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CHAPTER 1 

 

Introduction 

 

Portions of this chapter were originally published in Amino Acids: 
 

Latour YL, Gobert AP, Wilson KT. (2019). The Role of Polyamines in the Regulation of Macrophage 
Polarization and Function. Amino Acids. 52(2):151-160. doi: 10.1007/s00726-019-02719-0; PMID: 31016375; 

PMCID: PMC6812587. 
 

1.1 Immunopathogenesis and Inflammation 

Immunopathology is a general term to describe disorders that arise from a defective or malfunctioning 

immune response. These defects can affect either the innate or adaptive immune system and result from 

autoimmunity (reaction to self), immunodeficiency, or an overactive/hyperactive immune response.1 Autoimmunity 

largely occurs when an organism develops self-reactive T cells and autoantibodies, turning the immune system 

against its own host and attacking the body’s tissues. Examples of autoimmune diseases include multiple sclerosis 

(MS), rheumatoid arthritis (AR), Hashimoto’s thyroiditis, and type 1 diabetes mellitus.2 Immunodeficiencies occur 

when the immune response is compromised or completely absent due to genetic abnormalities (primary 

immunodeficiency disease; PID) or by infection with a pathogen, treatment with immunosuppressive drugs, 

autoimmunity, or malnutrition.1 Lastly, an overzealous immune response or improper immune regulation can be 

detrimental to the surrounding tissue and are associated with chronic inflammatory diseases such as inflammatory 

bowel disease (IBD) and infection with the gastric pathogen Helicobacter pylori. Uncovering new mechanisms that 

regulate inflammation in the context of bacterial infections in the gut will be a focus of this dissertation. 

Inflammation is an intricate set of cellular and molecular processes in response to harmful stimuli such as 

tissue injury or infection. The goal of inflammation is to return to body back to homeostasis, however, as mentioned 

above, a dysregulated immune response can have pathological consequences. At the onset of the primary insult, 

dendritic cells and macrophages residing in the afflicted tissue produce mediators including cytokines and 

chemokines that coordinate the recruitment and activation of other leukocytes to the local area.3 In incidences of 
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bacterial infections, pathogen detection is triggered by ligation of pathogen-associated molecular patterns (PAMPs) 

to Toll-like receptors (TLRs) and nucleotide-binding oligomerization-domain protein (NOD)-like receptors (NLRs) 

on the surface of and inside the resident immune cells, respectively.4 Once a threat has been identified, chemokines 

such as IL-8, CXCL1, CXCL2, and CCL2 and other factors that increase vasodilation and endothelial permeability 

allow selective extravasation of circulating neutrophils and monocytes into the site of infection.5  

Neutrophils are professional exterminators and release effectors such as reactive oxygen species (ROS) and 

proteinases from their granules to kill invading pathogens, but this comes at a cost to the host as these actions do 

not discriminate and can also cause damage to the tissue. Monocytes contribute to the pool of macrophages and 

dendritic cells whose differentiation depends on the state of the surrounding microenvironment culminating in a 

heterogenous population.6 Under inflammatory conditions, cytokines such as IL-1β, IL-6, and IFNg drive the 

monocyte into a proinflammatory macrophage phenotype with antimicrobial abilities. The inflammatory response 

is deactivated by the presence of IL-10 and transforming growth factor-b (TGFb) while alternate activation during 

humoral immunity and tissue repair is mediated by the cytokines IL-4 and IL-13.7,8 The inflammatory environment 

is very dynamic and contains multiple stimuli resulting in a spectrum of macrophage phenotypes simultaneously.6 

Macrophages possess the ability to produce antimicrobial molecules, phagocytose microbes and dying cells, present 

antigens to T cells, and perpetuate the current state of inflammation through cytokine and chemokine release. Under 

steady state normal conditions, the circulating monocytes can replenish the resident macrophage and dendritic cell 

population. This is important in tissues such as the stomach and colon where there is high turnover of innate immune 

cells due to the constant interactions with ingested particles and microbiota at the mucosal surface.6 

Although not immune cells in the traditional sense, epithelial cells that line mucosal surfaces act as the first 

line of defense against pathogenic infections by providing a physical barrier, detecting microbial dysbiosis, and 

regulating the immune response. Tight junctions between cells help limit the movement of commensal microbes 

and non-invasive pathogens into the underlying tissue while also allowing sampling of the lumen by macrophages 

and dendritic cells.9,10 Within the gastrointestinal (GI) epithelium, specialized epithelial cells are distributed 

throughout the unicellular layer of enterocytes. M cells help sample the luminal environment and translocate 
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material to gut-associated lymphoid tissue. Paneth cells produce and store antibacterial peptides such as defensins 

while goblet cells release mucins that form the mucus layer that protects the apical surface of the epithelium.10 GI 

epithelial cells are also equipped with external and internal pattern recognition receptors (PRRs) to detect certain 

PAMPS.11 In response to PAMP recognition, epithelial cells have the autonomous innate immune ability to produce 

antimicrobial proteins and ROS as well as secret chemokines and cytokines to signal to immune cells that there is 

an infection, such as pathogenic Escherichia coli. Additionally, the close contact and gap junction between 

epithelial cells also allow for rapid amplification of a distress signal through intercellular communication.11 

As part of the adaptive branch of immunity, CD4 T cells are another key player in the inflammatory 

response to pathogens in the gut. Similar to monocytes, naïve CD4 T cells can differentiate into different sub-

populations of T helper cells based on the environmental stimuli.12 Activation of CD4 T cells depends on a specific 

cytokine combination. Examples include IFNg + IL-12 giving rise to Th1 cells, IL-4 + IL-2 giving rise to Th2 cells, 

TGFb + IL-6 giving rise to Th17 cells, and IL-1β + IL-23 giving rise to Th22 cells. Upon stimulation of the T cell 

receptor (TCR) by MHCII on antigen presenting cells, co-stimulation of CD28, and cytokine recognition, specific 

transcriptional factors are upregulated and determine the fate and effector function of the Th cell. Regulatory T cells 

(Tregs) are essential in maintaining homeostasis in the gut by suppressing inflammatory responses to commensal 

bacteria and nutrients.12   

Overall, the body has adapted ways to fight against infectious pathogens and once infection is cleared, has 

also adapted ways to put a stop inflammation, and repair and restore physiological function to the affected tissue.13 

When inflammation is not resolved due to a defect in the host response or persistent infection by a bacterium that 

has evolved mechanisms to avoid eradication, such as H. pylori, the body can be locked in a chronic inflammatory 

state. Chronic inflammation becomes a vicious cycle of immune cell infiltration and release of effector molecules 

that can cause tissue damage and lead to disease.14 To develop treatments for diseases that arise from chronic 

inflammation, understanding the physiological pathways that culminate in a state of chronic inflammation are 

crucial and a central theme of this dissertation.  
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1.2 Helicobacter pylori 

 H. pylori is a highly prevalent Gram-negative bacterium that infects up to 50% of the world’s population.15 

It is transmitted orally and has developed strategies to colonize the gastric mucosa. The majority of individuals will 

develop chronic gastritis while remaining asymptomatic. A subset of individuals develop more severe 

gastroduodenal pathologies that stem from the chronic inflammatory state including peptic ulcers, mucosal-

associated lymphoid tissue lymphoma, and gastric adenocarcinoma.16 Evidence of H. pylori infection is associated 

with 89% of gastric cancer cases, the fourth leading cause of cancer mortality, making H. pylori the greatest risk 

factor and the first bacteria to be identified as a cause for cancer.17,18 It is currently classified as a Group I carcinogen 

by the World Health Organization.19 Due to the high prevalence of H. pylori colonization and its mostly 

asymptomatic presence, it has been suggested that H. pylori represents a member of the commensal microbiota.20 

However, the lack of clinical and biological markers to reliably predict risk of disease progression maintains H. 

pylori as a significant public health threat and an important field of study.21   

 H. pylori expresses several virulence factors that enhances the risk of cancer development in addition to 

environmental factors, host genetics, and lifestyle choices.22–25 The most well studied and potent virulence factor is 

cytotoxin associated gene A (CagA). CagA is injected into host cells by a type IV secretion system (T4SS) that is 

encoded by the cag pathogenicity island (PAI). Once in the cell, CagA is phosphorylated by host machinery and 

enhances the miotic activity of gastric epithelial cells.26 The mechanism in which translocation of CagA contributes 

cancer development is not completely understood, but CagA+ strains of H. pylori are associated with cancer 

development in humans and gastritis in animal models.27–29  

Another important toxin is VacA. Unlike CagA, all H. pylori strains carry the vacA gene with varying levels 

of expression caused by sequence variation.30 The most prominent effect of VacA on host cells is the formation and 

accumulation of vacuoles.30 In addition, VacA can form pores in the cytoplasmic membrane leaving the host cell 

open to bacterial infection and can enter the mitochondrial inner membrane and disrupt the transmembrane potential 

triggering cellular apoptosis of gastric epithelial cells.31,32  
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1.3 H. pylori vs. the Host 

The stomach is a harsh environment to inhabit, and H. pylori has evolved multiple strategies to persist and 

thrive. The gastric lumen has a pH of 1-2 but, the helical shape and numerous flagella possessed by H. pylori allows 

it to swiftly migrate to the gastric lining and burrow through the mucus layer to sit along the epithelial surface.33,34 

Moreover, H. pylori produces urease that raises the pH of the gel formed by gastric mucins and decreases the 

viscosity making it easier for H. pylori to swim.35,36  

In addition to physical barriers, H. pylori has also developed ways to elude and subvert the host immune 

response that contributes to its success as one of the most prolific human pathogens. Gastric epithelial cells and 

innate immune cells use PRRs such as TLRs to detect invading pathogens. Slight modifications of the structures of 

H. pylori derived LPS and flagella avoid detection by TLR4 and TLR5, respectively.37–39 H. pylori LPS can activate 

TLR2, but induces expression of IL-10 that helps suppress the T cell response.40,41 Translocation of DNA by the 

T4SS does not trigger a proinflammatory signaling cascade by TLR9, but instead promotes an antiinflammatory 

outcome.42 Phagocytosis by neutrophils and macrophages followed by an oxidative burst to facilitate bacterial 

killing is a key component of the innate immune response to pathogens. H. pylori express superoxide dismutase 

(SOD), catalase, and the highly conserved neutrophil-activating protein (NapA) to combat the respiratory burst of 

phagocytes and the rising level of ROS in the microenvironment due to the repeated cycle of inflammation. 43–45  

Furthermore, H. pylori can manipulate the adaptive immune response by suppressing effector T cell 

function through preferential activation of Tregs. Chronic gastritis is perpetuated by an influx of Th1 and Th17 cells 

that are crucial for pathogen control but are no less ineffective at resolving infection.46–49 Dendritic cells exposed to 

H. pylori induce a Treg response that increases the production of IL-10 and effectively suppresses the effector T 

helper response.50 H. pylori VacA and γ‑glutamyl transpeptidase (GGT) also indirectly contributes to the 

differentiation of Tregs and inhibit Th cell proliferation by interfering with TCR signaling and inducing cell cycle-

arrest.51–54 The combination of the ability of H. pylori to persist in the harsh environment of the gastric niche, 

circumvent immune recognition, and influence the host response culminates in the chronic inflammatory state that 

leads to tissue injury, DNA damage, and risk of precancerous lesions.    
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Macrophages are among the first cells recruited to the gastric lamina propria and play a significant role in 

the pathogenicity of H. pylori infection. Mice injected with dichloromethylene diphosphonate (Cl2MDP)-loaded 

liposomes had an overall depletion of circulating CD11b+ cells of the monocyte/macrophage lineage and substantial 

reduction of the recruitment of CD11b+ cells to gastric tissues, normally seen with H. pylori infection.55 This 

reduction did not affect the colonization or survival of H. pylori; however, there was markedly less inflammation 

suggesting that macrophages are a key contributor to the pathogenicity of H. pylori-associated gastritis.55 This 

supports one of the hallmarks of H. pylori infection: evasion of the elicited innate and adaptive immune response 

leads to the chronic inflammation responsible for the progression of infection to gastric adenocarcinoma.16,45,56 

Therefore, an aim of this dissertation is to identify pathways within macrophages that contribute to activation as 

potential targets to limit immunopathogenic consequences.  

 

1.4 Macrophage Polarization and Function 

Macrophages are bone marrow-derived monocytes and are the first line of defense against invading 

pathogens by acting as a surveillance system and are thus a key component of the innate immune response. The fate 

of macrophages is dependent on environmental factors that stimulate polarization to either classically activated 

proinflammatory M1 or alternatively activated M2 types. However, this is not a strict dichotomy and macrophages 

can sit along a spectrum of activation states between M1 and M2. For the purpose of this dissertation, the terms M1 

or M2, or proinflammatory and antiinflammatory will be used to describe the general activation state for simplicity. 

Specific ligands mediate these distinct changes through toll-like receptors. Pathogen-associated molecular markers 

such as lipopolysaccharide (LPS), damage-associated molecular markers, growth factors, and IFN-γ, a Th1 

cytokine, elicit proinflammatory activation, while Th2 cytokines, such as IL-4 and IL-13, elicit the alternative 

response.7,8 Nitric oxide (NO) production, through upregulation of inducible NO synthase (NOS2), and nuclear 

factor kappa-light-chain enhancer of activated B cells (NF-κB) signaling are key characteristic of M1 

macrophages.57 These classically activated M1 macrophages also produce high levels of ROS and proinflammatory 

cytokines, including TNFα, IL-1β, and IL-12, contributing to pathogen killing and recruitment of other 

proinflammatory cell types.58 In contrast, tissue remodeling, wound healing, tumor environment regulation, allergic 
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reactions, and responses to helminths involve M2 macrophages.59 These alternatively activated macrophages have 

enhanced arginase activity and produce IL-10. Due to the high diversity of M2 macrophage functions, the 

alternatively activated subset can further be subdivided into regulatory macrophages (Mregs), tumor-associated 

macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), and profibrotic macrophages (M2a).58,60,61 Each 

of these M2 subtypes have distinct activators and effector roles, but are overall immunosuppressive. Mregs are both 

activated by, and secrete IL-10, express neither arginase nor NOS2, but function to suppress the classically activated 

M1 macrophages.57,62 Tumor-derived factors within the tumor environment (e.g. hypoxia), in addition to the classic 

M2 stimuli, promote the differentiation and polarization of TAMs.63 This contributes to both the initiation and 

progression of tumor growth by immune suppression and angiogenesis.63 MDSCs are thought to be the predecessors 

of TAMs, but have high expression of GR1, a proinflammatory marker, in mice, low expression of F4/80, and have 

both arginase and NOS2 activity.64 MDSCs function to suppress the innate and T-cell response in cancer. M2a 

macrophages express fibronectin and secrete high amounts of IL-4 and IL-13, promoting wound healing and 

extracellular matrix formation.65 Once activated, macrophages retain plasticity and can switch from one functional 

phenotype to another based on environmental signals, but excessive activity of either polarization state can result 

in tissue damage, inflammatory disease, fibrosis, or tumor growth.66–71 Thus, elucidating the mechanisms of 

macrophage regulation is essential for disease management. 

A growing body of evidence suggests that macrophages reprogram their metabolism to meet the energetic 

needs of their current activation state.72,73 As described above, each polarization state comes with its own set of 

effector functions and secreted factors. It has been shown that macrophages in a proinflammatory state 

downregulate oxidative phosphorylation (OXPHOS) while upregulating aerobic glycolysis to generate energy in a 

more efficient manner and promote the production of proinflammatory cytokines.74,75 In addition, M1-like 

macrophages modulate the TCA cycle to reroute intermediates to aid in the production of effector molecules such 

as ROS, prostaglandin 2 (PGE2), NO, and itaconate.75–78 When a macrophage enters an M2-like antiinflammatory 

state, they upregulate OXPHOS while maintaining an intact TCA cycle and rely on glutamine catabolism for energy 

and effector function.75,79 Numerous studies have linked inflammatory diseases to changes in immunometabolism.80 
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Thus, macrophage metabolism represents a promising avenue for therapeutic intervention of immunopathogenic 

disorders.  

 

1.5 H. pylori and Macrophage Polyamine Metabolism 

Polyamines are naturally occurring, ubiquitously distributed amino acids that are synthesized from L-

ornithine by ornithine decarboxylase (ODC; also known as ODC1).81,82 Once transported into the cell by the solute 

carrier family 7 member 1/2 (SLC7A1/2), L-arginine is metabolized by arginase to L-ornithine and urea.81–83 

Arginase is present in the cell in two isoforms; arginase 1 (ARG1) is abundantly found in liver and is involved in 

the urea cycle, and arginase 2 (ARG2) is found in kidney and localizes to the mitochondria. Ornithine is then 

converted into putrescine by ODC in the cytosol.84,85 Putrescine can then be converted to spermidine by spermidine 

synthase (SRM) and spermidine converted to spermine by spermine synthase (SMS) (Figure 1.1). The conversions 

to spermidine and spermine require the transfer of an aminopropyl group that is donated by the decarboxylated form 

of S-adenosylmethionine, referred to as dcSAM.81,82 Methionine is first metabolized to SAM, which can then be 

decarboxylated to dcSAM by S-adenosylmethionine decarboxylase (SAMDC), which is encoded by the gene 

AMD1. The activity of SAMDC is positively regulated by putrescine and inhibited by spermidine.82  
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Figure 1.1 Overview of polyamine synthesis and the effect on macrophage 
polarization. Putrescine is converted to spermidine by spermidine synthase (SRM) and 
spermidine is converted to spermine by spermine synthase (SMS). Spermine oxidase 
(SMOX) back-converts spermine to spermidine. Macrophages have two main polarization 
states; classically activated pro-inflammatory M1 macrophages and alternatively activated, 
anti-inflammatory and pro-tumoral M2 macrophages. Putrescine inhibits the formation of 
euchromatin thus downregulating the expression of M1 genes. Spermidine favors M1 
polarization while spermine favors M2. 

 

 

Polyamines play a role in a wide range of cellular functions including cell development, amino acid and 

protein synthesis, oxidative DNA damage, proliferation, and differentiation.82 More recently, it has been found that 

polyamine levels may contribute to alterations of histone modifications and chromatin structure consequently 

affecting DNA stability and transcription.69,71,86–89 The overall rate-limiting step of polyamine synthesis, the 

decarboxylation of L-ornithine by ODC, has been highly studied and inhibition of ODC by difluoromethylornithine 

(DFMO) has entered clinical trials as a treatment to prevent relapse in patients with neuroblastoma and in patients 

at high risk of developing colorectal or gastric adenocarcinoma.84,90–93 Endogenous regulation of ODC is achieved 

by the induction of antizyme, a natural inhibitor of ODC that is translationally controlled by polyamine levels.84,90–

94 Antizyme directly binds to ODC, triggering its rapid degradation by the proteasome. 

Our lab has shown that H. pylori induces dysregulation of polyamine synthesis and metabolism that affects 

disease progression.91,95–97 Expression of the inducible arginine transporter SLC7A2, also known at cationic amino 

transporter 2 (CAT2), was found to be upregulated in both mouse and human gastric tissues with H. pylori-induced 

gastritis.83,96 H. pylori infection also upregulates ARG2 and ODC expression in human gastric tissues at both the 
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mRNA and protein levels, however, ARG1 is not induced.98,99 This upregulation of ARG2 comes at a cost to the 

host: ARG2 competes with NOS2 for the availability of L-arginine.99 In addition, during H. pylori infections, the 

increased activity of ARG2 directly inhibits the translation of NOS2, effectively inhibiting NO production.99  

In conjunction with upregulation of ARG2, it has been reported that H. pylori also induces the increased 

expression of spermine oxidase (SMOX), an enzyme responsible for the catabolism of spermine to spermidine.100 

This induction is highly dependent on the presence of the H. pylori virulence factor CagA, which is also associated 

with a high risk of developing gastric cancer.97 Patient gastric tissue and in vitro studies using clinical isolates 

showed higher levels of SMOX expression and risk of developing gastric cancer in correlation with functional CagA 

secretion.91,97 The back-conversion of spermine to spermidine is also responsible for the release of H2O2, leading to 

DNA damage and apoptosis. Gerbil studies showed that inhibition of either ODC or SMOX reduced the rate of 

adenocarcinoma development and DNA damage in cells resistant to apoptosis.91  

Our lab has shown that the L-arginine metabolic enzymes induced in gastric tissue and epithelial cells are 

also upregulated in macrophages during H. pylori infection. L-arginine is selectively transported into macrophages 

by SLC7A2 during H. pylori infection.96,101 There is a significant increase of Arg2, but not Arg1, mRNA expression 

in H. pylori-infected murine macrophages, with the cell line RAW 264.7, and also in primary macrophages.98,99 

Enhanced expression of ARG2 protein levels correlates with the increase in gene expression; ARG1 protein was, 

again, not induced.98,99 Past studies demonstrate that the induction or inhibition of arginase and NOS2 inversely 

vary due to direct competition for available L-arginine. Peritoneal macrophages isolated from Arg2 knockout mice 

infected with H. pylori, express increased levels of NOS2 and produce more NO compared to infected wild-type 

(WT) mice.99 These findings were confirmed in vivo using H. pylori-infected mice with treatment of the arginase 

inhibitor S-(2-boronoethyl)-L-cysteine (BEC) or ARG2 deletion.99  

ARG2 impairs the host response to H. pylori in addition to competing with NOS2 for the available L-

arginine.102 Arg2 knockout mice infected with H. pylori have decreased bacterial colonization and increased 

histologic inflammation compared to infected WT mice.102 Additionally, these mice exhibit enhanced transcription 

of the genes encoding the pro-inflammatory cytokines IFN-g, IL-12p40, and IL-17A, and downregulation of the 

immune regulatory cytokine IL-10.102 ARG2 deletion also results in an increased influx of macrophages to the 
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gastric tissues with infection, and these recruited macrophages express higher levels of NOS2 with less evidence of 

macrophage apoptosis.102 A more recent study from our laboratory has expanded on these findings and demonstrates 

the effects of ARG2 on macrophage polarization.103 Bacterial colonization and gastric inflammation do not differ 

between Arg2 knockout and Arg2;Nos2 double knockout mice, suggesting that the effects of ARG2 in vivo are 

independent of NOS2.103 Arg2 knockout mice exhibit enhanced M1 macrophage activation through increased 

mRNA expression of Ifng, Il17a, Nos2, Il1b, and Tnfa, and increased production of the pro-inflammatory markers 

TNF-a, IL-1b, CCL3, CCL4, CCL5, and NO in both gastric tissues and bone marrow-derived macrophages 

(BMmacs).103 Loss of ARG2 also modulates changes in the expression of enzymes involved in the polyamine 

metabolism pathways. The genes encoding ARG1, ODC, SAMDC, diamine acetyltransferase 1 (SAT1), and SMOX 

are all upregulated in H. pylori-infected gastric tissues and BMmacs as a compensatory mechanism for ARG2 

deficiency.103 The decrease of putrescine and increase of spermine by ARG2 deficiency also elicited a more 

vigorous Th1/Th17 response, indicating that the expression of Th1/Th17 cytokines in the H. pylori-infected stomach 

is dependent on relative polyamine levels.103 Altogether, these data support the concept that metabolism of L-

arginine by arginase drives macrophages away from an M1 response.  

To assess the role of chronic inflammation on macrophage function, Chaturvedi et al. isolated gastric 

macrophages after a 4-month infection with H. pylori and re-stimulated them with H. pylori lysate.96 These cells 

exhibited increased expression of Slc7a2, Odc, and Nos2.96 Nevertheless, the increase of mRNA did not result in a 

corresponding increase in protein levels in macrophages isolated from the infected mice. In fact, there was a 

decrease in NOS2 protein levels, NO production, and L-arginine uptake compared to cells from uninfected mice, 

suggesting that polyamine synthesis during chronic infection may favor and maintain an M2-like response, in that 

M1 responses are blunted.96 Moreover, in that study it was shown that spermine can impair L-arginine uptake into 

macrophages, providing one potential mechanism for diminished NOS2 protein expression and NO production  as 

H. pylori-stimulated NOS2 protein translation is specifically dependent on L-arginine availability in 

macrophages.96,104 

Not only does H. pylori induce ARG2, but infection upregulates the expression of ODC in macrophages.98 

Similar to ARG2, the induction of ODC diverts the utilization of L-arginine towards polyamine synthesis and away 
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from NOS2. Bussière et al. knocked down Odc expression with siRNA, demonstrating an inverse relationship with 

NOS2.105 Odc knockdown increased NOS2 protein expression and NO production, without affecting Nos2 mRNA 

levels, which was associated with decreased spermine concentrations within macrophages.96,105 Inhibiting ODC and 

putrescine synthesis in H. pylori-infected BMmacs with the pharmacological inhibitor DFMO decreased levels of 

putrescine, supporting the host immune response by enhancing the M1 phenotype without altering M2 activation.69 

These findings are recapitulated in vivo with mice treated with DFMO and inoculated with H. pylori. 69,96 There is 

an increase of arginine uptake, Nos2 translation, and NO production in gastric macrophages. The outcome of this 

upregulation is decreased H. pylori colonization and decreased gastric inflammation in infected mice.69,96 

Supplementation of putrescine in BMmacs rescues ODC inhibition by decreasing M1 macrophage and NLR family, 

pyrin domain containing (NLRP) 3-driven inflammasome activation demonstrating that putrescine, generated by 

the induction of ODC, has a role in macrophage function.69  

In partial contrast to the findings with DFMO, myeloid specific Odc knockout (Odc∆mye) mice exhibit 

decreased H. pylori colonization, but increased histological inflammation scores.69 Using Odc∆mye mice, Hardbower 

et al. demonstrated that ODC and putrescine alter histone modifications and attenuate the M1 response.69 H3K4 

monomethylation (H3K4me1) and H3K9 acetylation (H3K9ac) are known histone modifications that enhance 

euchromatin formation and thus gene expression, while H3K9 di/trimethylation (H3K9me2/3) is associated with 

decreased gene expression.106,107 Hardbower et al. found that during H. pylori infection of Odc∆mye BMDM, there is 

a significant increase of H3K9me1 and H3K9ac, but a decrease of H3K9me2/3.69 Treatment with BIX 01924, a 

selective inhibitor of H3K9 methyltransferase, removed the inhibitory methylation of Odcfl/fl BMmacs and increased 

M1 markers, while having no effect on Odc∆mye BMmacs.69 In contrast, treatment with anacardic acid, an inhibitor 

of lysine transferase 2A, reversed the increased M1 expression in Odc∆mye BMmacs while having no effect in Odcfl/fl 

BMmacs.69 The histone modification and euchromatin formation of H. pylori-infected Odc∆mye mice leads to an 

increases of gene expression of macrophage-derived proinflammatory markers Il1b, Il6, Il12a, Il12b, Tnfa, and 

Nos2 in gastric tissue and stimulated BMmacs.69 Infection of Odc∆mye mice resulted in an increase in production of 

proinflammatory cytokines CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL2, CXCL10, IL-17, and TNF-a.69 This 

enhanced M1 macrophage activation was also observed in human THP-1 macrophage-like cells treated with 
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DFMO.69 The exogenous addition of putrescine reversed the histone modifications and M1 marker expression 

observed in Odc∆mye BMmacs, highlighting the role of putrescine in macrophage polarization (Fig. 1).69 

Increased polyamine synthesis provides SMOX with available substrate. Since the catabolism of spermine 

to spermidine by SMOX produces H2O2, this upregulation results in increased macrophage apoptosis of H. pylori-

infected RAW 246.7 cells.108 Chemical inhibition of SMOX or detoxification of H2O2 with catalase attenuated the 

infection-induced apoptosis.108 Our lab also found that knocking down SMOX expression with shRNA decreased 

arginine uptake by RAW 246.7 macrophages.95 This resulted in a decrease of H. pylori lysate-stimulated production 

of NO and an increase in H. pylori survival.95 These results were reversed with transfection of a SMOX 

overexpression vector with subsequent decrease of spermine levels in RAW 246.7 cells and the human moncyte 

cell line THP-1.95  Bussière et al. found that increased concentrations of spermine within the cell correlated with 

decreased NOS2, attributed to a direct inhibition of spermine on the translation of NOS2.105 In combination, these 

findings suggest that the macrophage effector function of pathogen killing by NO production is either 

downregulated by spermine or upregulated by spermidine (Figure 1.2). 
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Figure 1.2. Regulation of macrophage function by polyamine synthesis. In general, once activated, 
M1 macrophages metabolize L -arginine by NOS2 to produce NO while M2 macrophages (Mregs, 
TAMs, MDSCs, M2a) upregulate the ARG1/2-ODC pathway to produce polyamines, however, both 
retain the ability to change activation states. Putrescine downregulates transcription of M1 genes 
including Nos2 and spermine inhibits the translation of NOS2, thus hindering an M1 response. 
Spermine also supports autophagy via ATG5, which inhibits M1 polarization while promoting M2 
polarization. In contrast, spermidine upregulates transcription of Nos2 and can both directly and 
indirectly inhibit tumor growth. TAM survival is mediated by upregulation of ABHD5, which 
suppresses spermidine by inhibiting translation of spermidine synthase (SRM). 

