651 

2.592 0.050 RP11-
620J15.2 

none 

ENSG000
00242267 

2.592 0.028 SKINTL Skint-like, pseudogene [Source:HGNC 
Symbol;Acc:HGNC:33993] 

ENSG000
00221055 

2.506 0.047 MIR1302-3 microRNA 1302-3 [Source:HGNC 
Symbol;Acc:HGNC:35295] 

ENSG000
00174715 

2.506 0.023 RP11-
79L9.2 

none 

ENSG000
00200594 

2.459 0.004 RNU6-824P RNA, U6 small nuclear 824, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:47787] 

ENSG000
00253430 

2.408 0.041 RP11-
14I17.2 

none 

ENSG000
00214856 

2.297 0.005 KRT16P1 keratin 16 pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:6420] 

ENSG000
00211563 

2.158 0.001 AC115099.1 none 

ENSG000
00206885 

2.140 0.003 SNORA75 small nucleolar RNA, H/ACA box 75 [Source:HGNC 
Symbol;Acc:HGNC:32661] 

ENSG000
00179520 

2.122 0.025 SLC17A8 solute carrier family 17 (vesicular glutamate 
transporter), member 8 [Source:HGNC 
Symbol;Acc:HGNC:20151] 

ENSG000
00235532 

2.122 0.016 LINC00402 long intergenic non-protein coding RNA 402 
[Source:HGNC Symbol;Acc:HGNC:42732] 

ENSG000
00010379 

2.088 0.001 SLC6A13 solute carrier family 6 (neurotransmitter transporter), 
member 13 [Source:HGNC Symbol;Acc:HGNC:11046] 

ENSG000
00237063 

2.078 0.031 RP4-
550H1.5 

none 

ENSG000
00149506 

2.078 0.009 ZP1 zona pellucida glycoprotein 1 (sperm receptor) 
[Source:HGNC Symbol;Acc:HGNC:13187] 

ENSG000
00254877 

2.025 0.014 RP11-
142C4.4 

none 

ENSG000
00172367 

1.954 0.004 PDZD3 PDZ domain containing 3 [Source:HGNC 
Symbol;Acc:HGNC:19891] 

ENSG000
00169933 

1.919 0.045 FRMPD4 FERM and PDZ domain containing 4 [Source:HGNC 
Symbol;Acc:HGNC:29007] 
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ENSG000
00237090 

1.919 0.049 RP11-
342M1.6 

none 

ENSG000
00258959 

1.905 0.045 RP11-
1017G21.4 

none 

ENSG000
00234841 

1.834 0.016 RP11-
119H12.4 

none 

ENSG000
00179111 

1.834 0.012 HES7 hes family bHLH transcription factor 7 [Source:HGNC 
Symbol;Acc:HGNC:15977] 

ENSG000
00228956 

1.820 0.000 SATB1-AS1 SATB1 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:50687] 

ENSG000
00213197 

1.733 0.013 AC012066.1 none 

ENSG000
00235629 

1.726 0.002 AC090952.5 none 

ENSG000
00207975 

1.710 0.004 MIR181B1 microRNA 181b-1 [Source:HGNC 
Symbol;Acc:HGNC:31550] 

ENSG000
00243267 

1.641 0.018 RN7SL614P RNA, 7SL, cytoplasmic 614, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:46630] 

ENSG000
00234936 

1.630 0.001 AC010883.5 none 

ENSG000
00186354 

1.628 0.000 C9orf47 chromosome 9 open reading frame 47 [Source:HGNC 
Symbol;Acc:HGNC:23669] 

ENSG000
00153802 

1.613 0.011 TMPRSS11
D 

transmembrane protease, serine 11D [Source:HGNC 
Symbol;Acc:HGNC:24059] 

ENSG000
00250131 

1.613 0.001 RP11-
130F10.1 

none 

ENSG000
00144671 

1.612 0.000 SLC22A14 solute carrier family 22, member 14 [Source:HGNC 
Symbol;Acc:HGNC:8495] 

ENSG000
00232818 

1.585 0.015 RPS2P32 ribosomal protein S2 pseudogene 32 [Source:HGNC 
Symbol;Acc:HGNC:30518] 

ENSG000
00234773 

1.579 0.032 CTD-
2666L21.1 

none 

ENSG000
00234459 

1.569 0.010 AC002064.4 none 

ENSG000
00204572 

1.541 0.027 KRTAP5-10 keratin associated protein 5-10 [Source:HGNC 
Symbol;Acc:HGNC:23605] 

ENSG000
00236790 

1.533 0.038 LINC00299 long intergenic non-protein coding RNA 299 
[Source:HGNC Symbol;Acc:HGNC:27940] 

ENSG000
00250476 

1.527 0.034 ENPP7P9 ectonucleotide pyrophosphatase/phosphodiesterase 7 
pseudogene 9 [Source:HGNC 
Symbol;Acc:HGNC:48692] 

ENSG000
00241362 

1.451 0.031 RPL36AP43 ribosomal protein L36a pseudogene 43 [Source:HGNC 
Symbol;Acc:HGNC:36791] 

ENSG000
00204778 

1.451 0.020 RP11-
15J10.1 

none 

ENSG000
00239542 

1.408 0.000 RN7SL399P RNA, 7SL, cytoplasmic 399, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:46415] 

ENSG000
00168539 

1.372 0.001 CHRM1 cholinergic receptor, muscarinic 1 [Source:HGNC 
Symbol;Acc:HGNC:1950] 

ENSG000
00217702 

1.367 0.046 RP11-
287D1.4 

none 

ENSG000
00248773 

1.319 0.035 RP11-
231L11.3 

none 

ENSG000
00174950 

1.233 0.022 CD164L2 CD164 sialomucin-like 2 [Source:HGNC 
Symbol;Acc:HGNC:32043] 
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ENSG000
00212327 

1.230 0.002 RNU6-882P RNA, U6 small nuclear 882, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:47845] 

ENSG000
00141505 

1.226 0.032 ASGR1 asialoglycoprotein receptor 1 [Source:HGNC 
Symbol;Acc:HGNC:742] 

ENSG000
00229873 

1.181 0.000 OGFR-AS1 OGFR antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:40724] 

ENSG000
00248643 

1.152 0.000 RBM14-
RBM4 

RBM14-RBM4 readthrough [Source:HGNC 
Symbol;Acc:HGNC:38840] 

