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Transdisciplinary Strategies for the Characterization of 

Mucosal Immune Responses 

 

Monica Viladomiu Pujol 

Abstract 

 

The gastrointestinal mucosal immune system has the daunting task of 

maintaining immune homeostasis by eliminating potentially harmful 

microorganisms and limiting tissue injury while inducing tolerogenic responses to 

luminal antigens including innocuous food, commensal bacteria and self-

antigens. This carefully orchestrated system depends on elaborate down-

regulating mechanisms that mediate and maintain a state of tolerance under 

normal conditions. Changes in such delicate balance are linked to the 

development of gastrointestinal pathology as well as systemic disease states. 

Despite the rapid increase in our appreciation of the gastrointestinal immune 

system, there is still a major disconnect between the description of how mucosal 

immune responses are organized and controlled and an insufficient mechanistic 

understanding of how such responses shape and influence disease outcome and 

pathogenesis. By using model enteric microorganisms Helicobacter pylori and 

Clostridium difficile, this dissertation presents a systematic effort to generate 

novel mechanistic hypothesis based on computational predictions and 

experimentally elucidate the mechanisms of action underlying mucosal immune 

responses and pathology in the gut. In this thesis I present i) an overview on 

mucosal immunology and the need to develop novel therapeutics that limit the 

pathogenic effects of invading bacteria while maintaining their protective 

functions, ii) the role of miRNAs in the modulation of immune responses to enteric 

pathogens, iii) the mechanisms by which Helicobacter pylori is able to limit 

effector inflammatory responses required for bacterial clearance thus favoring 

tolerance over immunity, iv) intracellular mechanisms of immune evasion that 

contribute to bacterial persistence and chronic infection. The knowledge 

generated throughout this dissertation exemplifies how a combination of 

computational modeling, immunoinformatics and experimental immunology holds 

enormous potential for discovering unforeseen targets and developing novel 

vaccines and cures for infectious, allergic and immune-mediated diseases.  
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Chapter 1 

 

Introduction: Understanding Mucosal Immune 
Responses to Enteric Pathogens 
 
Monica Viladomiu, Raquel Hontecillas, and Josep Bassaganya-
Riera. 
 

1.1 Summary 

 

Mucosal surfaces are consistently exposed to the external environment and are 

vulnerable to invasion by pathogenic micro-organisms. Such mucosal tissues are 

equipped with a specialized immune system – the mucosal immune system – 

that provides defense against invading pathogenic organisms by inducing a 

variety of inflammatory and anti-microbial responses. The immune system is 

particularly important in the gastrointestinal tract, where the divergent needs for 

efficient nutrient absorption, well-functioning host defense and tolerance towards 

commensal microbiota collide. Despite the rapid increase in our understanding 

and appreciation of the mucosal immune system, we are only beginning to 

decipher how the different molecules and cell populations shape innate and 

adaptive responses and influence disease pathogenesis.   

Many pathogens have developed mechanisms to evade host immune responses 

and colonize the gut mucosa, leading to millions of cases of enteric infections a 
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year. Helicobacter pylori and Clostridium difficile are two examples of highly 

efficient enteric microorganisms that successfully induce inflammatory responses 

as a result of mucosal invasion. The studies discussed throughout this 

dissertation will use the model organisms H. pylori and C. difficile to study the 

mechanisms employed by the mammalian gastrointestinal immune system and 

how invading microorganisms respond, evade and subvert such mechanisms.  

1.2 Introducing the mucosal immune system 

 

The principal challenge of the gastrointestinal immune system is balancing the host 

response to pathogens while not responding to stimuli derived from commensal 

microbiota and food antigens [1]. Commensal bacteria residing in the intestinal lumen 

are thought to contribute to immune tolerance, although translocation of the same 

commensal microfloral antigens to the lamina propria results in effector and 

inflammatory responses. Also, mice are better protected from colitis in a germ-free 

environment [2], suggesting a role of the gut microbiota in the pathogenesis of 

inflammatory diseases such as Inflammatory Bowel Disease (IBD).  

Mucosal immune homeostasis can be disrupted during gut inflammation due to 

alterations in: 1) barrier function of the epithelium; 2) the innate immune cells (e.g., 

macrophages and dendritic cells, DC) which provide the initial innate response to 

invading bacteria; and 3) lymphocyte function in both the lamina propria (LP) and the 

mesenteric lymph nodes (MLN), including the T cell population of the normal gut mucosa 

[3]. 

Absorptive and secretory cells, as well as different epithelial cell subsets such as 

microfold cells (M cells), goblet cells and Paneth cells, form a single cell layer that 

constitutes the epithelial barrier. Globet cells form a protective mucus layer, whereas 

Paneth cells secrete potent antimicrobial peptides known as defensins in the base of 

small intestinal crypts. M cells are found in the follicle-associated epithelium of the 

Peyer’s patches sample intestinal mucosal contents and deliver them via transcytosis to 

DC and lymphocytes. The disruption of the epithelial barrier or the infiltration of 

pathogenic bacteria into the LP activate DC and macrophages, which process the 

antigen and present it on their surfaces through the MHC class II complex. These 
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antigen presenting cells (APC) are transported to the MLN, where they promote the 

differentiation of naïve T cells into effector and regulatory T cells. The cytokine 

environment secreted in part by the APC skews the differentiation of naïve CD4+ T cells 

into T helper (Th1, Th2, Th17, Th9, T follicular helper, Th22) or regulatory T (Treg) cell 

subsets. These now differentiated T cells migrate back to the LP, where they start the 

adaptive immune response towards the antigen. A predominance of dysregulated Th1 

and Th17 responses in the colonic LP has been associated with Clostridium difficile 

infection [3]. Figure 1.1 illustrates some key aspects of mucosal immunity relevant to gut 

inflammation in the context of nutritional protective mechanisms. 

 

 

Figure 1.1. Mucosal immune mechanisms of nutritional protection against gut 
inflammation. The disruption of the epithelial barrier or the infiltration of pathogenic bacteria into 
the lamina propria (LP) or Peyer’s patches (PP) activate dendritic cells (DC) and macrophages 
(MAC), which process the antigen and present it on their surfaces through the MHC class II 
complex. These antigen-presenting cells (APC) either stay in the PP or are transported to the 
mesenteric lymph nodes (MLN), where they promote the differentiation of naïve T cells into 
effector and regulatory T cells. The cytokine environment secreted in part by the APC skews the 
differentiation of naïve CD4+ T cells into T helper (Th1 and Th17) or regulatory T cell (Treg) 
subsets. Th1 cells differentiate in the presence of interleukin-12 (IL-12); IL-6 and transforming 
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growth factor (TGF) β induce a Th17 phenotype; whereas IL-10 induces a regulatory T (Treg) cell 
differentiation. These mature T cells migrate back to the lamina propria (LP), where they start the 
adaptive immune response towards the antigen, resulting in the production of effector and pro-
inflammatory cytokines. The administration of prebiotics (inulin, oligofructose), dietary fibers 
(resistant starch, soluble corn fiber) and probiotics decrease effector responses and pro-
inflammatory cytokine expression by the production of short chain fatty acids (SCFA), as well as 
conjugated linoleic acid (CLA), punicic acid (PUA), eleostearic acid (ESA) and abscisic acid 
(ABA), which activate peroxisome proliferator-activated receptor (PPAR) γ, a nuclear transcription 
factor that antagonizes pro-inflammatory pathways. 

1.3 Clostridium difficile infection 

 

Clostridium difficile is an environmental Gram-positive, anaerobic, spore-forming bacillus 

identified in 1935 in the stool of a healthy newborn [4]. In 1893, a severe form of C. 

difficile-associated disease characterized by inflamed colon and visible patches was first 

described. However, it was not until 1978 that C. difficile was identified as an 

opportunistic pathogen and causative agent of antibiotic-associated diarrhoea and 

pseudomembranous colitis (PMC) [5]. Clostridium difficile infection has rapidly increased 

since the 1990s with alarming rise since 2000, and it is currently the leading cause of 

diarrhea in the healthcare setting and becoming an increasingly common cause of 

diarrhea in industrialized countries [6]. Although it is not considered part of the human 

microbiome, C. difficile colonizes and can be isolated from about 1-5% of healthy adult 

population and  75% of infant mammals, with an increase to 39% in hospitalized patients 

[7]. However, only the toxin-producing strains are associated with the diarrheic disease 

C. difficile infection (CDI). 

CDI is a nosocomial toxin-mediated intestinal illness whose clinical outcome ranges from 

asymptomatic colonization, mild to severe diarrhea, abdominal pain, fever and 

leukocytosis. Fulminant or more complicated CDI cases are associated with colitis with 

or without the presence of pseudomembranes, toxic megacolon or bowel perforation, 

sepsis, shock and even death [8]. Other rare manifestations associated with CDI are 

extra-intestinal infections [9], ileal infections [10], reactive arthritis [11], post-

proctocolectomy enteritis [12] and bacteremia [13]. The severity of the symptoms mostly 

depends on the properties of the C. difficile strain, which is usually characterized by the 

genetic-dependent ability to produce toxins. Patients can acquire a non-toxigenic C. 

difficile strain [14], thus becoming asymptomatically colonized. On the other hand, 

individuals can develop Clostridium difficile-associated disease (CDAD) if they acquire a 

toxigenic C. difficile strain following antibiotic treatment and they fail to mount an 
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anamnestic serum immunoglobulin G (IgG) antibody response to toxins. However, if 

patients can mount an antibody response, they become asymptomatically colonized with 

C. difficile. Therefore, the outcome of CDI not only is defined by the pathogen itself, but 

also by the interaction of the pathogen with the host immune response.  

C. difficile mostly grows in the intestine of individuals with altered commensal microflora 

[15, 16] due to antimicrobial therapy, immunosuppressants treatment, and cytostatic 

agents or proton pump inhibitors administration [17]. Ages above 65 years, co-

morbidities, gastrointestinal disorders, or previous hospitalization also seem to 

predispose patients to CDI [18, 19]. In this regard, C. difficile is usually defined as the 

main cause of nosocomial infectious diarrhea developed in elderly patients with altered 

microflora, most usually after antibiotic treatment. However, the emergence of new 

hypervirulent strains has resulted in increased morbidity and mortality in younger 

populations with no previous contact with hospital environment or antibiotics [7, 20, 21]. 