 

 

 Our lab has also recently shown that macrophages upregulate expression of deoxyhypusine synthase 

(DHPS) during H. pylori infection.109 DHPS is one of two enzymes in the involved in the formation of the unique 

amino acid hypusine. Hypusine is generated from spermidine by DHPS and deoxyhypusine hydrolase (DOHH) and 

is located on one protein, the eukaryotic translation initiation factor 5A (EIF5A). Hypusinated EIF5A contributes 

to protein translation by chaperoning specific mRNAs to ribosomes in addition to alleviating ribosomal pausing.109 

Genetic deletion of Dhps in macrophages enhanced H. pylori survival and increased gastritis by impairing 

macrophage translation of proteins involved in antimicrobial activity and autophagy.109 This study demonstrates 

that biological processes downstream of the polyamine pathway can regulate macrophage function. 
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1.6 Cystathionine g-lyase 

 CTH (previously known as CSE or CGL) is a pyridoxal phosphate (PLP, vitamin B₆)-dependent enzyme 

that is responsible for the de novo generation of cysteine and is a major contributor of hydrogen sulfide (H2S) 

production.110 CTH and cystathionine b-synthase (CBS) make up the mammalian reverse transsulfuration pathway 

(RTP).111 The first step of the RTP is the anabolism of cystathionine by CBS using homocysteine and serine (Figure 

1.3).110–113 Cystathionine is then broken down into cysteine and a-ketobutyrate by CTH, producing ammonia. 

Cysteine can then exit the RTP or be recycled back to cystathionine by either CBS or CTH.111 The liver is the main 

site of reverse transsulfuration and expression levels of the two enzymes are tissue specific; under physiological 

conditions, CBS is mainly found in the central nervous system and CTH in the liver and cardiovascular system.114,115 

 

 
Figure 1.3 The reverse transsulfuration pathway. The RTP is 
responsible for the conversion of homocysteine (HCY) to cysteine 
by activity of CBS and CTH. 

 

 

The RTP is directly downstream of methionine metabolism and methyltransferase reactions. Methionine is 

an essential sulfur-containing amino acid obtained through diet or the microbiota. The metabolism of methionine 

fuels multiple metabolic pathways and begins with the generation of S-adenosylmethionine (SAM) by the action of 

methionine adenosyltransferases (Figure 1.4).116 SAM is the primary methyl donor used for the methylation of 

DNA, histone, and proteins.117 Various methyltransferases facilitate these methylation reactions and produce S-

adenosylhomocysteine (SAH) as a byproduct which is further hydrolyzed to homocysteine (HCY) by 
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adenosylhomocysteinase (AHCY).117 Homocysteine can reenter the methionine cycle, however, entry into the RTP 

is irreversible.118 The levels of SAH and SAM are tightly regulated as changes in the ratio dictate the cellular 

methylation capacity via binding of excessive SAH to methyltransferase to inhibit activity.119,120  

 

 

 

Figure 1.4 The polyamine synthesis pathway is interconnected with the RTP through the common substrate SAM. 
 

 

The role of CTH and the RTP in inflammation has mainly been studied in the context of H2S production. 

H2S is an extremely diffusible gaseous molecules that has made its way into the ranks of the other gasotransmitters, 

NO and carbon monoxide. Many steps of the RTP generate H2S, which has been implicated in cell growth and 

proliferation, cardiovascular health, and inflammation, however, location and concentration of H2S are major 

determinants of its effect.110,111,115,121,122 Recent advances have made the measurement of bioavailable H2S more 

feasible, but due to the ease at which H2S can diffuse through substrates, the results can often be unreliable.123 In 

addition, the study of H2S in bacterially-induced inflammation can be convoluted since some bacterial species also 

produce H2S as protection against antimicrobial activity and expose host cells to exogenous H2S.123,124   

The role of H2S in macrophages has been studied through both chemical and genetic manipulation in models 

of bacterial infection and sterile inflammation.125 Overall, the effect of H2S on macrophage polarization is highly 
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context dependent.125 Numerous studies using the RAW264.7 murine macrophage-like cell line challenged with 

LPS found that exogenous treatment with an H2S donor skewed the macrophages to an anti-inflammatory 

phenotype.126–130 Interestingly, some of the studies noted that exogenous H2S suppressed the expression of CTH, 

and thus the generation of endogenous H2S.127,130 Furthermore, in vivo knockdown of Cth in macrophages was 

protective and reduced inflammation and tissue injury in both the cecal ligation and puncture model and the 

polymicrobial model of sepsis.131,132 In contrast, groups have also found that genetic ablation of Cth in macrophages 

in vitro had the opposite effect and upregulated markers of a proinflammatory phenotype with LPS 

stimulation.126,133–135 This suggests that the source of H2S plays an important role and that treatment with exogenous 

H2S may be acting through changes in CTH activity. Many of these studies are limited by using an immortalized 

cell line that does not reliably recapitulate the dynamic and complex nature of the in vivo system. Additionally, the 

focus of these previous works on the impact of H2S on inflammation leaves many questions unanswered questions 

regarding the cysteine synthesis role of CTH in macrophage function.  

 Our lab became interested in CTH because of the connection of the RTP with the polaymine pathway. The 

RTP and polyamine synthesis share SAM as a precursor. Instead of being used for methylation reactions, SAM can 

be decarboxylated by SAM decarboxylase (SAMDC; previously refered to as AMD1).82 The decarboxylated form 

of SAM (dcSAM) can then donate an amino-propyl group to the synthesis of spermidine and spermine (Figure 1.4). 

As outlined in an earlier section of this chapter, polaymines play a major role in macrophage function and H. pylori-

induced disease progression. Through the shared reliance on SAM metabolsim, we hypothesized that CTH could 

modulate polyamine metabolism and thus the macrophage response to H. pylori. We demonstrated that CTH 

expression is upregulated by H. pylori-infected macrophages in vitro and in the gastric tissues of H. pylori infected 

indiduals.136 Through the use of chemical inhibitors and genetic knockdown of CTH, we show that during H. pylori 

infection, the RTP sequesters SAM away from the polyamine pathway leading to an accumulation of putrescine, 

inhibition of spermidine and spermine synthesis, and enhanced production of cystathionine that all favor bacterial 

survival and is immunosuppressive.136 This study provided insight and a basis for further investigation into the role 

of CTH in the immunopathogenic response to H. pylori in vivo.  
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1.7 Attaching and Effacing Escherichia coli 

Another potential pathogen of the gastrointestinal tract is Escherichia coli, a Gram-negative facultative 

anaerobe. Most strains of E. coli are harmless and reside in the human colon as part of the commensal microbiota. 

However, pathogenic strains of E. coli can cause disease both inside and outside of the intestines. The different 

strains of intestinal pathogenic E. coli are categorized into 5 groups based on virulence factors: Shiga toxin-

producing E. coli (STEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli 

(EAEC), and enteropathogenic E. coli (EPEC).137 EPEC is the leading causes of diarrheal-related deaths, especially 

in children and the elderly.138,139 Like H. pylori, EPEC is non-invasive, but has evolved strategies to enhance 

colonization of the GI tract and directly interact with the colonic epithelium. A virulence strategy that sets EPEC 

apart from other E. coli is the ability to form attaching and effacing (A/E) lesions. A type III secretion system (TS33) 

is encoded by the locus of enterocyte effacement (LEE) along with translocated intimin receptor (Tir), intimin, and 

other secreted proteins that facilitate the formation of A/E lesion formation on colonic enterocytes.140–142 Once in 

contact with a colonocyte, EPEC uses the T3SS to translocate Tir into the host cell and recruit scaffold proteins, 

talin-1, and actin to bind intimin on the bacterial surface and form a pedestal-like structure.142,143 EPEC has also 

development mechanisms to prevent immune activation and subvert eradication by using the T3SS to inject 

additional virulence factors. These include inactivation of the inflammasome by NleA, direct cleavage of NF-kB 

subunits by NleC, and downregulation of IL-8 chemokine expression by disruption of MAP kinase pathways.144,145  

E. coli, including EPEC, have been linked to the initiation and perpetuation of inflammation in IBD 

patients.146 In the case of most bacterial infections, the risk of antibiotic resistance and antibiotic overuse is on the 

rise.147,148 Taken together, new targets and strategies are needed to both eradicate pathogenic infection and curb the 

immune response to prevent chronic inflammation and immunopathogenesis, a central theme of this dissertation.  

 

 

1.8 Talin-1: A Brief Overview 

Talin-1 is a large 270 kDa cytoplasmic protein that was first discovered and purified from the smooth 

muscle of chicken gizzards in 1983, and sits at the interface between the cytoskeleton and the extracellular matrix 
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(ECM).149,150 Evidenced by the name, there are two isoforms of talin, with talin-1 being the most dominant and 

well-studied.151 Talin-1 can be found in all cell types in all tissues.151 Talin-2 is mainly expressed in the brain, 

kidney, and cardiac smooth muscle and unlike talin-1, is not embryonic lethal.152,153 The talin-1 isoform will be the 

focus of chapters 3 and chapter 4 of this dissertation. The gene, Tln1, encodes a 220-kDa C-terminal rod lined with 

helical bundles that provide multiple binding sites for actin and vinculin and a 50-kDa N-terminal head containing 

a FERM (4.1 protein, ezrin, radixin, moesin) domain.150,154,155 FERM containing proteins are often associated with 

protein-protein interactions that link the cytoskeleton to transmembrane receptors.156 The C-terminal rod is made 

up of 13 helical domains that are arranged to provide mechanical stability and transmit force. Talin-1 has three main 

biding partners: the cytoplasmic tail of the b-subunit of integrins, f-actin, and vinculin. However, the vinculin 

binding sites are enclosed in the core of the rod structure and are only exposed during mechanical force.  

As a mechanosensory protein, talin-1 relies on physical force to function and transduce signals. Integrin 

activation is achieved through a conformational change to the extracellular ECM binding domain that requires force 

for stabilization.150,157 Once bound to the integrin and tethered to actin, the whole complex can be pulled and 

revealing the vinculin binding sites.158 The recruitment of vinculin and other integrin-associated proteins completes 

the final complex and enhances stabilization. Types of integrin adhesion complexes include focal adhesions, focal 

complexes, fibrillar adhesions, invadopodia, and hemiadherens junctions.158 These adhesion complexes contribute 

to a wide range of physiological functions including immune cell migration, cellular proliferation, and cell survival. 

159–169 In addition, talin-1, actin, and vinculin have all been identified in the adhesion complex that is recruited by 

EPEC to form the pedestals under A/E lesion.142,143 Our lab has shown that talin-1 is required for actin 

rearrangements in the intimate attachment of A/E pathogens in vitro and may modulate pathogenicity in vivo. 170 

Thus, further elucidation of the role of talin-1 in bacterial infections of the GI tract is needed. 

 

 

1.9 Conclusions and Research Goal 

In conclusion, the immune system is a critical regulator of human health and disease. Within the GI tract, 

it is responsible for maintaining tolerance against harmless commensal bacteria but must also mount an effective 
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response to pathogens. When this balance is skewed and the response is dysregulated, tissues can be damaged, 

chronic inflammation can set in, and the risk of more severe pathologies can rise. Immunopathologies can develop 

from an intrinsic defect of host immunity or like in the case of H. pylori infection, external factors can disrupt 

normal function. Researchers have spent decades elucidating the physiological mechanism underlying chronic 

inflammatory diseases such as H. pylori-induced gastritis and cancer as well as the initiation and perpetuation of 

IBD. Despite these efforts, there remains a gap in knowledge in biological pathways within immune cells that can 

be therapeutically targeted to regulated immune activation and function. The work outlined in this dissertation 

addresses the overarching goal to identify proteins and their upstream and downstream effectors within cells of the 

innate immune response as targets for intervention in the context of bacterially induced GI inflammation. 

Little is known about the role of CTH in chronic inflammation. Many of the studies assessing the function 

of CTH in the regulation of macrophage activation use in vitro models and mainly focus on H2S. This leaves other 

metabolites of the RTP an open area of research. CTH is intimately tied to multiple metabolic pathways including 

polyamine synthesis via SAM metabolism. Based on extensive work by the Wilson Lab demonstrating that 

perturbation of polyamine metabolism has a profound effect on macrophage activation and function, I sought to 

determine the impact of CTH activity in macrophages during H. pylori-induced gastric disease. In Chapter 2, I use 

ex vivo primary macrophage cultures, in vivo models of acute and chronic inflammation, and a toolbox of omics 

techniques to establish CTH as an enhancer of macrophage activation. Thus, we propose macrophage CTH as a 

novel therapeutic target for the control of H. pylori immunopathogenesis.  

In Chapters 3 and 4, I evaluate other aspects of the immune response within the GI tract. Talin-1 is a 

ubiquitously expressed scaffold protein that has been implicated in immune cell migration and the formation of A/E 

lesions on intestinal epithelial cells, but there are limited studies directly assessing the contribution talin-1 to these 

processes. I used myeloid-specific and epithelial-specific knockout mice to delineate the role of talin-1 in 

macrophages and colonocytes during pathogenic colitis. These studies revealed a cell-specific role of talin-1 that 

highlights the potential dichotomy of targeting a single protein.  

Overall, this dissertation provides new insights into the innate immune response of the gastrointestinal tract 

and proposes potential regulators of macrophage trafficking and function in addition to bacterial colonization.  
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CHAPTER 2 

 

The Role of CTH in Macrophages During H. pylori-induced Immunopathogenesis 

 

A version of this chapter was originally published in JCI Insight: 

 
Latour YL, Sierra JC, Finley JL, Asim M, Barry DP, Allaman MM, Smith TM, McNamara KM, Luis PB, 

Schneider C, Jacobse J, Goettel JA, Calcutt MW, Rose KL, Schey KL, Milne GL, Delgado AG, Piazuelo MB, 
Paul BD, Snyder S, Gobert AP, Wilson KT. (2022). Cystathionine g-Lyase Exacerbates Helicobacter pylori 

Immunopathogenesis by Promoting Macrophage Metabolic Remodeling and Activation. JCI Insight. 17:e155338. 
doi: 10.1172/jci.insight.155338; PMID: 35579952; PMCID: PMC9309056. 

 
 

2.1 Abstract 

Macrophages play a crucial role in the inflammatory response to the human stomach pathogen Helicobacter pylori, 

which infects half of the world’s population and causes gastric cancer. Recent studies have highlighted the 

importance of macrophage immunometabolism in their activation state and function. We have demonstrated that 

the cysteine-producing enzyme, cystathionine g-lyase (CTH), is upregulated in humans and mice with H. pylori 

infection. Here we show that induction of CTH in macrophages by H. pylori promotes persistent inflammation. Cth–

/– mice have reduced macrophage and T-cell activation in H. pylori-infected tissues, an altered metabolome, and 

decreased enrichment of immune-associated gene networks, culminating in decreased H. pylori-induced-gastritis. 

CTH is downstream of the proposed antiinflammatory molecule, S-adenosylmethionine (SAM). While Cth–/– mice 

exhibit gastric SAM accumulation, WT mice treated with SAM did not display protection against H. pylori-induced 

inflammation. Instead, we demonstrate that Cth-deficient macrophages exhibit alterations in the proteome, 

decreased NF-kB activation, diminished expression of macrophage activation markers, and impaired oxidative 

phosphorylation and glycolysis. Thus, through altering cellular respiration, CTH is a key enhancer of macrophage 

activation contributing to a pathogenic inflammatory response that is the universal precursor for the development 

of H. pylori-induced gastric disease. 
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Figure 2.1 Graphical Abstract. Macrophages upregulate the expression of Cth when 
infected with H. pylori leading to an increase in glycolysis and M1 activation which is 
attenuated in the absence of CTH. The abrogated macrophage activation in Cth–/– mice 
provides protection from H. pylori-induced gastric inflammation. 

 

 

2.2 Introduction 

Monocyte-derived macrophages are a key component of the innate immune response providing a wide-range of 

functions, including response to pathogens, antigen presentation, immune regulation, and wound repair.7,58,61 In 

reponse to bacterial pathogens such as Helicobacter pylori, macrophages exhibit an M1-like phenotype that is 

characterized by expression of genes encoding chemokines and cytokines that orchestrate the recruitment and 
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activation of other innate cells as well as a robust adaptive T-cell response that perpetuates 

inflammation.24,91,96,97,99,171,172 Proinflammatory macrophages also express enzymes that produce effector molecules 

such as nitric oxide (NO) and reactive oxygen species (ROS), which help limit the pathophysiology of 

infection.69,91,99,109,173 However, these events can contribute to dysregulation of cellular homeostasis and tissue 

damage. A unique feature of macrophage biology is the ability to maintain plasticity to regulate the proinflamatory 

response and/or repair damage in responding to environmental cues and metabolic remodeling.174 Therefore, 

understanding the molecular mechanisms that dictate and regulate macrophage activation has theapeutic potential 

that is still largely unexplored. 

Cystathionine g-lyase (CTH, also known as CSE) breaks down cystathionine into cysteine, a-ketobutyrate, and 

ammonia as the last step of the mammalian reverse transsulfuration pathway (RTP).110,111 Cystathionine is generated 

by cystathionine b-synthase (CBS) from homocysteine and serine.111 Homocysteine is directly downstream of the 

demethylation of S-adenosylmethionine (SAM) to S-adenosylhomocysteine (SAH), an important step in DNA, 

histone, and protein methylation (Figure 2.2).117 Another major role of SAM, a product of methionine metabolism, 

is the biosynthesis of the polyamines spermidine and spermine by spermidine synthase and spermine synthase, 

respectively.82 Both enzymes require the decarboxylated form of SAM (dcSAM), which is synthesized by the 

enzyme S-adenosylmethionine decarboxylase (SAMDC), to donate an amino-propyl group (Figure 2.2).82  

 

 

 
Figure 2.2. SAM Metabolism. Schematic of key metabolites and enzymes (red) 
downstream of SAM. 
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H. pylori is a Gram-negative bacterium that is estimated to colonize around 4.4 billion people, making it one of 

the most common bacterial pathogens in humans.15 H. pylori is the strongest risk factor for developing gastric 

adenocarcinoma, the fourth leading cause of cancer mortality in the most recent 2020 GLOBOCAN data,17 with 

89% of all gastric cancer cases associated with evidence of H. pylori colonization.27,175 While complex regimens of 

antibiotic treatment are available, the prevalence of antibiotic-resistant strains is on the rise.176–178 In addition, the 

benefit of H. pylori eradication in cancer prevention relies on low rates of reinfection and sustained negative H. 

pylori colonization status.179,180s.21 H. pylori elicits a vigorous, yet generally ineffective innate and adaptive mucosal 

immune response resulting in a chronic21 H. pylori elicits a vigorous, yet generally ineffective innate and adaptive 

mucosal immune response resulting in a chronically active inflammatory state that contributes to the progression 

from gastritis to adenocarcinoma.22,45,181,182 Thus, new strategies are needed to target the host immune response to 

reduce antibiotic use and circumvent the risk of antibiotic resistance. 

We recently reported that H. pylori upregulates expression of CTH in mouse and human gastric macrophages 

and reduces spermidine and spermine synthesis by limiting SAM availability in macrophages in vitro.136 We now 

present evidence that genetic deletion of Cth results in reduced gastritis, suppression of both innate and adaptive 

immune markers, and downregulation of metabolic pathways including those involved in cellular respiration with 

H. pylori or with classical macrophage stimuli. These findings were independent of changes in polyamine 

metabolism. Additionally, there were changes in adaptive immune responses in the gastric mucosa with Cth 

deletion, but effects on T cells appeared to be independent of any effects of CTH within T cells. Taken together, 

our data suggest that modulation of CTH activity affects the innate immune response of macrophages and 

pathogenic gastric inflammation, thus representing a potential target for therapeutic intervention in H. pylori 

pathogenesis. 

 

2.3 Materials and Methods 

Animal Studies. Cth–/– mice were generated and provided by Bindu Paul and Solomon Snyder, Johns Hopkins 

University School of Medicine (Baltimore, MD).115 C57BL/6 wild-type (WT, also provided by BDP and SHS) and 
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Cth–/– mice were house-bred and maintained for multiple generations in the same room of our animal facility prior 

to experiments. Adult age-matched WT and Cth–/– mice (8-12 wk) of both sexes were used for isolation of BMmacs 

and for infection with H. pylori. Mice remained in the cages they were weaned in and moved to the same rack for 

infection studies.  

 

Bone Marrow-Derived Macrophage Culture. Bone marrow cells were isolated from mice of both genotypes as 

previously described69 with the following exception; prior to counting, RBCs were lysed with ACK Lysing Buffer 

(ThermoFisher) for 1 minute. Cells were differentiated into BMmacs for 7 days in complete medium (DMEM media 

supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, 25 mM HEPES, and 20 ng/ml recombinant 

macrophage CSF (M-CSF; PeproTech)).  

 

CD4+ Splenocyte Culture and Proliferation Analysis. Naïve CD4+ cells were isolated from the spleens of WT 

and Cth–/– mice using the Dynabeads Untouched Mouse CD4 Cells Kit (Thermo Fisher). Cells were seeded into 

plates pre-coated with 5 µg/mL a-CD3e (Thermo Fisher) and stimulated or not with 2.5 µg/mL of soluble a-CD28 

(Thermo Fisher). Cells were maintained for 72 h in complete media (RMPI media supplemented with 10% FBS, 

100 U/ml penicillin/streptomycin, 25 mM HEPES, and 50 µM b-mercaptoethanol (bME)).  

Proliferation was assessed using CFSE staining and flow cytometry. Briefly, immediately after CD4+ 

splenocyte isolation, cells were incubated with 25 µM CFSE for 5 min at room temperature. Cells were then washed 

and plated as above. After 72 h, cells were collected and subsequently analyzed by flow cytometry.  

 

Bacteria. The cagA+ H. pylori strain PMSS1 and the mouse-adapted H. pylori strain SS1 were grown on Trypticase 

soy agar (TSA) plates containing 10% sheep blood.96,171,183 Bacteria were harvested directly from plates to infect 

the macrophages. For in vivo infection, H. pylori was grown from plates in Brucella broth containing 10% FBS 

overnight; H. pylori was then diluted, grown, and harvested at the exponential phase. C. rodentium was grown in 

Luria-Bertani broth overnight to infect macrophages. 69 
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Infection.  Mice were infected twice by oral gavage, on day 0 and day 2, with 109 H. pylori PMSS1 or SS1 in 0.2 

mL Brucella broth.183 Control mice were treated with 0.2 mL Brucella broth alone. Mice were fed ad libitum with 

regular 5L0D chow (LabDiet). Animals were sacrificed after 4 and 8 wk (PMSS1) or 16 wk (SS1). Stomachs were 

harvested and analyzed as previously described.69,96,109,173 H. pylori gastric colonization was determined by counting 

the CFUs after plating serial dilutions of homogenized tissues.  

 Animals were treated or not with 50 mg/kg SAM (S-(5′-adenosyl)-L-methionine chloride dihydrochloride, 

Sigma-Aldrich) by oral gavage during 4 wk PMSS1 experiments beginning 1 wk p.i..184 Animals were treated either 

every other day or every day. Solutions were prepared immediately prior to each treatment. Animals were treated 

or not with 5 mg/kg SAM486A (Sardomozide, MedChemExpress) by IP injection every other day during 4 wk 

PMSS1 experiments beginning 1 wk p.i..185 Control mice were treated with vehicle. 

 

Quantitative Real-Time PCR (RT-PCR). Total RNA was isolated from macrophages using the RNeasy Mini Kit 

(QIAGEN).  RNA was extracted from mouse tissues by homogenization in TRIzol. cDNA was synthesized using 

the SuperScript IV Reverse Transcriptase (Thermo Fisher) and Oligo dT (Thermo Fisher). mRNAs were amplified 

by real-time PCR using the PowerUp SYBR Master Mix (Thermo Fisher) and the primers listed in Table 2.2. 
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Table 2.1: List of RT-PCR primers used for Chapter 2. 

Target gene Sequence (5'-3') 
Cth 

 
F: GCCAGTCCTCGGGTTTTGAA 
R: GCAAAGGCCAAACTGTGCTT 

Cbs 
F: TCATCCTGCCTGACTCTGTG 
R: CAGCTCTTGAACACGCAGAC 

Tnf 
F: CTGTGAAGGGAATGGGTGTT 
R: GGTCACTGTCCCAGCATCTT 

Nos2 
F: CACCTTGGAGTTCACCCAGT 
R: ACCACTCGTACTTGGGATGC 

Il1b 
F: ACCTGCTGGTGTGTGACGTTCC 
R: GGGTCCGACAGCACGAGGCT 

Il12a 
 

F: AAATGAAGCTCTGCATCCTGC 
R: TCACCCTGTTGATGGTCACG 

Il12b 
 

F: GAAAGACCCTGACCATCACT 
R: CCTTCTCTGCAGACAGAGAC 

Cxcl1 
 

F: GCTGGGATTCACCTCAAGAA 
R: CTTGGGGACACCTTTTAGCA 

Mip2 
 

F: GCCAAGGGTTGACTTCA 
R: TGTCTGGGCGCAGTG 

Arg1 
 

F: AAGAAAAGGCCGATTCACCT 
R: CACCTCCTCTGCTGTCTTCC 

Il10 
 

F: CCAAGCCTTATCGGAAATGA 
R: TCACTCTTCACCTGCTCCAC 

Ifng 
 

F: GGCCATCAGCAACAACATAAGCGT 
R: TGGGTTGTTGACCTCAAACTTGGC 

Il17 
 

F: ATCCCTCAAAGCTCAGCGTGTC 
R: GGGTCTTCATTGCGGTGGAGAG 

Il6 
 

F: AGTTGCCTTCTTGGGACTGA 
R: TCCACGATTTCCCAGAGAAC 

Tgfb1 
 

F: TCCTTGCCTGCGGAAGTG 
R: GGAGAGCATTGAGCAGTTCGA 

Foxp3 
 

F: GAGAGCAGGCAGTTCAGGAC 
R: CGGGAGCATATACCAGGCAC 

Chil3 
 

F: ACTTTGATGGCCTCAACCTG 
R: AATGATTCCTGCTCCTGTGG 

Actb 
 

F: CCAGAGCAAGAGAGGTATCC 
R: CTGTGGTGGTGAAGCTGTAG 
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Immunostaining. Immunofluorescent staining for CTH and the macrophage marker CD68 was performed on 

murine gastric tissues as described136 using the following antibodies (see Table 2.32: Rabbit polyclonal anti-CTH, 

1/100; rabbit polyclonal anti-mouse CD68, 1/100, ready to use; rabbit monoclonal anti-mouse Ly6G, 1/100; rabbit 

monoclonal anti-mouse CD3, 1/100, ready to use; goat anti-rabbit IgG, Alexa Fluor 488-labeled, 1/400; goat anti-

rabbit IgG, Alexa Fluor 555-labeled, 1/500. 

 

Histopathology. Histologic scoring was determined using the modified Sydney System by a gastrointestinal 

pathologist (MBP) in a blinded manner.186 Gastritis was assessed on a longitudinal strip of tissue fixed in 10% 

neutral buffered formalin and stained with H&E. Acute and chronic inflammation were each scored 0–3 in the 

antrum and corpus regions, and the scores for antrum and corpus were added together for a 0–12 scale.109 

 

Gastric Macrophage Isolation and Enrichment Analysis. Macrophages were isolated from the gastric lamina 

propria as previously described.85,96,102n with 1 mg/ml dispase and 0.25 mg/ml of collagenase A at 37°C while 

shaking. The cells were passed through a 70 µm cell strainer and harvested by centrifugation. Isolated cells were 

labeled with biotin-conjugated anti-mouse F4/80 antibody, 1/50, at 4°C for 1 h followed by incubation with 

streptavidin-conjugated beads at 4°C for 1 h. The cells were resuspended in 1 ml of buffer and underwent multiple 

rounds of washing while applied to a magnet. The positive selection was then collected and immediately used for 

RNA extraction. Since there are only a small number of gastric macrophages present in uninfected mice, we pooled 

the F4/80-positive cells from ten mice for each control sample.85 Macrophage enrichment was assessed by pooling 

the F4/80-positive cells from three naïve WT mice. Cells were fixed and permeabilized with CytoFix/CytoPerm 

(BD Biosciences) for 20 mins at 4°C, washed, and then labeled with anti-CD11b-FITC (BD Biosciences), 1/200, 

and anti-CD68-PE, 1/200, (BioLegend), for 20 min at 4°C in Perm/Wash Buffer. Cells were then washed 3 times 

and subsequently analyzed using flow cytometry. See Table 2.2 for information regarding antibodies used in this 

Chapter. 
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Table 2.2: List of antibodies used for Chapter 2. 
 