ENSG000
00223356 

1.141 0.006 RP11-
66D17.5 

none 

ENSG000
00255142 

1.136 0.006 AP006621.6 none 

ENSG000
00222365 

1.136 0.010 SNORD12B small nucleolar RNA, C/D box 12B [Source:HGNC 
Symbol;Acc:HGNC:33573] 

ENSG000
00126785 

1.127 0.029 RHOJ ras homolog family member J [Source:HGNC 
Symbol;Acc:HGNC:688] 

ENSG000
00005961 

1.126 0.000 ITGA2B integrin, alpha 2b (platelet glycoprotein IIb of IIb/IIIa 
complex, antigen CD41) [Source:HGNC 
Symbol;Acc:HGNC:6138] 

ENSG000
00184459 

1.112 0.014 BPIFC BPI fold containing family C [Source:HGNC 
Symbol;Acc:HGNC:16503] 

ENSG000
00259488 

1.112 0.011 RP11-
154J22.1 

none 

ENSG000
00220201 

1.110 0.000 ZGLP1 zinc finger, GATA-like protein 1 [Source:HGNC 
Symbol;Acc:HGNC:37245] 

ENSG000
00140675 

1.081 0.003 SLC5A2 solute carrier family 5 (sodium/glucose cotransporter), 
member 2 [Source:HGNC Symbol;Acc:HGNC:11037] 

ENSG000
00207445 

1.080 0.003 SNORD15B small nucleolar RNA, C/D box 15B [Source:HGNC 
Symbol;Acc:HGNC:16649] 

ENSG000
00256897 

1.079 0.023 RP11-
17G12.2 

none 

ENSG000
00252711 

1.052 0.018 RN7SKP11
6 

RNA, 7SK small nuclear pseudogene 116 
[Source:HGNC Symbol;Acc:HGNC:45840] 

ENSG000
00215009 

1.039 0.003 ACSM4 acyl-CoA synthetase medium-chain family member 4 
[Source:HGNC Symbol;Acc:HGNC:32016] 

ENSG000
00207870 

1.035 0.000 MIR221 microRNA 221 [Source:HGNC 
Symbol;Acc:HGNC:31601] 

ENSG000
00207280 

1.029 0.007 SNORD20 small nucleolar RNA, C/D box 20 [Source:HGNC 
Symbol;Acc:HGNC:10143] 

ENSG000
00177374 

1.022 0.004 HIC1 hypermethylated in cancer 1 [Source:HGNC 
Symbol;Acc:HGNC:4909] 

ENSG000
00205085 

1.020 0.028 FAM71F2 family with sequence similarity 71, member F2 
[Source:HGNC Symbol;Acc:HGNC:27998] 

ENSG000
00243970 

1.019 0.019 PPIEL peptidylprolyl isomerase E-like pseudogene 
[Source:HGNC Symbol;Acc:HGNC:33195] 

ENSG000
00174521 

1.002 0.000 TTC9B tetratricopeptide repeat domain 9B [Source:HGNC 
Symbol;Acc:HGNC:26395] 

ENSG000
00215417 

1.002 0.000 MIR17HG miR-17-92 cluster host gene (non-protein coding) 
[Source:HGNC Symbol;Acc:HGNC:23564] 
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Appendix II. List of significant down-regulated genes in the wild-type 
SS1 compared to Δtipɑ treated N87 cells at 2 hours 

ID logFC pvalue Gene Description 
ENSG000
00251257 

-5.973 0.002 CTD-
2263F21.1 

none 

ENSG000
00240470 

-5.480 0.004 RN7SL346P RNA, 7SL, cytoplasmic 346, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:46362] 

ENSG000
00250247 

-5.480 0.005 SEPHS2P1 selenophosphate synthetase 2 pseudogene 1 
[Source:HGNC Symbol;Acc:HGNC:42165] 

ENSG000
00104967 

-5.358 0.010 NOVA2 neuro-oncological ventral antigen 2 [Source:HGNC 
Symbol;Acc:HGNC:7887] 

ENSG000
00245928 

-5.358 0.012 RP11-630D6.5 none 

ENSG000
00240808 

-5.076 0.026 CTD-3236F5.1 none 

ENSG000
00214203 

-5.076 0.026 RPS4XP1 ribosomal protein S4X pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:32444] 

ENSG000
00105205 

-4.911 0.046 CLC Charcot-Leyden crystal galectin [Source:HGNC 
Symbol;Acc:HGNC:2014] 

ENSG000
00253945 

-4.911 0.037 RP11-328L11.1 none 

ENSG000
00223652 

-3.528 0.014 AC106786.1 none 

ENSG000
00131386 

-3.351 0.009 GALNT15 polypeptide N-acetylgalactosaminyltransferase 15 
[Source:HGNC Symbol;Acc:HGNC:21531] 

ENSG000
00237714 

-3.253 0.010 P4HA2-AS1 P4HA2 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:43560] 

ENSG000
00253114 

-3.148 0.016 RP11-550I15.1 none 

ENSG000
00199471 

-3.035 0.049 Y_RNA Y RNA [Source:RFAM;Acc:RF00019] 

ENSG000
00255477 

-2.791 0.000 RP11-63D14.1 none 

ENSG000
00102445 

-2.667 0.008 KIAA0226L KIAA0226-like [Source:HGNC 
Symbol;Acc:HGNC:20420] 

ENSG000
00219027 

-2.667 0.021 RPS3AP2 ribosomal protein S3A pseudogene 2 [Source:HGNC 
Symbol;Acc:HGNC:14196] 

ENSG000
00166840 

-2.392 0.047 GLYATL1 glycine-N-acyltransferase-like 1 [Source:HGNC 
Symbol;Acc:HGNC:30519] 

ENSG000
00259475 

-2.291 0.005 RP11-654A16.3 none 

ENSG000
00185792 

-2.291 0.013 NLRP9 NLR family, pyrin domain containing 9 
[Source:HGNC Symbol;Acc:HGNC:22941] 

ENSG000
00234354 

-2.253 0.001 RPS26P47 ribosomal protein S26 pseudogene 47 
[Source:HGNC Symbol;Acc:HGNC:36368] 

ENSG000
00109339 

-2.172 0.019 MAPK10 mitogen-activated protein kinase 10 [Source:HGNC 
Symbol;Acc:HGNC:6872] 

ENSG000
00238199 

-2.094 0.007 UBE2V2P3 ubiquitin-conjugating enzyme E2 variant 2 
pseudgene 3 [Source:HGNC Symbol] 