Many countries have reported an increase in both incidence and severity of CDI over the 

last few years [22-24]. In 2005, a new C. difficile strain responsible for a large number of 

infections across North America was identified: BI/NAP1/027. Since its isolation, this 

strain has been documented in hospitals in 40 states in the United States, all provinces 

in Canada and most of the European countries [25-28]. However, rising rates of CDI are 

not limited to the spread of BI/NAP1/027, since other strains, including ribotypes 001, 

027, 053 and 106, are also often associated with outbreaks and severe cases [28-30]. 

This increased virulence of C. difficile may be partly due to changes in the antibiotic 

susceptibility of emerging strains, since the emergence and spread of new C. difficile 

strains correlates with higher resistance to fluoroquinolone antibiotics such as 

gatifloxacin and moxifloxacin [31]. These hypervirulent strains are responsible for 

increased morbidity, mortality and healthcare costs in the US, Canada and Europe, 

primarily due to toxic megacolon, septic shock, intestinal perforation, and resistance to 

metronidazole [7, 20, 21, 25]. For instance, an outbreak in Quebec in 2002 lead to 

mortality of 17% and another in 2003 resulted in 13.4% mortality [32]. There have been 

several recurrent outbreaks especially in hospitals close to Montreal, with an estimate of 

2,000 total deaths within the last decade. Moreover, an analysis of CDI-associated 

outcomes in nonsurgical patients in St. Louis in 2003 reported attributable mortality of 

6% [33, 34]. According to the Agency for Healthcare Research and Quality Nationwide 

Inpatient Sample, there were approximately 139,000 patients discharged from acute 

care facilities who were diagnosed with C. difficile infection in 2000. This number 
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increased to 336,000 patients in 2008. In the United States alone, CDI was estimated to 

affect over 500,000 people and to cost the healthcare system over $3 billion in 2009 [8]. 

Thus, understanding the immunoregulatory mechanisms that allow C. difficile to be a 

leading cause of enteric disease is of enormous relevance for the improvement of 

current treatments and development of novel host-targeted therapeutics. 

1.4 Helicobacter pylori infection 

 

Helicobacter pylori is an ancient Gram negative, spiral-shaped bacterium that selectively 

establishes lifelong colonization of the gastric mucosa in more than 50% of the human 

population (Figure 1.2) [35, 36]. Prevalence can reach 90% in certain regions of Asia 

and Africa. However in developed countries of Europe, North America and in Australia, 

the prevalence has dropped dramatically to 15-20 % due to changes in life style 

including increased hygiene and the generalized use of antibiotics [37]. However, 

immigrants from South American countries are colonized at rates as high as 85% (e.g., 

Honduras).  

 

Figure 1.2. Schematic representation of Helicobacter pylori-host interactions. 
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H. pylori is highly specialized to naturally colonize the human stomach mucosa. It is an 

exceptionally successful microorganism and, if not treated, rapidly becomes dominant 

within the gastric niche [38]. Epidemiological data indicates that, in the vast majority of 

cases, H. pylori infection leads to asymptomatic chronic gastritis [39]. Specifically, it is 

estimated that about 85-90% of infected individuals do not present any adverse 

manifestations of disease throughout their life, while only 10-15% eventually develop 

gastric malignancies, including gastritis, peptic and duodenal ulcer, dysplasia, neoplasia, 

gastric-B-cell lymphoma of mucosal-associated lymphoid tissue (MALT lymphoma) and 

gastric adenocarcinoma (Figure 1.3) [39, 40]. Moreover, it has been estimated that H. 

pylori carriers have more than two-fold increased risk of developing gastric cancer, 

leading to about 11,000 deaths per year in the U.S. and 650,000 worldwide. In this 

regard, there have been targeted efforts to eradicate the bacteria via antibiotic treatment 

in people with a positive test [41], despite emerging evidence suggesting its beneficial 

effects in autoimmune, allergic diseases, and metabolic disorders [42-47].  

 

 

Figure 1.3. Anatomy and histopathology of a healthy stomach (left) and an inflamed 

stomach following infection with Helicobacter pylori (right). 
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The systematic elimination of H. pylori and its decreased presence as a predominant 

member of the human microbiome is controversial. There are still important efforts 

towards finding new therapies and vaccines against H. pylori. At the same time, it is 

believed that the 85% of carriers who will not develop gastric diseases have an 

advantage over non-carriers by the induction of regulatory immune responses, which 

protect from pathologies with an inflammatory component. For instance, mice infected 

with a strain of H. pylori lacking the cag (cytotoxin-associated gene) pathogenicity island 

(cag PAI) were protected from genetically and diet-induced type 2 diabetes when 

compared to non-infected mice [45]. Despite the above observations, the mechanisms 

by which H. pylori is able to evade the immune response and acquire protective versus 

pathogenic behaviors are incompletely understood. Hence, there is a need for further 

mechanistic studies to better characterize host-pathogen interactions in the context H. 

pylori infection. 

1.5 Conclusions 

 

Helicobacter pylori and Clostridium difficile are two examples of highly efficient enteric 

microorganisms that successfully induce inflammatory responses as a result of mucosal 

invasion. Antibiotic resistance along with limited treatment compliance has progressively 

decreased the efficacy of existing multidrug regimens used for eradicating enteric 

infections. Also, C. difficile and H. pylori vaccines are currently not available. 

Investigating C. difficile and H. pylori pathogenesis will significantly contribute to our 

understanding of how pathogens are detected in the gastrointestinal tract and induce 

mucosal inflammation. A better characterization of the immunoregulatory mechanisms 

underlying immune responses to these model microorganisms has the potential to open 

a new host-targeted therapeutics-based era that limits the pathogenic effects of the 

invading bacteria and reduce disease incidence. 
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Modeling the Role of Peroxisome Proliferator-
Activated Receptor γ and MicroRNA-146 in 
Mucosal Immune Responses to Clostridium 
difficile 
 
Monica Viladomiu, Raquel Hontecillas, Mireia Pedragosa, Adria 
Carbo, Stefan Hoops, Pawel Michalak, Katarzyna Michalak, 
Richard L. Guerrant, James K. Roche, Cirle A. Warren, and 
Josep Bassaganya-Riera. 

 
Viladomiu M., Hontecillas R., Pedragosa M., Carbo A., Hoops S., et al. (2012) “Modeling 
de role of Peroxisome Proliferator-Activated Receptor γ and microRNA-146 in mucosal 
immune responses to Clostridium difficile”. PLoS One doi:10.1371/journal.pone.0047525 
 

2.1   Summary 

 

Clostridium difficile is an anaerobic bacterium that has re-emerged as a 

facultative pathogen and can cause nosocomial diarrhea, colitis or even death. 

Peroxisome proliferator-activated receptor (PPAR) γ has been implicated in the 

prevention of inflammation in autoimmune and infectious diseases; however, its 

role in the immunoregulatory mechanisms modulating host responses to C. 

difficile and its toxins remains largely unknown. To characterize the role of 

PPARγ in C. difficile-associated disease (CDAD), immunity and gut pathology, 
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we used a mouse model of C. difficile infection in wild-type and T cell-specific 

PPARγ null mice. The loss of PPARγ in T cells increased disease activity and 

colonic inflammatory lesions following C. difficile infection. Colonic expression of 

IL-17 was upregulated and IL-10 downregulated in colons of T cell-specific 

PPARγ null mice. Also, both the loss of PPARγ in T cells and C. difficile infection 

favored Th17 responses in spleen and colonic lamina propria of mice with CDAD. 

MicroRNA (miRNA)-sequencing analysis and RT-PCR validation indicated that 

miR-146b was significantly overexpressed and nuclear receptor co-activator 4 

(NCOA4) suppressed in colons of C. difficile-infected mice. We next developed a 

computational model that predicts the upregulation of miR-146b, downregulation 

of the PPARγ co-activator NCOA4, and PPARγ, leading to upregulation of IL-17. 

Oral treatment of C. difficile-infected mice with the PPARγ agonist pioglitazone 

ameliorated colitis and suppressed pro-inflammatory gene expression. In 

conclusion, our data indicates that miRNA-146b and PPARγ activation may be 

implicated in the regulation of Th17 responses and colitis in C. difficile-infected 

mice. 

2.2   Introduction 

 

Clostridium difficile typically is a harmless environmental sporulated gram-positive 

anaerobic bacterium [18, 48], but it has recently re-emerged as a significant enteric 

pathogen implicated in nosocomial diarrhea, colitis and even death, particularly after 

antibiotic treatment. C. difficile grows in the intestine of individuals with altered 

commensal microflora [15, 16] due to treatment with antimicrobials, 

immunosuppressants, cytostatic agents or proton pump inhibitors [17]. An increase in 

both incidence and severity of C. difficile-associated disease (CDAD) has been reported 

over the last years [22-24]. Previously, CDAD was a concern in older or severely ill 

patients, but the emergence of new hypervirulent strains such as NAP1/BI/027 has 

resulted in increased morbidity and mortality for other age groups in the United States, 

Canada and Europe [7, 20, 21]. The increased virulence of C. difficile is attributed to 

greater sporulation and production of binary toxins [49, 50] or to higher level of 

fluoroquinolone resistance [31]. Persistent or severe CDAD is currently being treated 
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with discontinuation of the antibiotic therapy that led to the disease, and vancomycin 

therapy [51]. Nevertheless, these therapeutic approaches do not restore the normal 

microflora and are not effective in clostridial clearance, but further prolong C. difficile 

shedding and destroy beneficial gut anaerobic bacteria [51, 52]. In contrast to targeting 

the bacterium and its toxins directly, the better understanding of the cellular and 

molecular basis underlying the host response will enable the rational development of 

host-targeted therapeutics for CDAD. 

Peroxisome proliferator-activated receptor γ (PPARγ) is a nuclear receptor and ligand-

activated transcription factor involved in glucose homeostasis and lipid metabolism. 

PPARγ antagonizes the activity of NF-κB, STAT and AP-1. Specifically, it suppresses 

NF-κB [53] by stabilizing the inhibitory κB (IκB)/NF-κB [54], thereby blocking pro-

inflammatory gene transcription. More importantly, activation of PPARγ modulates 

mucosal immune responses and is involved in the prevention of inflammatory bowel 

disease (IBD) in mice [53, 55], pigs [56], and humans [57, 58]. Moreover, mice with a 

targeted deletion of PPARγ in epithelial cells, macrophages or T cells display increased 

pro-inflammatory gene expression and susceptibility to colitis [59-61]. PPARγ also 

suppresses Th1 responses [55] and blocks the differentiation of CD4+ T cells into a 

Th17 phenotype, thus potentiating a regulatory T (Treg) cell response [62]. However, no 

studies are available investigating the role of PPARγ in the pathogenesis and treatment 

of CDAD.  