Antibody Company Identifier 
Rabbit polyclonal anti-NOS2 Millipore Cat# ABN26; RRID: AB_10805939 
Rabbit polyclonal anti-MyD88 Cell Signaling Cat# 3699; RRID:AB_2282236 
Rabbit polyclonal anti-NFkB p65 Millipore Cat# PC138; RRID:AB_2179029 
Rabbit monoclonal anti-pNFkB p65 S536 Abcam Cat# ab76302; RRID:AB_1524028 
Rabbit polyclonal anti-CD68 Boster Biological Cat# PA1518 
Rabbit monoclonal anti-CD3 Biocare Cat# PME324AA 
Rabbit monoclonal anti-Ly6G Abcam Cat# ab238132 
Rabbit polyclonal anti-CTH MyBioSource Cat# MBS7047965 
Rabbit monoclonal anti-IkBa Thermo Fisher Cat# MA5-15153; 

RRID:AB_10983739 
Mouse monoclonal anti-pIkBa S32/36 Thermo Fisher Cat# MA5-15224; 

RRID:AB_10981266 
Mouse monoclonal anti-5-Methylcytidine Bio-Rad Cat# MCA2201; RRID:AB_324056 
Mouse monoclonal anti-b-actin Sigma-Aldrich Cat# A5316 RRID:AB_476743 
Goat anti-rabbit IgG, HRP-labeled Jackson 

ImmunoResearch 
Cat# 111-035-003; RRID: 
AB_2313567 

Goat anti-mouse IgG, HRP-labeled Jackson 
ImmunoResearch 

Cat# 115-035-003; RRID: 
AB_10015289 

Goat anti-rabbit IgG, Alexa fluor 488-labeled Thermo Fisher Cat# A-11008; RRID: AB_143165 
Goat anti-mouse IgG, Alexa fluor 488-labeled Thermo Fisher Cat# A-10680; RRID:AB_2534062) 
Anti-mouse F4/80, biotin-labeled Thermo Fisher Cat# MF48015; RRID:AB_10372665 
Donkey anti-mouse IgG, Alexa fluor 555-labeled Thermo Fisher Cat# A-31570; RRID: AB_2536180 
Anti-mouse CD11b, FITC Conjugate BD Biosciences Cat# 557396; RRID:AB_396679 
Anti-mouse F4/80, PE Conjugate Thermo Fisher Cat# MF48004; RRID:AB_10372666 
Anti-mouse CD68, PE Conjugate BioLegend Cat# 137014; RRID:AB_10612937 
Monoclonal anti-mouse CD3e Thermo Fisher Cat# 16-0031-82; RRID:AB_468847 
Monoclonal anti-mouse CD28 Thermo Fisher Cat# 16-0281-81; RRID:AB_468920 

 

 

RNA sequencing and Analysis. Total RNA was isolated from the F4/80+ gastric macrophages using the RNeasy 

Micro kit (QIAGEN). Generation and amplification of cDNA was performed using the Ovation RNA-Seq System 

V2 (Tecan). RNAseq library preparation and Next Generation Sequencing (PE150) were performed using the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (BioLabs, Inc.) and Illumina NovaSeq6000 with 

NovaSeq 6000 SP Reagent Kit (Illumina), respectively. Reads were first trimmed to remove the adapter sequence 

and read quality was checked using fastp.187 Transcripts were quantified and mapped to the indexed mouse genome 

(M23, GRCm38) using Salmon.188 Transcript-level quantification was then summarized to the gene level, annotated, 

and prepared for differential gene expression analysis using the R package tximeta.189 The R/Bioconductor package 
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DESeq2 was then used to identify differentially expressed genes in each condition using Benjamini-Hochberg (BH) 

adjustment (FDR p < 0.05).190 DAVID was used for pathway analysis and functional annotation of DEGs.191,192 

GSEA was performed using the R packages clusterProfiler and DOSE.193,194 

The RNA sequencing data that is included in this Chapter have been deposited in NCBI Gene Expression 

Omnibus (accession number GEO: GSE158817). 

 

Untargeted Metabolomics. At 8 wk p.i., gastric tissues were processed, and untargeted metabolomics was 

performed as previously described.109 Gastric tissues were homogenized by sonication in water:methanol (9:1) 

containing 50 mM ammonium acetate (pH~6) to yield a tissue density of 50 mg/ml. An aliquot of the homogenate 

was combined with HPLC-grade methanol, vortexed vigorously, and centrifuged. A portion of the supernatant was 

diluted with an equal volume of HPLC-grade acetonitrile. A Vanquish ultrahigh performance liquid 

chromatography (UHPLC) system interfaced to a Q Exactive HF quadrupole/orbitrap mass spectrometer (Thermo 

Fisher Scientific) was used to acquire discovery metabolomics data. Each sample was first injected in positive ESI 

mode followed by a second injection in negative mode. All chromatographic separations were performed using a 

Zic-cHILIC analytical column (3 mm, 2.1 3 150 mm; Merck SeQuant). Mobile phases were made up of 0.2% acetic 

acid and 15 mM ammonium acetate in (A) water:acetonitrile (9:1) and in (B) acetonitrile:methanol:water (90:5:5). 

The total chromatographic run time was 20 min, the sample injection volume was 10 ml, and the flow rate was 

maintained at 300 ml/min. Mass spectra were acquired over a precursor ion scan range of m/z 100 to 1,200 at a 

resolving power of 30,000 using the following ESI source parameters: spray voltage 5 kV (3 kV in negative mode); 

capillary temperature 300°C; S-lens RF level 60 V; N2 sheath gas 40; N2 auxiliary gas 10; auxiliary gas temperature 

100°C. MS/MS spectra were acquired for the five most abundant precursor ions with an MS/MS AGC target of 

105, a normalized collision energy of 30, and a maximum MS/MS injection time of 100 ms. Chromatographic 

alignment, peak picking, and statistical comparisons were performed using XCMS 

(https://xcmsonline.scripps.edu).195 

The discovery metabolomics data has been deposited to EMBL-EBI MetaboLights (accession number 

MetaboLights: MTBLS2851).196 
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Targeted Metabolite Quantification. SAM, dcSAM, SAH, homocysteine, cystathionine, and cysteine were 

measured at the Vanderbilt Neurochemistry Core as previously described and polyamine concentrations were 

measured as previously described.69,136 Briefly, cell pellets or flash frozen tissues were homogenized, and the 

supernatants were used for the BCA Protein Assay (Pierce) and for liquid chromatography-mass spectrometry (LC-

MS). Isotopically-labeled internal standard solutions were used for sample analysis. LC was performed on a 2.0 x 

100-mm, 1.7-μm-particle-size CORTECS UPLC Phenyl column (Waters Corporation, Milford, MA USA) using a 

Waters Acquity I-Class ultraperformance liquid chromatography (UPLC) system. Mobile phase A was 1% aqueous 

formic acid, and mobile phase B was acetonitrile. Samples were separated by a gradient of 98 to 5% mobile phase 

A over 11 min at a flow rate of 600 μl/min prior to delivery to a Waters Xevo TQ-S micro triple quadrupole mass 

spectrometer. The peak height of the endogenous metabolites was compared to the peak height of internal standards 

for quantitation. All data were analyzed using TargetLynx XS software version 4.1 (Waters Corporation). 

 

Co-Cultures. SAM and SAM486A were added to cells 30 minutes prior to infection. Macrophages were infected 

with H. pylori at a MOI of 100 for 30 min, 6 h, or 24 h. For C. rodentium, macrophages were infected at a MOI of 

10 for 3 h and then washed and media containing penicillin and streptomycin was added for 21 h more. Media 

without antibiotics was used for all experiments. LPS/IFN-γ stimulated BMmacs were generated by addition of 10 

ng/ml LPS from E. coli O111:E4 (Sigma-Aldrich) and 200 U/ml mouse recombinant IFN-γ (PeproTech). IL-4- and 

IL-10-stimulated BMmacs were generated with 10 ng/ml murine recombinant IL-4 (PeproTech) and 10 ng/ml 

murine recombinant IL-10 (PeproTech), respectively. 

 

5mC Immunostaining and Flow Cytometry. 5mC immunostaining was performed as previously described197 with 

the following exceptions; 24 h p.i., macrophages were washed with PBS and fixed and permeabilized using the 

CytoFix/CytoPerm kit (BD Bioscience). Chromatin was denatured with 1N HCl for 1 h at 37°C. Non-specific 

antibody binding was minimized by blocking with Wash Buffer (BD Bioscience) supplemented with 10% FBS for 

20 min at 37°C. Cells were then labeled with mouse monoclonal anti-5mC (Bio-Rad), 1/100, for 30 min at room 
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temperature followed by washing and detection with goat anti-mouse IgG, Alexa Fluor 488-labeled, 1/200, for 45 

min at 37°C. Upon completion of staining, 5mC binding was analyzed by flow cytometry; at least 10,000 cells were 

counted for each sample. 

 

Proteomics and IPA. Macrophages were infected or not with H. pylori PMSS1 for 24 h and lysed in 50 mM Tris-

HCl pH 7.6, 150 mM NaCl, 1% NP-40, and 2 mM EDTA and protein concentrations were determined by the BCA 

Protein Assay (Pierce). Samples within each group were combined (15 mg per each lysate), diluted with 100 mM 

triethylammonium bicarbonate (TEAB), reduced with 5 mL of 200 mM tris(2-carboxyethyl)phosphine (TCEP) at 

55°C for 1 h, and carbamidomethylated with 5 mL of 375 mM iodoacetamide for 30 m in the dark at room 

temperature. Proteins were precipitated with cold acetone, and precipitates were dried and reconstituted in 100 mM 

TEAB (pH 8.0). Proteins were digested with Trypsin Gold (Promega) overnight at 37°C. Quantitative proteomics 

analysis was performed using TMT Isobaric Mass Tagging reagents (Thermo Fisher) according to the 

manufacturer’s instructions. Peptides were labeled with TMT reagents with each reconstituted protein sample being 

labeled with an individual vial of 0.8 mg TMTsixplex reagent (Thermo Fisher). After labeling was complete, labeled 

peptides from each of the 4 sample groups were combined and fractionation was performed with 40 mg of the 

combined mixture using the Pierce High pH Reversed-Phase Peptide Fractionation Kit (Thermo Fisher) similar to 

the manufacturer’s recommended protocol for TMT-labeled peptides. Elution steps consisted of the following: 10%, 

12.5%, 15%, 17.5%, 20%, 22.5%, 25%, 50%, and 80% acetonitrile with 0.1% triethylamine. Eluted fractions were 

dried via vacuum centrifugation in a SpeedVac concentrator, and peptides were reconstituted in 0.1% formic acid 

for analysis by LC-coupled tandem mass spectrometry (LC-MS/MS). An analytical column was packed with 30 cm 

of C18 reverse phase material (Jupiter, 3 μm beads, 300 Å, Phenomenox) directly into a laser-pulled emitter tip.  

Peptides were loaded on the capillary reverse phase analytical column (360 μm O.D. x 100 μm I.D.) using a Dionex 

Ultimate 3000 nanoLC and autosampler.  The mobile phase solvents consisted of 0.1% formic acid, 99.9% water 

(solvent A) and 0.1% formic acid, 99.9% acetonitrile (solvent B).  Peptides were gradient-eluted at a flow rate of 

400 nL/min, using a 155-min gradient.  The gradient consisted of the following: 5-30% B in 125 min, 30-50% B in 
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10 min, 50-70% B in 4 min, 70% B for 2 min; 70-2% B in 2 min, followed by column equilibration. A Q Exactive 

Plus mass spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source, was used to mass 

analyze the eluting peptides using a data-dependent method. The instrument method consisted of MS1 using an MS 

AGC target value of 3x106, followed by up to 15 MS/MS scans of the most abundant ions detected in the preceding 

MS scan with an MS2 AGC target of 1x105. Dynamic exclusion was set to 20 s, HCD collision energy was set to 

30 nce, and peptide match and isotope exclusion were enabled. For the final two fractions, the peptides were eluted 

from the reverse phase analytical column using a gradient of 5-50% B in 125 min, followed by 50-95% B in 12 

min, 95% B for 1 min, 95-5% B in 2 min, and column equilibration at 2% B.  

For identification of peptides, HCD tandem mass spectra were searched in Proteome Discoverer 2.1 

(Thermo Scientific) using SequestHT for database searching against a subset of the UniprotKB protein database 

(www.uniprot.org) containing Mus musculus protein sequences. The factory default templates in Proteome 

Discoverer were used for processing and consensus workflows, which included the 

PWF_QE_Reporter_Based_Quan_SequestHT_Percolator processing workflow and the 

CWF_Comprehensive_Enhanced Annotation_Quan_Results export consensus workflow. Search parameters 

included trypsin cleavage rules with two missed cleavage sites, carbamidomethyl (C) and TMTsixplex (K, N-

terminus) as static modifications, and a dynamic modification of oxidation (M).  Percolator validation was 

performed with a target false discovery rate (FDR) setting of 0.01 for high confidence protein identifications. A few 

exceptions to the consensus workflow default settings were used, including an average reporter S/N threshold of 

10, and no scaling or normalization modes were applied. After peptides were identified and proteins were quantified, 

the results were then filtered to include those proteins for which a minimum of two unique peptides were identified. 

Log2 protein ratios calculated in Proteome Discoverer were then fit to a normal distribution using non-linear (least 

squares) regression, and the mean and standard deviation values derived from the Gaussian fit of the ratios were 

used to calculate p values. Subsequently, p values were corrected for multiple comparisons by the Benjamini-

Hochberg (B-H) method.198 Statistically significant changes were determined using the B-H method with an alpha 

(a) level of 0.05 ( <5% FDR).198198 
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The proteomics data has been deposited to the ProteomeXchange Consortium via the PRIDE partner 

repository (accession number ProteomeXchange Consortium: PXD026831).199 

Ingenuity Pathway Analysis software (IPA, QIAGEN) was used to determine canonical signaling pathways 

and functional implications of the differential proteome expression. The statistical significance for each assignment 

was expressed by a corresponding p-values calculated using Fisher’s exact test. 

 

Western Blot. Macrophages were washed with PBS and lysed using ice cold CellLytic M Reagent (Sigma-Aldrich) 

supplemented with the Protease Inhibitor Cocktail (Set III, Calbiochem) and the Phosphatase Inhibitor Cocktail (Set 

I, Calbiochem). Protein concentrations were determined using the BCA Protein Assay (Pierce). Proteins were 

separated by SDS-PAGE on a 4-20% gel and transferred to nitrocellulose membranes. Membranes were blocked 

with 5% w/v milk in TBS with 0.1% Tween-20 for 1 h, and then incubated with primary antibody overnight at 4°C 

in either 5% w/v milk in TBS with 0.1% Tween-20 or 5% w/v BSA in TBS with 0.1% Tween-20 (based on the 

manufacturer’s recommendations) followed by incubation with secondary antibody in 5% w/v milk in TBS with 

0.1% Tween-20 for 1 h. Protein bands were visualized using SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Pierce) and HyBlot CL Autoradiography Film (labForce). Densitometric analysis of Western blots was 

performed with Fiji.200 See Table 2.3 for information regarding antibodies used in this Chapter. 

 

Measurement of NO. NO (NO2
−) concentrations were assessed 24 h p.i. with H. pylori by the standard Griess 

reaction (Promega).69 

 

Flow Cytometry for CD11b and F4/80. Macrophages were infected or not with H. pylori PMSS1 for 24 h and 

then washed 3 times with PBS. Cells were fixed and permeabilized with CytoFix/CytoPerm (BD Biosciences) for 

20 mins at 4°C, washed, and then labeled with anti-CD11b-FITC (BD Biosciences), 1/200, and anti-F4/80-PE, 

1/200, (Thermo Fisher), for 20 min at 4°C in Perm/Wash Buffer. Cells were then washed 3 times and subsequently 

analyzed using flow cytometry. See Table 2.3 for information regarding antibodies used in this Chapter. 
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Glutathione Detection. Macrophages were infected or not with H. pylori PMSS1 for 24 h and then washed 3 times 

with PBS. Cells were then seeded into a white opaque 96-well assay plate at 1x104 cells per 50 µl. Glutathione 

levels were assessed using the GSH-Glo Glutathione Assay kit (Promega) per the manufacturer’s directions for 

cells in suspension.  

 

Measurement of mitochondrial superoxide. Macrophages were infected or not with H. pylori PMSS1 for 24 h 

and then washed 3 times with Hankʼs balanced salt solution (HBSS) with calcium and magnesium. The cells were 

then incubated with HBSS containing 5 μM MitoSOXTM Red (Thermo Fisher) for 15 min at 37°C, washed once, 

and subsequently analyzed utilizing flow cytometry. 

 

Cellular Respiration Profiling. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured using the Seahorse XFe96 Analyzer (Agilent). Differentiated BMmacs were seeded at 1x105 cells per 

well in Seahorse XFe96 Cell Culture Microplates (Agilent) and infected or not with H. pylori PMSS1 (MOI 100) 

for 24 h. Cells were washed and incubated in Mitochondrial Stress Test Assay medium (1 mM sodium pyruvate, 2 

mM glutamine, and 10 mM glucose in XF DMEM Medium (Agilent)) or Glycolysis Stress Test Assay medium (2 

mM glutamine in XF DMEM Medium (Agilent)) for 45 min at 37°C in the absence of CO2. Mitochondrial oxidative 

phosphorylation and glycolytic function were assessed per the Mitochondrial Stress Test and Glycolysis Stress Test 

assay manuals (all Agilent). Briefly, for the Mitochondrial Stress Test assay, OCR was measured under basal 

conditions and after the sequential addition of the following drugs: 15 µM oligomycin (Cayman Chemical), 10 µM 

fluoro-carbonyl cyanide phenylhydrazone (FCCP, Cayman Chemical), and 5 µM rotenone with 5 µM antimycin A 

(both Sigma-Aldrich). For the Glycolysis Stress Test assay, ECAR was measured under basal condition and after 

the sequential addition of the following drugs: 10 mM glucose (Agilent), 10 µM oligomycin (Cayman Chemical), 

and 500 mM 2-deoxy-glucose (2-DG, Cayman Chemical). The drugs were loaded into calibrated XFe96 sensor 
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cartridges (Agilent) and measurements were normalized to cell count. See Table 2.4 for information regarding 

reagents used in this Chapter. 

 

Statistics. All the data shown represent the mean ± SEM. A minimum of three biological replicates were used for 

in vitro studies. Statistical analysis was performed in GraphPad Prism 9.2 (GraphPad Software) and significance 

was set at p < 0.05. Where data were normally distributed, Student’s t test and one-way ANOVA with the Newman-

Keuls or Dunnett’s post hoc test were used to determine significant differences between two groups or multiple test 

groups, respectively. Where data was not normally distributed, a one-way ANOVA with the Kruskal-Wallis test, 

followed by a Mann-Whitney U test, was performed, unless otherwise noted.  

 

Study Approval. Mice were used under the protocols M1900034, V1800106, and V2000018 approved by the 

Institutional Animal Care and Use Committee at Vanderbilt University and Institutional Biosafety Committee, and 

the Research and Development Committee of the Veterans Affairs Tennessee Valley Healthcare System. 

Procedures were performed in accordance with institutional policies, AAALAC guidelines, the AVMA Guidelines 

on Euthanasia, NIH regulations (Guide for the Care and Use of Laboratory Animals), and the United States Animal 

Welfare Act (1966). 
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Table 2.3: List of reagents/kits used for Chapter 2. 
 

Reagent/Kit Company Identifier 
Recombinant Murine M-CSF PeproTech Cat# 315-02 
Dynabeads Untouched Mouse CD4 Cell Kit Thermo Fisher Cat# 11415D 
LPS from E. coli O127:B8 Sigma-Aldrich Cat# L4516 
Recombinant Murine IFNg PeproTech Cat# 315-05 
Recombinant Murine IL-4 PeproTech Cat# 214-14 
Recombinant Murine IL-10 PeproTech Cat# 210-10 
Oligo dT Thermo Fisher Cat#18418020 
PowerUp SYBR Green Master Mix Thermo Fisher Cat# A25741 
CellLytic M Sigma-Aldrich Cat# C2978 
Protease Inhibitor Cocktail Set III Calbiochem Cat# 539134 
Phosphatase Inhibitor Cocktail Set I Calbiochem Cat# 539131 
SuperSignal West Pico PLUS Chemiluminescent Substrate Thermo Fisher Cat# 34577 
S-(5-Adenosyl)-L-methionine chloride dihydrochloride Sigma-Aldrich Cat# A7007 
Sardomozide MedchemExpress Cat# HY-13746 
Streptavidin Particles Plus - DM BD Biosciences Cat# 557812 
CytoFix/CytoPerm BD Biosciences Cat# 554714 
GSH-Glo Glutathione Assay Promega Cat# V6911 
MitoSOX™ Red Mitochondrial Superoxide Indicator Thermo Fisher Cat# M36008 
Seahorse XFe96 FluxPak mini Agilent Cat# 102601-100 
Seahorse XF DMEM Agilent Cat# 1035575-100 
Seahorse XF 100 mM pyruvate Agilent Cat# 103578-100 
Seahorse XF 1.0 M glucose Agilent Cat# 103577-100 
Seahorse XF 200 mM glutamine Agilent Cat# 103579-100 
Oligmycin Complex Cayman Chemical Cat# 11341 
FCCP Cayman Chemical Cat# 15218 
Rotenone Sigma-Aldrich Cat# R8875 
Antimycin A Sigma-Aldrich Cat# A8674 
2-DG Cayman Chemical Cat# 14325 
TMTsixplex Thermo Fisher Cat# 90061 
RNeasy Mini Kit QIAGEN Cat# 74106 
RNeasy Micro Kit QIAGEN Cat# 74004 
Superscript IV Reverse Transcriptase Thermo Fisher Cat# 18090010 
BCA Protein Assay Kit Pierce Cat# 23225 
Griess Reagent System  Promega Cat# G2930 
Fixation/Permeabilization Solution Kit BD Biosciences Cat# 554714 
Pierce™ High pH Reversed-Phase Peptide Fractionation Kit Thermo Fisher Cat# 84868 
CFSE Thermo Fisher Cat# 65-0850-84 
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2.4 Results 

Deletion of Cth reduces gastritis in acute models of H. pylori pathogenesis.  

We determined that CTH expression was localized to gastric macrophages in H. pylori-infected human 

stomach tissues and persists at an increased level during progression along the histological cascade towards 

carcinogenesis.136 Thus, we used Cth-deficient mice to determine the role of CTH in vivo during H. pylori 

infection.115 First, we confirmed that Cth mRNA expression is eliminated in the gastric tissues of Cth–/– mice with 

and without H. pylori infection (Figure 2.2A). Immunofluorescence of infected gastric tissues from wild-type (WT) 

mice showed colocalization of CTH with CD68+ gastric macrophages (Gmacs) (Figure 2.2B); deletion of Cth led 

to loss of H. pylori-stimulated CTH protein in CD68+ Gmacs (Figure 2.2B). Then, to assess the effect of CTH in 

vivo, we used well established models of H. pylori infection: C57BL/6 WT and Cth–/– mice were infected with H. 

pylori strain PMSS1 for 4 or 8 wk.69,183 Animals lacking Cth demonstrated significantly decreased histologic 

gastritis at 4 wk (Appendix A, Figure 1, A and B) and 8 wk (Figure 2.2, C and D), and no difference in histology 

in uninfected mice (Appendix A, Figure 1A). Consistent with our previous studies in other mutant mice, decreased 

levels of gastritis were associated with increased levels of gastric colonization by H. pylori in Cth–/– mice (Figure 

2.2,E and F, and Supplemental Figure 1C).69,102,173,201 Expression of the genes encoding for 1) the proinflammatory 

marker, tumor necrosis factor alpha (TNF-a), 2) the antiinflammatory marker, arginase 1 (ARGI1), and 3) the Th1 

cytokine, interferon gamma (IFN-g), were all significantly downregulated in Cth–/– mice infected with H. pylori 

PMSS1 for 4 wk when compared to infected WT mice (Appendix A, Figure 1, D and E).  
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Figure 2.2. Deletion of Cth reduces gastritis in an acute model of H. pylori pathogenesis. WT and Cth–/– mice 
were infected or not with H. pylori PMSS1 for 8 wk. (A) CTH mRNA expression in gastric tissues of WT and Cth–
/– mice infected or not with H. pylori; n = 3-7 mice per genotype. (B) Representative immunofluorescence images 
of CTH (green) co-localized (yellow) with the macrophage marker CD68 (red) from WT and Cth–/– mice infected 
or not with H. pylori; n = 3 mice per genotype. DAPI (blue). (C) H&E images from infected mice; arrowheads 
highlight inflammatory cells. (D) Histologic gastritis scores, each symbol is a different mouse, data pooled from 2 
independent experiments. (E) H. pylori colonization in gastric tissues from D. (F) Correlation between gastritis in 
D and H. pylori colonization in E. All values are means ± SEM. Statistical analyses where shown: (A) and (D), 
One-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U test; (E), Student’s t test; (F), 
Correlation and significance determined by Pearson’s product-moment correlation test; **p < 0.01. Scale bars in 
(B) and (C), 50 µm. 
  



 40 

CTH mediates induction of immune response-specific gene sets.  

Because H. pylori infection produces a chronic inflammatory state in humans, we utilized an established 

mouse model of chronic H. pylori infection to assess differential gene expression, in which mice were infected with 

H. pylori strain SS1 for 16 wk.69,173 Similar to the acute H. pylori infection models, Cth–/– mice exhibited 

significantly decreased histologic gastritis (Figure 2.3, A and B) and increased H. pylori colonization (Figure 2.3C). 

Furthermore, the expression of the genes encoding for the proinflammatory markers TNF-a, chemokine (C-X-C 

motif) ligand 1 (CXCL1; the murine homologue of the neutrophil chemokine IL-8), IL-12B, and for the Th17 

marker IL-17, and the Th1 marker IFN-g were downregulated in Cth–/– mice chronically infected with H. pylori SS1 

for 16 wk compared to infected WT animals (Figure 2.3D). Similarly, the transcript of the antiinflammatory marker 

Il10, was also higher in WT mice versus Cth–/– mice during H. pylori infection (Figure 2.3E). CTH expression was 

not induced in Ly6G+ neutrophils (Appendix A, Figure 2) or CD3+ lymphocytes (Appendix A, Figure 3A) found in 

the gastric tissues of infected WT mice. Although WT CD4+ splenocytes express increased levels of Cth mRNA 

with co-stimulation of CD3 and CD28 (Appendix A, Figure 3B), Cth–/– splenocytes did not exhibit differences in 

cytokine or T cell transcription factor expression or proliferation compared to WT splenocytes (Appendix A, Figure 

3, C-E). Thus, CTH is not upregulated in either gastric neutrophils or T cells with H. pylori infection, and CTH 

does not have a primary effect on T cell function. However, our data demonstrate that CTH expression contributes 

to the gastric immune response to H. pylori and affects the macrophage innate response and hence, the adaptive T 

cell response.  
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Figure 2.3. Deletion of Cth reduces gastritis in a chronic model of H. pylori pathogenesis. WT and Cth–/– mice 
were infected or not with H. pylori SS1 for 16 wk. (A) H&E images from infected mice; arrowheads highlight 
inflammatory cells. (B) Histologic gastritis scores, each symbol is a different mouse, data pooled from 2 
independent experiments. (C) H. pylori colonization in gastric tissues from B. (Tissues from one of the experiments 
was used for RNA sequencing). mRNA expression of (D) proinflammatory and (E) antiinflammatory markers in 
gastric tissues; n = 5-6 H. pylori infected mice per genotype. (B-E) All values are means ± SEM. Statistical analyses 
where shown: (B), (D) and (E), One-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U test; 
(C) Student’s t test. *p < 0.05. Scale bars in (A), 50 µm. 
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To evaluate global changes in the transcriptome of Gmacs, we isolated F4/80+ cells (Appendix A, Figure 

4A) from the gastric tissues of WT and Cth–/– mice infected with H. pylori SS1 for 16 wk and performed RNA 

sequencing (RNAseq). Hierarchical clustering and heatmap analysis highlighted differential transcript abundance 

between genotype and infection status (Appendix A, Figure 4B). Principal-component analysis (PCA) demonstrated 

a distinct distribution of transcript profiles from WT and Cth–/– Gmacs that was dependent on H. pylori infection 

(Appendix A, Figure 4C). Overall, there were 24,781 transcripts identified that were present in two or more samples. 