ENSG000
00225215 

-1.914 0.004 SMARCE1P1 SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin, subfamily e, member 1 
pseudogene 1 [Source:HGNC Symbol] 
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ENSG000
00202408 

-1.788 0.016 RNU1-122P RNA, U1 small nuclear 122, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:48464] 

ENSG000
00258938 

-1.788 0.014 RP11-317N8.5 none 

ENSG000
00201151 

-1.788 0.019 SNORD56 Small nucleolar RNA SNORD56 
[Source:RFAM;Acc:RF00275] 

ENSG000
00219699 

-1.537 0.012 RP11-325O24.2 none 

ENSG000
00188693 

-1.430 0.016 CYP51A1-AS1 CYP51A1 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:50694] 

ENSG000
00201217 

-1.425 0.043 Y_RNA Y RNA [Source:RFAM;Acc:RF00019] 

ENSG000
00089041 

-1.394 0.015 P2RX7 purinergic receptor P2X, ligand gated ion channel, 7 
[Source:HGNC Symbol;Acc:HGNC:8537] 

ENSG000
00229886 

-1.376 0.033 RP5-1132H15.3 none 

ENSG000
00175697 

-1.347 0.000 GPR156 G protein-coupled receptor 156 [Source:HGNC 
Symbol;Acc:HGNC:20844] 

ENSG000
00255261 

-1.316 0.012 OR7E4P olfactory receptor, family 7, subfamily E, member 4 
pseudogene [Source:HGNC 
Symbol;Acc:HGNC:8424] 

ENSG000
00145832 

-1.312 0.004 SLC25A48 solute carrier family 25, member 48 [Source:HGNC 
Symbol;Acc:HGNC:30451] 

ENSG000
00163630 

-1.282 0.028 SYNPR synaptoporin [Source:HGNC 
Symbol;Acc:HGNC:16507] 

ENSG000
00237807 

-1.281 0.017 RP11-400K9.4 none 

ENSG000
00207696 

-1.184 0.025 MIR659 microRNA 659 [Source:HGNC 
Symbol;Acc:HGNC:32915] 

ENSG000
00239559 

-1.169 0.001 RPL37P2 ribosomal protein L37 pseudogene 2 [Source:HGNC 
Symbol;Acc:HGNC:17092] 

ENSG000
00198734 

-1.097 0.041 F5 coagulation factor V (proaccelerin, labile factor) 
[Source:HGNC Symbol;Acc:HGNC:3542] 

ENSG000
00169856 

-1.097 0.031 ONECUT1 one cut homeobox 1 [Source:HGNC 
Symbol;Acc:HGNC:8138] 

ENSG000
00212125 

-1.068 0.035 TAS2R15P taste receptor, type 2, member 15, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:19106] 

ENSG000
00105808 

-1.023 0.031 RASA4 RAS p21 protein activator 4 [Source:HGNC 
Symbol;Acc:HGNC:23181] 
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Appendix III. List of significant up-regulated genes in the wild-type SS1 
compared to Δtipɑ treated N87 cells at 24 hours 

ID logFC pvalue Gene Description 
ENSG000
00268015 

6.364 0.019 CTD-2525I3.3 none 

ENSG000
00228016 

6.295 0.005 RAPGEF4-AS1 RAPGEF4 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:28081] 

ENSG000
00228069 

6.295 0.032 RP11-100G15.3 none 

ENSG000
00080493 

6.222 0.015 SLC4A4 solute carrier family 4 (sodium bicarbonate 
cotransporter), member 4 [Source:HGNC 
Symbol;Acc:HGNC:11030] 

ENSG000
00249237 

6.145 0.020 RP11-376N17.4 none 

ENSG000
00267501 

6.064 0.019 RP11-108P20.2 none 

ENSG000
00133475 

6.064 0.011 GGT2 gamma-glutamyltransferase 2 [Source:HGNC 
Symbol;Acc:HGNC:4251] 

ENSG000
00221275 

6.064 0.033 MIR548I2 microRNA 548i-2 [Source:HGNC 
Symbol;Acc:HGNC:35353] 

ENSG000
00189409 

6.064 0.040 MMP23B matrix metallopeptidase 23B [Source:HGNC 
Symbol;Acc:HGNC:7171] 

ENSG000
00229616 

6.064 0.017 RP11-
369J21.11 

none 

ENSG000
00248307 

5.886 0.032 LINC00616 long intergenic non-protein coding RNA 616 
[Source:HGNC Symbol;Acc:HGNC:44065] 

ENSG000
00260416 

5.886 0.016 RP5-963E22.5 none 

ENSG000
00227480 

5.788 0.039 CCDC148-AS1 CCDC148 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:44134] 

ENSG000
00264655 

5.788 0.042 CTD-
2267D19.4 

none 

ENSG000
00140506 

5.788 0.040 LMAN1L lectin, mannose-binding, 1 like [Source:HGNC 
Symbol;Acc:HGNC:6632] 

ENSG000
00170743 

5.788 0.018 SYT9 synaptotagmin IX [Source:HGNC 
Symbol;Acc:HGNC:19265] 

ENSG000
00226928 

5.683 0.046 RPS14P4 ribosomal protein S14 pseudogene 4 
[Source:HGNC Symbol;Acc:HGNC:36419] 

ENSG000
00213033 

5.570 0.048 AURKAPS1 aurora kinase A pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:18611] 

ENSG000
00255303 

5.570 0.042 OR5BA1P olfactory receptor, family 5, subfamily BA, member 
1 pseudogene [Source:HGNC 
Symbol;Acc:HGNC:15270] 

ENSG000
00224371 

5.570 0.039 RP11-235G24.1 none 

ENSG000
00265452 

4.364 0.010 MIR3682 microRNA 3682 [Source:HGNC 
Symbol;Acc:HGNC:38916] 

ENSG000
00227591 

4.071 0.007 RP1-28O10.1 none 

ENSG000
00253603 

4.005 0.024 CTA-397H3.3 none 

ENSG000 4.005 0.011 SLC2A3P2 solute carrier family 2, member 3 pseudogene 2 
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00185031 [Source:HGNC] 
ENSG000
00266176 

3.935 0.011 RP11-855A2.5 none 

ENSG000
00157680 

3.526 0.039 DGKI diacylglycerol kinase, iota [Source:HGNC 
Symbol;Acc:HGNC:2855] 