Another mechanism by which colonic gene expression can be tightly regulated is 

microRNA (miRNA)-driven RNA interference. MiRNAs are small (~22–24-nucleotide), 

non-coding, single-stranded RNA molecules that are processed from longer primary-

miRNA transcripts. In the last decade, miRNAs have emerged as new potent genome 

regulators [63] and therapeutic targets [64]. MiRNAs are broadly found in plants, 

animals, viruses, and algae [65] and contribute to regulating gene expression. These 

molecules lead to translation inhibition of specific mRNAs depending on the type of 

base-pairing between the miRNA and its mRNA target [66]. In mammals, miRNA mostly 

affect the mRNA translation process, but mRNA target degradation also occurs. The role 

of miRNA has been explored in IBD and other immune-mediated diseases as a 

promising avenue for the discovery of novel mechanisms of pathogenesis, diagnostics, 

and therapeutics. Distinct miRNA expression profiles have been found in Crohn’s 

disease and ulcerative colitis [67]. There is also mounting evidence that miRNAs 

contribute to orchestrate immune regulation and host responses to pathogen infections. 
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For example, miR-146a and miR-155 are involved in the regulation of T- and B-cell 

development [68], their differentiation and function [69]. Mice lacking miR-155 fail to 

control Helicobacter pylori infection as a result of impaired Th1 and Th17 responses [70]. 

Therefore, understanding the role of miRNAs in antibacterial immune and inflammatory 

responses holds promise of new molecular diagnostic markers as well as novel gene 

therapy strategies for treating hypervirulent bacterial infections and associated 

immunopathologies. 

This study investigates the mechanisms underlying PPARγ modulation of mucosal 

immune responses to C. difficile, including a possible relationship between nuclear 

receptors and miRNAs. Specifically, we applied mathematical and computational 

modeling approaches in combination with mouse challenge studies to study the 

mechanisms underlying the interactions between PPARγ activity and miRNA-146b to 

regulate colitis during C. difficile infection. Next, we investigated how either T cell-

specific deletion or pharmacological activation of PPARγ modulate colonic inflammatory 

cytokines and effector Th17 responses to C. difficile infection in mice. Our data indicate 

that T cell PPARγ prevents colitis and down-modulates effector T cell responses in mice 

with CDAD and suggest a potential crosstalk between miRNAs and the PPAR γ 

pathway. 

 

2.3   Increasing doses of C. difficile infection correlate with increasing 

CDAD and colonic inflammatory lesions 

 

We first performed a dose-response study to identify the optimal infectious dose that 

results in greater inflammatory responses in wild type mice and found that clinical signs 

of disease appeared as early as 24 hours post-infection following challenge with C. 

difficile strain VPI10463. Increasing infectious doses of C. difficile from 105 to 107 cfu 

corresponded with greater disease severity and colonic inflammatory lesions. Colon, 

cecum, spleen and MLN were scored for inflammation-related gross pathology lesions 

during the necropsy. All C. difficile-infected mice presented gross pathological lesions in 

all the examined tissues when compared to uninfected mice (Figure 2.1). Colonic 

histopathological analyses showed increased epithelial erosion, leukocytic infiltration and 

mucosal thickness, with more severe inflammatory lesions corresponding to increasing 
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infectious doses of C. difficile. In addition, microscopic examination revealed extensive 

areas of necrosis of the mucosa and submucosal edema (Figure 2.2). 

 

 

Figure 2.1. Effect of infection with Clostridium difficile strain VPI 10463 on macroscopic 
inflammation-related lesions in C57BL/6J wild-type mice.  Colon (A), cecum (B), spleen (C) 
and mesenteric lymph nodes (MLN) (D) were macroscopically scored for inflammation during the 
necropsy (n=10). Data are represented as mean ± standard error. Points with an asterisk are 
significantly different when compared to the control group (P<0.05). 
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Figure 2.2. Effect of infection with Clostridium difficile strain VPI 10463 on microscopic 
lesions observed following a 4-day challenge. Representative photomicrographs of colons of 
uninfected (A and D), infected with 10

6
 colony-forming units (cfu) of C. difficile (B and E) and 

infected with 10
7
 cfu of C. difficile (C and F) (n=10). Original magnification at 40 (top panel) and 

100 (bottom panel). 

 

2.4 C. difficile upregulates colonic pro-inflammatory cytokine expression 

 

RNA was extracted from colon and real time RT-PCR was performed to examine the 

effect of C. difficile infection on colonic gene expression. Mice challenged with 107 cfu of 

C. difficile had a significant increase in monocyte chemoattractant protein 1 (MCP-1), IL-

6, IL-17 and IL-1β when compared to all the other groups, indicating that the bacterial 

challenge induced a strong pro-inflammatory response in the gut (Figure 2.3). Although 

mice infected with 105 and 106 cfu had a higher disease activity score than the control 

mice, no increase in the colonic expression of such cytokines was seen in these groups, 

possibly due to a counterbalance mediated by a parallel regulatory response at lower 

doses of infection. 
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Figure 2.3. Clostridium difficile infection modulates colonic gene expression in mice. 
Colonic expression of monocyte chemotactic Protein 1 (MCP-1) (A), interleukin 6 (IL-6) (B), 
interleukin 17 (IL-17) (C) and interleukin 1β (IL-1β) (D were assessed by real-time quantitative 
RT-PCR in mice infected with C. difficile (n=10). Data are represented as mean ± standard error. 
Points with an asterisk are significantly different when compared to the control group (P<0.05). 

 

2.5 Infected mice overexpress miR-146b 

 

MiRNA profiles of C. difficile-infected and uninfected mice were determined by Illumina 

sequencing. Specifically, a total of 454 miRNA types were detected among 8,902,783 

Illumina reads from the six samples (3 non-infected and 3 infected with 107 cfu) 

multiplexed within two lanes. Three miRNAs were significantly overexpressed within 

infection: miR-146b, miR-1940, and miR-1298 (FDR P < 0.05) (Figure 2.4). The 

sequencing results were validated by real-time RT-PCR. Our data showed an 

upregulation of miR-146b correlating with the dose of C. difficile infection. NCOA4 was 
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computationally predicted as a target of miRNA-146b based on thermodynamics. In 

order to begin to validate such prediction, co-expression of miRNA-146b and NCOA4 

within the colon and differential expression of NCOA4 with increasing doses of infection 

was assessed by RT-PCR. Interestingly, a significant decrease in the expression of 

colonic NCOA4 was found with increasing C. difficile infectious doses. NCOA4 is a 

coactivator molecule that interacts with the PPAR γ complex and facilitates its activation. 

Therefore, the decrease in NCOA4 expression results in a reduction of PPAR γ 

activation. In line with the suppression of NCOA4 expression we found that PPAR γ 

target genes CD36 and GLUT4 were significantly downregulated in colons of C. difficile-

infected mice (Figure 2.5), indicating that colonic PPARγ activity is suppressed in mice 

infected with C. difficile. 

 

 

Figure 2.4. Effect of infection with Clostridium difficile strain VPI 10463 on miRNA 
differential expression in C57BL/6J wild-type mice.  miRNA-seq heatmap of Clostridium 
difficile-infected (T) and uninfected control (C) mice (n=3). 
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Figure 2.5. Effect of Clostridium difficile infection on the colonic expression of miR-146b 
and target genes NCOA4, CD36 and GLUT4 mRNA in mice. Colonic expression of miRNA-
146b (A) as well as NCOA4 (B), CD36 (C) and GLUT4 (D) were assessed by real-time 
quantitative RT-PCR in mice infected with C. difficile (n=10). Data are represented as mean ± 
standard error. Points with an asterisk are significantly different when compared to the control 
group (P<0.05). 

 

2.6 Computational modeling of host responses to C. difficile infection 

 

To further integrate and characterize the potential interactions occurring between C. 

difficile, miR-146b and PPARγ, we developed a computational and mathematical model 

of the colonic gene expression changes occurring in the colon following C difficile 

infection. This network was constructed based on our experimental findings and 

literature information (Figure 2.6A). By using this model, we explored in silico the 

mechanisms by which C. difficile modulates the expression of effector and inflammatory 

cytokines. Our computational simulation predicts an upregulation of miR-146b, and IL-17 
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and a down-regulation of NCOA4 and PPARγ in colons of mice after infection with C. 

difficile (Figure 2.6B). 

 

 

Figure 2.6. Computational modeling of mucosal immune responses to Clostridium difficile 
infection. CellDesigner-based illustration of the Complex Pathway SImulator model of the model 
for Clostridium difficile immune response (A). The model represents the interaction between C. 
difficile, miRNA-146, nuclear receptor coactivator 4 (NCOA4), peroxisome proliferator-activated 
receptor γ (PPAR γ), interleukin 10 (IL-10) and interleukin 17 (IL-17) in Systems Biology Markup 
Language format. Inhibition is represented in red and activation in green. COPASI steady state 
scan showing the variation on the species concentrations with increasing computational 
concentration of C. difficile (B). In silico simulations show how increasing concentrations of C. 
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difficile increase miRNA-146b levels, thus decreasing NCOA4 and PPAR γ. In line with the 
experimental data, IL-17 expression also increases with the infection. 