Of the total transcripts, 17,246 were known mRNAs and 7,535 were unknown. Using a false discovery rate (FDR)of 

0.1, we identified differentially expressed genes (DEGs), downregulated and upregulated, between Gmacs from 

infected Cth–/– and WT mice (Figure 2.4A). Gene ontology (GO) term gene set enrichment analysis (GSEA) of the 

significant DEGs between Gmacs from infected Cth–/– versus WT mice evidenced suppression of gene sets 

associated with immunity and response to stimuli (Figure 2.4B). Notably, gene level expression analysis of the GO 

term “Immune system process” revealed consistently reduced expression in Gmacs from infected Cth–/– mice 

compared to WT mice (Figure 2.4, C and D). 
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Figure 2.4. CTH mediates induction of immune response-specific gene sets. Transcriptomic analysis using 
RNAseq of F4/80+ enriched gastric cells (Gmacs); n = 5 individual infected mice per genotype. (A) Volcano plot 
of differentially expressed genes (DEGs) in Cth–/– Gmacs compared to WT Gmacs from infected mice (Fold 
change > 2, FDR < 0.05). Immune associated genes are enlarged. Grey dots, not significant; green dots, Log2 fold 
change > 2; blue dots, adjusted p value < 0.05; red dots, Log2 fold change > 2 and adjusted p value < 0.05. (B) 
Ridge plot displaying GSEA of differentially expressed genes in infected Cth–/– compared to infected WT Gmacs 
(Log2 fold change >2, FDR < 0.05). (C) Enrichment score plot of the gene set “Immune system process” 
identified in A. (D) Heatmap showing the gene level expression of genes within the “immune system process” 
gene set shown in B.  
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We next determined how the response to infection differs between WT and Cth-deficient mice when 

compared to their respective uninfected controls. We performed differential gene expression analysis to compare 

the response to infection between genotypes. There were 37 downregulated genes shared by WT and Cth–/– Gmacs 

and 145 genes that were induced in both WT and Cth–/– cells during infection (Supplemental Figure 5A). Immune-

related genes upregulated by infection in WT Gmacs include Irgm1, Irgm2, Ifit1, and Ido1 in addition to upregulated 

Cth expression (Figure 2.5A). In contrast, immune-related genes were either not induced or downregulated by 

infection, such as Ifit2, Cybb, and Fcna, in Cth–/– Gmacs (Figure 2.5B). Pathway analysis of significant DEGs using 

the Database for Annotation, Visualization, and Integrated Discovery Bioinformatics Resource revealed 4 

downregulated pathways from the Kyoto Encyclopedia of Genes and Genome Pathways database in the 

transcriptome of Cth–/– mice compared to WT mice (Appendix A, Figure 5B). We also assessed function-associated 

keywords and identified 26 downregulated keywords (Appendix A, Figure 5C). Downregulated pathways and 

keywords in cells from infected Cth–/– mice compared to WT mice included the following pathways: “Metabolic 

Pathways” and downregulated keywords: “Immunity”, “S-adenosyl-L-methionine”, and “Methyltransferase” 

(Figure 2.5C and Appendix A, Figure 5, B and C). Downregulation of these pathways suggests that Gmacs from 

Cth–/– mice have altered immune function and impaired metabolic activation compared to WT. Furthermore, the 

downregulation of genes associated with SAM and methyltransferases is consistent with our hypothesis that CTH 

activity has the capability to modulate the reactions upstream of the RTP. 
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Figure 2.5. Identification of H. pylori-regulated genes in gastric macrophages. (A-B) The volcano plots show 
differential gene signatures in Gmacs from infected mice compared to uninfected mice (Fold change > 2, FDR < 
0.05). Grey dots, not significant; green dots, Log2 fold change > 2; blue dots, adjusted p value < 0.05; red dots, 
Log2 fold change > 2 and adjusted p value < 0.05. Genes of interest are enlarged. (A) Gmacs from H. pylori-
infected WT mice compared to uninfected WT mice. (B) Gmacs from H. pylori-infected Cth–/– mice compared to 
uninfected Cth–/– mice. (C) Heatmaps displaying significantly altered pathways of DEGs in Cth–/– Gmacs 
compared to WT Gmacs of infected mice when compared to uninfected controls (interaction p < 0.01). Fold 
change is infected/control per genotype. 
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CTH promotes the metabolism of SAM through the RTP during H. pylori infection. 

To relate the transcriptional changes to metabolic signatures, we next performed an untargeted global 

metabolomic analysis of the gastric tissues from infected WT and Cth–/– mice. Overall, there were 1,300 positively 

charged metabolites and 734 negatively charged metabolites significantly affected by CTH in infected mice 

(Appendix A, Figure 6, A and B). Pathway analysis evidenced metabolic pathways involving SAM metabolism, 

namely “(S)-reticuline biosynthesis”, “spermidine biosynthesis”, “spermine biosynthesis”, and “L-serine 

degradation”, were significantly affected by deletion of Cth in infected mice (Figure 2.6A). We also found that 

pathways involved in energy production such as the TCA cycle and glycolysis were affected by the deletion of Cth 

(Figure 2.6A). We then used targeted metabolomics to verify our findings. Specifically, dcSAM, SAM, and 

cystathionine levels were measured by LC-MS in the tissues of WT and Cth–/– mice infected or not with H. pylori 

(Figure 2.6B). Levels of dcSAM remained relatively similar; however, SAM levels were significantly accumulated 

in naïve Cth–/– mice and significantly decreased in with infection with no change in SAM levels in the WT mice 

(Figure 2.6B). Importantly, levels of cystathionine, the substrate for CTH, were markedly increased in the Cth–/– 

mice, confirming that CTH activity was lost (Figure 2.6B). Because there was an abundance of SAM in naïve Cth–

/– gastric tissues, we investigated whether SAM availability directly regulates the macrophage response to H. pylori. 

We treated bone marrow-derived macrophages (BMmacs) with SAM in the absence or presence of H. pylori for 24 

h. We confirmed that exogenous SAM treatment results in accumulation of SAM and cystathionine in the BMmacs, 

which decreased with infection (Appendix A, Figure 7A). Analysis of mRNA expression revealed that treatment 

with SAM significantly reduced expression of Tnf and Il12b, while increasing expression of Il1b and Il6, having no 

effect on Nos2 and the p35 subunit of IL-12 (Il12a), and increasing expression of the prototypical markers of 

antiinflammatory macrophages, Arg1, and transforming growth factor, beta 1 (Tgfb1) (Appendix A, Figure 7, B-E). 

To assess the in vivo effect of SAM on H. pylori-induced disease, WT mice were orally gavaged with SAM starting 

1 wk post-infection (p.i.) (Appendix A, Figure 7F). There was no change in gastritis score or colonization following 

SAM treatment (Appendix A, Figure 7, G and H). 
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Figure 2.6. CTH promotes the metabolism of SAM through the RTP during H. pylori 
infection. (A) Bubble plot of metabolomic analysis of gastric tissues from WT and Cth–/– mice at 
8 wk p.i. with H. pylori PMSS1 (FDR < 0.05). Pathways involving SAM metabolism or energy 
production are enlarged. The x-axis and node color represent pathway overlap and the y-axis and 
node radius represent p value; n = 8 infected mice per genotype. (B) Abundance of dcSAM, SAM, 
and cystathionine in the gastric tissues of WT and Cth–/– mice at 4 wk p.i. with H. pylori PMSS1; 
n = 4 uninfected and 6-8 infected mice per genotype. All values are means ± SEM. Statistical 
analyses where shown: One-way ANOVA with Newman-Keuls post hoc test; **p < 0.01 and ***p 
< 0.001. 

 

 

CTH is downstream of SAM, which is needed for the biosynthesis of dcSAM, and thus for spermidine and 

spermine production. We have previously shown that polyamines can regulate H. pylori-induced macrophage 

activation and thus affect disease progression.58,69,91,97,102 To determine if CTH may affect H. pylori-induced immune 

activation by a mechanism linked to polyamines, we next measured polyamine levels in the gastric tissues of WT 

and Cth–/– mice infected or not with H. pylori. We found that there were no significant differences in putrescine, 

spermidine, or spermine levels between WT and Cth–/– mice (Appendix A, Figure 8A). This may be explained by 

the absence of any changes in the mRNA expression levels of enzymes within the polyamine pathway in the gastric 
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tissues (Appendix A, Figure 8B). We next directed the consumption of SAM towards the RTP and away from 

polyamine synthesis using the SAMDC inhibitor, SAM486A (also known as CGP 48664 and commercially as 

Sardomozide).202 Inhibition of SAMDC in BMmacs resulted in a significant accumulation of putrescine with and 

without H. pylori infection (Appendix A, Figure 8C). Spermidine levels remained relatively the same independent 

of treatment or infection, while spermine levels significantly decreased in H. pylori-infected cells following 

SAMDC inhibition (Appendix A, Figure 8C). BMmacs treated with SAM486A and infected with H. pylori for 24 

h displayed significantly increased expression of Tnf but decreased expression of Il12b compared to the untreated 

infected BMmacs (Appendix A, Figure 8D). To assess the in vivo effect of SAMDC inhibition on H. pylori-induced 

disease, beginning 1 wk p.i., C57BL/6 mice were administered SAM486A by intra-peritoneal (IP) injection every 

other day for the remainder of the 4 wk infection (Appendix A, Figure 8E).185 As expected, SAM486A treatment 

led to an increase of putrescine levels in the gastric tissues from the mice (Appendix A, Figure 8F). In contrast, the 

levels of spermidine and spermine did not change with either infection or treatment with SAM486A (Appendix A, 

Figure 8F), suggesting another mechanism maintains polyamine levels in the stomach. Mice treated with SAM486A 

had no change in gastritis scores or H. pylori colonization (Appendix A, Figure 8, G and H). In summary, SAM 

supplementation and SAMDC inhibition had moderate effects on macrophage gene expression in vitro, however, 

this did not translate to in vivo effects, suggesting that SAM, SAMDC, and polyamines do not mediate the effects 

of CTH on H. pylori-induced inflammation and that other mechanisms should be identified. 

 

CTH suppresses DNA methylation and supports activated macrophage gene expression.  

We observed that expression of CTH is specifically induced by H. pylori in BMmacs compared to another 

Gram-negative bacterium, Citrobacter rodentium, or the classical stimuli of M1-like macrophages, LPS+IFN-g; 

M2-like macrophages, Il-4; or Mreg-like macrophages, IL-10 (Figure 2.7A). Currently available inhibitors of CTH 

are moderately selective, but are active against other PLP-dependent enzymes.203 Therefore, to assess the role of 

CTH in macrophages, we generated BMmacs from WT and Cth–/– mice (Figure 2.7B and Appendix A, Figure 9A). 

We confirmed that CTH was not expressed in Cth–/– BMmacs (Appendix A, Figure 9B) and that there was no change 

in expression of Cbs in the absence of CTH or after H. pylori infection (Appendix A, Figure 9C). Homocysteine, 
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the substrate for transsulfuration, was significantly higher in Cth–/– BMmacs independent of infection and 

cystathionine levels were the same between WT and Cth–/– BMmacs with or without infection (Figure 2.7C and 

Appendix A, Figure 9D). SAM levels were significantly higher in WT infected BMmacs compared to the uninfected 

control, while SAM was significantly decreased in Cth–/– BMmacs with and without H. pylori infection (Figure 

2.7C and Appendix A, Figure 9D). DNA methylation was significantly increased in infected Cth–/– BMmacs 6 h 

p.i. with H. pylori (Figure 2.7, D and E). At 24 h p.i., DNA methylation was reduced to almost uninfected WT 

levels, however, Cth–/– BMmacs had significantly higher levels of DNA methylation compared to WT, independent 

of infection (Appendix A, Figure 9, E and F).  

We next assessed whether the increase in DNA methylation affected gene expression. Levels of 

proinflammatory macrophage markers Tnf, Nos2, Cxcl10, Il1b, Il6, and Il12b were significantly reduced in Cth–/– 

BMmacs 6 h p.i. with H. pylori (Figure 2.7F). The decreased Nos2 mRNA expression in infected Cth–/– BMmacs 

correlated with decreased levels of NOS2 protein and NO production (Figure 7, G and H). Expression of the 

antiinflammatory markers Chil3 and Tgfb1, but not Arg1 and Il10, were decreased in Cth–/– BMmacs at 6 h p.i. with 

H. pylori (Figure 2.7I). At 24 h p.i. with H. pylori, expression of Tnf, Arg1, Tgfb1 were significantly reduced in 

Cth–/– BMmacs (Appendix A, Figure 9, G and H). This supports the idea that CTH can regulate macrophage gene 

expression through DNA methylation. 

We have previously shown that H. pylori enhances macrophage gene expression through NF-kB 

activation.85,173 We next found that WT and Cth–/– BMmacs had similar levels of MyD88 expression (Figure 2.7J), 

which is directly linked to toll-like receptor signaling upstream of NF-kB activation. In contrast, phosphorylation 

of the NF-kB p65 subunit, RELA, at Ser-536 that was activated by H. pylori infection in WT BMmacs, was 

significantly decreased in Cth–/– cells (Figure 2.7J). NF-kB activation and nuclear translocation is regulated by the 

phosphorylation of inhibitor of k light polypeptide gene enhancer in B cells, inhibitor α (NFKBIA, also known as 

IkBa) and subsequent degradation. There was no difference in the phosphorylation or total levels of NFKBIA 

(Appendix A, Figure 9I). These findings suggest that CTH is important in early signaling cascades in macrophages 

by enhancing the phosphorylation of NF-kB, independent of NFKBIA degradation. 
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Figure 2.7. CTH suppresses DNA methylation and supports M1 macrophage gene expression. (A) 
Expression of Cth by WT BMmacs 24 h post-challenge; n = 4-10 biological replicates from 3 independent 
experiments. (B) Representative plot of CD11b and F4/80 expression of WT and Cth–/– BMmacs 24 h p.i. with 
H. pylori. (C) Fold change of metabolite levels in BMmacs 24 h p.i. with H. pylori compared to control; n = 4 
biological replicates. (D) Representative plot and (E) and MFI quantification of 5mC staining in WT and Cth–
/– BMmacs 6 h p.i. with H. pylori; n = 4 biological replicates. (F) Expression of proinflammatory macrophage 
activation markers by WT and Cth–/– BMmacs 6 h p.i. with H. pylori; n = 4-10 biological replicates per genotype 
from 3 independent experiments. (G) NOS2 protein immunoblot and densitometric analysis of WT and Cth–/– 
BMmacs 24 h p.i. with H. pylori; n = 4 biological replicates per genotype. (H) NO2

– concentration in 
supernatants from WT and Cth–/– BMmacs; n = 8 biological replicates from 2 independent experiments. (I) 
Expression of antiinflammatory macrophage activation markers by WT and Cth–/– BMmacs 6 h p.i. with H. 
pylori; n = 4-10 biological replicates per genotype from 3 independent experiments. (J) pRELA protein 
immunoblot and densitometric analysis of WT and Cth–/– BMmacs 30 min p.i. with H. pylori; n = 3-4 biological 
replicates from 2 independent experiments. All values are means ± SEM. Statistical analyses where shown: (A), 
1-way ANOVA with Dunnett’s test; (C) One-way ANOVA with Newman-Keuls post hoc test; (E), (F), (H), 
and (I) One-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U test; (J) Student’s t test;  
*p < 0.05, **p < 0.01, and ***p < 0.001 vs. uninfected; §p < 0.05 and §§p < 0.01 vs. WT. 
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The role of CTH in the macrophage proteome.  

To further determine the role of CTH in the macrophage response to H. pylori, we analyzed the proteome 

of WT and Cth–/– BMmacs. Using a 4-plex tandem mass tag Isobaric Mass Tagging-based approach, we identified 

213 proteins in WT BMmacs and 142 proteins in Cth–/– BMmacs that were upregulated with infection, with 101 of 

those proteins shared between the two genotypes (Figure 2.8A). In addition, we identified 75 proteins in WT 

BMmacs and 45 proteins in Cth–/– BMmacs that were downregulated with infection, with 29 of those proteins shared 

between the two genotypes (Figure 2.8A). We then assessed the H. pylori-induced proteome of WT BMmacs using 

Ingenuity Pathway Analysis (IPA) (Figure 2.8B). The pathway most significantly activated by infection was 

“Metabolism of reactive oxygen species” with a z-score of 3.51 (Figure 2.8B). We next assessed alterations in the 

H. pylori-induced proteome in the absence of CTH. Cth–/–BMmacs infected with H. pylori compared to uninfected 

Cth–/–BMmacs exhibited upregulation of only 27 of the 89 pathways (30%) activated by H. pylori infection in WT 

BMmacs (Figure 2.8C) and downregulation of only 2 of the 8 pathways (25%) inhibited by H. pylori infection in 

WT BMmacs (Appendix A, Figure 10). While “Synthesis of reactive oxygen species” and “Production of reactive 

oxygen species” are present in both WT and Cth–/– BMmacs, importantly, the “Metabolism of reactive oxygen 

species” is not present in the pathways induced by H. pylori in Cth–/–BMmacs (Figure 2.8, B and C). Thus, CTH 

has the capacity to regulate protein expression in macrophages and contribute to macrophage activation and 

functions. 
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Figure 2.8. CTH modifies macrophage activation patterns of proteins during H. pylori infection. Proteomic 
analysis of BMmacs from WT and Cth–/– mice infected or not with H. pylori for 24 h, n = 4 biological replicates 
per genotype. (A) Venn diagram showing commonly downregulated and upregulated proteins. (B) Enrichment 
analysis of pathways activated by H. pylori infection in WT BMmacs. (C) Enrichment analysis of the pathways in 
B activated by H. pylori infection in Cth–/– BMmacs. (FDR <0.05, z-score >2). 
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CTH supports mitochondrial respiration while promoting glycolysis in H. pylori-infected macrophages.  

To elucidate the mechanism by which CTH supports macrophage activation and contributes to H. pylori-

induced disease, we investigated the downstream metabolic effects of Cth deletion in macrophages. Since the 

metabolomic pathway analysis indicated changes in glycolysis and the TCA cycle, we conducted extracellular flux 

assays on WT and Cth–/– BMmacs to assess mitochondrial function and cellular respiration. As expected, glycolysis 

and glycolytic capacity were increased with H. pylori infection in WT BMmacs, while Cth–/– BMmacs had impaired 

glycolysis and glycolytic capacity in naïve cells or those exposed to H. pylori (Figure 2.9A). WT BMmacs 

stimulated with LPS+IFN-g for 24 h had decreased oxygen consumption rate (OCR) but increased extracellular 

acidification rate (ECAR) (Appendix A, Figure 11, A and B), whereas WT BMmacs stimulated with IL-4 for 24 h 

displayed both increased OCR and increased ECAR (Appendix A, Figure 11, C and D). Mitochondrial oxidative 

phosphorylation (OXPHOS) was decreased (Figure 2.9, B) and ECAR was increased with H. pylori infection in 

WT BMmacs (Figure 9C). Cth–/– BMmacs displayed increased OCR and ECAR 24 h post-challenge with H. pylori 

(Figure 9, B and C) or with LPS+IFN-g (Appendix A, Figure 11, A and B), but did not change with IL-4 stimulation 

(Supplemental Figure 11, C and D). Uninfected Cth–/– BMmacs exhibited lower basal and maximal respiration than 

uninfected WT BMmacs, that did not change with infection unlike the WT BMmacs (Figure 2.9D). Elevated ECAR 

levels with H. pylori infection or LPS+IFN-g stimulation confirmed that the Cth–/– BMmacs were still viable (Figure 

2.9C and Appendix A, Figure 11B). The decreased mitochondrial respiration also resulted in decreased 

mitochondrial ATP production and spare respiratory capacity (SRC), an indicator of metabolic plasticity, in the 

Cth–/– BMmacs (Figure 2.9D), suggesting that Cth–/– BMmacs do not exhibit metabolic activation in response to 

infection. 

Since mitochondrial activity contributes to the production of ROS that macrophages generate to combat 

pathogens, we measured mitochondrial superoxide levels, an indicator of mitochondrial ROS (mitoROS). We found 

that H. pylori-infected Cth–/– BMmacs exhibited a significant accumulation of mitoROS compared to uninfected 

controls and infected WT cells at 24 h p.i. (Figure 2.9, E and F). We next measured the amount of intracellular 

antioxidant, glutathione (GSH), and found that GSH levels were low in Cth–/– BMmacs at baseline and remained 
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unchanged with infection, while GSH decreased with infection in WT BMmacs (Figure 2.9G). Cysteine, the direct 

product of CTH activity, is a semi-essential amino acid that is the main precursor for generation of GSH.110,111 

Cysteine levels were significantly elevated in infected WT BMmacs compared to control and infected Cth–/– 

BMmacs (Figure 2.9H), consistent with loss of CTH activity in Cth–/– BMmacs, and increased CTH activity with 

H. pylori infection in WT cells. These results suggest that macrophages upregulate CTH expression during H. pylori 

infection to maintain redox homeostasis. 

Taken together, these studies demonstrate that the loss of CTH in macrophages leads to metabolic 

suppression and impaired immune activation that underlies the decrease in H. pylori-induced gastritis observed in 

Cth–/– mice. 

 

 



 55 

 
Figure 2.9. CTH contributes to macrophage activation by enhancing mitochondrial function and glycolysis 
in H. pylori-infected macrophages. (A) Rate of glycolysis and glycolytic capacity of WT and Cth–/– BMmacs 24 
h p.i. with H. pylori; n = 3 mice per genotype. (B) Oxygen consumption rate (OCR) and (C) extracellular 
acidification rate (ECAR) of WT and Cth–/– BMmacs 24 h p.i. with H. pylori; n = 5 from 2 independent experiments. 
Vertical dashed lines indicated the sequential addition of oligomycin (Oligo), FCCP, and Rot/AA. (D) Basal 
respiration, maximal respiration, ATP production, and SRC derived from B. (E) Representative plot and (F) MFI 
quantification of MitoSOX Red staining in WT and Cth–/– BMmacs 24 h p.i. with H. pylori; n = 4 biological 
replicates. (G) Glutathione levels in WT and Cth–/– BMmacs 24 h p.i. with H. pylori; n = 3 biological replicates. 
(H) Cysteine levels in WT and Cth–/– BMmacs 24 h p.i. with H. pylori; n = 4 biological replicates. All values are 
means ± SEM. Statistical analyses where shown: One-way ANOVA with Newman-Keuls post hoc test; *p < 0.05, 
**p < 0.01, and ***p < 0.001. 
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2.5 Discussion 

Macrophages are a fundamental component of the host immune response with the capacity to transition along the 

spectrum of proinflammatory to antiinflammatory polarization as environmental signals and stimuli change.7,58 In 

inflammatory pathologies, such as H. pylori-induced gastritis, overzealous immune responses can lead to more 

severe disease outcomes, such as gastric cancer.24 Therefore, identification of alternative strategies that target the 

host to limit chronic inflammatory conditions are needed to prevent disease progression. Our study demonstrates 

that CTH impacts metabolic activation and polarization of macrophages in response to H. pylori infection. 

Moreover, we utilized unbiased “omics” approaches to probe the global effects of CTH in the host response to H. 

pylori and consistently found evidence of a heightened immune response and enhanced cellular respiration in the 

presence of CTH that contributes to H. pylori-induced disease. 

Several previous studies have investigated the role of CTH in inflammation within the context of H2S 

production, however, there is not a consensus and results often depend on exogenous versus endogenous enzymatic 

H2S derivation, with the latter being much less understood.125,204 This variation in findings highlights the need to 

further characterize the role of CTH in different models of inflammation. Using a genetic model of Cth deletion, 

here we have shown that Cth–/– mice have significantly attenuated gastritis in models of acute and chronic H. pylori 

infection. In this study, we did not measure H2S since many bacterial pathogens, including H. pylori,205 produce 

H2S and host cells maintain the ability to produce H2S in the absence of CTH through CBS or 3-mercaptopyruvate 

sulfurtransferase activity.111 Instead, we measured homocysteine, cystathionine, and cysteine levels as direct 

measures of CTH activity. Our work further supports the idea that CTH is a modulator of immune cell function and 

we have identified, for the first time, the role of CTH in the stomach in the context of H. pylori infection. In future 

studies, it would be interesting to examine the interplay between CTH and the gut microbiome. 

Our previous findings demonstrated that exogenous overexpression of the human CTH gene in RAW 264.7 

cells inhibited markers of macrophage activation.136 However, determining the effect of CTH inhibition on 

macrophage activation was not feasible in the prior study, as we found that Cth siRNA diminished the number of 

live H. pylori in infected cells, potentially limiting the macrophage response, and that the CTH inhibitor, 
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aminooxyacetic acid, directly kills H. pylori.136 In addition, the CTH inhibitor has off-target activity.136,203 In the 

current study, genetic knockout of Cth led to decreased macrophage activation during H. pylori infection. 

Transcriptomic analysis of gastric macrophages revealed that multiple gene sets involved in immune function were 

downregulated with Cth deletion. This was also reflected in the proteome of macrophages from Cth–/– versus WT 

mice infected ex vivo with H. pylori.  

Because CTH has been mainly studied as a producer of H2S, there is a gap in knowledge about how CTH 

may influence the metabolic pathways directly upstream of its activity. Our analysis of untargeted metabolomics 

identified SAM metabolism and cellular respiration as pathways regulated by CTH. SAM supplementation has been 

shown to reduce airway inflammation and M1-like macrophages exhibit reduced DNA methylation.206–208 However, 

SAH, the product of methyl donation by SAM, can bind to methyltransferases and inhibit methylation 

reactions.119,120 Although SAM supplementation suppressed proinflammatory and enhanced antiinflammatory gene 

expression in vitro, there was no protection from H. pylori gastritis in vivo. Directly linked to SAM metabolism is 

the polyamine pathway. Based on the increased gastritis in mice with myeloid-specific deletion of ODC during H. 

pylori infection,69 we anticipated that inhibition of SAMDC would result in the accumulation of putrescine and 

decreased inflammation. However, we observed that SAMDC inhibition increased putrescine levels in the stomach 

of mice without affecting gastritis, suggesting that putrescine accumulation alone is not sufficient to regulate 

gastritis. Similarly, we hypothesized that deletion of CTH might free up SAM for the metabolism of putrescine into 

spermidine and increase inflammation. However, loss of CTH did not alter polyamine levels sufficiently enough to 

impact gastritis.  

There is a growing body of literature describing the metabolic needs of immune cells, and in particular, the 

role of metabolism in macrophage differentiation and activation.72,73 During macrophage stimulation, polarizing 

macrophages remodel their metabolism to meet energetic needs. Proinflammatory macrophages repress oxidative 

phosphorylation in favor of glycolysis to aid in the production of cytokines and reactive oxygen species.74 In 

contrast, antiinflammatory M2 macrophages enhance mitochondrial oxidative phosphorylation while still 

consuming glucose.79 We found that macrophages lacking CTH have impaired ability to metabolically adapt to 

external stimuli. ROS and nitrogen species are important effector molecules produced by macrophages to combat 
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pathogens and regulate polarization,209 however, high levels can be detrimental and cause cellular dysfunction, 

including mitochondrial impairment.210 This supports our findings that loss of CTH results in depleted intracellular 

cysteine and GSH, and contributes to high levels of mitochondrial superoxide and reduced mitochondrial function. 

Beyond the altered gene expression of macrophage cytokines, our data highlight an unexpected role of CTH in 

macrophage metabolism and respiration. 

Lastly, in the context of H. pylori infection, regulation of TNF-a transcription has been shown to be 

dependent on alternative activation of NF-kB through the phosphorylation of the p65 subunit, RELA, at Ser-536 

that does not involve NFKBIA degradation.209 We found that deletion of Cth led to decreased TNF-a expression 

during infection with H. pylori, in vitro and in vivo, and with LPS + IFNg stimulation. The impaired cytokine 

production may be linked to the observed decrease in phosphorylation of RELA at Ser-536 in the infected Cth–/– 

macrophages, especially since there were no differences in phospho- or total NFKBIA levels between the infected 

cells. Since many kinases are involved in the phosphorylation of p65, future studies using various receptor and 

signaling cascade inhibitors may enhance the understanding of the mechanism connecting CTH with the early 

macrophage responses.  

In summary, our findings outline the role of CTH in regulating the macrophage-facilitated response to H. 

pylori. Increased expression of CTH by macrophages contributes to inflammation in the gastric tissues of mice and 

markers of proinflammatory macrophages ex vivo in the context of H. pylori infection. Using genetic deletion of 

Cth, we determined that CTH can affect macrophage function via enhanced gene and protein expression through 

NF-kB phosphorylation and suppression of DNA methylation and maintenance of mitochondrial function through 

redox homeostasis. This in turn can affect the adaptive immune response in T cells, though Cth deletion does not 

appear to affect T cell function in a cell autonomous manner.  Due to the limitations of current chemical inhibitors 

of CTH, exploring the full spectrum of pathways related to CTH is essential in the discovery of therapeutic targets 

that can help reduce the burden of chronic gastritis and risk of gastric cancer in humans.  
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CHAPTER 3 

 

The Role of Talin-1 in Macrophages During C. rodentium-induced Colitis 

 

3.1 Abstract 

The intestinal immune response is crucial in maintaining a healthy gut, but the enhanced migration of monocyte-

derived macrophages in response to pathogens is a major contributor to disease pathogenesis. The goal of this study 

was to uncover a mechanism by which intestinal macrophages promote inflammation. Integrins are ubiquitously 

expressed cellular receptors that are highly involved in immune cell adhesion to endothelial cells while in the 

circulation and help facilitate extravasation into tissues. Here we show that specific deletion of the gene encoding 

talin-1, an integrin-activating scaffold protein, from cells of the myeloid lineage reduces epithelial damage, 

attenuates colitis, downregulates the expression of macrophage markers, and diminishes the presence of CD68-

positive cells in the colonic mucosa of mice infected with the enteric pathogen Citrobacter rodentium. Bone 

marrow-derived macrophages lacking expression of Tln1 did not exhibit a cell autonomous phenotype; there was 

no impaired proinflammatory gene expression, nitric oxide production, phagocytic ability, or surface expression of 

CD11b, CD86, or major histocompatibility complex II (MHCII) in response to C. rodentium. Thus, we demonstrate 

that talin-1 plays a role in the manifestation of infectious colitis by increasing macrophage recruitment, with an 

effect that is independent of macrophage activation. 
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Figure 3.1. Graphical Abstract. Talin-1 contributes to the recruitment of 
macrophages during infection by the enteric murine pathogen Citrobacter rodentium 
and thus the pathogenic inflammatory response. 