ENSG000
00228237 

3.222 0.006 EFCAB14-AS1 EFCAB14 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:44108] 

ENSG000
00259471 

3.219 0.035 LINC01169 long intergenic non-protein coding RNA 1169 
[Source:HGNC Symbol;Acc:HGNC:49541] 

ENSG000
00164744 

2.979 0.031 SUN3 Sad1 and UNC84 domain containing 3 
[Source:HGNC Symbol;Acc:HGNC:22429] 

ENSG000
00243243 

2.963 0.013 AC073130.3 none 

ENSG000
00116745 

2.878 0.012 RPE65 retinal pigment epithelium-specific protein 65kDa 
[Source:HGNC Symbol;Acc:HGNC:10294] 

ENSG000
00260841 

2.834 0.013 CTC-205M6.5 none 

ENSG000
00267507 

2.797 0.010 CTD-
2587H24.1 

none 

ENSG000
00189238 

2.775 0.015 LINC00943 long intergenic non-protein coding RNA 943 
[Source:HGNC Symbol;Acc:HGNC:48639] 

ENSG000
00253372 

2.687 0.032 RP11-44N11.1 none 

ENSG000
00100191 

2.679 0.002 SLC5A4 solute carrier family 5 (glucose activated ion 
channel), member 4 [Source:HGNC 
Symbol;Acc:HGNC:11039] 

ENSG000
00183798 

2.523 0.017 EMILIN3 elastin microfibril interfacer 3 [Source:HGNC 
Symbol;Acc:HGNC:16123] 

ENSG000
00246477 

2.434 0.004 AF131216.6 none 

ENSG000
00246627 

2.191 0.035 CACNA1C-
AS1 

CACNA1C antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:40119] 

ENSG000
00234584 

2.063 0.038 AC019186.1 none 

ENSG000
00179292 

2.063 0.026 TMEM151A transmembrane protein 151A [Source:HGNC 
Symbol;Acc:HGNC:28497] 

ENSG000
00201302 

2.051 0.007 SNORA65 small nucleolar RNA, H/ACA box 65 
[Source:HGNC Symbol;Acc:HGNC:10222] 

ENSG000
00261924 

2.009 0.008 CTD-
2561B21.5 

none 

ENSG000
00101306 

1.922 0.041 MYLK2 myosin light chain kinase 2 [Source:HGNC 
Symbol;Acc:HGNC:16243] 

ENSG000
00182376 

1.783 0.023 RP5-1142A6.8 none 

ENSG000
00144230 

1.783 0.009 GPR17 G protein-coupled receptor 17 [Source:HGNC 
Symbol;Acc:HGNC:4471] CMKLR? 

ENSG000
00256340 

1.773 0.001 ABCC6P1 ATP-binding cassette, sub-family C, member 6 
pseudogene 1 (functional) [Source:HGNC 
Symbol;Acc:HGNC:33352] 

ENSG000
00268001 

1.771 0.046 CARD8-AS1 CARD8 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:51408] 

ENSG000
00183688 

1.755 0.005 FAM101B family with sequence similarity 101, member B 
[Source:HGNC Symbol;Acc:HGNC:28705] 

ENSG000 1.748 0.006 GAS1 growth arrest-specific 1 [Source:HGNC 
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00180447 Symbol;Acc:HGNC:4165] 
ENSG000
00228050 

1.731 0.039 TOP3BP1 topoisomerase (DNA) III beta pseudogene 1 
[Source:HGNC Symbol;Acc:HGNC:11994] 

ENSG000
00249695 

1.689 0.010 RP11-598F7.4 none 

ENSG000
00162881 

1.674 0.049 OXER1 oxoeicosanoid (OXE) receptor 1 [Source:HGNC 
Symbol;Acc:HGNC:24884] 

ENSG000
00137090 

1.502 0.031 DMRT1 doublesex and mab-3 related transcription factor 1 
[Source:HGNC Symbol;Acc:HGNC:2934] 

ENSG000
00203801 

1.445 0.049 LINC00222 long intergenic non-protein coding RNA 222 
[Source:HGNC Symbol;Acc:HGNC:21560] 

ENSG000
00137571 

1.436 0.017 SLCO5A1 solute carrier organic anion transporter family, 
member 5A1 [Source:HGNC 
Symbol;Acc:HGNC:19046] 

ENSG000
00232629 

1.335 0.014 HLA-DQB2 major histocompatibility complex, class II, DQ beta 
2 [Source:HGNC Symbol;Acc:HGNC:4945] 

ENSG000
00108417 

1.321 0.043 KRT37 keratin 37 [Source:HGNC 
Symbol;Acc:HGNC:6455] 

ENSG000
00223443 

1.314 0.049 USP17L2 ubiquitin specific peptidase 17-like family member 
2 [Source:HGNC Symbol;Acc:HGNC:34434] 

ENSG000
00158571 

1.308 0.007 PFKFB1 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 1 [Source:HGNC 
Symbol;Acc:HGNC:8872] 

ENSG000
00166582 

1.306 0.049 CENPV centromere protein V [Source:HGNC 
Symbol;Acc:HGNC:29920] 

ENSG000
00180610 

1.272 0.039 ZBTB12P1 zinc finger and BTB domain containing 12 
pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:37702] 

ENSG000
00164283 

1.257 0.016 ESM1 endothelial cell-specific molecule 1 [Source:HGNC 
Symbol;Acc:HGNC:3466] 

ENSG000
00228150 

1.144 0.038 RP11-84A14.4 none 

ENSG000
00227589 

1.060 0.018 RP5-1092A11.5 none 

ENSG000
00167136 

1.051 0.000 ENDOG endonuclease G [Source:HGNC 
Symbol;Acc:HGNC:3346] 

ENSG000
00070388 

1.041 0.002 FGF22 fibroblast growth factor 22 [Source:HGNC 
Symbol;Acc:HGNC:3679] 

ENSG000
00265678 

1.035 0.033 RP11-
1376P16.2 

none 
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Appendix IV. List of significant down-regulated genes in the wild-type 
SS1 compared to Δtipɑ treated N87 cells at 24 hours 

ID logFC pvalue Gene Description 

ENSG000
00114349 

-6.522 0.007 GNAT1 guanine nucleotide binding protein (G protein), alpha 
transducing activity polypeptide 1 [Source:HGNC 
Symbol;Acc:HGNC:4393] 

ENSG000
00049247 

-6.155 0.007 UTS2 urotensin 2 [Source:HGNC 
Symbol;Acc:HGNC:12636] 