 

 

2.7 The loss of PPARγ in T cells significantly increased CDAD and colitis 

following C. difficile infection 

 

Since our data indicates that the PPARγ pathway is downregulated at the colonic 

mucosa during C. difficile infection, we assessed the impact of the loss of PPARγ in 

epithelial and hematopoietic cells on C. difficile infection-associated weight loss. Our 

results show a more dramatic weight loss and more accentuated inflammatory lesions in 

tissue-specific PPARγ null mice following infection with C. difficile (data not shown). In a 

follow-up study we determined the impact of T cell-specific PPARγ deletion in the 

inflammatory response and disease caused by this facultative anaerobic bacterium. T 

cell-specific PPARγ null (i.e., CD4cre+) mice had higher disease activity scores than wild 

type mice did. They also showed a 20% body weight loss by day 4 post-infection which 

resulted in 30 % of mortality (Figure 2.7). Moreover, infected CD4cre+ mice had more 

severe colonic inflammatory lesions (Figure 2.8), suggesting that PPARγ expression in T 

cells plays and important role in ameliorating CDAD in mice. Uninfected CD4cre+ mice 

did not show any difference when compared to the uninfected WT group (data not 

shown). On the other hand, mice treated with the PPARγ agonist pioglitazone (70 

mg/kg) had reduced inflammatory lesions, colonic histopathology (Figure 2.8), and had 

lower levels of colonic inflammatory mediators when compared to untreated mice 

infected with C. difficile (Figure  2.9). Also, uninfected WT mice treated with pioglitazone 

did not differ from uninfected and untreated group.  
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Figure 2.7. Effect of the genotype and treatment on the body weight loss, disease activity 
index and histologic lesions in the colons of mice infected with Clostridium difficile strain 
VPI 10463. Mice were weighed (A) and scored (B) daily for mortality and morbidity and the 
presence of diarrhea and other symptoms (n=8).  All colonic specimens underwent blinded 
histological examination and were scored 0-4 on mucosal wall thickening (C&E) and leukocyte 
infiltration (D&F). Data are represented as mean ± standard error. Points with an asterisk are 
significantly different when compared to the control group (P<0.05). 
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Figure 2.8. Impact of the loss of PPARγ in T cells and pharmacological activation of 
PPARγ in colonic inflammatory lesions in Clostridium difficile-infected mice. 
Representative photomicrographs of colons of uninfected (A and E), infected wild type mice (B 
and F), infected CD4cre+ mice (C and G) and infected wild-type mice treated orally with 

pioglitazone (70 mg/kg) (D and H) (n=8). Original magnification at 40 (top panel) and 100 
(bottom panel). 

 

 

Figure 2.9. Effect of the oral pioglitazone administration on the colon gene expression of 

mice infected with Clostridium difficile strain VPI 10463. Colonic expression of interleukin 1 

(IL-1) (A), monocyte chemoattractant protein 1 (MCP-1) (B) and interleukin 17 (IL-17) (C) were 
assessed by real-time quantitative RT-PCR in C. difficile infected wild type mice treated with 
pioglitazone (n=8). Data are represented as mean ± standard error. Points with an asterisk are 
significantly different when compared to the control group (P<0.05). 

 

 

2.8 The loss of T cell PPARγ causes upregulation of colonic MCP-1 and IL-

17 and downregulation of IL-10 in C. difficile-infected mice 

 

Colonic IL-10 expression was upregulated in colonic wild type mice when compared to 

those of T cell-specific PPARγ null (CD4cre+) mice, indicating that the deficiency of 
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PPARγ in T cells abrogated the ability of C. difficile infection to induce IL-10 expression. 

In addition, the deficiency of PPARγ in T cells caused an upregulation of colonic MCP-1, 

IL-17 and tumor necrosis factor α (TNF-α) mRNA expression (Figure 2.10). Flow 

cytometric analyses of immune cell populations indicates an increased percentages of 

IL-17+ and RORγt+ CD4+ T cells following the infection as well as increased 

percentages of Th17 cells in spleens of T cell-specific PPARγ null mice (Figure 2.11).  

 

 

Figure 2.10. The loss of PPARγ in T cells regulates colonic cytokine expression of mice 
infected with Clostridium difficile. Colonic expression of interleukin 10 (IL-10) (A), interleukin 
17 (IL-17) (B), monocyte chemoattractant protein 1 (MCP-1) (C) and tumor necrosis factor (TNF-
α) (D) were assessed by real-time quantitative RT-PCR in wild type and T cell PPARγ null mice 
infected with C. difficile (n=8). Data are represented as mean ± standard error. Points with an 
asterisk are significantly different when compared to the wild type control group (P<0.05). 
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Figure 2.11. The loss of PPARγ in T cells and Clostridium difficile infection enhances Th17 
responses in spleen and lamina propria of mice. Splenocytes and lamina propria lymphocytes 
from wild type and T cell PPARγ-null mice infected with C. difficile (n=6) were immunophenotyped 
to identify immune cell subsets by flow cytometry. Data are represented as mean ± standard 
error. Points with an asterisk are significantly different when compared to the control group 
(P<0.05). 

 

2.9   Discussion and Conclusions 

 

Clostridium difficile is the most common cause of nosocomial infectious diarrhea in the 

U.S. An increase in the severity and incidence of C. difficile infections has been reported 

in the last few years [71]. Moreover, the increased report of cases in healthy people 

without traditional risk factors is alarming since it suggests a greater pathogenicity of 

circulating strains [72, 73]. Hence, elucidating the cellular and molecular basis controlling 

the host-C. difficile interactions is important to discover new broad-based, host-targets 

therapeutic approaches to control the disease. This report presents fully integrated in 

vivo and computational approaches for studying the mechanisms involved in the 

regulation of host responses to C. difficile. We constructed a network model with five 

dynamical variables representing miR-146b, NCOA4, PPARγ, IL-17 and IL-10, plus an 

external input: the infectious dose of C. difficile. The computational simulations predicted 



 24 

an overexpression of miR-146b following C. difficle infection, resulting in decreased 

concentrations of NCOA4, which in turn failed to activate PPARγ. In addition, colonic 

gene expression analyses demonstrated an upregulation of IL-6 and IL-17 in C. difficile-

infected mice, suggesting either enhanced Th17 responses or IL-17 production by other 

mucosal cell types such as paneth cells or γδ T cells. Th17 responses are implicated in 

immune-mediated diseases and immune responses to some extracellular pathogens. 

Flow cytometric analyses of immune cell populations indicated increased percentages of 

IL-17+ and RORγt+ CD4+ T cells in spleens of infected mice, suggesting that C. difficile 

infection enhanced Th17 responses.  

PPARγ plays a crucial role during CD4+ T cell differentiation by down-modulating 

effector and enhancing regulatory responses [55, 74], and thereby contributing to the 

maintenance of tissue homeostasis. Furthermore, PPARγ agonists have proven 

therapeutic and prophylactic efficacy in IBD [53, 55, 56]. To determine whether the loss 

of the PPARγ gene in T cells worsened CDAD, we challenged wild-type and T cell-

specific PPARγ null mice with C. difficile. The bacterial infection induced a colonic 

mucosal IL-10-driven anti-inflammatory response as well as an effector response 

characterized by the production of IL-17 and MCP-1 in wild-type mice. However, the loss 

of PPARγ in T cells abrogated the ability of C. difficile to induce IL-10 expression in the 

colon, without affecting the overproduction of IL-17, which has been implicated in 

immune-mediated diseases such as IBD. Flow cytometry analysis confirmed that both C. 

difficile infection and the loss of PPARγ favor Th17 responses. The therapeutic value of 

PPARγ activation in CDAD was further demonstrated by the significant amelioration of 

CDAD and suppression of colitis in mice treated with pioglitazone, a full PPAR γ agonist. 

Pharmacological manipulation of miRNA has been postulated as a novel and viable 

therapeutic approach to modulate the host inflammatory response to minimize pathology 

without negatively affecting pathogen clearance or the ability to mount a protective 

immune response. Mature miRNAs are incorporated into the RNA-induced silencing 

complex where they typically recognize and bind to sequences in the 3’ untranslated 

regions, leading to suppression of translation and/or degradation of mRNA. There is 

accumulating evidence that miRNA play a critical role in immunity and inflammation [67-

69]. For instance, distinct miRNA expression profiles have been found in Crohn’s 

disease and ulcerative colitis [67]. By comparing miRNA profiles from C. difficile-infected 

and uninfected mice, we found that miR-146b, miR-1940, and miR-1298 were 

overexpressed in colons of C. difficile-infected mice. We focused our efforts on the 
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miRNA-146 family (miRNA-146a/b) in this study since we validated its upregulation in 

the colon of C. difficile-infected mice by using RT-PCR. In addition, miRNA-146 is 

expressed in leukocytes and its function is clearly linked to innate immunity and 

inflammation [75, 76]. miRNA-146 regulatory circuit improves TLR4 and cytokine 

signaling in response to microbial components and proinflammatory cytokines [77, 78]. 

Moreover, it is involved in the regulation of T- and B-cell development [68, 69], 

differentiation and function [69]. To further understand the role of miRNA-146b during C. 

difficile infection, a list of mRNA potential targets for such miRNA was retrieved from 

miRBase [79]. Notably, one of the co-activators facilitating the transcriptional activities of 

the ligand-activated PPARγ, NCOA4, was a predicted target of miRNA-146b. Indeed, 

gene expression analyses using qRT-PCR demonstrated co-expression of miRNA-146b 

and NCOA4 in colons of C. difficile-infected mice and a negative correlation between 

expression of miR-146b and its target NCOA4 along with increasing doses of C. difficile, 

suggesting a potential inhibition of NCOA4 by miR-146b resulting in suppressed PPARγ 

activity, as measured by suppressed expression of PPAR γ-responsive genes (i.e., 

CD36 and Glut4) in C. difficile-infected mice. Thus, miRNAs become promising 

therapeutic targets once the functional consequences of miRNAs alteration are 

completely elucidated. Also, future studies should examine more direct therapeutic 

approaches to prevent overexpression of miRNA-146 during CDAD. 

In conclusion, we have used loss-of-function approaches in combination with 

pharmacological activation of PPARγ and computational modeling to investigate the 

critical role of PPARγ in regulating immune responses and disease severity following C. 

difficile infection. Our data suggests that overexpression of miRNA-146b in the colon 

might exacerbate inflammatory responses by suppressing PPARγ activity through a 

mechanism possibly involving suppression of NCOA4, a co-activator molecule required 

for activation of PPAR γ (Figure 2.12). 
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Figure 2.12. Clostridium difficile interaction with the gut microbiota and the host immune 
response. The normal gut microbiota provides the host with colonization resistance against C. 
difficile infection (CDI). Microbiota-derived metabolites such as short chain fatty acids (SCFA) and 
bacteriocins contribute to preventing CDI, as well as metabolizing host-derived metabolites such 
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as bile acids. Host epithelial cells also respond CDI by producing several antimicrobial peptides 
including defensins and cathelidicins. Colonization resistance can be impaired by antibiotic 
administration through changes in the composition and function of the gut microbiota, thus 
facilitating C. difficile spore germination and subsequent infection. C. difficile then produces toxins 
A and B, which disrupt the epithelial layer allowing toxin infiltration into the lamina propria, where 
they will be recognized by dendritic cells, T cells and macrophages and elicit a host immune 
response. Toxins A and B are recognized by carbohydrates in the epithelial cell surface, enter the 
cell through receptor-mediated endocytosis and disrupt normal signaling pathways by 
glycosylating Rho, Rac and Cdc42 proteins. Surface layer proteins can be recognized by TLR4 
and activate NF-ΚB but not IRF3, which results in the secretion of pro-inflammatory molecules. C. 
difficile can also alter miRNA expression. Specifically, CDI increases expression of miRNA-146b, 
miRNA-1940 and miRNA-1298 in the colon, thus altering gene expression and CDI clinical 
outcome. 