 
 
 
3.2 Introduction 

Macrophages are an essential component of the intestinal immune response. Under normal conditions, the intestinal 

lamina propria is home to the largest population of mononuclear leukocytes in the body with macrophages being 

the most abundant subpopulation.211 Intestinal macrophages are unique compared to other tissue macrophages in 

that they are continuously replenished from circulating blood monocytes as they help maintain epithelial renewal 

and immune homeostasis in the presence of the gut microbiota.211 Inflammatory conditions of the intestines are 

often the result of perturbation of the normal gut flora, pathogenic infection, or an inherent dysregulation of the 

immune response. During infection with pathogenic bacteria, such as enteropathogenic Escherichia coli (EPEC) 

and Shiga toxin-producing E. coli, the enhanced immune cell recruitment and activation can be both protective and 

deleterious, and is a major cause of the resulting pathology.212  
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Recruited circulating monocytes enter tissues through integrin binding to adhesion molecules on endothelial 

cells.213–215 Integrin ligand affinity and activation is facilitated by talin-1, a cytoskeletal scaffold protein that interacts 

with the cytoplasmic domain of the b-subunit of integrins and induces a confirmational change to the extracellular 

domain.150,157 In this study, we sought to elucidate the role of talin-1 in macrophages during colonic infection by 

Citrobacter rodentium, the rodent equivalent of EPEC, a well-established model of infectious colitis.109,170,216 

Myeloid cell-specific knockdown of Tln1 resulted in decreased epithelial damage and inflammation that was 

associated with decreased transcript levels of macrophage markers and less macrophages recruited to the infected 

tissues. This outcome was independent of a cell-autonomous effect of talin-1 in macrophage activation and function 

ex vivo. Overall, we demonstrate that talin-1 regulates the recruitment of macrophages in response to the enteric 

murine pathogen C. rodentium and facilitates the inflammatory response. 

 

3.3 Materials and Methods 

Mice. C57BL/6 Tln1fl/fl mice were provided by Dr. Roy Zent at Vanderbilt University Medical Center (Nashville, 

TN).217 Tln1fl/fl mice were crossed with C57BL/6 Lyz2cre/cre mice and the resulting offspring were crossed to generate 

Tln1fl/fl;Lyz2+/+ (Tln1fl/fl) and Tln1fl/fl;Lyz2cre/cre (Tln1Dmye) littermates.218,219 All experiments were approved by the 

IACUC at Vanderbilt University and Institutional Biosafety Committee and the Research and Development 

Committee of the Veterans Affairs Tennessee Valley Healthcare System under the protocol V2000018. 

 

Generation of bone marrow-derived macrophages. Bone marrow-derived macrophages (BMmacs) were 

generated as described.220  

 

Infection with C. rodentium. Male adult (6-12 wk) littermates were orally inoculated by gavage with 5x108 C. 

rodentium strain DBS100.170,216 Control mice received sterile Luria-Bertani broth alone. Animals were monitored 

and weighed daily for 14 days. Mice were sacrificed, and the colons were removed, measured, cleaned, weighed, 

and Swiss-rolled for fixation in 10% neutral buffered formalin for histology. Prior to fixation, three proximal and 
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distal pieces were collected; two pieces were flash frozen and the third was weighed, homogenized, serially diluted, 

and cultured on McConkey agar plates to determine bacterial colonization by counting the colony forming units 

(CFUs). Hematoxylin and eosin (H&E) stained slides were scored in a blinded manner by a gastrointestinal 

pathologist (MBP) for histologic injury (0–21), a composite of the total inflammation (0-18) plus epithelial injury 

(0-3).170 

 BMmacs were infected with C. rodentium at a multiplicity of infection (MOI) of 10 for 3 h in antibiotic-

free media. The cells were then washed and provided media containing penicillin and streptomycin for an additional 

3 h (mRNA) or 21 h (protein, flow cytometry).  

 

mRNA Analysis. Total RNA was isolated from BMmacs and the flash frozen colonic tissues using the RNeasy 

Mini Kit (QIAGEN). Total RNA samples were reverse transcribed into cDNA using the SuperScript III Reverse 

Transcriptase (Thermo Fisher), Oligo (dT) primers (Thermo Fisher), and dNTP Mix (Applied Biosystems). 

Quantitative real-time PCR (qRT-PCR) was performed using the PowerUp SYBR Green Master Mix (Applied 

Biosystems). The primers are listed in Table 3.1. 
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Table 3.1: List of qRT-PCR primers used for Chapter 3. 

Target gene Sequence (5'-3') 

Tln1 F: GGCCCTCCCAACGACTTT 
R: AGCCTCTAGCCAGATGCCTTT 

Tnf F: CTGTGAAGGGAATGGGTGTT 
R: GGTCACTGTCCCAGCATCTT 

Il1b F: ACCTGCTGGTGTGTGACGTTCC 
R: GGGTCCGACAGCACGAGGCT 

Il6 F: AGTTGCCTTCTTGGGACTGA 
R: TCCACGATTTCCCAGAGAAC 

Il23a F: CCAGCAGCTCTCTCGGAATC 
R: TCATAGTCCCGCTGGTGC 

Cxcl10 F: GGTCTGAGTGGGACTCAAGG 
R: GTGGCAATGATCTCAACACG 

Arg1 F: AAGAAAAGGCCGATTCACCT 
R: CACCTCCTCTGCTGTCTTCC 

Tnfsf14 F: CTGCATCAACGTCTTGGAGA 
R: GATACGTCAAGCCCCTCAAG 

Ifng F: GGCCATCAGCAACAACATAAGCGT 
R: TGGGTTGTTGACCTCAAACTTGGC 

Il17a F: ATCCCTCAAAGCTCAGCGTGTC 
R: GGGTCTTCATTGCGGTGGAGAG 

Il22 F: TTGAGGTGTCCAACTTCCAGCA 
R: AGCCGGACGTCTGTGTTGTTA 

Actb F: CCAGAGCAAGAGAGGTATCC 
R: CTGTGGTGGTGAAGCTGTAG 

 

 

Western Blot and Densitometric Analysis. Protein isolation, SDS-PAGE separation, nitrocellulose membrane 

transfer, and band visualization were performed as previously described.220 The membranes were incubated with a 

rabbit anti-talin-1 (Cell Signaling) or a mouse anti-b-actin (Sigma) followed by HRP-labeled goat anti-rabbit IgG 

(Jackson ImmunoResearch) or HRP-labeled goat anti-mouse IgG (Promega), respectively. Densitometric analysis 

was performed with Fiji (ImageJ).200  
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Immunohistochemistry and Analysis. Paraffin-embedded Swiss-rolled murine colon tissues were processed as 

previously described221 and incubated overnight at 4° C using the following antibodies: anti-CD68 (Biocare 

Medical), anti-Ly6G (abcam), anti-CD11c (Cell Signaling), or anti-CD3 (Abcam). All slides were imaged and 

analyzed using a Cytation C10 Confocal Imaging Reader and Gen 5+ software (Agilent BioTek). The average 

number of CD68-, Ly6G-, Cd11c-, and CD3-positive cells was quantified by the Cell Analysis function of the Gen 

5+ software and was limited to the mucosa to reduce inclusion of non-specific staining and normalized to tissue 

surface area. 

 

Gentamicin Assay. BMmacs were infected at an MOI of 10 for 1 h prior to washing, counting, and treating with 

200 g/mL gentamicin for 1 h.136 The cells were then lysed with 0.1% saponin for 30 mins at 37°C and the lysate 

was serially diluted and cultured on McConkey agar plates. CFUs were counted and normalized to cell count. 

 

Flow cytometry. BMmacs infected or not with C. rodentium for 24 h were washed with PBS and fixed with CytoFix 

(BD Biosciences) for 20 min at 4°C, washed, and then labeled with anti-CD11b (BD Biosciences), anti-CD86 

(Invitrogen), and anti-MHCII (Invitrogen). 

 

Statistics. All the data shown represent the mean ± SEM unless otherwise noted. GraphPad Prism 9.4 (GraphPad 

Software) was used to perform statistical analyses and significance was set at P < 0.05.  

 

3.4 Results and Discussion 

Mice lacking talin-1 in the myeloid cell lineage exhibit less epithelial damage and inflammation during 

pathogenic colitis 

We first confirmed knockdown of Tln1 mRNA (Figure 3.2A) and talin-1 protein (Figure 3.2, B and C) in 

BMmacs isolated from Tln1Dmye mice infected or not ex vivo with C. rodentium. Note that C. rodentium infection 
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had no effect on the expression of Tln1 mRNA (Figure 3.2A) or talin-1 protein (Figure 3.2, B and C) in Tln1fl/fl 

BMmacs. Male mice were then infected via oral gavage with 5x108 CFUs of C. rodentium and monitored for 14 

days. We did not observe differences in body weight loss (Figure 3.3A), colon weight (Figure 3.3B), or bacterial 

burden (Figure 3.3C) between Tln1fl/fl and Tln1Dmye mice. Consistent with previous studies, infection with C. 

rodentium resulted in mucosal hyperplasia222,223, erosion and ulceration of the epithelium, and immune cell invasion 

of the mucosa and submucosa (Fig 3.3D).141,224 Notably, histologic injury scores were attenuated in Tln1Dmye mice 

compared to Tln1fl/fl littermates (Figure 3.3E), due to a reduction in both components of the composite score, 

epithelial damage and total inflammation (Figure 3.3F). These results suggest that talin-1 in myeloid cells 

contributes to C. rodentium pathogenesis and are supported by the findings that mice that have a weakened response 

of neutrophils and/or macrophages, but have an intact lymphoid cell compartment, exhibit decreased colitis and 

epithelial damage yet can still control bacterial growth.225,226 In contrast, immunocompromised mice or mice that 

lack an effective type 3 T cell or innate lymphoid cell response are unable to control the bacterial burden and exhibit 

higher rates of mortality.227–229 

 

 

 
Figure 3.2. Myeloid cell-specific deletion of Tln1. BMmacs were generated form Tln1fl/fl and Tln1Dmye mice and 
infected with C. rodentium. (A) Expression of Tln1 mRNA determined by qRT-PCR 6 h post-infection; n = 3-4 
mice per genotype. (B) Western blot of talin-1 protein (270 kDa) expression and (C) densitometry analysis at 24 h 
post-infection; n = 3 mice per group. All values are reported as mean ± SEM. Statistical analyses, where shown; 
*P<0.05 and **P<0.01 determined by 1-way ANOVA and Tukey post hoc test. 
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Figure 3.3. Loss of talin-1 in myeloid cells protects 
mice from C. rodentium induced injury. Tln1fl/fl and 
Tln1Dmye male littermates were orally inoculated with 
5x108 CFU of C. rodentium by gavage and observed for 
14 days. n = 7 uninfected mice and n = 13-16 infected 
mice per genotype. Data pooled from 2 independent 
experiments. (A) Daily body weights depicted as a 
percent of initial body weight. (B) Colon weights depicted 
as a percent of body weight on day 14 post-infection. (C) 
C. rodentium colonization of the colon determined by 
counting CFUs from serial dilutions of homogenized 
tissues and normalized to tissue weight on day 14 post-
infection. (D) Representative H&Es of Swiss-rolled fixed 
tissues. (E) Histologic injury score assessed by a 
pathologist using the H&E-stained tissues and is the sum 
of (F) epithelial damage and total inflammation. All 
values are reported as mean ± SEM. Statistical analyses, 
where shown; *P<0.05 and ****P<0.0001 determined by 
(E) 1-way ANOVA and Tukey post hoc test and (F) 
Student’s t test. 
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Mice with myeloid cell-specific deletion of Tln1 express lower levels of macrophage markers and recruit less 

macrophages in the colon with C. rodentium infection 

We next assessed the expression of genes encoding for immune effectors typically associated with C. 

rodentium infection in the colon. Markers of proinflammatory macrophages, namely tumor necrosis factor (Tnf), 

interleukin (IL)-1b (Il1b), Il6, Il23a, and C-X-C ligand 10 (Cxcl10) were induced with infection in Tln1fl/fl mice and 

significantly decreased in the colon tissues from infected Tln1Dmye mice compared to infected Tln1fl/fl mice (Figure 

3.4A). Additionally, the levels of the transcripts encoding the antiinflammatory macrophage markers, specifically 

arginase 1 (Arg1) and tumor necrosis factor super family 14 (Tnfsf14; Light) were also significantly decreased in 

infected Tln1Dmye colon tissues (Figure 3.4B). We observed a significant reduction in the expression of the Th1 T 

cell marker interferon-g (Ifng) with no change in the expression of the Th17 marker Il17a, or the Th22 marker Il22 

in infected Tln1Dmye colon tissues (Figure 3.4C). In accordance with our findings that there were no differences 

between the C. rodentium colonization of Tln1fl/fl and Tln1Dmye mice, but decreased colitis, IL-22 and IL-17 are 

important for controlling bacterial growth, but not disease development.229–232 

Numerous studies have demonstrated that talin-1 is essential for the migration and recruitment of 

leukocytes, including neutrophils, dendritic cells, and T cells to sites of inflammation.166–169 Thus, we next assessed 

the population of immune cells present in the colon via immunohistochemistry and quantification of positively-

stained cells. Consistent with the gene expression we observed, the number of CD68+ macrophages in the colon 

were increased with infection in Tln1fl/fl tissues, but were significantly less abundant in infected Tln1Dmye mice 

(Figure 3.5A). Interestingly, there was no differences in the number of Ly6G+ neutrophils or CD11c+ dendritic cells 

between Tln1fl/fl and Tln1Dmye mice with infection (Figure 3.5, B and C). The Lyz2-flox system is used to target 

specific gene deletions in cells of the myeloid cell lineage and affects macrophages, neutrophils, and dendritic cells 

to varying degrees218,219 suggesting that talin-1 is important for the recruitment of macrophages, but not dendritic 

cells or neutrophils during C. rodentium infection. In addition, the number of CD3+ cells were similar in Tln1Dmye 

mice compared to Tln1fl/fl mice with infection, matching the comparable expression of Il17a and Il22 (Figure 3.5D). 
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Figure 3.4. Knockdown of talin-1 in myeloid cells reduces expression of macrophage markers in vivo. Whole 
tissue mRNA expression of (A) proinflammatory, (B) antiinflammatory, and (C) T cell markers analyzed by qRT-
PCR. n = 3-4 uninfected mice and n = 6-7 infected mice per genotype. Each symbol is a different mouse. All values 
are reported as mean ± SEM. Statistical analyses, where shown; *P<0.05 and **P<0.01 determined by 1-way 
ANOVA with Tukey post hoc test or Kruskal-Wallis test, followed by Mann-Whitney U tests. 
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Figure 3.5. Myeloid cell talin-1 contributes to macrophage recruitment in response to infection. 
Representative immunohistochemistry images and the quantification of positive cells per mm2 of colon tissues 
immunoperoxidase-stained for (A) CD68, (B) Ly6G, (C) CD11c, and (D) CD3.  n = 4 uninfected mice and n = 5 
infected mice per genotype. All values are reported as mean ± SEM. Statistical analyses, where shown; *P<0.05, 
**P<0.01, and ****P<0.01 determined by 1-way ANOVA and Tukey post hoc test. Scale bars represent 100 µm. 
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Loss of talin-1 does not have a cell-intrinsic effect on macrophage activation and function ex vivo 

Thus far, we have demonstrated that Tln1Dmye mice exhibit decreased histologic injury and diminished 

recruitment of CD68+ macrophages during C. rodentium infection in vivo. Therefore, we wanted to evaluate 

whether talin-1 has a role in macrophage activation and function. Previously, it has been shown that Tln1-deficient 

dendritic cells express lower levels of proinflammatory genes when challenged with TLR agonists resulting in 

compromised immunity during skin infection.167 BMmacs derived from Tln1fl/fl and Tln1Dmye mice displayed similar 

levels of induced Tnf, Il1b, Il6, and Il23a transcripts after infection with C. rodentium (Figure 3.6A). In addition, 

Tln1-deficient BMmacs retained the ability to produce nitric oxide (Figure 3.6B), a commonly used marker to 

evaluate the activation and polarization of inflammatory macrophages.103,220 These data suggest that the decreased 

gene expression and inflammation that we observed in the tissues of Tln1Dmye mice during C. rodentium infection 

in vivo is not due to impaired macrophage activation.  

Talin-1 has also been implicated in the phagocytic ability of macrophages; however, this is dependent on 

the integrin b-subunit and the target of the engulfment. Talin is dispensable for integrin b5-mediated phagocytosis 

of apoptotic cells233 while talin is required for the integrin b2-mediated phagocytosis of C3bi-opsinized red blood 

cells.234 We found that Tln1-deficient BMmacs engulfed the same number of C. rodentium as Tln1fl/fl BMmacs 

(Figure 3.6C), signifying that talin-1 is not required for the phagocytosis of C. rodentium by macrophages.  

Macrophages have the dual responsibility of directly killing pathogens and acting as professional antigen 

presenting cells to activate and directs T cells.58 Talin-1 has been shown to be involved in T cell activation in an 

antigen presenting cell contact-dependent manner through stabilization of the immune synapse.235 To assess the role 

of talin-1 in the activation of macrophages in the context of antigen presentation, we measured the surface 

expression of MHCII and the co-stimulatory molecule, CD86. First, we confirmed that Tln1fl/fl and Tln1Dmye mouse-

derived BMmacs expressed similar levels of CD11b, a b2 integrin, and interestingly, Tln1-deficient BMmacs 

expressed higher levels of CD11b compared to Tln1fl/fl BMmacs with and without infection (Appendix B, Figure 

1). The CD11b+ Tln1-deficient BMmacs also expressed significantly higher levels of CD86 (Figure 3.6D), but not 

MHCII (Figure 3.6E), compared to Tln1fl/fl BMmacs with infection. Collectively, our data demonstrate that loss of 
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macrophage talin-1 is protective in the C. rodentium model of infectious colitis through a non-cell-autonomous 

manner.  

In summary, the results from this present study indicate that talin-1 within macrophages affects recruitment, 

but not activation in the context of pathogenic colitis. Our data indicate that the expression of talin-1 by 

macrophages contributes to C. rodentium-induced inflammation, with the increased number of colonic macrophages 

leading to more generation of inflammatory mediators, while failing to help eradicate the pathogen. These findings 

provide further insight into the development of bacterially-induced colitis and highlights a potential target to control 

macrophage movement into tissues that leads to the propagation of inflammation. 
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Figure 3.6. Talin-1 does not contribute to macrophage activation or phagocytic ability ex vivo. BMmacs 
derived from Tln1fl/fl and Tln1Dmye mice were infected or not with C. rodentium, n= 3-4 mice per genotype. (A) 
Expression of proinflammatory macrophage markers at 6 h post-infection. (B) The concentration of NO2

– in cell 
supernatants 24 h post-infection. (C) The amount of C. rodentium phagocytosed by Tln1fl/fl and Tln1Dmye BMmacs 
1 h post-infection determined by gentamicin assay. (D-E) Representative flow plots and graphs depicting the surface 
expression and mean fluorescence intensity (MFI) of (D) CD86 and (E) MHCII on BMmacs 24 h post-infection. 
All values are reported as mean ± SEM. Statistical analyses, where shown; *P<0.05, **P<0.01, and ****P<0.01 
determined by 1-way ANOVA and Tukey post hoc test. 
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CHAPTER 4 

 

The Role of Talin-1 in the Colonic Epithelium During C. rodentium Infection 

 

4.1 Abstract 

Pathogenic enteric Escherichia coli present a significant burden to global health. Food-borne enteropathogenic E. 

coli (EPEC) and Shiga toxin-producing E. coli (STEC) utilize attaching and effacing (A/E) lesions and actin-dense 

pedestal formation to colonize the gastrointestinal tract. Talin-1 is a large structural protein that links the actin 

cytoskeleton to the extracellular matrix though direct influence on integrins. Here we show that mice lacking talin-

1 in intestinal epithelial cells (Tln1Depi) have heightened susceptibility to colonic disease caused by the A/E murine 

pathogen Citrobacter rodentium. Tln1Depi mice exhibit decreased survival, and increased colonization, colon weight, 

and histologic colitis compared to littermate Tln1fl/fl controls. These findings were associated with decreased actin 

polymerization and increased infiltration of innate myeloperoxidase-expressing immune cells, but more bacterial 

dissemination deep into colonic crypts. Further evaluation of the immune population recruited to the mucosa in 

response to C. rodentium revealed that loss of Tln1 in colonic epithelial cells (CECs) results in impaired recruitment 

and activation of T cells. C. rodentium infection-induced colonic mucosal hyperplasia was exacerbated in Tln1Depi 

mice compared to littermate controls. We demonstrate that this is associated with decreased CEC apoptosis and 

crowding of proliferating cells in the base of the glands. Taken together, talin-1 expression by CECs is important 

in the regulation of both epithelial renewal and the inflammatory T cell response in the setting of colitis caused by 

C. rodentium, suggesting that this protein functions in CECs to limit, rather than contribute to the pathogenesis of 

this enteric infection.  

 

4.2 Introduction 

The colonic epithelium plays a pivotal role in the delicate balance between gut homeostasis and disease. Colonic 

epithelial cells (CECs) line the lumen of the colon and provide the initial barrier between the microbiome and the 
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rest of the body.236 Escherichia coli, a prominent member of the human colonic microbiota, usually maintains a 

commensal relationship with the host, however, enteropathogenic E. coli (EPEC) are leading causes of diarrheal-

related deaths, especially in children and the elderly.138,139 One mode of EPEC pathogenesis is through attaching 

and effacing (A/E) lesions, a strategy shared by other bacteria, such as Shiga toxin-producing E. coli (STEC) and 

the naturally occurring mouse-restricted pathogen, Citrobacter rodentium.140,141 The virulence factors that induce 

A/E lesion formation are encoded by the locus of enterocyte effacement (LEE), which includes genes encoding for 

a type III secretion system (T3SS) secreted proteins, the adhesin intimin, and its receptor termed translocated intimin 

receptor (Tir).140–142 The formation of pedestal-like structures underneath the intimately adhered bacteria are 

composed of the bacterial translocated effectors and the recruited host cytoskeletal and focal adhesion proteins a-

actinin, vinculin, and talin-1.142,143   

Talin-1, encoded by the gene Tln1, is a ubiquitously expressed mechanosensory scaffold protein that was 

first discovered in chicken gizzards.149,150 The homo-dimeric talin-1 molecule is comprised of two subunits; a 50-

kDa N-terminal head containing a FERM domain and a 220-kDa C-terminal rod lined with helical bundles that 

provide multiple binding sites for actin and vinculin.150,154,155 The family of proteins that possess a FERM domain 

are often associated with protein-protein interactions that link the cytoskeleton to transmembrane receptors.156 The 

head of talin-1 has been shown to bind to the cytoplasmic domain of the b-subunit of integrins and facilitates a 

conformational change to the extracellular domain that increases integrin binding affinity.150,157 The tail of talin-1 

tethers to F-actin and through inside-out signaling, promotes focal adhesion assembly and increases forces exerted 

on the extracellular matrix (ECM).159–163 

Increasing evidence suggests that talin-1 is essential for A/E lesion pedestal formation and actin 

polymerization.237,238 We have recently shown that suppression of talin-1 expression in vitro results in decreased 

actin rearrangement in immortalized young adult mouse colon (YAMC) cells.239 Therefore, our aim in this study 

was to determine the role of talin-1 in CECs during pathogenic enteric bacterial infection in vivo. Cell-specific 

knockdown of Tln1 in intestinal epithelial cells in mice resulted in increased C. rodentium colonization with 

increased depth of infection in the colonic epithelial glands, associated with decreased actin condensation, enhanced 
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neutrophil infiltration, and impaired T cell response, together resulting in increased clinical and histologic evidence 

of colitis. In addition, we demonstrate that genetic loss of Tln1 contributes to colonic crypt hyperplasia. This effect 

was associated with reduced apoptosis of surface CECs and reduced proliferation along the upper zone of the crypts. 

Taken together, these findings implicate talin-1 as a regulator of CEC response and T cell recruitment during 

infectious colitis that restricts C. rodentium pathogenesis. 

 

4.3 Materials and Methods 

Mice. C57BL/6 Tln1fl/fl mice were generated by Petrich et al. and provided to us by Dr. Roy Zent at Vanderbilt 

University Medical Center (Nashville, TN).217,240 The Tln1fl/fl mice were then crossed with C57BL/6 Vil1cre/+ mice 

and the resulting offspring were backcrossed to Tln1fl/fl mice to generate Tln1fl/fl;Vil1+/+ and Tln1fl/fl;Vil1cre/+ 

(Tln1Depi) mice.241 The mouse colony was maintained and housed in a specific-pathogen free facility with 

ventilated cage racks and a 12h/12h light/dark cycle. Mice were fed ad libitum with 5L0D chow (LabDiet) and 

provided continuous water. All experiments were approved IACUC at Vanderbilt University and Institutional 

Biosafety Committee and the Research and Development Committee of the Veterans Affairs Tennessee Valley 

Healthcare System under the protocol V2000018. Procedures were performed in accordance with institutional 

policies, AAALAC guidelines, the American Veterinary Medical Association Guidelines on Euthanasia, NIH 

regulations (Guide for the Care and Use of Laboratory Animals; National Academies Press, 2011), and the US 

Animal Welfare Act (1966). 

 

Isolation of Colonic Epithelial Cells. Epithelial cells were isolated from the colonic mucosa as previously 

described.239,242 Briefly, colons were excised, cut longitudinally, washed with PBS, cut into 2 mm pieces, placed in 

dissociation buffer containing 3 mM DTT and 0.5 mM EDTA, and incubated on ice for one hour. The pieces were 

then vigorously shaken in PBS and the cells were passed through a 70 µm cell strainer. 
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mRNA Analysis. Total RNA was isolated from CECs and colonic tissues using the RNeasy Mini Kit (QIAGEN), 

according to the manufacturer’s instructions. Equal amounts of total RNA were reverse transcribed into cDNA 

using the SuperScript III Reverse Transcriptase (Thermo Fisher), Oligo (dT) primers (Thermo Fisher), and dNTP 

Mix (Applied Biosystems). Quantitative real-time PCR was performed using the PowerUp SYBR Green Master 

Mix (Applied Biosystems) and the primers listed in Table 4.1.  

 

Table 4.1: List of qRT-PCR primers used for Chapter 4. 

  
Target gene Sequence (5'-3') 

Tln1 F: GGCCCTCCCAACGACTTT 
R: AGCCTCTAGCCAGATGCCTTT 

Ccl5 F: GGCCATCAGCAACAACATAAGCGT 
R: ACACACTTGGCGGTTCCT 

Ccl20 F: CGACTGTTGCCTCTCGTACA 
R: AGGAGGTTCACAGCCCTTTT 

Ifng F: GGCCATCAGCAACAACATAAGCGT 
R: TGGGTTGTTGACCTCAAACTTGGC 

Il17a F: ATCCCTCAAAGCTCAGCGTGTC 
R: GGGTCTTCATTGCGGTGGAGAG 

Il22 F: TTGAGGTGTCCAACTTCCAGCA 
R: AGCCGGACGTCTGTGTTGTTA 

Tnf F: CTGTGAAGGGAATGGGTGTT 
R: GGTCACTGTCCCAGCATCTT 

Actb F: CCAGAGCAAGAGAGGTATCC 
R: CTGTGGTGGTGAAGCTGTAG 

 

 

Western Blot and Densitometric Analysis. Isolated CECs or colonic tissues were lysed using ice cold CellLytic 

MT Reagent (Sigma-Aldrich) supplemented with the Protease Inhibitor Cocktail (Set III, Calbiochem) and the 

Phosphatase Inhibitor Cocktail (Set I, Calbiochem). The BCA Protein Assay (Pierce) was used to measure total 

protein concentrations. Proteins were separated by SDS-PAGE on a 4-20% gel, transferred to nitrocellulose 

membranes, and blocked with 5% w/v milk in TBS with 0.1% Tween-20 for 1 h.  Membranes were incubated with 
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a rabbit anti-Talin-1 mAb (Cell Signaling, C45F1; 1:2000) overnight at 4°C in 5% w/v BSA in TBS with 0.1% 

Tween-20 (based on the manufacturer’s recommendations) or a mouse anti-b-actin mAb (Sigma, A1978; 1:10000) 

in 5% w/v milk in TBS with 0.1% Tween-20 for 30 min at room temperature. Protein bands were visualized by 

incubating the membrane with HRP-labeled goat anti-rabbit IgG (Jackson ImmunoResearch, 111-035-003; 1:5000) 

or HRP-labeled goat anti-mouse IgG (Promega, W402B; 1:20000), respectively, and using SuperSignal West Pico 

PLUS Chemiluminescent Substrate (Pierce) and HyBlot CL Autoradiography Film (labForce). Densitometric 

analysis of Western blots was performed with Fiji (ImageJ).200  

 

C. rodentium Colitis. C. rodentium strain DBS100 was cultured overnight in Luria-Bertani (LB) broth shaking at 

37° C. Adult male Tln1fl/fl and Tln1Depi littermates (6-12 wk) are inoculated by oral gavage with 5x108 C. rodentium 

in 0.2 mL LB broth.216,239,243 Control mice received 0.2 mL of sterile LB broth alone. Mice were weighed and 

monitored daily and animals that showed signs of distress, lost more than 20% of initial body weight, or became 

moribund were euthanized. At 14 days post-inoculation, mice were sacrificed, and the colons were removed, 

measured, cleaned, weighed, and Swiss-rolled for fixation in 10% neutral buffered formalin and subsequent 

histology. Three proximal and distal pieces were collected prior to fixation. Two pieces were flash frozen for RNA 

and protein isolation and analysis and the third was used to determine bacterial colonization by counting the colony 

forming units (CFUs) after plating serial dilutions of homogenized tissue on McConkey agar plates. C. rodentium 

colonization of the spleen was determined as above.  