ENSG000
00244159 

-6.155 0.028 RP11-
1070A24.1 

none 

ENSG000
00226519 

-6.069 0.010 LINC00390 long intergenic non-protein coding RNA 390 
[Source:HGNC Symbol;Acc:HGNC:42718] 

ENSG000
00200408 

-5.879 0.020 RNA5SP74 RNA, 5S ribosomal pseudogene 74 [Source:HGNC 
Symbol;Acc:HGNC:42851] 

ENSG000
00137225 

-5.879 0.019 CAPN11 calpain 11 [Source:HGNC Symbol;Acc:HGNC:1478] 

ENSG000
00250643 

-5.879 0.017 RP11-
93K22.6 

none 

ENSG000
00231296 

-5.774 0.026 RP1-39G22.4 none 

ENSG000
00266978 

-5.774 0.023 CTD-
2369P2.5 

none 

ENSG000
00238031 

-5.661 0.046 AC090505.1 none 

ENSG000
00186645 

-5.661 0.032 AC114737.6 none 

ENSG000
00174562 

-5.538 0.043 KLK15 kallikrein-related peptidase 15 [Source:HGNC 
Symbol;Acc:HGNC:20453] 

ENSG000
00152430 

-5.538 0.040 BOLL boule-like RNA-binding protein [Source:HGNC 
Symbol;Acc:HGNC:14273] 

ENSG000
00258401 

-5.538 0.041 RP11-
326E7.1 

none 

ENSG000
00212443 

-5.538 0.042 SNORA53 small nucleolar RNA, H/ACA box 53 [Source:HGNC 
Symbol;Acc:HGNC:32646] 

ENSG000
00172497 

-4.419 0.011 ACOT12 acyl-CoA thioesterase 12 [Source:HGNC 
Symbol;Acc:HGNC:24436] 

ENSG000
00255478 

-4.236 0.017 RP11-
867O8.5 

none 

ENSG000
00267041 

-4.236 0.006 ZNF850 zinc finger protein 850 [Source:HGNC 
Symbol;Acc:HGNC:27994] 

ENSG000
00255910 

-4.170 0.021 RP11-
405A12.2 

none 

ENSG000
00244063 

-4.101 0.014 AC024704.2 none 

ENSG000
00118785 

-4.027 0.021 SPP1 secreted phosphoprotein 1 [Source:HGNC 
Symbol;Acc:HGNC:11255] 

ENSG000
00253408 

-3.950 0.021 RP11-
231D20.2 

none 

ENSG000
00213706 

-3.950 0.020 AL590762.7 none 

ENSG000 -3.836 0.007 RP11- none 
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00229869 363N22.2 
ENSG000
00232909 

-3.783 0.034 RP3-510O8.4 none 

ENSG000
00229659 

-3.208 0.005 RP11-
345K20.2 

none 

ENSG000
00226455 

-3.184 0.030 RP3-512E2.2 none 

ENSG000
00052850 

-3.102 0.022 ALX4 ALX homeobox 4 [Source:HGNC 
Symbol;Acc:HGNC:450] 

ENSG000
00101307 

-3.057 0.009 SIRPB1 signal-regulatory protein beta 1 [Source:HGNC 
Symbol;Acc:HGNC:15928] 

ENSG000
00207808 

-2.927 0.022 MIR27A microRNA 27a [Source:HGNC 
Symbol;Acc:HGNC:31613] 

ENSG000
00178445 

-2.716 0.038 GLDC glycine dehydrogenase (decarboxylating) 
[Source:HGNC Symbol;Acc:HGNC:4313] 

ENSG000
00226413 

-2.716 0.013 OR8T1P olfactory receptor, family 8, subfamily T, member 1 
pseudogene [Source:HGNC 
Symbol;Acc:HGNC:19630] 

ENSG000
00179344 

-2.663 0.016 HLA-DQB1 major histocompatibility complex, class II, DQ beta 1 
[Source:HGNC Symbol;Acc:HGNC:4944] 

ENSG000
00201659 

-2.660 0.028 RNU12-2P RNA, U12 small nuclear 2, pseudogene 
[Source:HGNC Symbol;Acc:HGNC:10109] 

ENSG000
00260693 

-2.602 0.049 AC026150.8 none 

ENSG000
00159958 

-2.602 0.031 TNFRSF13C tumor necrosis factor receptor superfamily, member 
13C [Source:HGNC Symbol;Acc:HGNC:17755] 

ENSG000
00202533 

-2.602 0.024 Y_RNA Y RNA [Source:RFAM;Acc:RF00019] 

ENSG000
00225282 

-2.578 0.046 AP000350.6 none 

ENSG000
00238109 

-2.541 0.039 AC004893.10 none 

ENSG000
00268324 

-2.495 0.001 LRRC2-AS1 LRRC2 antisense RNA 1 [Source:HGNC 
Symbol;Acc:HGNC:15571] 

ENSG000
00266897 

-2.477 0.048 AC005546.2 none 

ENSG000
00184635 

-2.365 0.005 ZNF93 zinc finger protein 93 [Source:HGNC 
Symbol;Acc:HGNC:13169] 

ENSG000
00258949 

-2.356 0.041 RP11-
857B24.5 

none 

ENSG000
00215386 

-2.277 0.000 MIR99AHG mir-99a-let-7c cluster host gene (non-protein coding) 
[Source:HGNC Symbol;Acc:HGNC:1274] 

ENSG000
00260949 

-2.265 0.018 KB-1836B5.1 none 

ENSG000
00255843 

-2.144 0.039 AP000593.7 none 

ENSG000
00225891 

-2.102 0.034 RP3-476K8.3 none 

ENSG000
00179277 

-1.979 0.044 MEIS3P1 Meis homeobox 3 pseudogene 1 [Source:HGNC 
Symbol;Acc:HGNC:7002] 

ENSG000
00187959 

-1.922 0.010 CPSF4L cleavage and polyadenylation specific factor 4-like 
[Source:HGNC Symbol;Acc:HGNC:33632] 

ENSG000
00254317 

-1.877 0.045 RP11-
473O4.5 

none 
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ENSG000
00255561 

-1.873 0.042 FDXACB1 ferredoxin-fold anticodon binding domain containing 
1 [Source:HGNC Symbol;Acc:HGNC:25110] 