 

2.10   Materials and Methods  

 

Ethics Statement 

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Virginia Tech and met or exceeded requirements of the Public 

Health Service/National Institutes of Health and the Animal Welfare Act. The IACUC 

approval ID for the study was 10-087-VBI. 

 

Animal procedures 

C57BL/6J wild type mice were bred in our laboratory animal facilities. Tissue-specific 

PPARγ null mice were generated as described previously [53, 80, 81]. The tail and 

colonic genotypes of mice were determined by PCR analysis as described previously 

[53, 82] . Specifically, we used CD4-Cre+ mice lacking PPARγ in T cells [74] and MMTV-

Cre+ mice with a deletion in epithelial and hematopietic cells [53]. Mice were maintained 

at the experimental facilities at Virginia Tech.  

 

Antibiotic pretreatment prior to the bacterial challenge 

Previous studies have demonstrated that three days of pre-treatment with a mixture of 

antibiotics in the drinking water is sufficient to disrupt the intestinal microflora and allows 

C. difficile infection [83]. The antibiotic mixture consisted of colistin 850 U/mL (which 

corresponds to 4.2 mg/kg), gentamicin 0.035 mg/mL (which corresponds to 3.5 mg/kg), 

metronidazole 0.215 mg/mL (which corresponds to 21.5 mg/kg) and vancomycin 0.045 

mg/mL (which corresponds to 4.5 mg/kg). The mixture was prepared and added to the 
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drinking water for a 3-day pre-treatment period. A control group that received no 

antibiotics was also included. Following the treatment all mice were given regular 

autoclaved water for 2 days and all mice including the control group received a single 

dose of clindamycin (32 mg/kg) intraperitoneally 1 day before C. difficile challenge. 

 

Clostridium difficile mouse challenge studies 

On day 5 of the study mice were challenged intragastrically with Clostridium difficile 

strain VPI 10463 (ATCC 43255). To optimize the infection dose for further studies, we 

conducted a dose-response experiment using the following C. difficile infectious doses: 

105, 106 and 107 cfu/mouse. The highest dose was used for the following challenges. In 

some experiments mice received pioglitazone at 70 mg/kg by oral gavage once daily 

starting 3 days before the infection date and until the necropsy day. Mice were weighed 

and scored daily to assess mortality and the presence of diarrhea and other general 

disease symptoms (e.g., piloerection, hunchback position). 

 

Histopathology 

Segments of colon (3 cm of the anatomic middle of the colon) were fixed in 10% 

buffered neutral formalin. Samples were embedded in paraffin, sectioned (6 μm), and 

then stained with hematoxylin and eosin for histological examination. Tissue slides were 

examined with an Olympus microscope (Olympus America). Images were captured 

using the FlashBus FBG software (Integral Technologies) and processed in Adobe 

Photoshop Elements 2.0 (Adobe Systems). The different tissue segments were graded 

with a compounded histological score, including the extent of: 1) crypt damage and 

regeneration; 2) metaplasia/hyperplasia; 3) lamina propria vascular changes; 4) 

submucosal changes; and 5) presence of inflammatory infiltrates. The sections were 

graded with a range from 0 to 4 for each of the previous categories and data were 

analyzed as a normalized compounded score. 

 

Analyses of miRNA-seq 

Next-generation sequencing allows the sequencing of miRNA molecules and 

simultaneous quantification of their expression levels. We used Illumina deep 
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sequencing to survey miRNA profiles of colons from uninfected and C. difficile-infected 

mice with most distinct phenotypes. All reads were mapped against the mouse reference 

genome. To determine putative gene targets of miRNA, the EMBL-EBI Microcosm v5 

database was used. Additionally, precursor and mature sequences were retrieved from 

MirBase v16 [79] and entered into microRNAminer [84]. Following characterization of 

miRNA expression profiles with Partek Genomics Suite, pair-wise analyses between 

infected and uninfected colonic samples were conducted to identify the most 

differentially expressed miRNA. Data was submitted to NCBI’s GEO database 

(Accession Number GSE39235). 

 

Functional correlation between the expression of miR-146b and some of its potential 

targets. 

Potential targets for miR-146b and the regulatory pathways that are expected to be 

regulated were identified in the literature [85]. The list of candidates mRNA targets was 

retrieved from the MicroCosm Targets database Version 5 (http://www.ebi.ac.uk/enright-

srv/microcosm), formely known as mirBase::Targets [79], that uses the miRanda 

algorithm [86] to identify potential binding sites for a given miRNA in gene sequences.  

Among these findings, we focused on mRNAs we expected to be involved in the 

pathogenesis of C. difficile by regulating genes at acute stages of the disease. Knowing 

that miRNA can induce a significant degradation of its target and assuming that 

evolution progressively selected inverse regulation of expression of mRNAs and their 

specific miRNAs, we selected nuclear receptor coactivator 4 (NCOA4), a miR-146b 

target for differential expression testing using qRT-PCR between mice uninfected or 

mice infected with 107 cfu of C. difficile. NCOA4 was selected for further analyses since 

it is a well-known activator of PPARγ.  

 

Quantitative real-time RT-PCR 

Total RNA was isolated from mouse colons using a Qiagen RNA Isolation Mini kit 

according to the manufacturer’s instructions. Total RNA (1 μg) was used to generate a 

cDNA template using an iScript cDNA Synthesis kit (Bio-Rad). The total reaction volume 

was 20 μL, with the reaction incubated as follows in an MJ MiniCycler: 5 min at 25°C, 30 

min at 52°C, 5 min at 85°C, and hold at 4°C. PCR was performed on the cDNA using 
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Taq DNA polymerase (Invitrogen) under previously described conditions [87]. Each gene 

amplicon was purified with the MiniElute PCR Purification kit (Qiagen) and quantified 

both on an agarose gel by using a DNA mass ladder (Promega) and with a nanodrop. 

These purified amplicons were used to optimize real-time PCR conditions and to 

generate standard curves in the real-time PCR assay. Primers were designed using 

Oligo 6 software. Primer concentrations and annealing temperatures were optimized for 

the iCycler iQ system (Bio-Rad) for each set of primers using the system’s gradient 

protocol. PCR efficiencies were maintained between 92 and 105% and correlation 

coefficients > 0.98 for each primer set during optimization and also during the real-time 

PCR of sample DNA. cDNA concentrations for genes of interest were examined by real-

time qPCR using an iCycler IQ System and the iQ SYBR green supermix (Bio-Rad). A 

standard curve was generated for each gene using 10-fold dilutions of purified amplicons 

starting at 5 pg of cDNA and used later to calculate the starting amount of target cDNA 

in the unknown samples. SYBR green I is a general double-stranded DNA intercalating 

dye and may therefore detect nonspecific products and primer/dimers in addition to the 

amplicon of interest. To determine the number of products synthesized during the real-

time PCR, a melting curve analysis was performed on each product. Real-time PCR was 

used to measure the starting amount of nucleic acid of each unknown sample of cDNA 

on the same 96-well plate. 

Mmu-miR-146b* expression was analyzed with quantitative RT-PCR using 

TaqMan MicroRNA Assays from Applied Biosystems. Two small nucleolar RNAs, 

snoRNA202 and snoRNA234, were used as endogenous normalizers for target miR-

146b*.  A total of 100 ng/sample of RNA was used for cDNA synthesis using the ABI 

TaqMan MicroRNA Reverse Transcription Kit and the manufacturer protocol. To test for 

genomic DNA and reaction contamination, two types of negative controls were used for 

PCR: reverse transcriptase-omitted products and blanks (DEPC-treated water). No 

amplification was observed in any of the negative controls. TaqMan Universal Master 

Mix II, the ABI StepOnePlus RT-PCR System and the instrument default cycling 

conditions were used for PCR. There were 6-8 biological replicates per group, with each 

RNA sample assayed twice in separate RT reactions. The threshold cycle (CT) ratios 

between the target miRNA and the average endogenous control were calculated, arcsin-

transformed, and one-way repeated measures ANOVA in R (v. 2.14.0) was used to test 

differences between treatments and PCR replicates. 
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Immunophenotyping 

Colon samples were processed for lamina propria lymphocyte (LPL) isolation. 

Specifically, cells (6×105 cells/well) were seeded into 96 well-plates, centrifuged at 4°C 

at 2000 rpm for 3 minutes, and washed with PBS containing 5% serum and 0,09% 

sodium azide (FACS buffer). Cells were then incubated for T cell assessment with 

fluorochrome-conjugated primary antibodies to T cell markers. Cells were first incubated 

with AF700-labeled anti mouse CD45, PECy5-labeled anti mouse CD3 and PECy7-

labeled anti mouse CD4. Cells were then fixed and permeabilized with Cytofix-Cytoperm 

solution (Pharmingen) and incubated with PerCpCy5.5-labeled anti mouse IL-17 and 

PE-labeled anti mouse RORγt. Cells were resuspended in 0.2 mL of FACS buffer. Data 

acquisition was computed with a BD LSR II flow cytometer and analysis performed with 

FACS Diva software (BD Pharmingen). 

Model construction 

The network model of colonic gene expression changes during C. difficile infection was 

designed based on the experimental data generated in our laboratory and published in 

this paper. This is a first step toward a more comprehensive understanding of the role 

that miRNAs and PPARγ play in the host immune response to C. difficile infection.  

Clostridium difficile: C. difficile is the leading cause of diarrhea in the healthcare 

setting and becoming an increasingly common cause of diarrhea in the community [6]. 