 

Immunofluorescence. Immunofluorescent staining for C. rodentium was performed on paraffin-embedded Swiss-

rolled murine colon tissues using the following antibodies: rabbit polyclonal anti-C. koseri, (cross-reacts with C. 

rodentium) (Abcam; 1:50), and Alexa Fluor 488-labeled goat anti-rabbit IgG (1:400; Life Technologies) or Alexa 

Fluor 555-labeled goat anti-rabbit IgG (1:400; Life Technologies) and pseudo-colored green during imaging.239 

Slides were washed, dried, and mounted using VECTASHIELD HardSet™ Antifade Mounting Medium with DAPI 
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(Fisher Scientific). Fluorescently stained slides were imaged using a Cytation C10 Confocal Imaging Reader and 

Gen 5+ software (Agilent BioTek).  

 

FAS Test. Phalloidin CF488A (Biotium; 1:50) was included in the secondary antibody incubation step of C. 

rodentium immunofluorescence staining and pseudo-colored white during imaging.  

 

Histologic Score. Paraffin-embedded Swiss-rolled colons were sectioned (5 µm), stained with hematoxylin (H&E), 

and examined in a blinded manner by a gastrointestinal pathologist (MBP). The histologic injury score (0–21) is 

the combination of epithelial injury score (0–3) plus total inflammation (0-18), which is the extent of inflammation 

(0-3) multiplied by the sum of acute and chronic inflammation (0–3 for each) scores multiplied by extent of 

inflammation (0–3) as described. 239 

 

Immunohistochemistry and Analysis. Immunoperoxidase staining for Ki-67, myeloperoxidase (MPO), CD3, and 

cleaved caspase-3 were performed on paraffin-embedded Swiss-rolled murine colon tissues. Sections were 

deparaffinized, antigens retrieved with citrate buffer, and quenched with H2O2. Tissues were then incubated 

overnight at 4° C using the following antibodies: prediluted rabbit polyclonal anti-Ki-67 (Biocare, PRM325AA), 

prediluted rabbit monoclonal anti-MPO (Biocare, PP023AA), rabbit polyclonal anti-CD3 (Abcam, ab5690; 1:150), 

or rabbit monoclonal anti-cleaved caspase-3 (Cell Signaling, 9664; 1:400). Primary antibodies were detected with 

anti-rabbit HRP Polymer (DAKO), color was developed using 3,3′-diaminobenzidine (DAB+), and tissues were 

counterstained by hematoxylin. All slides were imaged and analyzed using a Cytation C10 Confocal Imaging 

Reader and Gen 5+ software (Agilent BioTek). Crypt length and the proportion of the crypt that contained Ki-67 

positive nuclei were determined by measuring the distance from the base of the crypt to the luminal surface and the 

last positive nuclei from 3 mid-powered fields, respectively. The average number of CD3-positive cells was 

quantified by the Cell Analysis function of the Gen 5+ software (Agilent BioTek) and was limited to the mucosa to 

reduce inclusion of non-specific staining. The proportion of apoptotic mucosa per 5 high-powered fields was 
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quantified by measuring the total height of the mucosa and the height of the region containing positive cleaved 

caspase-3 staining. 

The average number of MPO-positive cells per 5 high-powered fields was quantified by a gastrointestinal 

pathologist (MBP) in a blinded manner. 

 

Generation of Colonoids. Colons were extracted from Tln1fl/fl and Tln1Depi mice, washed with PBS, cut into 5-6 

pieces, and incubated in chelating buffer (10 mM EDTA in PBS) at 4° C for 30 min while rocking. The tissues were 

then vigorously shaken in fresh dissociation buffer (1% w/v D-sorbitol and 1.5% w/v sucrose in PBS) and repeated 

until a clean fraction of crypts was obtained. The isolated crypts were embedded in Matrigel matrix (Corning, 

356231) and maintained in 50% L-WRN conditioned media with 100 U/ml penicillin/streptomycin, 10 µg/ml 

Gentamicin (Gibco), 10 µM Y27632 (Tocris, 1254), and 10 µM SB431542 (Tocris, 12614). Gentamicin and 

Y27632 are not included after the first passage.  

 

Statistics. All the data shown represent the mean ± SEM unless otherwise noted. GraphPad Prism 9.4 (GraphPad 

Software) was used to perform statistical analyses and significance was set at P < 0.05. For normally distributed 

data, a 2-tailed Student’s t test or a 1-way ANOVA with the Tukey or Šídák’s post hoc test were performed to 

compare differences between two or more test groups, respectively. Non-normally distributed data was analyzed 

by a 1-way ANOVA with the Kruskal-Wallis test, followed by a Mann-Whitney U test, unless otherwise noted. The 

Log-rank (Mantel-Cox) test was used to assess differences between the Kaplan-Meier curves of survival. 

Differences in daily body weights were analyzed by a 2-way ANOVA and Tukey post hoc test. 

 

4.4 Results 

Tln1Depi mice have increased susceptibility to C. rodentium infection.  

Talin-1 has been implicated in the formation of attaching and effacing lesions in response to EPEC and C. 

rodentium, but this has not been directly studied in vivo.238,239 To evaluate the role of talin-1 in epithelial cells during 
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pathogenic colitis, we used Tln1Depi and littermate control Tln1fl/fl mice.240,241 We first confirmed knockdown of Tln1 

mRNA (Figure 4.1a) and talin-1 protein expression in isolated CECs (Figure 4.1, b and c). Next, we inoculated 

Tln1Depi mice and their Tln1fl/fl littermate controls via oral gavage of 5x108 CFUs of C. rodentium for 14 days, as we 

described.216,239,243 Tln1Depi mice were more susceptible to C. rodentium-induced disease, exhibiting decreased 

survival (Figure 4.1d) and increased body weight loss (Figure 4.1e) compared to infected Tln1fl/fl mice. Tln1 mRNA 

and talin-1 protein levels remained significantly reduced in whole tissues of Tln1Depi mice with and without infection 

(Figure 4.1, f-h). 
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Figure 4.1. Epithelial-specific deficiency of talin-1 enhances susceptibility to C. rodentium-
induced death and weight loss. (a-c) Colonic epithelial cells were isolated from Tln1fl/fl and Tln1Depi 
mice. (a) Tln1 mRNA expression was determined by RT-qPCR; n = 3-4 per genotype. (b) 
Representative Western blot of talin-1 protein (270 kDa) expression. (c) Densitometry analysis of talin-
1 protein expression; n = 3 mice per group. (d-f) Tln1fl/fl and Tln1Depi mice were infected with 5x108 
CFU of C. rodentium by oral gavage and monitored daily for 14 days; n = 8-9 uninfected mice and n = 
12-15 infected mice per genotype. Data pooled from 2 independent experiments. (d) Kaplan-Meier 
curves of uninfected and infected mice. (e) Daily body weights depicted as percent of initial body 
weight. (f) Tln1 mRNA expression in whole colon tissues determined by RT-qPCR; n = 4 uninfected 
mice and n = 6-8 infected mice per genotype. (g) Western blot of talin-1 protein (270 kDa) and (h) 
densitometry analysis; n = 3 mice per group. All values are reported as mean ± SEM. Statistical 
analyses, where shown; *P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001 determined by (a and c) 
Student’s t test, (d) Log-rank (Mantel-Cox) test, (e) 2-way ANOVA and Tukey test, §P < 0.05 and §§P 
< 0.01 compared to infected Tln1fl/fl littermate controls, (f and h) 1-way ANOVA and Šídák’s test 
compared to Tln1fl/fl. 
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Epithelial talin-1 contributes to pathogen containment by facilitating actin rearrangement and attachment 

of C. rodentium to the epithelium.  

It has been suggested that talin-1, a focal adhesion molecule, is necessary for the binding of A/E pathogens 

and we have reported that diminution of Tln1 mRNA transcripts results in decreased intimate attachment of C. 

rodentium to colonic epithelial cells in vitro.143,238,239 Therefore, we assessed the burden and localization of C. 

rodentium in Tln1fl/fl and Tln1Depi mice infected for 14 days. Mice with epithelial deletion of Tln1 exhibited a 1.6 

log-order increase of C. rodentium CFU per gram of colon tissue (Figure 4.2a). To determine whether the increase 

in C. rodentium colonization in the colon led to increased bacterial dissemination to other organs, we harvested the 

spleens and assessed viable bacteria. There was no difference between bacterial burden in the spleens of infected 

Tln1Depi mice compared to Tln1fl/fl mice (Figure 4.2b). This suggests that epithelial loss of talin-1 does not decrease 

gut barrier function. Immunofluorescence and confocal microscopy revealed that in Tln1fl/fl mice, C. rodentium was 

restricted to the apical surface that lines the colon lumen (Figure 4.2c). In contrast, in mice deficient in epithelial 

talin-1, C. rodentium extended along the epithelial cells that line the sides of the crypts and into the base (Figure 

4.2c). C. rodentium-induced actin polymerization, visualized using fluorescence actin staining (FAS) and confocal 

microscopy, was decreased in Tln1-deficient epithelial cells (Figure 4.2d). In addition, detachment of numerous C. 

rodentium-bound epithelial cells was apparent in Tln1fl/fl mice and this was abolished in the Tln1Depi mice (Figure 

4.2d) suggesting that talin-1 is essential for cytoskeletal polymerization and subsequent shedding of compromised 

epithelial cells. 
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Figure 4.2. Epithelial-specific talin-1 contributes to pathogen containment by 
facilitating actin rearrangement and attachment of C. rodentium to the 
epithelium. (a-b) Bacterial burden was assessed by culturing serial dilutions of 
homogenized tissues and normalizing to tissue weight on day 14 post-infection 
(p.i.). (a) C. rodentium colonization of the colon; n = 15 infected Tln1fl/fl mice and 
n = 12 infected Tln1Depi mice. Data pooled from 2 independent experiments. *P < 
0.05 determined by Student’s t test. (b) C. rodentium colonization of the spleen, n 
= 10 infected Tln1fl/fl mice and n = 6 infected Tln1Depi mice. (c) Representative 
immunofluorescence images of C. rodentium (green) and DAPI (blue) in colon 
tissues of uninfected and infected mice; n = 4 mice per group. (d) Representative 
images of fluorescence actin staining (FAS, white) co-stained with C. rodentium 
(green) in colon tissues of uninfected and infected mice; n = 4 mice per group. All 
values are reported as mean ± SEM. Statistical analyses, where shown; *P<0.05 
determined by Student’s t test. (c-d) Scale bars represent 100 µm. 
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Talin-1 moderates C. rodentium-induced colitis. 

Animals lacking epithelial Tln1 exhibited enhanced immune cell infiltration and hyperplasia (Figure 4.3a), 

which led to significantly increased histologic injury scores (Figure 4.3b) compared to Tln1fl/fl littermate controls 

infected with C. rodentium. The histologic injury score is a composite of the epithelial damage and total 

inflammation (Figure 4.3c). While there was exacerbated hyperplasia of the colonic glands (Figure 4.3c), there was 

no difference in the score for epithelial damage between infected Tln1fl/fl and Tln1Depi mice, and the increased 

histologic injury score was driven by a significant increase in total inflammation (Figure 4.3c). Consistent with the 

increase in inflammation, the colon weight to length ratio was higher in infected animals and significantly increased 

in Tln1Depi mice compared to Tln1fl/fl littermate controls (Figure 4.3d). 
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Figure 4.3. Talin-1 moderates C. rodentium-induced acute inflammation. Tln1fl/fl and 
Tln1Depi mice were infected with 5x108 CFU of C. rodentium by oral gavage for 14 days. 
Data pooled from 2 independent experiments. (a) Representative H&E images of the 
Swiss-rolled colon tissues from uninfected and infected mice. (b) Histologic injury scores 
derived from the H&E-stained tissues; n = 8-9 uninfected mice and n = 12-15 infected mice 
per genotype. (c) Epithelial damage scores and total inflammation scores that were used to 
generate the histologic injury score in b. (d) Colon weight as a proportion of body weight 
on day 14 post-inoculation. Each symbol is a different mouse. All values are reported as 
mean ± SEM. Statistical analyses, where shown; *P<0.05, **P<0.01, and ****P<0.0001 
determine by (b and d) 1-way ANOVA with Tukey test; (c) Student’s t test. (a) Scale bars 
represent 200 µm. 

 

 

Knockdown of talin-1 in epithelial cells heightens neutrophil recruitment but diminishes the T cell response 

to pathogenic bacteria. 

 To further evaluate the differences in the inflammatory response between Tln1fl/fl and Tln1Depi mice, we 

assessed the immune cell populations by immunohistochemistry. Colon tissues were immunostained for MPO-

expressing neutrophils and monocytic cells (Figure 4.4a). The number of MPO-positive cells was significantly 

increased in infected Tln1Depi mice compared to uninfected Tln1Depi mice and infected Tln1fl/fl mice (Figure 4.4b).  
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In contrast, the elevated number of CD3+ cells in the mucosa of infected Tln1fl/fl mice was significantly 

reduced in the tissues of infected Tln1Depi mice (Figure 4.5, a and b). Concomitantly, mRNA expression of T cell-

attracting chemokines Ccl5 and Ccl20 was induced in Tln1fl/fl mice with infection and was diminished in infected 

Tln1Depi mice (Figure 4.5c). Additionally, the tissues of Tln1Depi mice expressed significantly reduced levels of the 

transcripts coding for the Th1 marker interferon (IFN)-g and the Th17 markers IL-17 and IL-22 (Figure 4.5d). Thus, 

these data suggest that the role of talin-1 within epithelial cells includes recruitment and activation of T cells, such 

that when Tln1 is deleted, there is loss of host defense associated with activated T cells. 

 

 

 

Figure 4.4. Knockdown of talin-1 in epithelial cells heightens neutrophil recruitment but diminishes the T 
cell response to pathogenic bacteria. (a) Representative images of colon tissues immunoperoxidase-stained for 
MPO and (b) the quantification of MPO+ cells per high-powered field (H.P.F). n = 4 uninfected mice and n = 5 
infected mice per genotype. Each symbol is a different mouse. All values are reported as mean ± SEM. Statistical 
analyses, where shown; **P<0.01 and ****P<0.0001 determined by 1-way ANOVA and Tukey test. Scale bars 
represent 100 µm. 
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Figure 4.5. Knockdown of talin-1 in epithelial cells reduces T cell infiltration and activation in the colonic 
mucosa. (a) Representative images of colon tissues immunoperoxidase-stained for CD3 and (b) the quantification 
of CD3+ cells per mm2. n = 4 uninfected mice and n = 5 infected mice per genotype. (c) mRNA expression of T cell 
chemokines analyzed by RT-qPCR. (d) mRNA expression of markers of T cell activation analyzed by RT-qPCR. 
(c and d) n = 4 uninfected mice and n = 8 infected mice per genotype. Each symbol is a different mouse. All values 
are reported as mean ± SEM. Statistical analyses, where shown; **P<0.01 and ****P<0.0001 determined by (b) 1-
way ANOVA and Tukey test and (c-d) 1-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U 
test. Scale bars represent 100 µm. 
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Loss of epithelial-specific talin-1 enhances pathogen-induced colonic hyperplasia and suppresses epithelial 

apoptosis. 

A hallmark of C. rodentium infection is crypt hyperplasia, which is characterized by rapid turnover of the 

epithelial cells lining the crypts and thickening of the colonic mucosa.141,222 Therefore, we assessed cellular 

proliferation in the colonic mucosa of Tln1fl/fl and Tln1Depi mice by immunostaining for Ki-67. C. rodentium induced 

increased Ki-67 expression in both Tln1fl/fl and Tln1Depi mice when compared to uninfected control mice (Figure 

4.6a). In the infected Tln1fl/fl mice, the proliferating cells extended from the base of the crypt to the luminal surface 

while in the Tln1Depi mice, the positive nuclei did not extend to the lumen and crowded at the base of the crypt 

(Figure 4.6a). Infected Tln1fl/fl and Tln1Depi mice had significantly longer crypts compared to uninfected controls and 

the crypts were further elongated in the infected Tln1Depi mice (Figure 4.6b). Consistent with the photomicrographs 

of Figure 6a, image analysis confirmed that the proportion of the crypt length in which the Ki-67+ cells extended 

was significantly reduced in infected Tln1Depi mice (Figure 4.6c).  

To determine the fate of the mature epithelial cells, we assessed apoptosis by immunostaining for cleaved 

caspase-3. Uninfected mice from each genotype displayed a baseline level of apoptosis that encompassed a single 

layer of luminal surface cells, which was then increased in C. rodentium-infected Tln1fl/fl mice (Figure 4.7a). This 

increase was absent in the Tln1Depi mice with infection (Figure 4.7a), quantified as the proportion of the mucosa 

containing apoptotic cleaved caspase-3-positive cells (Figure 4.7b). The mRNA expression of the gene encoding 

TNF-a, a stimuli of apoptotic cell shedding, was significantly reduced in infected Tln1Depi mice compared to infected 

Tln1fl/fl mice (Figure 4.7c).244 These data along with the decrease in actin polymerization and shedding of C. 

rodentium-bound cells suggest that talin-1 is important for epithelial cell movement and regeneration in response 

to challenge, and that this activity is protective during infection.  
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Figure 4.6. Loss of epithelial-specific talin-1 enhances pathogen-induced colonic hyperplasia. (a) 
Representative images of colon tissues immunoperoxidase-stained for Ki-67. n = 4 uninfected mice and 
n = 4-5 infected mice per genotype. (b) Colonic crypt length. Each dot represents an individual crypt 
that was visible from base to opening; n = 70-107 crypts counted from 4 different mice per group. (c) 
The proportion of the individual crypts that contained Ki-67+ nuclei determined by measuring from the 
base of the crypt to the last positive nuclei. All values reported with the median depicted as a thick line 
and the upper and lower quartiles as thin lines. Statistical analyses, where shown; **P<0.01 and 
****P<0.0001 determined by 1-way ANOVA and Kruskal-Wallis test. Thick scale bars represent 1000 
µm and thin scale bars represent 100 µm. 
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Figure 4.7. Loss of epithelial-specific talin-1 suppresses pathogen-induced epithelial 
apoptosis. (a) Representative images of colon tissues immunoperoxidase-stained for cleaved 
caspase-3. (b) The proportion of cleaved caspase-3-positive mucosa determined by measuring 
the total height of the mucosa and the height of the region with positive staining. Each dot 
represents measurements from a high-powered field; n = 12-15 fields from 3 different mice per 
group. All values reported with the median depicted as a thick line and the upper and lower 
quartiles as thin lines. (c) Expression of the gene encoding TNF-a analyzed by RT-qPCR. n = 
4 uninfected mice and n = 6-7 infected mice per genotype. Each symbol is a different mouse. 
Values are reported as mean ± SEM. *P<0.05 and **P<0.01 determined by (b) 1-way ANOVA 
and Tukey test and (c) 1-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney 
U test. Scale bars represent 100 µm. 
 
 

 

Epithelial talin-1 deficiency inhibits epithelial cell mobility. 

To assess epithelial motility, we generated 3D organoids (colonoids) from colonic crypts isolated from 

Tln1fl/fl and Tln1Depi mice. The colonoids were cultured for 3 days and then passaged and followed daily. The 

morphology of the Tln1fl/fl and Tln1Depi colonoids appeared comparable prior to passage (Figure 4.8). Post-passage, 

the colonoids from Tln1fl/fl mice formed irregular structures and buds that protruded into the extracellular growth 

matrix over time (Figure 4.8). Conversely, the colonoids derived from Tln1Depi mice maintained a uniform spherical 

shape with minimal to no budding structures and less overall growth (Figure 4.8). 
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Figure 4.8. Epithelial talin-1 deficiency inhibits epithelial cell mobility in vitro. Representative images 
of colon organoids (colonoids) generated from crypts isolated from Tln1fl/fl and Tln1Depi mice and imaged 
daily for 8 days; n = 3 mice per genotype. Arrowheads highlight colonoids with budding. White scale bars 
represent 2000 µm and black scale bars represent 100 µm. 
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4.5 Discussion 

Talin-1 provides a two-way bridge between the extracellular environment and intracellular networks. Through 

inside-out signaling, talin-1 induces a conformational change to the integrin heterodimer and increases ligand 

affinity while also biding to F-actin and vinculin to facilitate focal adhesion assembly and cell 

migration.157,160,161,163,245 Due to the involvement with the cytoskeleton, talin-1 has also been shown to contribute to 

pedestal formation and actin polymerization in intestinal epithelial cells during infection by A/E pathogens in 

vitro.238,239 Thus, we sought to determine if talin-1 is required for bacterial colonization and pathogenesis in the C. 

rodentium mouse model of A/E infection-induced colitis. In this study, we demonstrate that epithelial expression 

of talin-1 helps contain C. rodentium at the luminal surface and protects against mucosal hyperplasia, neutrophil-

driven colitis, and death.  

 C. rodentium shares many of the same virulence factors expressed by EPEC and STEC. One important 

virulence factor is Tir, which is injected into host cells via the T3SS and triggers actin polymerization following the 

clustering of bacterial intimin.141,142 The N-terminal domain of Tir interacts with host focal adhesion molecules 

including talin-1, however, this interaction is not necessary for A/E lesion formation as deletion of the N-terminus 

does not diminish pedestal formation.142,238,246 In addition, phosphorylation of the C-terminus of Tir is required for 

actin condensation, although the translocation of Tir is sufficient for C. rodentium colonization, A/E lesion 

formation, and colonic hyperplasia.247 In previous studies, the interaction between bacterial factors and the host 

cytoskeleton was evaluated using mutant strains. In this study, we directly knocked out an actin binding protein in 

intestinal epithelial cells. Using C. rodentium, we observed that loss of talin-1 attenuated actin polymerization, but 

did not reduce the ability of C. rodentium to colonize the colonic mucosa. In fact, the loss of talin-1 enhanced the 

depth in which C. rodentium inhabited the colonic crypts and increased overall colonization. Therefore, we postulate 

that talin-1 in CECs strengthens the adherence of C. rodentium to host cells by enabling actin rearrangement and 

preventing detachment and movement of the pathogen further into the glands.  

C. rodentium has adapted multiple mechanisms to hijack the host machinery to increase survival in addition to 

A/E lesions. A hallmark of C. rodentium pathology is transmissible murine crypt hyperplasia.141,222 Under 

homeostatic conditions, colonic epithelial regeneration begins with the proliferation of colonic stem cells followed 
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by maturation of the transit amplifying cells as they migrate up the crypt to the luminal surface. Finally, the terminal 

cells undergo apoptosis and are shed into the lumen.248 This process is accelerated by C. rodentium infection and 

can potentially benefit the bacteria via increased oxygenation of the mucosa as the cells at the apex of the crypts 

ferment glucose to lactate instead of oxygen.249 However, cell extrusion is detrimental to the pathogen as those 

bacteria attached to the dying cells are shed out into the lumen, which is  protective for the host. Not only did we 

observe a decrease in apoptotic cells at the luminal surface in talin-1 deficient mice, but also crowding of 

proliferating cells at the base of the crypt with reduced movement of proliferating cells up the sides of the crypts. 

This resulted in increased crypt elongation that may also contribute to the increased C. rodentium colonization. In 

addition, colonoids derived from Tln1Depi mice grew over time, but remained spherical and did not show signs of 

budding or extension into the ECM substrate. In prior studies of the small intestine, cell proliferation was the 

primary force that drove enterocyte migration up the villus, a movement that required integrins.250,251 Moreover, the 

relationship of talin-1 with both integrins and actin filaments contributes to cell adhesion and ECM traction for 

movement.252,253 Thus, our data indicates that talin-1 expression in CECs is essential for cell turnover and the 

movement of proliferating cells up the colonic crypts in a model of infectious colitis.  

Interestingly, in addition to the changes we observed in the epithelial cell compartment, the deletion of Tln1 in 

CECs also modulated the mucosal immune response. The increased histologic injury scores that Tln1Depi mice 

exhibited was driven by the infiltration of immune cells. C. rodentium elicits a robust inflammatory response, 

recently identified as type 3.224 We found that mice lacking epithelial talin-1 displayed higher numbers of MPO+ 

cells recruited to the mucosa, which might seem counterintuitive since there was an increase in bacterial burden. 

However, mice that do not express TLR4 have decreased recruitment of GR-1+ neutrophils and F4/80+ macrophages 

to the infected tissues, and are less susceptible to C. rodentium pathogenesis, which would be consistent with our 

findings of increased disease with more infiltration of innate inflammatory cells.225 Moreover, in combination with 

our data, these findings suggest that innate cells are not sufficient to control bacterial growth, and that the presence 

of C. rodentium maintains the pool of MPO-expressing cells in the tissue. Further, immunocompromised Rag–/– 

mice do not display the classic signs of C. rodentium pathogenesis, but do exhibit impaired bacterial clearance, all 
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of which are reversed with reconstitution of CD4+ cells.227,228 In this present study, we observed that CEC-specific 

deletion of Tln1 led to decreased T cell recruitment, expression of T cell-attracting chemokines, and expression of 

the genes encoding IFN-g, IL-17a, and IL-22. Our findings align with previous studies that found loss of IL-22 and 

specifically IL-22 expressed by T cells, results in decreased survival, increased weight loss, increased crypt 

hyperplasia, and increased C. rodentium colonization deep into colonic crypts.229,231,232  

In conclusion, the results from our study demonstrate that talin-1 plays a pivotal role in host response to 

infection by C. rodentium. Talin-1 expression by CECs not only influences the epithelial compartment, but also 

affects the immune cell population during bacterial insult. These findings provide insight into the interaction of A/E 

lesion-forming pathogens with host cell proteins. Contrary to the conventional paradigm that the intimate 

attachment of A/E pathogens is associated with increased virulence, our data suggest that this process is also to the 

advantage of the infected host by limiting bacterial invasion of colonic crypts. 
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CHAPTER 5 

 

Discussion 

 

5.1 Summary and Future Directions 

 The field of immunology is ever expending with the discovery of previously uncharacterized cell types, the 

emergence of new diseases, and more in-depth understanding of well-established immune responses. Dr. Elias 

Metchnikoff first conceived the concept of phagocytes in 1883 and later, the macrophage in 1875.254 Ever since, 

macrophages have become a major focus of immunological research and rightfully so. Macrophages are a critical 

component of mammalian life and wear many hats. The role of macrophages in health and disease spans a broad 

spectrum from tissue homeostasis and repair to bacterial killing with immune surveillance in between. Although 

macrophages have been studied for over a century, new insights into their function and physiology are discovered 

continuously. The studies presented in Chapters 2 and 3 of this dissertation are no exception.  

 

CTH as a regulator of macrophage function 

 Chapter 2 outlines the role of CTH in macrophages during H. pylori-induced immunopathogenesis. H. 

pylori is a highly prevalent human pathogen that colonizes the gastric mucosa and stimulates a robust but ineffective 

immune response that culminates in chronic inflammation and risk of cancer development.24 The identification of 

novel strategies to both combat the infection and reduce the overzealous immune response while avoiding antibiotic 

resistance is needed. CTH has been studied in macrophages in the context of inflammation for its ability to produce 

H2S, however, the study outlined in Chapter 2 approaches CTH from its other metabolic properties. We found that 

H. pylori induces CTH gene expression in primary macrophages ex vivo. Interestingly, CTH expression was not 

induced by another Gram-negative pathogen or cytokine stimulation. When I assessed the in vivo expression of 

CTH during H. pylori infection, I confirmed that CTH was upregulated with infection and found that CTH 

expression co-localized with a macrophage marker but not a neutrophil or T cell marker in gastric tissues. These 
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data indicate that the role of CTH in inflammation is highly context dependent and not only relies on the stimuli but 

is also on the cell type. 

By using Cth-deficient mice, I demonstrate that CTH contributes to the inflammatory response mounted 

against H. pylori. Mice lacking Cth exhibited less histologic gastritis as early as 4 weeks and as late as 16 weeks 

post-inoculation. The decrease in histologic gastritis was also accompanied by a decrease in the gene expression of 

both proinflammatory and antiinflammatory markers that are induced by H. pylori, including markers of T cell 

activation. This suggests that the presence of CTH is supportive of the immune response to H. pylori and if we can 

find a way to suppress CTH activity, we may be able to exogenously regulate the pathogenic immunity. 