ENSG000
00232640 

-1.831 0.045 RP1-
266L20.2 

none 

ENSG000
00223561 

-1.798 0.034 AC003090.1 none 

ENSG000
00091831 

-1.741 0.007 ESR1 estrogen receptor 1 [Source:HGNC 
Symbol;Acc:HGNC:3467] 

ENSG000
00250012 

-1.688 0.012 RP11-
124N2.1 

none 

ENSG000
00227726 

-1.661 0.047 AP001271.3 none 

ENSG000
00259531 

-1.634 0.028 RP11-
295H24.3 

none 

ENSG000
00226002 

-1.595 0.029 RP11-
460N20.5 

none 

ENSG000
00196209 

-1.595 0.009 SIRPB2 signal-regulatory protein beta 2 [Source:HGNC 
Symbol;Acc:HGNC:16247] 

ENSG000
00241278 

-1.536 0.034 ENPP7P4 ectonucleotide pyrophosphatase/phosphodiesterase 7 
pseudogene 4 [Source:HGNC 
Symbol;Acc:HGNC:48687] 

ENSG000
00253414 

-1.483 0.037 RP11-
150O12.6 

none 

ENSG000
00267641 

-1.402 0.040 BNIP3P16 BCL2/adenovirus E1B 19kDa interacting protein 3 
pseudogene 16 [Source:HGNC 
Symbol;Acc:HGNC:49696] 

ENSG000
00103154 

-1.379 0.009 NECAB2 N-terminal EF-hand calcium binding protein 2 
[Source:HGNC Symbol;Acc:HGNC:23746] 

ENSG000
00145416 

-1.332 0.011 MARCH1 membrane-associated ring finger (C3HC4) 1, E3 
ubiquitin protein ligase [Source:HGNC 
Symbol;Acc:HGNC:26077] 

ENSG000
00224568 

-1.328 0.031 AC096669.3 none 

ENSG000
00250892 

-1.298 0.025 RP11-
1365D11.1 

none 

ENSG000
00229122 

-1.247 0.033 AGBL5-IT1 AGBL5 intronic transcript 1 (non-protein coding) 
[Source:HGNC Symbol;Acc:HGNC:41484] 

ENSG000
00048540 

-1.240 0.022 LMO3 LIM domain only 3 (rhombotin-like 2) 
[Source:HGNC Symbol;Acc:HGNC:6643] 

ENSG000
00230295 

-1.208 0.033 RP11-
458F8.2 

none 

ENSG000
00144712 

-1.156 0.048 CAND2 cullin-associated and neddylation-dissociated 2 
(putative) [Source:HGNC Symbol;Acc:HGNC:30689] 

ENSG000
00226578 

-1.105 0.042 RP11-
258F22.1 

none 

ENSG000
00236861 

-1.089 0.036 AC006378.2 none 

ENSG000
00186952 

-1.081 0.009 TMEM232 transmembrane protein 232 [Source:HGNC 
Symbol;Acc:HGNC:37270] 

ENSG000
00199133 

-1.059 0.042 MIRLET7D microRNA let-7d [Source:HGNC 
Symbol;Acc:HGNC:31481] 

ENSG000
00261654 

-1.044 0.009 RP11-
96K19.4 

none 
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Appendix V. List of Canonical Pathways with Z-scores for Δtipɑ and 
wild-type SS1 versus unstimulated N87 cells at 2 and 24 hours. 

Canonical Pathway 2hr Δtipɑ 
vs. N87 

2hr WT SS1 
vs. N87 

24hr Δtipɑ 
vs. N87 

24hr WT SS1 
vs. N87 

IL 6 Signaling 3.265986324 3.411211462 2.645751311 2.333333333 
PPAR Signaling -3.70970413 -3.638034376 -1.341640786 -1.414213562 
HMGB1 Signaling 2.745625892 3.271651525 1.666666667 0.904534034 
NF B Signaling 1.889822365 1.460593487 2.645751311 2.121320344 
Cholecystokinin Gastrin mediated 
Signaling 2.683281573 2.667891875 1.632993162 1 

IL 17F in Allergic Inflammatory 
Airway Diseases 3.16227766 3.31662479 -0.447213595 -0.816496581 

Cell Cycle G2 M DNA Damage 
Checkpoint  3.31662479 3.464101615 -0.377964473 0.577350269 

MIF Regulation of Innate Immunity 2.496150883 3.050851079 0 2 
PKC Signaling in T Lymphocytes 1.5 1.414213562 2 2 
Basal Cell Carcinoma Signaling -2.33333333 -3.050851079 -1 0.447213595 
IL 8 Signaling 2.6 3.156820749 0.577350269 0.25819889 
ATM Signaling 1.666666667 2.121320344 -1.414213562 -1.290994449 
TREM1 Signaling 2.98240454 2.400396793 -0.377964473 -0.632455532 
Endothelin 1 Signaling 0.6 1.4 2.496150883 1.885618083 
p38 MAPK Signaling 2.064741605 2.667891875 0.816496581 0.301511345 
Dendritic Cell Maturation 1.889822365 2.19089023 0.707106781 0.904534034 
Mitotic Roles of Polo Like Kinase -0.70710678 -0.707106781 -2 -1.889822365 
LXR RXR Activation -3.12771621 -1.963961012 0 0 
Estrogen mediated S phase Entry 0 0 -2.236067977 -2.828427125 
MIF mediated Glucocorticoid 
Regulation 2.333333333 2.529822128 0 0 

CDK5 Signaling 0.534522484 -0.904534034 1 2.236067977 
Acute Phase Response Signaling 1.4 2.064741605 0.377964473 0.301511345 
B Cell Receptor Signaling 1.705605731 2.400396793 0 0 
Inflammasome pathway 2.236067977 1.632993162 0 0 
iNOS Signaling 1.732050808 2.110579412 0 0 
Cyclins and Cell Cycle Regulation 0 0 -1.414213562 -2.110579412 
G12 13 Signaling 0.5 0.727606875 0 2.236067977 
4 1BB Signaling in T Lymphocytes 1.341640786 2 0 0 
Corticotropin Releasing Hormone 
Signaling -0.30151134 0.277350098 0 2.449489743 

Neurotrophin TRK Signaling 0.301511345 0.301511345 0 2 
Cellular Mechanics by Calpain 
Protease 0 0 0 2 
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Appendix VI. List of Upstream regulators with Z-scores for Δtipɑ and 
wild-type SS1 versus unstimulated N87 cells at 2 and 24 hours. 