Differential expression of miRNAs between uninfected and C. difficile infected mice was 

evaluated by miRNA-sequencing. An increase in the expression of miRNA146b was 

detected among infection. Results were further validated by RT-PCR. 

miRNA146b: There is accumulating evidence that miRNAs orchestrate responses to 

pathogen infections and play a critical role in immunity and inflammation. For example, 

miRNAs such as miR-146 and miR-155 are involved in the regulation of T- and B-cell 

development [68], their differentiation and function (reviewed by Sonkoly [69]). 

Misregulated miR-146 and miR-155 have been associated with various autoimmune 

diseases including SLE, RA, and MS. However, the role of miRNAs in CDAD remains 

poorly understood. 

NCOA4: Potential targets for miR-146b were identified in the literature [85]. Knowing 

that miRNA can induce a significant degradation of its target and assuming that 
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evolution progressively selected inverse regulation of expression of mRNAs and their 

specific miRNAs, we selected one miR-146b target, Nuclear Receptor Coactivator 4 

(NCOA4), for differential expression testing using qRT-PCR between mice uninfected or 

mice infected with 107 cfu of C. difficile. Results showed how upregulation of 

miRNA146b within infection correlates to decreased expression of its target NCOA4. 

Interestingly, NCOA4 is a PPAR γ co-activator [88]. 

PPAR γ: PPAR γ is a nuclear receptor and transcription factor involved in lipid 

metabolism and glucose homeostasis [89]. Moreover, it antagonizes several pro-

inflammatory pathways such as STAT, AP-1 and NF-κB. It is also a critical regulator of 

CD4+ T cell differentiation since it promotes a regulatory T cell phenotype by activating 

FoxP3 while it blocks effector phenotypes, such as inhibition of RORγ in Th17 or the 

inhibition of IFNγ in Th1 [62]. In macrophages, PPAR γ favors a switch from a pro-

inflammatory “classically activated” M1 to an M2 “alternatively activated” anti-

inflammatory phenotype [90]. Therefore, activation of PPARγ represents a conserved 

anti-inflammatory mechanism involved in the prevention of cancer, diabetes [91-93], 

atherosclerosis[94], obesity [95], infectious [96-100] and immune-mediated diseases [53, 

55, 87, 101]. The first evidence of the involvement of PPARγ in the regulation of 

intestinal inflammation came from the use of the PPARγ synthetic agonists 

thiazolidinediones (TZD) in mice with colitis induced by oral administration of dextran 

sodium sulfate (DSS) [102]. At the time, there are several publications reporting 

prophylactic and therapeutic effects of PPARγ in different strains of mice, rats and pigs 

with acute colitis induced by chemical compounds [102, 103], bacteria [87], and also 

chronic colitis occurring after the transfer of immunocompetent T cells in SCID mice [53] 

or spontaneously in IL-10 deficient mice [104]. PPARγ is mainly expressed in the colon 

by epithelial cells and lamina propria mononuclear cells such as macrophages and T 

and B cells. Although some studies show the importance of PPARγ in each cell type, 

additional investigations in animals with cell type specific expression of PPARγ are 

required to determine the main cellular source responsible for the therapeutic effect of 

PPARγ [105]. 

IL-10: Interleukin 10 is a cytokine with broad anti-inflammatory properties. It is released 

by M2 macrophages as well as T helper type 2 (Th2) and regulatory T cells (Treg). It 

acts as an immune response mediator by suppressing Th1 differentiation and blocking 

the activation of cytokine synthesis. In addition, IL-10 contributes to the regulation of 
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proliferation and differentiation of B cells, mast cells and thymocytes. The activation of 

PPAR γ induces the expression of IL-10 by these cell types [106]. 

IL-17: Interleukin 17 is a cytokine secreted by activated Th17 cells responsible for 

inducing and regulating proinflammatory responses by recruiting monocytes and 

neutrophils to the site of inflammation in response to the invasion of the immune system 

by extracellular pathogens [107-109]. PPARγ is a known inhibitor of Th17 differentiation 

as its activation can inhibit STAT-3 and hence contribute to the down-regulation of IL-17 

through the IL-6/STAT-3/RORγt/IL-17 axis [110, 111]. Although TGF-β alone is not 

capable of inducing IL-17 and hence producing Th17, it is necessary for differentiation 

into Th17 and its absence induced a shift from a Th17 profile to a Th1-like profile [112, 

113]. Moreover, PPARγ is a key negative regulator of human and mouse Th17 

differentiation since it reduced RORγt transcription on a single-cell level [62]. 

 

In silico simulations of the involvement of miRNA-146b and PPARγ in modulating colonic 

host responses to C. difficile infection 

Based on the results obtained in the mouse challenge studies, an ordinary differential 

equation-based computational model was developed describing the molecular dynamics 

of some key cytokines and transcription factors involved in C. difficile infection. Although 

modeling approaches cannot replace traditional experimentation, the construction of 

such computational model synthesized, organized and integrated all the concepts and 

mechanisms studied, facilitating a more systematic hypothesis-generation process. 

Overall, our modeling process involved: 1) creation of a structural network using Cell 

Designer; 2) parameter estimation based on published or newly generated experimental 

data using Complex Pathway Simulator (COPASI); and 3) in silico experimentation. We 

constructed a network model with five dynamic variables representing miR-146b, 

NCOA4, PPARγ, interleukin 17 (IL-17) and IL-10, plus an external input: the infectious 

dose of C. difficile. The network model was constructed by using CellDesigner [114], a 

software package that enables users to describe molecular interactions using a well-

defined and consistent graphical notation. Modeling was performed using COPASI 

(http://www.modelingimmunity.org/) [115]. Both COPASI and CellDesigner are Systems 

Biology Markup Language (SBML) compliant, thus, machine and human readable. The 

CellDesigner-generated network was imported into COPASI where rate laws were 

adjusted to create the ordinary differential equations (Figure 2.13). The results of the 

parameter estimation using Particle Swarm showed a good fitting between the 
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experimental data and predicted values computationally estimated by COPASI (Table 

2.1). These values were then implemented in the reactions and rate laws to adjust the 

dynamics of the model. COPASI was then used to run sensitivity analysis and in silico 

time-course studies. 

 

 

Figure 2.13. Equations controlling dynamics of the Clostridium difficile infection model. 
Ordinary Differential Equations (ODE) triggering activation and inhibition of the different reactions 
in the model. Briefly, mass action and Hill functions were used to reproduce reaction behaviors in 
silico based on initial molecule concentrations. 
 
 

Fitted Value Objective Value Root Mean Square Error Mean Error Mean Std. Deviation 

miR-146b 1.41E-23 2.65E-12 6.73E-13 2.56E-12 

NCOA4_ratio 1.19E-19 2.44E-10 -2.42E-10 2.96E-11 

PPARγ_ratio 2.95E-20 1.21E-10 -1.17E-10 3.37E-11 
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IL10_ratio 7.05E-11 5.94E-06 -6.36E-08 5.94E-06 

IL17_ratio 0.431748 0.464623 0.328534 0.328542 

Table 2.1. Model fitting performed by using COPASI’s global parameter estimation. A species is 
fitted computationally using experimental data and simulation algorithms. The objective value is 
the value that the modeling software targets based on the experimental data and the 
computational simulation. 
 

 

Statistical analyses 

We performed Analysis of Variance (ANOVA) to determine the significance of the model 

by using the general linear model procedure of SAS (SAS Institute) as previously 

described [53]. Specifically, we examined the main effect of genotype, treatment, and 

their interaction when necessary. Differences of P < 0.05 were considered significant. 

Data were expressed as the means ± SE of the mean. 
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Chapter 3 

 

CD64+CX3CR1+ Mononuclear Phagocytes 
Facilitate Bacterial Colonization and Promote 
Regulatory Responses during Helicobacter pylori 
Infection 
 
Monica Viladomiu, Barbara Kronstreiner, Josep Bassaganya-
Riera, Casandra W. Philipson, Andrew Leber, Adria Carbo, and 

Raquel Hontecillas 

 

3.1   Summary 

 

Helicobacter pylori is the dominant member of the human gastric microbiota and 

has been associated with increased risk of gastritis, peptic ulcer and gastric 

cancer in adults. Interestingly, persistent colonization might be associated with 

protection against allergies, diabetes, asthma and chronic inflammatory 

autoimmune diseases. The immunoregulatory mechanisms of chronic microbial 

persistence implicated in protective versus pathogenic outcomes are 

incompletely understood. Computational modeling of mucosal immunity predicted 

that macrophages are central regulators of chronic microbial persistence and 

immunoregulation during H. pylori infection. To validate this computational 

hypothesis we shifted the macrophage phenotype into a proinflammatory state 

characterized by lower IFN-γ and iNOS expression by deleting PPARγ in myeloid 

cells and found a 10-fold decrease in gastric bacterial loads at the expense of 

severe gastric pathology, suggesting that mucosal macrophages afford H. pylori 
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colonization persistence and regulate gastric pathology. Increased H. pylori 

colonization in wild-type (WT) mice was associated with the infiltration of 

CD11b+F4/80hiCD64+CX3CR1+ macrophages into the gastric lamina propria 

(LP), a cell population that PPARγ-deficient mice failed to expand and maintain. 

Furthermore, macrophage depletion studies resulted in a dramatic reduction of 

gastric H. pylori colonization in WT mice similar to the levels observed in 

myeloid-specific PPARγ-deficient mice. Moreover, both PPARγ-deficient and 

macrophage-depleted mice presented decreased IL-10-mediated regulatory 

myeloid and T cell responses in the gastric mucosa early post-infection. In 

summary, H. pylori infection manipulates the gastric microenvironment through 

immunoregulatory mechanisms mediated by infiltration of CD64+CX3CR1+ 

macrophages and induction of regulatory T cells and macrophage responses 

characterized by the production of IL-10 that afford chronic persistence of this 

gastric indigenous microbe. 

3.2   Introduction 

 

Helicobacter pylori is a microaerophilic, Gram-negative, spiral-shaped bacterium that 

selectively establishes lifelong colonization of the gastric mucosa in over 50% of the 

human population [35, 36]. Approximately 10-15% of H. pylori-infected individuals 

eventually develop peptic or duodenal ulcers. Moreover, H. pylori carriers have more 

than two-fold greater risk for developing gastric cancer in the form of B-cell lymphoma of 

mucosal-associated lymphoid tissue (MALT lymphoma) or adenocarcinoma [39, 40]. 