Unfortunately, there are no known inhibitors of CTH that are selective enough to be used therapeutically since the 

currently available ones also target other PLP-dependent enzymes.203 With that in mind, I used unbiased omics 

approaches to identify targets either upstream or downstream of CTH that I could manipulate and produce the same 

protective phenotype. I first assessed differences in the transcriptome between WT and Cth-deficient gastric 

macrophages. As expected with the gene expression I observed in the whole gastric tissues of infected mice, the 

macrophages from Cth-deficient mice exhibited downregulation of pathways associated with immune activation 

and function. This was promising and confirmed the clinical findings. Pathway analysis also revealed dysregulated 

expression of transcripts involved in general metabolic pathways, SAM metabolism, and activity of 

methyltransferases. To expand on these findings, I next performed an untargeted metabolomics analysis. Consistent 

with the transcriptomics analysis and what is known about the RTP, the metabolic pathways that were different in 

the gastric tissues from WT and Cth-deficient mice were polyamine synthesis and SAM utilization. These findings 

prompted me to test whether SAM supplementation or SAMDC inhibition influenced macrophage activation and 

H. pylori-induced inflammation but there no effect in vivo. These data suggested that the pathways upstream of 

CTH did not contribute to the protective phenotype that I observed in Cth-deficient mice.  

In order to dig deeper into the mechanism in which CTH can regulate inflammation, I moved into an ex vivo 

model of infection using primary BMmacs derived from WT and Cth-deficient mice. Overall, I was able to 

demonstrate that Cth-deficient macrophages have impaired activation and polarization due to a decrease in the 

concentration of available cysteine, the rate limiting precursor of GSH synthesis. Glutathione is a major antioxidant 
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that is used by cells to counteract the production of ROS.110,111 ROS is generated by cellular respiration and part of 

the antimicrobial activity of macrophages is to produce high levels of ROS in an oxidative burst. Excessive amounts 

of ROS can impede mitochondrial function and cause cellular damage.209,210 Since H. pylori employs multiple 

mechanisms to avoid killing by the immune response, including neutralizing ROS, I speculate that macrophages 

upregulate the expression of CTH in order to maintain a proinflammatory state to control infection. Thus, the 

induction of CTH by H. pylori signifies yet another method in which H. pylori contributes to chronic inflammation. 

 

Cell specific role of talin-1 in colitis 

 The overarching goal of my research is to investigate all aspects of macrophage biology in GI inflammation. 

An important step in inflammation is the trafficking of immune cells to the site of injury or infection. Circulating 

monocytes must be able to fight the current infections in blood vessels and pull themselves through the endothelial 

cell lined walls into the underlying tissue. This process is assisted by the binding of integrins on the surface of 

monocytes to adhesion molecules presented on endothelial cells.213–215 Talin-1 is a mechanosensory protein that is 

a crucial member of intercellular adhesion complexes and links the actin cytoskeleton to integrins.150 The role of 

talin-1 has previously been assessed in neutrophils, T cells, and dendritic cells,167,235,255 but the study presented in 

Chapter 3 of this dissertation is the first time that talin-1 has been directly implicated in macrophage trafficking, 

particularly in the context of colitis. Using mice with myeloid-specific knockdown of Tln1, I demonstrate that talin-

1 is essential in the recruitment of macrophages to the colonic mucosa. When infected with the mouse pathogen C. 

rodentium, mice that lacked expression of Tln1 in myeloid cells exhibited deceased numbers of CD68+ cells in the 

mucosa while maintaining similar numbers of neutrophils, dendritic cells, and CD4+ T cells to their genetically 

normal littermates. This finding was associated with lower histologic injury scores and a decrease in both 

proinflammatory and antiinflammatory gene expression in the colonic tissues. I next evaluated whether this 

phenotype is the result of impaired macrophage activation and found that talin-1 does not have a cell-intrinsic role 

in macrophages as the loss of Tln1 did not affect gene expression, NO production, or phagocytosis of C. rodentium 

ex vivo. Collectively, these results suggest that talin-1 is a promising target to limit the recruitment of macrophages 

during infectious colitis. 
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 Talin-1 has also been implicated in the immune response of colonocytes in the same model of infectious 

colitis.170 The Wilson Lab found that shRNA knockdown of Tln1 in YAMC cells reduced actin rearrangement, an 

indicator of A/E lesion formation. We therefore hypothesized that loss of talin-1 in colonic epithelial cells would 

also protect mice from C. rodentium-induced histologic injury and decrease the bacterial burden. Outlined in 

Chapter 4, using mice with epithelial cell-specific knockdown of Tln1, I demonstrate the opposite result. Mice that 

lacked Tln1 expression in epithelial cells exhibited increased C. rodentium colonization that extended deep into the 

colonic crypts. I performed a FAS test to confirm that talin-1 is involved in the rearrangement of actin under bound 

C. rodentium. We speculate that instead of C. rodentium hijacking host cell cytoskeletal proteins to ensure 

adherence to the epithelial lining, that it is more beneficial to the host to tightly bind the bacteria and carry it away 

into the lumen as the apical cells shed off. In addition, I found that epithelial talin-1 is also essential in T cell 

recruitment and activation in the C. rodentium model of colitis. Taken together with the data from the myeloid-

specific mice, I demonstrate that the role of talin-1 in the intestinal immune response is multifaceted and the 

differing disease outcomes based on the cellular source needs to be considered when proposing therapeutic 

interventions. 

 

5.2 Limitations and Future Directions 

 Through my thesis research presented in this dissertation, I have demonstrated that CTH activity is a 

regulator of macrophage activation and function, and that myeloid-derived talin-1 facilitates the recruitment of 

macrophages while epithelial cell talin-1 supports the recruitment of T cells to the colonic mucosa. Yet, there are 

still many remaining questions regarding the roles of CTH and talin-1 in the GI immune response. The following 

sections are outstanding questions and how I propose to address them. 

 
Is the protective phenotype in Cth–/– mice macrophage specific? 

 A limitation of the study presented in Chapter 2 is the use of a whole-body genetic knockout mouse. On 

one hand the full-body knockout is more clinically relevant since the findings are more indicative of a what would 

happen with a chemical inhibitor. On the other hand, it is hard to conclude that the protective phenotype that we 
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observe in Cth–/– mice is not due to a combination of cell types. The in vivo experiments that I performed in Chapter 

2 should be repeated in mice with cell-specific knockdown of Cth. The Wilson Lab has extensive experience using 

floxed mice crossed to Lyz2-cre driver mice to generate myeloid-specific knockout mice.218 Additional cre-driver 

mice that could be used to target macrophages include but are not limited to Cxc3cr1-cre, Cd64-cre, and Csf1e-

cre.256 A caveat to using these cre mice is that none are 100% efficient at knocking down gene expression or are 

100% specific to macrophages. Another method that could be used to assess the specific role of macrophage CTH 

in vivo is adoptive transfer of WT or Cth–/– macrophages into irradiated mice. This would ensure that Cth is only 

lost in the macrophage population.  

In addition, this body of work could also benefit from studying the role of CTH in other immune cells. I 

have shown that in the gastric mucosa, CTH is not upregulated in neutrophils or T cells and that the loss of Cth does 

not impact T cell function in vitro. However, I did not address dendritic cells which share a common myeloid 

precursor with macrophages. I have performed preliminary studies in bone marrow-derived dendritic cells 

(BMDCs) and found that BMDCs also upregulate the expression of Cth during infection with H. pylori. Follow up 

functional studies assessing the role of Cth in dendritic cells may be a useful area of investigation.  

 

The role of CTH in gastric carcinogenesis. 

The primary theme of this dissertation is the immunopathogenesis of gastrointestinal infections. H. pylori 

infection is the greatest risk factor for gastric adenocarcinoma with 1-3% of infected individuals developing cancer, 

but around 85% of infected individuals remaining asymptomatic. Understanding how chronic inflammation causes 

more severe disease can contribute to the prediction and management of disease outcome. There are two gold 

standard animal models used for studying the development of H. pylori-induced dysplasia and carcinoma. The 

insulin-gastrin (INS-GAS) mouse overexpresses human gastrin regulated by the rat insulin promoter. 

Hypergastrinemia is associated with the development of gastric cancer in humans and older INS-GAS mice 

spontaneously exhibit signs of the precancerous cascade including loss of gastric parietal cells, gastric atrophy, 

metaplasia, and dysplasia that is accelerated by the infection with H. pylori.257 The benefit of using INS-GAS mice 

is the continued use of genetic and cell-specific tools. The downside of using INS-GAS mice is that they are not a 
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natural model of H. pylori-induced gastric cancer. Conversely, Mongolian gerbils do develop gastric cancer in 

addition to the precancerous cascade when infected with H. pylori. This model does come with its own limitations. 

Mongolian gerbils cannot be in-bred, therefore, transgenic animals is not an option so all studies require drug 

treatment or dietary manipulation. Since there are no specific inhibitors of CTH, studies in Mongolian gerbils are 

not currently feasible. In addition, the Mongolian gerbil genome is not fully sequenced limiting gene and protein 

expression assessment tools. The Wilson Lab has begun generating Cth–/– FVB/N INS-GAS mice that should be 

ready for study soon. These mice will be chronically infected with H. pylori and histologic gastritis, hyperplasia, 

dysplasia, and carcinoma will be assessed. Studies using Cth–/– FVB/N INS-GAS mice will address whether the 

decreased gastritis observed in the Cth–/– mice translates to protection from cancer development.  

 

How does H. pylori induce Cth expression? 

 The gene that encodes CTH is under the regulation of multiple transcription factors and downstream of 

different signaling cascades. The Wilson Lab has demonstrated using chemical inhibitors that Cth expression is 

induced in RAW264.7 macrophages through the transcription factor SP1, which is downstream of the 

phosphatidylinositol 3-kinase (PI3K)/mTOR signaling axis.136 These studies need to be repeated in primary 

macrophages such as BMmacs to confirm biological relevance. Since CTH generates cysteine, it is part of the 

cellular response to oxidative stress and the maintenance of redox homeostasis. These responses are regulated 

through activation of the transcriptional factors ATF4 or NRF2 in immune cells.210,258–260 The use of chemical 

inhibitors to block components of the signaling cascade upstream of ATF4 and NRF2 in macrophages during H. 

pylori infection will elucidate which cellular response is turned on. In addition to these proposed signaling studies, 

I think it is also important to determine how H. pylori actually triggers these signaling cascades. This can be done 

using mutant H. pylori strains missing different virulence factors, such as CagA, that are known to activate 

macrophages and using non-viable H. pylori or H. pylori lysates to determine if Cth induction is dependent on active 

infection or cell contact.   
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The role of CTH in APC mediated CD4 T cell activation. 

A function of macrophages that I did not address in Chapter 2 is antigen presentation and direct activation 

of T cells. Cysteine is classified as a semi-essential amino acid since it be generated de novo in cells by CTH or it 

can be acquired extracellular with transporters (Figure 5.1). There are two main transporters of cysteine, the neutral 

amino acid transporter ASCT2 (SLC5A1),261 or system XC
–.262 Around 90% of extracellular cysteine is in the 

disulfide form cystine and cannot be readily transported through ASCT2.263,264 System XC
– is a glutamate/cystine 

antiporter composed of two subunits, the light chain transporter xCT (SLC7A11) and the extracellular regulatory 

component 4F2 heavy chain (4F2hc, SLC3A2).262 It has been reported that naïve T cells do not express CTH or 

xCT prior to activation, thus, naïve T cells rely on antigen presenting cells (APCs) such as macrophages and 

dendritic cells, which express both CTH and xCT, in close proximity to export cysteine through ASCT2 into the 

surrounding microenvironment.265–267 

 

 

 

Figure 5.1 Methods of cellular cysteine acquisition. 
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Since I found that Cth expression was also induced in BMDCs by H. pylori, I propose to use BMmacs and BMDCs 

from WT, Cth–/–, and Slc7a11–/– mice for the following experiments to test the impact of CTH on APC function. 

The addition of Slc7a11–/– mice will also help elucidate if the source of cysteine is important in APC function. Naive 

CD4+ T cells would be isolated from the spleens of uninfected mice, cultured with plate-bound anti-CD3 and soluble 

anti-CD28 antibodies to activate the cells in an antigen independent-manner. To address if APC derived cysteine 

during T cell activation is dependent on direct interactions with APCs, CD4+ T cells will then be co-cultured with 

APCs from WT, Cth–/–, or Slc7a11–/– mice that were infected ex vivo with H. pylori. Next, CD4+ T cells will be 

indirectly cultured with infected APCs using a Transwell Filter system. Transwell inserts would be placed in each 

well and activated APCs will be added to the Transwell cavity while the T cells sit underneath. Lastly, CD4+ T cells 

would be cultured in filtered conditioned media from activated APCs. Gene expression and flow cytometry would 

be used to analyze various markers of T cell subtypes and proliferation using RT-qPCR, flow cytometry, and 

Luminex multiplex array. 

 

Does talin-1 have a role in other models of GI inflammation? 

 Finally, Chapters 3 and 4 present talin-1 as a regulator of macrophage trafficking and epithelial immunity 

but only in a single model of GI inflammation. Future studies should utilize other models of pathogenic infection 

such as H. pylori or the DSS (dextran sodium sulfate) model of chemically induced colitis. 
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APPENDIX A 

 

Supplementary Figures for Chapter 2 

 

 
 
Figure 1. Cth–/– mice exhibit decreased inflammation that is associated with decreased inflammatory gene 
expression. WT and Cth–/– mice were infected or not with H. pylori PMSS1 for 4 wk. (A) Representative H&E images of 
the gastric tissue. (B) Histologic gastritis scores, each symbol is a different mouse. (C) H. pylori colonization in gastric 
tissues from B. mRNA expression of (D) Proinflammatory, and (E) antiinflammatory genes were assessed in the gastric 
tissues of WT and Cth–/– mice by RT-real-time PCR, n = 3-5 uninfected and 5-9 infected mice per genotype. All values 
are means ± SEM. Statistical analyses where shown: (B), (D), and (E) One-way ANOVA with Kruskal-Wallis test, 
followed by a Mann-Whitney U test; (C) Student’s t test; *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bars in (A), 50 
µm. 
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Figure 2. Gastric neutrophils do not express CTH. Representative immunofluorescence images of gastric 
tissues from WT and Cth–/– mice infected or not with H. pylori SS1 for 16 wk; n = 3 mice per genotype. CTH 
(green); Ly6G (red); DAPI (blue). Scale bars; 50 µm. 
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Figure 3. Gastric T lymphocytes do not exhibit induced expression of CTH, and CD4+ T cells do not rely 
on CTH for activation. (A) Representative immunofluorescence images of gastric tissues from WT and Cth–
/– mice infected or not with H. pylori SS1 for 16 wk; n = 3 mice per genotype. CTH (green); CD3 (red); DAPI 
(blue). (B-E) Naïve CD4+ splenocytes were isolated from WT and Cth–/–. Cells were activated with a-CD3 or 
a-CD3+a-CD28 for 72 h; n = 4 mice per genotype. (B) mRNA expression of Cth. (C) mRNA expression of 
Th1 and Th17 transcription factors and cytokines. (D) Representative plot and (E) and quantification of 
proliferation as a percent of CFSE positive cells below baseline. Scale bars in (A), 50 µm.  
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Figure 4. RNA sequencing of F4/80+-enriched gastric macrophages. (A) Representative plot of CD68 and CD11b 
expression from cells post-F4/80 positive selection from the gastric lamina propria. (B) Top 200 most variable genes 
at 16 wk p.i. with H. pylori SS1, n = pooled cells from uninfected mice and 5 individual infected mice per genotype. 
(C) PCA showing separate overall distribution between samples with different genotypes and infection status.  
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Figure 5. Pathway analysis of DEGs downregulated by H. pylori infection using DAVID. (A) Venn 
diagrams showing abundance of commonly downregulated and upregulated genes in infected WT and 
Cth–/– mice compared to uninfected controls. (B) Significantly downregulated KEGG pathways. (C) 
Significantly downregulated KeyWords.   
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Figure 6. Untargeted metabolomics and polyamine levels of WT and Cth–/– gastric tissues. Metabolomic 
analysis of gastric tissues from WT and Cth–/– mice at 8 wk p.i. with H. pylori PMSS1, n = 8 H. pylori PMSS1-
infected mice per genotype. Cloud plots for the (A) positive ion and (B) negative ion metabolites downregulated 
(red) and upregulated (green) generated using XCMS. The x-axis represents the retention time, and the y-axis 
represents mass-to-charge ration (m/z). The fold change and p value are represented by dot size and shade, 
respectively. 
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Figure 7. SAM treatment does not confer protection against H. pylori-induced gastritis. (A) SAM and 
cystathionine levels in BMmacs 24 h p.i. with H. pylori ± 0.5 mM SAM; n = 4 biological replicates. Expression of 
proinflammatory genes (B) decreased, (C) increased, and (D) unchanged by SAM treatment 24 h p.i. with H. pylori, 
n = 4 biological replicates. (E) Expression of antiinflammatory genes increased with by SAM treatment treatment 24 
h p.i. with H. pylori, n = 4 biological replicates. (F) C57BL/6 mice infected or not with H. pylori PMSS1 ± 50 mg/kg 
SAM every other day (QOD) or every day (QD) for 4 wk; n = 9-10 infected mice per treatment. (G) Histologic gastritis 
scores. (H) H. pylori colonization in gastric tissues from G. All values are means ± SEM. Statistical analyses where 
shown: (A-C) and (E) One-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U test; *p < 0.05, 
**p < 0.01, and ***p < 0.001.  
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Figure 8. SAM486A treatment does not confer protection against H. pylori-induced gastritis.  (A) Polyamine 
levels were measured by LC-MS in the gastric tissues of WT and Cth–/– mice at 16 wk p.i. with H. pylori SS1, n 
= 3-4 uninfected and 5-6 H. pylori SS1-infected mice per genotype. (B) mRNA expression of enzymes involved 
in polyamine biosynthesis and metabolism in the gastric tissues of WT and Cth–/– mice at 4 wk p.i. with H. pylori 
PMSS1, n = 3-5 uninfected and 6-8 infected mice per genotype. (C) Polyamine levels in BMmacs 24 h p.i. with 
H. pylori ± 1 µM SAM486A; n = 4 biological replicates. (D) Gene expression of proinflammatory genes 
upregulated by SAM486A treatment 24 h p.i. with H. pylori; n = 4 biological replicates. (E) C57BL/6 mice 
infected or not with H. pylori PMSS1 ± 5 mg/kg SAM486A for 4 wk; n = 4-6 uninfected and 8-10 infected mice 
per treatment from 2 independent experiments. (F) Polyamine levels in gastric tissues; n = 4 uninfected and 8 
infected mice per treatment. (G) Histologic gastritis scores. (H) H. pylori colonization of in gastric tissues in G 
All values are means ± SEM. Statistical analyses where shown: (C) and (F), One-way ANOVA with Newman-
Keuls post hoc test; (D), One-way ANOVA with Kruskal-Wallis test, followed by a Mann-Whitney U test; *p < 
0.05, **p < 0.01, and ***p < 0.001. 
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Figure 9. (A) Representative plot of uninfected cells and quantification of the precent of CD11b+F4/80+ cells shown in Figure 
6B, n = 4 biological replicate per genotype. (B) Expression of Cth by WT and Cth–/– BMmacs 24 h p.i. with H. pylori, n = 9 
biological replicates from 3 independent experiments (WT are the same as in Figure 6A). (C) Expression of Cbs by WT and 
Cth–/– BMmacs 24 h p.i. with H. pylori, n = 6-9 biological replicates from 3 independent experiments. (D) Abundance of 
metabolites shown in Figure 6C. n = 4 biological replicates. (E) Representative plot of WT and Cth–/– BMmacs stained with 
5mC 24 h p.i. with H. pylori. (F) Quantification of the MFI in E. n = 3 biological replicates per genotype. mRNA expression 
of proinflammatory (G) and antiinflammatory (H) genes by WT and Cth–/– BMmacs 24 h p.i. with H. pylori, n = 4-10 biological 
replicates per genotype from 3 independent experiments. (I) pNFKBIA immunoblots and densitometric analysis of WT and 
Cth–/– BMmacs 30 min p.i. with H. pylori, n = 3-4 biological replicates from 2 independent experiments. All values are means 
± SEM. Statistical analyses where shown: One-way ANOVA with Newman-Keuls test, followed by a Mann-Whitney U test; 
*p < 0.05, **p < 0.01, ***p < 0.001.  
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Figure 10. Proteomic pathways downregulated by H. pylori 
infection in BMmacs. Enrichment analysis of pathways inhibited 
by H. pylori infection in WT and Cth–/– BMmacs., n = 4 biological 
replicates per genotype. (FDR <0.05, z-score <-2).  
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Figure 11. Cellular respiration of classically stimulated WT and Cth–/– BMmacs. (A-B) WT and Cth–/– 
BMmacs stimulated with LPS (10 ng/mL) and IFNg (200 U/mL). (A) Oxygen consumption rate and (B) 
extracellular acidification rate assessed 24 h post-stimulation, n = 5 from 2 independent experiments. (C-D) WT 
and Cth–/– BMmacs stimulated with IL-4 (10 ng/mL). (C) Oxygen consumption rate and (D) extracellular 
acidification rate assessed 24 h post-stimulation, n = 5 from 2 independent experiments. Vertical dashed lines 
indicated the sequential addition of oligomycin (Oligo), FCCP, and Rot/AA (The controls are the same as in 
Figure 9). All values are means ± SEM. 
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APPENDIX B 

 

Supplementary Figures for Chapter 3 

 

 

Figure 1. The surface expression of CD11b. Representative flow plots and graph 
depicting the surface expression and percent of CD11b-expressing BMmacs derived 
from Tln1fl/fl and Tln1Dmye mice. All values are reported as mean ± SEM. *P<0.05 
determined by 1-way ANOVA and Tukey post hoc test. 
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APPENDIX C 

 

Ornithine Decarboxylase in Gastric Epithelial Cells Promotes the Immunopathogenesis of  

Helicobacter pylori Infection 

 
 
The original publication (listed below) is included as a PDF, as it relates to the immunopathogenesis of H. pylori 
infection. 
 

Latour YL*, Sierra JC*, McNamara KM, Smith TM, Luis PB, Schneider C, Delgado AG, Barry DP, Allaman 
MM, Calcutt MW, Schey KL, Piazuelo MB, Gobert AP, Wilson KT. (2022). Ornithine Decarboxylase in Gastric 
Epithelial Cells Promotes the Immunopathogenesis of Helicobacter pylori Infection. J Immunol. 209 (4) 796-805. 

doi: 10.4049/jimmunol.2100795; PMID: 35896340; PMCID: PMC9378675.  
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Ornithine Decarboxylase in Gastric Epithelial Cells Promotes
the Immunopathogenesis of Helicobacter pylori Infection

Yvonne L. Latour,*,†,1 Johanna C. Sierra,*,‡,1 Kara M. McNamara,*,§ Thaddeus M. Smith,*
Paula B. Luis,{ Claus Schneider,{ Alberto G. Delgado,* Daniel P. Barry,*
Margaret M. Allaman,* M. Wade Calcutt,‖ Kevin L. Schey,‖ M. Blanca Piazuelo,*,‡

Alain P. Gobert,*,‡ and Keith T. Wilson*,†,‡,§,#

Colonization byHelicobacter pylori is associated with gastric diseases, ranging from superficial gastritis to more severe pathologies, including
intestinal metaplasia and adenocarcinoma. The interplay of the host response and the pathogen affect the outcome of disease. One major
component of the mucosal response toH. pylori is the activation of a strong but inefficient immune response that fails to control the infection
and frequently causes tissue damage. We have shown that polyamines can regulateH. pylori�induced inflammation. Chemical inhibition of
ornithine decarboxylase (ODC), which generates the polyamine putrescine from L-ornithine, reduces gastritis in mice and adenocarcinoma
incidence in gerbils infected withH. pylori. However, we have also demonstrated thatOdc deletion inmyeloid cells enhancesM1macrophage
activation and gastritis. Here we used a genetic approach to assess the specific role of gastric epithelial ODC during H. pylori infection.
Specific deletion of the gene encoding for ODC in gastric epithelial cells reduces gastritis, attenuates epithelial proliferation, alters the
metabolome, and downregulates the expression of immune mediators induced byH. pylori. Inhibition of ODC activity or ODC knockdown
in human gastric epithelial cells dampens H. pylori�induced NF-kB activation, CXCL8 mRNA expression, and IL-8 production. Chronic
inflammation is a major risk factor for the progression to more severe pathologies associated withH. pylori infection, and we now show that
epithelial ODCplays an important role inmediating this inflammatory response. The Journal of Immunology, 2022, 209: 796�805.

Infection by Helicobacter pylori is the main risk factor for the
development of gastric cancer (1), and the inflammatory
response induced by this bacterium is considered necessary for

the progression to gastric adenocarcinoma (2). Strategies proposed
to reduce gastric cancer mortality include global antibiotic eradica-
tion and early detection through upper gastrointestinal endoscopy
(3, 4). However, both interventions face challenges, including the
increased occurrence of antibiotic resistance in H. pylori and the
cost-effectiveness of screening a significant portion of the population
at risk in areas of high gastric cancer incidence (5, 6). Comple-
mentary strategies that limit the inflammatory response induced by
H. pylori may improve disease outcomes for infected individuals.
Polyamines are generated through a process that starts with the syn-

thesis of putrescine from L-ornithine by the action of the rate-limiting
enzyme ornithine decarboxylase (ODC) (7, 8). Then, putrescine is

sequentially transformed to spermidine and spermine by spermidine
synthase and spermine synthase, respectively (7). Polyamines are
pleiotropic molecules that have major functions in embryogenesis,
homeostasis, and aging (9�11). In addition, polyamines contribute to
the regulation of the immune response during inflammation and infec-
tion, notably by altering histone modifications and chromatin structure
and thus transcription of inducible effectors (12�14). Furthermore,
these molecular alterations can also affect DNA stability, and the
global metabolism of polyamines has also been shown to support cell
proliferation and oxidative damage (15, 16), thus favoring cell trans-
formation and, potentially, carcinogenesis (8, 17). In this context, the
ODC inhibitor difluoromethylornithine (DFMO) represents a promis-
ing potential treatment or chemopreventive for various cancers,
including neuroblastoma, colorectal cancer, or gastric adenocarcinoma
in high-riskH. pylori�infected populations (16, 18�21).

*Division of Gastroenterology, Hepatology, and Nutrition, Department of Medicine,
Vanderbilt University Medical Center, Nashville, TN; †Department of Pathology,
Microbiology, and Immunology, Vanderbilt University School of Medicine, Nashville,
TN; ‡Center for Mucosal Inflammation and Cancer, Vanderbilt University Medical Cen-
ter, Nashville, TN; xProgram in Cancer Biology, Vanderbilt University School of Medi-
cine, Nashville, TN; {Department of Pharmacology, Vanderbilt University School of
Medicine, Nashville, TN; ‖Department of Biochemistry, Mass Spectrometry Research
Center, Vanderbilt University School of Medicine, Nashville, TN; and #Veterans Affairs
Tennessee Valley Healthcare System, Nashville, TN
1Y.L.L. and J.C.S. contributed equally to this work.

ORCIDs: 0000-0001-9347-0009 (K.M.M.); 0000-0001-6729-1023 (P.B.L.); 0000-0003-
4215-967X (C.S.); 0000-0002-3972-3914 (D.P.B.); 0000-0002-2803-1365 (M.M.A.);
0000-0002-8002-4699 (M.W.C.); 0000-0001-7535-539X (A.P.G.); 0000-0003-4421-
1830 (K.T.W.).

Received for publicationAugust 13, 2021. Accepted for publication June 6, 2022.

This work was supported by National Institutes of Health Grants R21AI142042,
R01CA190612, P01CA116087, P01CA028842, and R01DK128200 (K.T.W.); U.S.
Department of Veterans Affairs Merit Review Grants I01BX001453 and I01CX002171
(K.T.W.); U.S. Department of Defense Grants W81XWH-18-1-0301 and W81XWH-
21-1-0617 (K.T.W.); the Thomas F. Frist Sr. Endowment (K.T.W.); and the Vanderbilt

Center for Mucosal Inflammation and Cancer (K.T.W.). Y.L.L. was supported by
National Institutes of Health Grant T32AI138932, and K.M.M. was supported by
National Institutes of Health Grant T32CA009592. Metabolomic analysis was supported
in part by core scholarships from the Vanderbilt University Medical Center Digestive
Disease Research Center funded by National Institutes of Health Grant P30DK058404
and Vanderbilt-Ingram Cancer Center Support Grant P30CA068485.

The RNA-sequencing data presented in this article have been submitted to the Gene
Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/) using accession
number GSE181917. The metabolomic data presented in this article have been submitted
to MetaboLights (https://www.ebi.ac.uk/metabolights/) under accession number
MTBLS3235.

Address correspondence and reprint requests to Dr. Keith T. Wilson, Division of
Gastroenterology, Hepatology, and Nutrition, Department of Medicine, Vanderbilt
University Medical Center, Room 1030C MRBIV, 2215 Garland Avenue, Nashville, TN
37232. E-mail address: keith.wilson@vumc.org

The online version of this article contains supplemental material.