Upstream Regulator 2hr Δtipɑ vs. 
N87 

2hr WT SS1 vs. 
N87 

24hr Δtipɑ vs. 
N87 

24hr WT SS1 vs. 
N87 

NUPR1 7.313071356 8.098206063 5.960395607 6.646940513 
RABL6 -3.441236008 -3.577708764 -4.346442944 -5.265610997 
TP53 3.282676276 3.561176417 4.179934415 4.979855858 
TNF 6.930172552 7.262310514 0.60948123 -0.100634804 
PDGF_BB 6.081143506 5.753697318 NA 2.719099447 
RARA -3.544745039 -2.503250272 -3.441236008 -4.378802695 
MITF -3.831998242 -3.456429177 -3.046072923 -3.443013467 
TGFB1 2.907486924 3.709024264 3.624811486 3.510259028 
BRD4 -2.619226987 -1.874675153 -4.342528136 -4.225830454 
KDM5B 2.696007488 3.292282261 3.26379642 3.804984265 
FOXM1 -2.392908715 -3.058032108 -3.219678761 -4.338884036 
ERBB2 2.61684857 2.651363749 -3.276775076 -3.907777832 
TREM1 5.112506792 4.574669501 1.272334107 1.348315657 
PPRC1 3.636768752 3.155843721 2.72165527 2.667891875 
MGEA5 -3.244428423 -2.91998558 -2.984810029 -2.984810029 
IL1B 4.709272041 5.428368013 NA -1.891848606 
S100A6 -3.207134903 -3.356585567 -2.333333333 -2.886751346 
AR 2.332847374 2.661314688 3.147352792 3.570842443 
IL1A 3.959652993 4.44425784 -1.199373364 -1.759834943 
ERK 4.166165819 5.009928733 NA 1.854678133 
PRKCD 5.300458486 5.646641749 NA NA 
EGR1 3.381942433 3.245616315 1.994800724 1.994800724 
CDKN1A 2.419520947 2.250996136 2.645868679 3.142535229 
PGR 2.64728396 2.558992544 2.759527961 2.387796197 
IGF1 3.177128781 3.602120234 2.034906649 1.423354465 
TLR4 3.460950925 3.46865456 -1.487746323 -1.799590516 
TAL1 -1.389417606 -1.648326767 -3.034884893 -4.123105626 
EGF 2.506236746 3.344086815 1.918728828 2.163618504 
Mek 3.190785641 3.343759622 -1.930817763 -1.259627606 
ESR1 -2.017658236 -1.569140033 -3.123580759 -2.957116659 
Ap1 2.897143873 2.728090518 2 2 
ERK1_2 4.062134171 3.384880474 1.17317692 0.945727908 
TGM2 2.656342506 1.380066662 2.431465699 2.901054208 
TLR7 3.816030615 3.261145587 -0.783824901 -1.48717961 
IL17A 3.918578055 3.65793533 -0.695357866 -0.795965827 



	

	
	