Overall, gastric cancers are the third leading cause of cancer-related deaths worldwide, 

and H. pylori-related cancers account for 5.5% of all human cancers [116].  

H. pylori colonization of the gastric mucosa leads to a mix of effector and regulatory 

responses. Most carriers develop chronic superficial gastritis characterized by the 

infiltration of neutrophils, dendritic cells (DCs), macrophages, natural killer (NK) cells, 

lymphocytes, and plasmocytes [117]. However, the bacteria persist chronically, 

suggesting that the regulatory response predominate over effector mechanisms [118-

126]. In this regard, the role of H. pylori as a beneficial member of the human gastric 

microbiome has emerged more recently and is supported by epidemiological and 

experimental data showing that H. pylori protects from esophageal cancer, asthma, 

obesity-induced insulin resistance and IBD [42-47]. This dual role of H. pylori as 

commensal or pathogen denotes a very complex interaction with its host.  
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Our computational models of the immune response to H. pylori predicted that 

macrophages are central regulators of chronic microbial persistence and 

immunoregulation [127-129]. Previous work by others has demonstrated that loss of key 

macrophage genes like caveolin, MMP9 or hemoxygenase results in lower rates of 

colonization and accentuates pathology [130-132]. It has also been proposed that 

insufficient bacterial clearance by phagocytic cells contributes to poor eradication. 

Although phagocytosis is considered the most efficient means of eliminating invading 

microorganisms [133, 134], H. pylori has developed mechanisms to evade the attack by 

phagocytic cells and cause chronic inflammation [135, 136]. Macrophages belong to the 

mononuclear phagocytic system, which comprises a heterogeneous class of cells that 

perform functions ranging from tissue development, remodeling and repair, to pathogen 

recognition and inflammation. Functional separation based on phenotypic traits and 

establishment of a clear division of labor has been challenging because these cells arise 

from common progenitors and undergo radical reprogramming in the presence of danger 

signals. By performing a detailed analysis of MNP in the stomach of H. pylori-infected 

mice, we have identified a subset of F4/80hi CD11b+CD64+CX3CR1+ MPS that starts 

accumulating in the gastric lamina propria between days 21 and 24 post-infection. 

Surprisingly, instead of mediating a pro-inflammatory response, these MPS coordinate a 

regulatory response mediated through IL-10 that facilitates colonization. With this work, 

we have identified a novel cellular system that provides new insights in the mechanisms 

of immunoregulation underlying protective versus pathogenic behaviour of H. pylori. 

3.3   Loss of PPARγ in myeloid cells results in low colonization phenotype 

and alterations in the macrophage compartment 

 

In order to assess the impact that macrophages have on the outcome of H. pylori 

infection, we used a tissue specific Peroxisome Proliferator-Activated Receptor γ (PPAR 

γ) KO mouse with deletion targeted to myeloid cells (PPAR γ fl/fl; Lys-cre). These mice 

have been used extensively in the past [53, 80, 81] and the deletion has been shown to 

affect mainly macrophages and partially dendritic cells [137]. While we did not aim to 

elucidate the role of PPARγ per se during H. pylori infection we chose PPAR γ because 

it regulates pro-inflammatory cytokine expression without directly affecting macrophage 

differentiation [137]. Wild Type, PPARγ fl/fl;CD4-cre (CD4cre) and PPARγ fl/fl;LysM-cre 

(LysMcre) mice, all in C57B/6J background, were infected with H. pylori SS1 strain and 
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bacterial loads were obtained weekly for 6 months. The 3 mouse strains were colonized 

to similar levels based on reisolation data from weeks 1 and 2 post-infection. However, 

between weeks 2 and 3, there was an abrupt drop in bacterial burden in LysMcre mice 

that led to a significant 5 to 10- fold lower colonization levels when compared to WT and 

CD4-cre mice that were sustained overtime. (Figure 3.1A). Similar results were observed 

when infecting mice with H. pylori strain PMSS1 (Figure 3.3). Based on these findings, 

macrophages leads to a pro-inflammatory cellular state that, that directly or indirectly, 

would more efficiently eliminate bacteria from the gastric mucosa. We then performed a 

detailed analysis of myeloid cells infiltrating the gastric lamina propria using broad 

selection of markers of mononuclear phagocytes, including CD11b, CD11c, MHC-II, 

CX3CR1, F4/80, Cd103 and CD64, that would allow a fine dissection of the myeloid 

compartment. In this follow-up experiment, we focused on time-points around weeks 2 to 

3 post-infection since the drop in H. pylori loads in LysMcre mice consistently occurs 

during this time frame. Flow cytometry results revealed increased numbers of 

CD11b+F4/80lo and CD11b+F4/80hi populations in WT mice (Figures 3.1B and 3.1C). 

Particularly, a subset of CD45+F4/80hiCD11b+CD64+ cells started accumulating in the 

stomach mucosa at day 12 post-infection in the WT but not in the LysMcre mice (Figure 

3.1D). Differences between the 2 mouse strains regarding such cell population were 

maintained at least until day 112 post-infection (week 16 post-infection). Moreover, 

further phenotypic characterization of this subset of macrophage-like 

(CD11b+F4/80hiCD64+) mononuclear phagocytes (MNPs) confirmed the expression of 

CX3CR1 and high levels of MHC-II (Figure 3.1E). Therefore, high levels of bacterial 

gastric colonization correlated with infiltration of CD45+F4/80hiCD11b+CD64+ 

macrophages in WT mice. No differences in regards to dendritic cells (F4/80-

CD11c+MHCIIhi) or neutrophils (CD11b+ Gr1hi) were seen (Figure 3.2).  
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Figure 3.1. High bacterial loads correlate with the expansion of CD11b+ F4/80hi CD64+ 

CX3CR1+ macrophages. WT, PPAR-myeloid cell deficient (LysMcre) or PPAR-T cell deficient 
(CD4cre) mice were infected with H. pylori SS1. Bacterial burden measured weekly up to 6 

months post-infection show a significant reduction due to the loss of PPAR in myeloid cells (A). 
Time-course FACS analysis of gastric CD11b+F4/80

hi
 (B), CD11b+F4/80

lo
 (C) and 

CD11b+F4/80
hi
CD64+ (D) revealed the expansion of such cell subsets in the stomach of WT 

mice but not in LysMcre (B). Further phenotypic characterization of infiltrating F4/80hi CD11b+ 
cells shows expression of CD103, MHC-II+, and CX3CR1 (E). Data represents mean ± SEM. 
Points with an asterisk are significantly different when compared to the control group (P<0.05). 
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Figure 3.2. Effect of H. pylori infection on gastric dendritic cell and neutrophil populations. 

WT, PPAR-myeloid cell deficient (LysMcre) or PPAR-T cell deficient (CD4cre) mice were 
infected with H. pylori SS1. Time-course FACS analysis of gastric lamina propria cells revealed 
no differences in regards to overall CD11c+MHCII

hi
 dendritic cells (A), CD103+CD11b- DC subset 

(B), CD103-CD11b+ DC subset (C) and CD11b+Gr1
hi
 neutrophils (D). Data represents mean ± 

SEM. Points with an asterisk are significantly different when compared to the control group 
(P<0.05). 
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Figure 3.3. Comparison of Helicobacter pylori SS1 and PMSS1 strains. WT and PPAR-
myeloid cell deficient (LysMcre) mice were infected with H. pylori strain SS1 or PMSS1. Bacterial 
burden measured at days 13, 16, 19, 23 and 70 post-infection show a significant reduction due to 

the loss of PPAR in myeloid cells regardless of the strain used (A). FACS analysis of gastric 
CD11b+F4/80

lo
 (B), CD11b+F4/80

hi
 (C) and CD11b+F4/80

hi
CD64+ (D) from uninfected and 

PMSS1-infected mice revealed increased levels of these cell subsets in the stomach of WT mice 
but not in LysMcre, similarly to the results obtained after infection with H. pylori SS1. Data 
represents mean ± SEM. Points with different superscripts are significantly different when 
compared to the control group (P<0.05). 
 

3.4   Macrophage depletion decreases Helicobacter pylori levels in the 

gastric mucosa 

 

In order to determine if CD11b+F4/80hiCD64+ macrophages affect high colonization of 

WT mice we performed a macrophage depletion study using clodronate liposomes. WT 

mice were infected with H. pylori SS1 and treated with either PBS liposomes (negative 

control) or clodronate-containing liposomes. A group of non-treated, SS1 infected 

LysMcre mice was included for comparison. Clodronate or PBS liposomes were 

administered 4 days before macrophages started to accumulate in the stomach, based 

on the initial kinetic results (Figure 3.1D). To maintain macrophage depletion, liposomes 

were administered every 3 days and changes in MNPs populations in the stomach were 

assessed 24h after each injection (Figure 3.4A). The results showed that clodronate 
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treatment specifically depleted CD11b+F4/80hiCD64+ macrophages to levels observed 

in LysMcre mice (Figure 3.4B, 3.4C and 3.E). Interestingly, the most efficient levels of 

depletion were obtained on day 18 post-infection, after two liposome injections. Numbers 

of macrophages started to recover quickly which was associated with a significant 

increase in F4/80loCD11b+ between days 18 and 21 post-infection (Figure 3.4D). These 

data suggest that the F4/80loCD11b+ contain the precursors of F4/80hiCD11b+CD64+ 

MNPs.  

 

 

Figure 3.4. Effect of macrophage depletion in gastric macrophage populations. For the 
macrophage depletion study, WT mice were infected with SS1 and received three doses of either 
clodronate liposomes or PBS liposomes on days 11, 14, 17, and 20 post-infection. Analyses were 
performed prior to the first injection, day 11, or one day after each injection. SS1-infected, non-
treated LysMcre mice were used for reference (A). Clodronate treatment caused depletion of 
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F4/80hi CD11b+CX3CR1+ (B) and F4/80hi CD11b+CD64+ (C,D) cells from the stomach of WT 
mice. Data represents mean ± SEM. Points with an asterisk are significantly different when 
compared to the control group (P<0.05). 

 

 

Figure 3.5. Effect of macrophage depletion in gastric dendritic cell and neutrophil 
populations. For the macrophage depletion study, WT mice were infected with SS1 and received 
three doses of either clodronate liposomes or PBS liposomes on days 11, 14, 17, and 20 post-
infection. Analyses were performed prior to the first injection, day 11, or one day after each 
injection. Slight or no differences were seen in regards to overall CD11c+MHCII

hi
 dendritic cells 

(A), CD103+CD11b- DC subset (B), CD103-CD11b+ DC subset (C), whereas CD11b+Gr1
hi
 

neutrophils (D) were significantly increased following treatment. Data represents mean ± SEM. 
Points with an asterisk are significantly different when compared to the control group (P<0.05). 