Abbreviations used in this article: DFMO, difluoromethylornithine; GEC, gastric
epithelial cell; MPO, myeloperoxidase; ODC, ornithine decarboxylase; PMSS1,
premouse Sydney strain 1.

Copyright©2022 byTheAmericanAssociation of Immunologists, Inc. 0022-1767/22/$37.50

www.jimmunol.org/cgi/doi/10.4049/jimmunol.2100795

The Journal of Immunology

 at V
anderbilt U

niversity on A
ugust 19, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://orcid.org/0000-0001-9347-0009
http://orcid.org/0000-0001-6729-1023
http://orcid.org/0000-0003-4215-967X
http://orcid.org/0000-0002-3972-3914
http://orcid.org/0000-0002-2803-1365
http://orcid.org/0000-0002-2803-1365
http://orcid.org/0000-0002-8002-4699
http://orcid.org/0000-0001-7535-539X
http://orcid.org/0000-0001-7535-539X
http://orcid.org/0000-0003-4421-1830
http://orcid.org/0000-0001-9347-0009
http://orcid.org/0000-0001-6729-1023
http://orcid.org/0000-0003-4215-967X
http://orcid.org/0000-0003-4215-967X
http://orcid.org/0000-0002-3972-3914
http://orcid.org/0000-0002-2803-1365
http://orcid.org/0000-0002-8002-4699
http://orcid.org/0000-0001-7535-539X
http://orcid.org/0000-0003-4421-1830
http://orcid.org/0000-0003-4421-1830
https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/metabolights/
mailto:keith.wilson@vumc.org
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/


We have previously shown that mice with specific deletion in
myeloid cells of the gene encoding for ODC, Odc1, hereafter termed
Odc, exhibit increased gastric inflammation and reduced coloniza-
tion in response to H. pylori (13); this is associated with increased
polarization of macrophages toward an M1 phenotype (13). How-
ever, the specific contribution of ODC in gastric epithelial cells
(GECs) to H. pylori pathogenesis remains unknown. To test this, we
infected mice with specific deletion of the Odc gene in GECs and
found that epithelial ODC supports H. pylori pathogenesis.

Materials and Methods
Model of H. pylori infection

C57BL/6Odc1fl/flmicewere crossedwith C57BL/6Foxa3cre/1mice containing
a single copy of the Foxa3-cre1Khk transgene (13, 22). The resulting Odc11/fl;
Foxa3cre/1 mice were backcrossed once more with Odc1fl/fl mice to create
Odc1fl/fl;Foxa31/1 and Odc1fl/fl;Foxa31/cre (OdcDepi) mice. Mice were housed
in a specific pathogen-free facility with ventilated cage racks and on a 12-h/12-h
light/dark cycle. Littermate Odcfl/fl and OdcDepi male mice (aged 6 to 12 wk)
were provided continuous water, fed ad libitum with 5L0D chow (LabDiet),
and infected with 109 CFU of H. pylori premouse Sydney strain 1 (PMSS1), a
cagA1 strain with intact type IV secretion system function, as reported (23, 24).
After 4 or 12 wk, animals were sacrificed. Colonization was assessed by culture
of serial dilutions of the gastric tissue lysates (23, 24). Histologic assessment of
longitudinal sections of the gastric tissues stained by H&E was performed by a
gastrointestinal pathologist (M.B.P.) in a blinded manner using the modified
Sydney system (13, 25). The antrum and corpus regions were each scored 0�3
for acute and chronic inflammation, and the scores for antrum and corpus were
added together for a 0�12 scale. In the mice infected for 12 wk, the extent of
mucous metaplasia, the loss of parietal cells, and the loss of chief cells
were assessed on a 0�3 scale (absent, mild, moderate, marked) on H&E-
stained sections containing the entire length of the stomach, using a
slightly modified system based on Rogers et al (26). Mucous metaplasia
is described as the presence of mucus-producing cells with foamy change,
predominantly replacing parietal cells. GECs were isolated by dissocia-
tion and dispersion as reported (27).

These experiments were approved by the Vanderbilt University Medical
Center Institutional Animal Care and Use Committee under protocols M/14/
230, M1600091, and M1900067. Procedures followed institutional policies,
American Veterinary Medical Association Guidelines of Euthanasia,
American Association for the Accreditation of Laboratory Animal Care
guidelines, NIH regulations (Guide for the Care and Use of Laboratory Ani-
mals), and the United States Animal Welfare Act (1996).

Cells

AGS cells were obtained from American Type Culture Collection and main-
tained in RPMI 1640 medium supplemented with 10% FBS and 10 mM

HEPES. We also used AGS cells expressing a stable luciferase-based NF-
kB reporter pGL4.32(luc2P/NF-kB-RE/Hygro; Promega) (28). Cells were
treated with 5 mM DFMO for 7 d; DFMO was removed 24 h before the
infection with H. pylori PMSS1 at a multiplicity of infection of 10. Putres-
cine (10 mM) was added 24 h before infection.

For transfections, AGS cells maintained in Opti-MEM I Reduced
Serum Media (Invitrogen) were transfected with 100 nM ON-TAR-
GETplus siRNAs (Dharmacon) directed against human ODC or LMNA
(used as a control) using Lipofectamine 2000 (Invitrogen). After 16 h,
cells were washed and maintained in fresh media for 36 h prior to
infection.

FIGURE 1. ODC expression and polyamine levels in naive mice with spe-
cific deletion of Odc in GECs. GECs were isolated from the stomach of
Odc fl/fl and OdcDepi mice. Levels of Odc mRNA (A), ODC protein (B), and
polyamines (D) were analyzed by real-time PCR, Western blotting, and liquid
chromatography�mass spectrometry, respectively; densitometric analysis of
the immunoblot is depicted in (C); n 5 2 or 3 mice per genotype. Each sym-
bol is a different mouse. *p < 0.05 versus GECs from Odcfl/fl mice.

FIGURE 2. Effect of Odc deletion in GECs on H. pylori pathogenesis. Lit-
termateOdcfl/fl andOdcDepimice were infected withH. pylori PMSS1 for 4 wk.
(A) Representative immunofluorescence images of ODC in gastric tissues of
uninfected and infected mice. n5 5 mice per group. Note strong DAPI staining
of the antral-corpus transition zone in the Odcfl/fl mice. (B) H&E staining from
the gastric tissues of uninfected and infected mice. (C) Gastric inflammation
scores derived from H&E-stained tissues. n5 4�6 uninfected mice and n5 19
infected mice per genotype; data pooled from two independent experiments.
(D) Colonization density was assessed by plating serial dilution of stomach
lysates from (C). In (A) and (B), scale bars are 100mm. *p< 0.05, **p< 0.01.
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NF-jB activation reporter assay

Lysates were prepared using Reporter Lysis Buffer (Promega), then mixed
with the Luciferase Assay System (Promega), and luminescence was mea-
sured on a Synergy 4 plate reader (BioTek Instruments).

mRNA analysis

Total RNA was isolated from longitudinal sections, encompassing both the
antrum and corpus, of gastric tissues using the RNeasy Mini Kit (QIAGEN).

For RNA sequencing, RNA quality control, cDNA libraries, and next-
generation sequencing (PE150) were performed using the TapeStation Sys-
tem (Agilent), the NEBNext Ultra II Directional RNA Library Prep kit (New
England Biolabs), and Illumina NovaSeq6000 with the NovaSeq 6000 SP
Reagent Kit (Illumina), respectively. Adapter sequences were removed, and
read quality was checked using fastp (29). Transcripts were quantified and
mapped to the indexed mouse genome (M23, GRCm38) using Salmon (30).
Transcript-level quantification was then summarized to the gene level, anno-
tated, and prepared for differential gene expression analysis using the R
package tximeta (31). The R/Bioconductor package DESeq2 was then used
to identify differentially expressed genes in each condition using a Benja-
mini-Hochberg test adjusted for false discovery rate (32). Pathway analysis
was performed using the DAVID database (Database for Annotation, Visual-
ization, and Integrated Discovery). RNA-sequencing data can be accessed
from the Gene Expression Omnibus repository (https://www.ncbi.nlm.nih.
gov/geo/) using the accession number GSE181917.

Expression of Odc, Cxcl1, Ccl5, Ccl3, Tnf, Ifng, and Il17a was also
assessed by real-time PCR as previously described (13, 27).

IL-8 expression

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN) from AGS
cells 3 h after infection, and expression of CXCL8, the gene that encodes for
human IL-8, was assessed by real-time PCR. IL-8 protein levels were deter-
mined in AGS cell culture supernatants using the Human IL-8 DuoSet
ELISA kit per the manufacturer’s instructions (R&D Systems) 6 h after
infection. IL-8 concentrations were normalized to the protein concentration
of lysed cells from the same well.

Western blot analysis

Protein isolation, electrophoresis separation, transfer to nitrocellulose, and
hybridization with rabbit polyclonal anti-ODC Ab (Abcam, 97395; 1:1,000)
or a mouse anti�b-actin mAb (Sigma, A1978; 1:10,000) was performed as
described (33).

Immunofluorescence

Immunofluorescence staining for ODC was performed as previously described
(13) using a rabbit polyclonal anti-ODC (Lisa Shantz, Penn State College of
Medicine; and David Feith, University of Virginia; 1:2000) and goat anti-rabbit
IgG, Alexa Fluor 488 labeled (Thermo Fisher Scientific, A11008).

Immunohistochemistry and image analysis

Sections of paraffin-embedded tissues were deparaffinized, and Ag retrieval
was performed (26). Tissues were incubated with prediluted rabbit polyclonal
anti�Ki-67 (Biocare, PRM325AA), prediluted rabbit monoclonal anti-myelo-
peroxidase (anti-MPO; Biocare, PP023AA), or rabbit polyclonal anti-CD3
(Abcam, ab5690; 1:150) and processed as described (33). Ki-67 slides were
imaged and analyzed using a Cytation C10 Confocal Imaging Reader and
Gen 51 software (Agilent BioTek). The average number of MPO- and
CD68-positive cells per 5 high-powered fields was quantified by a gastroin-
testinal pathologist (M.B.P.) in a blinded manner.

Polyamine quantification

The polyamines putrescine, spermidine, and spermine were quantified by liq-
uid chromatography�mass spectrometry as previously described (34).

Metabolomic analysis

Gastric tissues from uninfected and infected mice from each genotype were
homogenized and processed as previously described (35).We usedXCMS (https://
xcmsonline.scripps.edu) to generate chromatographic alignment, peak picking, and
statistical comparisons. Metabolomic data have been deposited to MetaboLights
(https://www.ebi.ac.uk/metabolights/) with accession numberMTBLS3235.

Statistics

Prism 9.3 software (GraphPad Software) was used for statistical analysis, and
all the results are expressed as mean ± SEM. Data that were not normally dis-
tributed according to the D’Agostino and Pearson normality test were square
root transformed, and distribution was reassessed. The Student t test or

ANOVA with the Tukey test was used to determine significant differences
between two or multiple groups, respectively. Fisher’s exact test was used to
determine significant differences between the proportions of two groups.

Results
Reduced gastric inflammation in OdcDepi mice infected with
H. pylori

We first found that OdcDepi mice showed a significant reduction in
Odc mRNA levels (Fig. 1A) and ODC protein expression (Fig. 1B,

FIGURE 3. Effect of Odc deletion in GECs on chronic H. pylori patho-
genesis. Littermate Odcfl/fl and OdcDepi mice were infected with H. pylori
PMSS1 for 12 wk. (A) H&E staining from the gastric tissues of uninfected
and infected mice. (B) Gastric inflammation scores derived from H&E-
stained tissues. Each symbol is a different mouse; n 5 4 uninfected mice
and n 5 5�10 infected mice per genotype. (C) Colonization density was
assessed by plating serial dilution of stomach lysates in B. (D) Percentage
of cases from B exhibiting no loss or loss of parietal cells and chief cells.
(E) Percentage of cases from (B) exhibiting mucous metaplasia. In (A), scale
bars are 100 mm. *p < 0.05, **p < 0.01, and ****p < 0.0001.
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1C) in isolated GECs when compared with littermate Odcfl/fl mice.
Polyamine levels in GECs were quantified, and we found a significant
reduction in the concentrations of putrescine, spermidine, and spermine
inOdcDepimice compared withOdc fl/fl animals (Fig. 1D).
Next, Odc fl/fl and OdcDepi mice were infected with H. pylori

strain PMSS1 for 4 wk. We evaluated ODC expression in the gas-
tric mucosa by immunofluorescence. H. pylori�infected Odcfl/fl mice
exhibited increased expression of ODC throughout the epithelium
compared with uninfected mice, which was substantially reduced in
the infected OdcDepi mice (Fig. 2A). This confirmed successful
knockdown of ODC in the epithelium. Inflammation levels were

evaluated in H&E-stained sections (Fig. 2B). Gastric tissues from
Odcfl/fl-infected mice exhibited increased epithelial hyperplasia and
significant recruitment of immune cells compared with uninfected ani-
mals (Fig. 2B). There was an obvious attenuation of inflammation in
infected OdcDepi mice (Fig. 2B). Accordingly, when we scored acute
and chronic inflammation in the antrum and corpus of infected mice,
we found significantly less gastritis in OdcDepi mice than in Odc fl/fl

animals (Fig. 2C). However, colonization density was similar between
Odc fl/fl andOdcDepimice (Fig. 2D).
H. pylori�induced disease manifests as chronic active inflamma-

tion in infected individuals; therefore, we infected Odc fl/fl and

FIGURE 4. Effect of Odc deletion in
GECs on cellular proliferation and immune
cell infiltration. (A) Representative immu-
nohistochemistry images of Ki-67 immuno-
peroxidase staining and (B) quantification of
positive nuclei in gastric tissues infected or
not with H. pylori for 4 wk. n5 5 or 6 unin-
fected mice and n 5 13�15 infected mice
per genotype; data pooled from three inde-
pendent experiments. (C) Representative
images of gastric tissues immunoperoxi-
dase-stained for MPO and (D) quantification
of the number of MPO1 cells per high-
power field (H.P.F.). n 5 3�5 uninfected
mice and n5 5 or 6 infected mice per geno-
type; data pooled from three independent
experiments. (E) Representative images of
gastric tissues immunoperoxidase-stained
for CD3 and (F) quantification of the number
of CD31 T cells per H.P.F. n5 3 or 4 unin-
fected mice and n5 5 or 6 infected mice per
genotype; data pooled from three indepen-
dent experiments. In (A), (C), and (E), scale
bars are 100 mm. *p < 0.05, **p < 0.01,
***p< 0.001.
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OdcDepi mice for 12 wk to assess the impact of epithelial ODC on
chronic gastritis. Similar to our 4-wk model, Odc fl/fl mice exhibited
increased inflammation and epithelial hyperplasia compared with
uninfected mice, which was attenuated in the OdcDepi mice
(Fig. 3A). These findings are reflected in the scored gastric inflam-
mation (Fig. 3B). Additionally, we found no difference in the level
of H. pylori colonization (Fig. 3C). Loss of parietal cells and loss of
chief cells were very mild and predominantly seen in the transitional
mucosa of the junction of the antrum and corpus; however, infected
OdcDepi mice exhibited significantly less parietal cell loss than
infected Odcfl/fl mice (Fig. 3D). Mucous metaplasia, only observed
in one Odcfl/fl animal, was mild and located in the proximal corpus
(Fig. 3E). There were no observed differences in the epithelium of
OdcDepi mice compared with Odcfl/fl mice at baseline.

Reduced gastric hyperplasia and immune infiltration in OdcDepi

mice infected with H. pylori

Because polyamines are important for cell survival and inhibition
of ODC activity can lead to cytostasis, we evaluated cell proli-
feration in gastric tissues from Odcfl/fl and OdcDepi mice using
immunohistochemistry for Ki-67. There was increased Ki-67 immu-
nostaining of GECs in Odcfl/fl mice infected with H. pylori com-
pared with uninfected control animals, and the number of
proliferating cells was significantly reduced in H. pylori�infected
OdcDepi mice (Fig. 4A). These results were confirmed by the quanti-
fication of the positive nuclei (Fig. 4B).
To further investigate the alteration in cellular composition and

level of inflammation overserved in the gastric mucosa of OdcDepi

mice, we assessed the population of MPO-expressing cells (macro-
phages and neutrophils) and T cells (CD3) by immunohistochemis-
try. Consistent with the decrease in scored gastric inflammation,
infected OdcDepi mice also exhibit a significant decrease in the infil-
tration of MPO1 (Fig. 4C, 4D) and CD31 (Fig. 4E, 4F) cells found
in the tissues of infected Odcfl/fl mice.
These data indicate that ODC in GECs controls polyamine levels

and supports inflammation and GEC proliferation during H. pylori
infection.

Metabolic pathways affected by Odc deletion during H. pylori
infection

To gain further insight into the functional role of epithelial ODC,
we assessed the effect of Odc deletion in GECs on the gastric
metabolomic signatures of the stomach. We found 282 and 326
metabolites significantly altered (fold change $1.5 and p < 0.05)
by epithelial Odc deletion in the gastric tissues of uninfected and
H. pylori�infected mice, respectively.
Pathway analysis revealed that the putrescine degradation path-

way was reduced in OdcDepi gastric tissues at baseline, as expected.
We also found that glutathione redox reactions and glycolysis, two
pathways potentially related to the propensity for proinflammatory
responses (36, 37), were also affected in uninfected OdcDepi animals
(Fig. 5A; Supplemental Table I). When we compared Odcfl/fl and
OdcDepi mice that were infected with H. pylori, we also observed a
significant downregulation of different polyamine-associated path-
ways, such as putrescine degradation as well as spermine and sper-
midine degradation; in addition, the lipoxin biosynthesis pathway,
which is known for its anti-inflammatory effects (38, 39), was upre-
gulated in OdcDepi mice (Fig. 5B).
Last, we confirmed by a targeted approach that putrescine con-

centration was increased in the whole gastric tissues of infec-
ted Odcfl/fl mice compared with control animals (Fig. 5C). There
was a significant reduction of putrescine to basal levels in
H. pylori�infected OdcDepi mice (Fig. 5C). However, there was no
effect of epithelium-specific Odc deletion on the level of spermidine
or spermine in the gastric tissues of infected mice (Fig. 5C;
Supplemental Table I).

Reduced expression of immune response�associated genes in
OdcDepi mice infected with H. pylori

To better understand the effect of epithelial ODC on the transcrip-
tomic changes of gastric tissues during H. pylori infection, we per-
formed RNA sequencing from Odcfl/fl and OdcDepi mice. We
identified 26,983 sequences in the analysis that comprised 19,084
known genes and 7,899 unknown sequences (Supplemental Table
II). The differential expression analysis included genes that were
altered twofold or more between the two groups with an adjusted
p value <0.05. We found that 148 genes, essentially coding for

FIGURE 5. Metabolomic changes in gastric tissues affec-
ted by Odc deletion. Mice were infected or not with H. pylori
PMSS1. After 4 wk, the metabolome of the gastric tissues
was determined by ultra-HPLC. n 5 4 uninfected mice and n
5 8 infected mice per genotype. Bubble plots of metabolomic
analysis comparing uninfected Odcfl/fl and OdcDepi mice (A)
and H. pylori�infected Odcfl/fl and OdcDepi animals (B) were
generated using the XCMS website. The full list of pathways
is shown in Supplemental Table I. Putrescine, spermidine,
and spermine were quantified by liquid chromatogra-
phy�mass spectrometry in strips of whole-stomach tissues
of Odcfl/fl and OdcDepi mice, infected or not with H. pylori
(C). n 5 7 or 8 uninfected mice and n 5 12 or 13 infected
mice per genotype. **p < 0.01, ***p < 0.001.

800 ROLE OF GASTRIC EPITHELIAL ODC IN GASTRITIS

 at V
anderbilt U

niversity on A
ugust 19, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/


immune effectors (such as chemokines Cxcl5 and Cxcl9 or the
defense response-related genes Mbl1, Ido1, and Nox1), were signifi-
cantly upregulated in infected Odcfl/fl mice versus uninfected control
animals (Fig. 6A; Supplemental Table II). In addition, 33 genes
involved in fatty acid metabolism (Ugt3a1, Apoa5) or cellular respi-
ration (Cyp4a14, Cyp1a2) were downregulated with infection (Fig.
6A; Supplemental Table II). In contrast, only 12 and 7 genes were
upregulated and downregulated, respectively, in the infectedOdcDepi

mice compared with the uninfected animals (Fig. 6A; Supplemental

Table II). Thus, when we comparedH. pylori�infectedOdcDepi mice
with infected Odcfl/fl mice (Fig. 6A; Supplemental Table II), we
found 106 genes downregulated, comprising mainly immune effec-
tors (Il1b, Cxcl5, Cxcl9, Ido1, and Nox1). According to this result,
we selectively analyzed the expression of multiple genes involved in
the immune response, and we generated the heatmap depicted in
Fig. 6B. Overall, cytokines (Il17a, Il1b, Il12b, Il2, and Ifng), chemo-
kines (Cxcl3, Cxcl19, Cxcl10, Ccl5, and Ccl20), and immune
cell�associated genes (Ccr4, Cxcr6, Cd74, Cd8a, Myd88, Cd4, and

FIGURE 6. Determination of the effect
ofOdc deletion in GECs on the gastric tran-
scriptome. Odcfl/fl and OdcDepi mice were
infected or not with H. pylori. After 4 wk,
gastric RNA was analyzed by RNA
sequencing. n5 4mice per group. (A) Vol-
cano plots for paired comparisons; the full
list of differentially expressed genes is
shown in Supplemental Table II. (B) Heat
map representing the level of genes enco-
ding for chemokines, cytokines, and im-
mune effectors.

The Journal of Immunology 801

 at V
anderbilt U

niversity on A
ugust 19, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100795/-/DCSupplemental
http://www.jimmunol.org/


Cd86) exhibited decreased expression in OdcDepi compared with
Odcfl/fl mice during infection. Importantly, we identified only 29
genes and 2 unidentified genes upregulated and downregulated,
respectively, when comparing uninfected OdcDepi and Odcfl/fl

mice without infection (Fig. 6B; Supplemental Table II),

demonstrating that the main transcriptomic changes orchestrated by
epithelial ODC occur under pathophysiological conditions and not at
the basal level.
Analysis of the differentially expressed genes between Odcfl/fl and

OdcDepi mice infected with H. pylori using the DAVID software

FIGURE 7. Pathway analysis performed from the transcriptomic analysis, showing the pathways significantly downregulated (A) and significantly upregu-
lated (B) in the gastric tissues of OdcDepi mice infected with H. pylori compared with infected Odcfl/fl animals.
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evidenced that pathways related to innate or specific immune
responses (Fig. 7A) were significantly downregulated in the infected
OdcDepimice, confirming that ODC in GECs supports gastric inflam-
mation. Only one pathway related to the immune response, “response
to cytokine,” was significantly upregulated in the infected OdcDepi

mice (Fig. 7B).
These alterations were further confirmed when we quantified

selected chemokine and cytokine mRNA expression levels in the tis-
sues of Odcfl/fl and OdcDepi mice. Cxcl1, Ccl5, Ccl3, Tnf, Ifng, and
Il17a mRNA expression was significantly induced after H. pylori
infection in Odcfl/fl mice and significantly reduced in infected
OdcDepi mice (Fig. 8).

ODC inhibition diminishes the innate response of human GECs to
H. pylori

We then assessed the direct effect of ODC on the innate activation
of GECs. We found a marked and significant reduction in the levels
of putrescine and spermidine, but not spermine, when uninfected
and H. pylori�infected AGS cells were treated with the ODC inhibi-
tor DFMO, as previously observed in cell culture (13, 40) (Fig. 9A).
In parallel, the activation of NF-kB (Fig. 9B), the expression of the
classic proinflammatory GEC H. pylori response gene CXCL8
(Fig. 9C), and the subsequent protein expression of IL-8 (Fig. 9D)
induced by H. pylori were inhibited by DFMO. These molecular
events were restored when DFMO-treated cells were supplemented
with the ODC product putrescine (Fig. 9B�9D). Using siRNA
directed against ODC (Fig. 9E), we confirmed that the reduction of
CXCL8 mRNA and IL-8 protein expression by DFMO was the
result of ODC inhibition. Silencing of ODC in AGS cells led to a
significant reduction in H. pylori�stimulated CXCL8 mRNA expres-
sion (Fig. 9F) and IL-8 protein production (Fig. 9G), as was seen
with DFMO treatment.

Discussion
Polyamines are ubiquitous molecules, but decades of investigation
have shown that their roles in homeostasis and pathophysiology are
disease, time, and cell specific. We have previously demonstrated
that H. pylori�induced ODC expression in myeloid cells attenuates
the antimicrobial/proinflammatory response of innate immune cells,
thus supporting bacterial persistence and pathogenesis (13). Here,
we questioned the role of ODC in GECs because these cells are the
first in contact with the bacterium, produce chemokines that attract
immune cells to the gastric mucosa, and are prone to malignant
transformation. Thus, we found that genetic deletion of Odc in
GECs reduces polyamine levels and protects mice from H. pylori�
induced inflammation and proliferation. We also confirmed by
metabolomics and transcriptomics substantive effects of epithelial
ODC on inflammatory pathways. Together, these data indicate that
the expression of ODC in the gastric epithelium supports H. pylori
pathogenesis and further demonstrate that polyamines can have mul-
tiple and varying effects according to the type of cells in which they
are generated.
H. pylori induces sustained acute inflammation, characterized by

polymorphonuclear cell infiltration of the gastric mucosa in most
infected individuals. This response is characterized by the produc-
tion of multiple proinflammatory chemokines and cytokines. High
levels of these proinflammatory mediators are associated with
elevated risk of severe disease (41, 42). Global assessment of the
gastric transcriptome from Odc fl/fl and OdcDepi mice revealed a sig-
nificant downregulation in the expression of chemokines, cytokines,
and other immune-associated genes in infected OdcDepi mice. We
confirmed by RT-PCR that not only the genes encoding for chemo-
kines expressed in epithelial cells but also those encoding for effec-
tors related to the innate immune system (Tnf, Il1b, Cxcl1) and to
T cell activation (Ifng, Il17a, Il2) are regulated by epithelium-
specific Odc deletion. Furthermore, we also found that ODC expres-
sion in cultured GECs favors NF-kB activation and chemokine syn-
thesis. In this context, we postulate that ODC in GECs induces and/or
sustains chemokine production, resulting in recruitment of leukocytes
in the infected gastric mucosa and thus to the development of a robust
innate and adaptive immune response. Because we previously
reported that putrescine in macrophages dampens the M1 response
(13), a future goal is further elucidating the cellular/molecular mecha-
nism by which ODC supports chemokine synthesis in GECs.
Early studies showed that polyamine levels increase during cell

cycle progression and that their depletion inhibits G1- to S-phase
transition (15, 43). Here we used Ki-67 as a marker of cell prolifera-
tion in gastric tissues, and we observed increased proliferation in
infected Odcfl/fl animals, which is consistent with previous studies in
H. pylori�infected humans and mice (44, 45). It has been shown
that H. pylori can interact directly with progenitor cells deep in the
glands and accelerates their proliferation, leading to hyperplastic
changes (46). We showed that GEC proliferation was significantly
reduced in infected OdcDepi versus Odcfl/fl mice, suggesting that
polyamines are important mediators of epithelial proliferation in the
context of H. pylori infection and that polyamine depletion may be
a logical strategy to prevent uncontrolled proliferation of GECs with
carcinogenic potential.
On the basis of data demonstrating that the ODC inhibitor

DFMO reduced gastritis and carcinogenesis in H. pylori�infected
gerbils (16, 21), our group is conducting a clinical trial of this drug
in patients with precancerous gastric lesions in Latin America
(ClinicalTrials.gov Identifier: NCT02794428). Furthermore, we have
shown that DFMO induces direct oxidative DNA damage to
H. pylori and specific mutations in the cagY gene, which result in
reduction in the functionality of the type 4 secretion system and

FIGURE 8. Targeted mRNA analysis. The expression of genes encoding
for different chemokines and cytokines in the gastric tissues of Odcfl/fl and
OdcDepi mice, infected or not with H. pylori, was analyzed by RT real-time
PCR. n 5 7 or 8 uninfected mice and n 5 12 or 13 infected mice per geno-
type. *p < 0.05, **p < 0.01, ***p < 0.001.
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thus less CagA translocation in GECs (47). This was observed
in vitro and in H. pylori�infected gerbils treated with DFMO (47).
Because we now show an overall protective effect of gastric epithe-
lial Odc deletion in H. pylori�induced inflammation and a reduction
of GEC proliferation, we suggest that a key protective effect of
DFMO treatment in H. pylori infection is due to the inhibition of
epithelial ODC. Moreover, we also show that DFMO treatment or
ODC knockdown attenuates H. pylori�stimulated expression of
CXCL8, as well as the IL-8 protein for which it encodes, in human
GECs. Therefore, our present work further supports the use of
DFMO in H. pylori�infected patients to limit the development of
more advanced gastric pathology.
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