106		

FOXO3 2.559693568 2.751885706 1.750962097 1.975525931 
VEGFA 2.277852519 2.484477471 2.181871532 1.948515994 
DAP3 NA 3.31662479 -2.645751311 -2.828427125 
AURKB -2.169304578 -1.673166418 -2.449489743 -2.449489743 
CSF1 2.414039396 2.611164839 2.236067977 1.414213562 
JUN 3.524589067 4.250808952 0.276759362 0.60096231 
EGFR 3.518617207 3.667067773 NA 1.321361059 
F7 3.782533682 4.031620662 NA -0.6 
RELA 3.298419377 3.043471302 -0.503787047 -1.536612951 
JAG2 -3.129953701 -2.738612788 0.6401844 1.709408647 
CD40LG 3.825787165 3.708999815 NA -0.665592007 
NFkB_(complex) 3.216221285 3.04283773 -0.597922181 -1.328269853 
ATF4 1.187922581 1.400279413 2.771843003 2.771843003 
CD24 -2.449489743 -2.828427125 NA -2.828427125 
ELK1 1.9373298 1.9373298 2.218800785 1.982481414 
FOXL2 3.583251967 3.257918828 0.290020947 0.933007823 
Jnk 3.590726013 3.742028565 -0.639021484 0.0371904 
P38_MAPK 3.381082186 3.260721976 1.262622666 0.079073027 
MAP2K1_2 3.516407764 3.238114077 NA 1.168145075 
SELPLG 3.207134903 3.050851079 NA -1.632993162 
ECSIT 3.924159507 3.924159507 NA NA 
Hdac -1.591567125 -1.280752186 -2.19873518 -2.637566499 
ESR2 1.631744982 2.004145082 1.980517351 1.980517351 
IgG -3.526518261 -2.388098075 NA -1.664479439 
miR-155-5p -3.104275766 -2.945838777 0.563547072 0.95751758 
TP63 2.175608149 2.276780038 -1.451132053 -1.486280611 
SMARCA4 2.605165109 3.538857906 0.586714649 -0.649758995 
CCL5 3.45026779 3.45026779 NA -0.478091444 
UXT 1.977378494 2.208252633 1.021465861 1.753733559 
CCND1 1.452039648 1.959620423 -1.5011107 -2.01043615 
Cg 3.496369921 2.907007895 -0.249840714 0.240990093 
HDAC6 2.411764706 2.411764706 NA 1.968648277 
IL18 2.256624996 2.945053303 0.241483645 -1.34098358 
COL18A1 -2.412090757 -2.132122404 NA -2.121320344 
CAMP 3.281996962 2.772309898 0.577199387 -0.018419704 
ATF2 2.411764706 2.411764706 NA 1.705882353 
E2F6 NA NA 3.16227766 3.31662479 
STAT3 2.29717759 3.200173973 NA -0.936279971 
MAPK14 2.595542738 2.794782784 1 0 
IL1 2.376354103 2.952046947 NA -1.009044501 
CREB1 1.043880309 0.330697444 -2.828427125 -2.132007164 
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MAP2K1 2.875698559 2.875698559 NA 0.577350269 
E2f NA NA -3 -3.31662479 
PF4 2.60702395 1.834342772 -0.974695455 -0.90036614 
KIAA1524 -2.382987556 -2.551473184 -0.884651737 -0.493196962 
AHR 2.407572883 2.599376225 0.848528137 0.390566733 
GLI1 2.463020446 1.692416261 1.247835496 0.717098436 
FOS 1.011267961 2.534210374 1.705882353 0.793239789 
EHF 3.411211462 2.353393622 0 -0.277350098 
TLR2 3.094704253 2.928773115 NA NA 
OGT -2 -2 NA -2 
EPAS1 0.229667224 0.618652725 2.407038091 2.588300056 
HMGA1 NA -0.937042571 -2.449489743 -2.449489743 
ADORA3 2.121320344 2.645751311 0 -1 
HGF 1.797465257 1.716964038 NA 2.16208943 
TRAF6 2.812719752 2.812719752 NA NA 
CCNK NA NA -2.562726589 -3.062127263 
IL6 2.006511693 2.947233717 -0.078898525 -0.589140466 
BMP7 -2.199770973 -2.201598318 0.590450013 0.618037389 
NPPB NA NA -2.803652103 -2.803652103 
TNFRSF1A 2.787161141 2.787161141 NA NA 
TRAF2 -0.6704784 -0.6704784 -1.986798536 -2.223781797 
IL2 2.165067452 2.041805561 0.362310058 0.971060761 
EIF4G1 NA NA -2.645751311 -2.828427125 
ETS1 2.624310695 2.808270993 NA NA 
NCR2 2.779444167 2.621093259 NA NA 
HIF1A 0.298929257 0.687960545 2.260633107 2.072828509 
Immunoglobulin 2.719600415 1.732050808 -0.447213595 -0.377964473 
MAPK1 0.028665182 0.808817978 -2.167774924 -2.213594362 
SP1 2.474396734 2.657959048 -0.017147337 0.063041002 
RAF1 1.714985851 2.401922307 NA -1.067489992 
CSF2 2.580538893 2.420726499 NA -0.181071492 
EDN1 2.585954551 2.585954551 NA NA 
Lymphotoxin 1.889822365 2.236067977 NA -1 
CBX7 -2.645751311 -2.449489743 NA NA 
Fcer1 2.63694006 2.441211258 NA NA 
LY6E -2.618614683 -2.42535625 NA NA 
EZH2 2.55039301 2.466535806 0 0 
CEBPA 2.056199548 1.890138186 1.043498389 NA 
MYD88 2.570826661 2.377102876 NA NA 
HLX -2.333333333 -2.121320344 NA -0.447213595 
AKT1 1.940989918 2.629502941 NA 0.277350098 
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miR-34a-5p_ NA NA 2.323969922 2.519979208 
PLG 2.415496547 2.413487704 NA NA 
PDPK1 -2.37066674 -2.37066674 NA NA 
miR-146a-5p -2.358862382 -2.342606428 NA NA 
FOXO4 2.309401077 2.309401077 NA NA 
TRIB3 NA NA -2.190364893 -2.401136902 
PAEP -2.236067977 -1.195228609 0.577350269 0.577350269 
S100A8 2.387651517 2.19089023 NA NA 
TLR5 2.395411983 2.17707177 NA NA 
EP300 2.561605381 2.002709661 0 0 
C5 2.376687838 2.180368443 NA NA 
SAA 2.17258056 2.382345382 NA NA 
MYC NA NA -2.254825018 -2.254825018 
S100A7 2.236067977 2.236067977 NA NA 
mir-29 -2.236067977 -2.236067977 NA NA 
KDM5A NA NA 2.218800785 2.218800785 
PTGS2 2.317647059 2.105765737 NA NA 
PRKCA 1.969187102 2.175915552 NA 0.277350098 
EFNA5 -2.110579412 -2.309401077 NA NA 
GAPDH 1.848946903 2.553769592 NA NA 
YBX1 1.889822365 2.449489743 NA NA 
IL32 1.21312923 0.888614323 NA -2.193122215 
PAF1 2.138089935 2.138089935 NA NA 
IL1RAP 2.236067977 2 NA NA 
FCER1G 2.236067977 2 NA NA 
IGFBP5 2 2.236067977 NA NA 
mir-1 -2 -2.236067977 0 0 
VTN 2 2.236067977 NA NA 
KITLG 1.997555509 2.227476977 NA NA 
EFNA2 -1.897366596 -2.309401077 NA NA 
BCL11B 2.218800785 1.982481414 NA NA 
mir-146 -2.218800785 -1.982481414 NA NA 
NOD2 2.218800785 1.982481414 NA NA 
SHC1 0 0.277350098 2.213211487 1.697749375 
IL36B 1.974383102 2.199770973 NA NA 
MET 1.982481414 2.17258056 NA NA 
SIRT6 2.190251766 1.959620423 NA NA 
TLR9 2.391379997 1.756465964 NA NA 
Pkc(s) 2.039650254 1.34885998 0.371902333 0.352531659 
IL33 2.168988268 1.940392887 NA NA 
SCD -1.950834538 -2.15743956 NA NA 
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IKBKB 1.81827458 2.225995548 NA NA 
MIF 1.638394247 2.386343523 NA NA 
EFNA1 -1.897366596 -2.110579412 NA NA 
KDM3A 2 2 NA NA 
ABL1 2 2 NA NA 
GNE NA NA -2 -2 
PLCE1 2 2 NA NA 
CAPN3 2 2 NA NA 
PAX8 NA NA -2.202095354 -1.783356588 
IL12B 1.982481414 2 NA NA 
SMAD4 2.259259259 1.708244056 NA NA 
JUNB 1.509658825 2.432700719 NA NA 
MYB NA NA -1.709423624 -2.166055403 
NCOA3 1.632993162 2.099805143 -0.0949158 NA 
IFNB1 -1.705774043 -2.081672738 NA NA 
Interferon_alpha 1.107673662 0.512209699 2.157894737 NA 
FCGR2A 2.186011108 1.527525232 NA NA 
PRNP 0.341881729 1.091089451 -2.17707177 NA 
ACTN4 1.341640786 2.236067977 NA NA 
Gm-csf NA 1.109400392 NA -2 
NEDD9 0.652753366 0.335672543 NA 2 
FOSL1 0.786774039 2.199770973 NA NA 
FOXO1 0.37525621 0.213375133 -0.161511669 -2.055891788 
Ras NA 2.215646838 NA NA 
RBX1 NA NA NA -2 
MRPL12 NA 2 NA NA 
MRPL14 NA 2 NA NA 
miR-296-5p NA -2 0 0 
NR4A1 -2 NA NA NA 
TNFRSF18 -2 NA NA NA 
OSCAR NA 2 NA NA 
HLA-DQ -2 NA NA NA 

MALSU1 NA 2 NA NA 
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