 

In contrast, clodronate treatment had no effect on the levels of dendritic cell populations 

(Figures 3.5A-C). More importantly, clodronate-induced depletion of 

F4/80hiCD11b+CD64+ MNPs resulted in a decrease in H. pylori loads to levels of 

LysMcre mice (Figures 3.6). Therefore, these results demonstrate that high levels of 

colonization are achieved on the presence of CD11b+F4/80hiCD64+ MNPS in the gastric 
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mucosa pointing at these cells as facilitators of infection. Our data so far indicate that the 

presence or absence of these F4/80hiCD11b+CD64+ MNPs, is more important than 

whether they have a pro-inflammatory phenotype, as we initially hypothesized in the 

case of LysM-cre mice, in the level of colonization. A potential explanation is that 

F4/80hiCD11b+CD64+ promote a regulatory environment at the gastric mucosa that 

facilitates colonization by H. pylori. To assess whether high colonization might be 

achieved by induction of regulatory responses, we assessed the presence of cells with 

regulatory phenotypes. While we did not detect any significant increase in the Treg 

population (CD4+FoxP3+), flow cytometry results revealed an increase in IL-10 

producing CD3+CD4+ T cells (Figure 3.7A), CD3+CD4- cells (Figure 3.7B) and CD11b+ 

cells (Figure 3.7C) in the gastric mucosa of WT mice early post-infection, whereas 

LysMcre mice presented significantly low levels of IL-10 secreting populations. 

Interestingly, clodronate-induced depletion of CD11b+F4/80hiCD64+ macrophages 

correlated with decreased numbers of IL-10 producing cells and a significant increased 

recruitment of neutrophils (CD11b+Gr1hi) to the stomach mucosa (Figure 3.5D). Overall 

these results suggest that the production of IL-10 might contribute to high colonization 

and that CD11b+F4/80hiCD64+ macrophages have a regulatory/suppressor role during 

infection. 

 

Figure 3.6. Effect of macrophage 
depletion in gastric H. pylori loads. 
For the macrophage depletion study, 
WT mice were infected with SS1 and 
received three doses of either 
clodronate liposomes or PBS liposomes 
on days 11, 14, 17, and 20 post-
infection. Macrophage depletion 
suppressed bacterial loads to levels of 

untreated LysMcre mice. Data 
represents mean ± SEM. Points with an 
asterisk are significantly different when 
compared to the control group (P<0.05). 
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Figure 3.7. Macrophage depletion suppresses IL-10-mediated regulatory responses in the 
stomach of WT mice. For the macrophage depletion study, WT mice were infected with SS1 and 
received three doses of either clodronate liposomes or PBS liposomes on days 11, 14, 17, and 
20 post-infection. Analyses were performed prior to the first injection, day 11, or one day after 
each injection. SS1-infected, non-treated LysMcre mice were used for reference. Clodronate 
treatment diminished IL-10 secreting CD4+ T cells (A), CD4- cells (B) and CD11b+ cells (C) at 
day 21 post-infection. Data represents mean ± SEM. Points with an asterisk are significantly 
different when compared to the control group (P<0.05). 

 

3.5   Phenotypic characterization of IL-10-producing cells during 

Helicobacter pylori infection 

 

WT and LysMcre mice were infected with H. pylori SS1 strain and stomachs were 

collected at days 18 and 24 post-infection to better characterize the source of H. pylori-

induced IL-10 responses. Consistent with previous infections, H. pylori increased the 

numbers of F4/80lo CD11b+ and F4/80hi CD11b+ populations as well as the F4/80hi 

CD11b+ CD64+ subset in WT mice (not shown). Interestingly, IL-10 production by all 

these myeloid cell subsets was significantly increased in WT mice (Figures 3.8A-B). In 

addition, IL-10 seemed to be constitutively expressed, since it was detected in cells from 

non-infected mice and infection did not significantly augment the fraction of cells 

producing this cytokine in WT mice, although IL-10 was suppressed by infection in 

myeloid cells form LysMcre mice. A plausible scenario is that F4/80hiCD11b+CD64+ 

MNPs, as source of IL-10, promote T cells with regulatory phenotype in the gastric 

mucosa. We then assessed changes in IL-10 producing cells, other than 

F4/80hiCD11b+CD64+. LysMcre mice showed higher levels of both CD4+ T cells (Figure 

3.8D) and CD19+ B cells (Figure 3.8F). In both cell types, IL-10 production was 

significantly induced on day 24 post-infection only in WT mice (Figures 3.8E and 3.8G). 

Further phenotypic characterization of CD4+ T cells revealed increased Tr1 

(CD4+PD1+) and Treg (CD4+FoxP3+) levels due to infection (Figures 3.8H and 3.8J). 
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Although there was a significant increase in CD4+FoxP3+ Treg cells in WT mice on day 

24 post-infection, H. pylori induced IL-10 expression was produced by cells from both 

genotypes to almost same levels. However, only PD-1 cells of WT mice presented 

upregulated IL-10 production following infection. (Figures 3.8I and 3.8K). Hence, these 

data further suggest a regulatory role for CD11b+F4/80hiCD64+ macrophages during 

infection, which are express high levels of IL-10 and induce Tr1 and iTreg regulatory 

responses. 

 

 

Figure 3.8. Phenotypic characterization of IL-10-producing cells during Helicobacter pylori 
infection. WT and LysMcre mice were infected with H. pylori SS1 strain and stomachs were 
collected at days 18 and 24 post-infection to better characterize the source of H. pylori-induced 
IL-10 responses. FACS analysis of gastric IL-10-producing CD11b+F4/80

lo
 cells (A), IL-10-

producing CD11b+F4/80
hi
 cells (B) and IL-10-producing CD11b+F4/80

hi
CD64+ cells (C), CD4+ T 

cells (D), CD4+IL10+ T cells (E), Tr1 cells (F), IL-10-producing Tr1 cells (G), iTreg cells (H), IL-
10-producing iTreg cells (I), CD19+ B cells (J), and CD19+IL10+ B cells (K). Data represents 
mean ± SEM. Points with an asterisk are significantly different when compared to the control 
group (P<0.05). 
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3.6   Discussion and Conclusions 

 

H. pylori is has colonized the stomach since early human evolution, diverged with 

prehistoric human migrations [138-141], and co-evolved with its human host for over 

60,000 years [35, 36]. Infection with this microorganism can lead to different outcomes 

ranging from asymptomatic histologic gastritis to invasive adenocarcinoma [39, 40].  H. 

pylori-infected individuals generate robust systemic and mucosal inflammatory 

responses but fail to eradicate bacterial colonization [117, 142]. H. pylori chronic 

persistence was initially attributed to insufficient eradication by phagocytic cells [143]. 

Functionally, MNPs have been investigated as potential promoters of inflammation that 

contribute to the induction of mucosal damage and H. pylori-related gastric malignancies 

[39, 40]. However, emerging evidence suggests that the host’s failure to clear the 

bacterium could be associated to H. pylori’s ability to induce regulatory responses 

against T helper cell-mediated effector immunity [118-126]. Previously, it has been 

proposed that the regulatory effects of H. pylori are induced through dendritic cells [124, 

125, 144, 145]. However, the role of macrophage subsets in the induction of these 

responses has not been confirmed. 

MNPs are critical immunomodulators of the host response to H. pylori [124, 146-148]. H. 

pylori-containing DCs were initially observed in gastric tissue of H. pylori-associated 

MALT lymphoma patients in 1998 [146]. Biopsies of H. pylori-infected subjects have 

identified DCs among epithelial cells and extending into the lumen to contact H. pylori 

located within the gastric glands [147]. Moreover, H. pylori has recently been found in 

the lamina propria associated with CD68+ myeloid cells in humans [149]. Despite the 

above observations, the mechanisms by which MNPs induce effector versus regulatory 

responses remain incompletely understood. We developed a computational and 

mathematical model of effector and regulatory mucosal immune responses to H. pylori 

[127, 128] and through sensitivity analyses predicted that macrophages are critical 

regulators of H. pylori colonization and gastric pathology. Interestingly, in silico shifting of 

macrophage phenotype into pro-inflammatory states resulted in decreased gastric 

microbial colonization at the expense of enhanced pathology. To validate such 

computational hypotheses, we run several experimental infections in WT and myeloid-

outcome of infection, mucosal immune response, and persistence. PPARγ-deficient 

macrophages present altered control over PAMP-activated transcription factors such as 
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NFκB, which results in a pro-inflammatory phenotype. Sustained H. pylori levels in the 

gastric mucosa of WT mice were associated with an expansion of a 

CD11b+F4/80hiCD64+CX3CR1+ cell subset, while LysMcre mice failed to expand and 

maintain such population. Based on such immunophenotyping results, we then 

hypothesized that CD11b+F4/80hiCD64+CX3CR1+ macrophages are recruited to the 

gastric mucosa and contribute to the establishment of a fraction of H. pylori. However, 

the mechanisms by which they afford chronic colonization and persistence were not 

known. We contemplated two potential scenarios: In the first setting, H. pylori is 

phagocytized by infiltrating CD11b+F4/80hiCD64+CX3CR1+ macrophages, which serve 

as replication niche and loophole for bacteria to increase colonization and persistence. 

This hypothesis is based on the demonstration that H. pylori can form megasomes and 

delay killing through manipulation of phagosome maturation pathways [136]. In the 

second scenario, infiltrating CD11b+F4/80hiCD64+CX3CR1+ macrophages promote a 

regulatory environment in the gastric mucosa which indirectly suppresses effector 

mechanisms required to eliminate H. pylori, contributing in this way to baterial 

colonization. In order to further investigate both hypotheses we run several modeling 

and in vivo challenge studies to compare bacterial loads and induction of regulatory 

responses during H. pylori infection with and without the presence of macrophages in 

the gastric mucosa. Macrophage depletion in WT mice following H. pylori infection 

reduced the numbers of CD11b+F4/80hiCD64+ macrophages as well as H. pylori loads 

to levels observed in LysMcre mice. Moreover, macrophage depletion was associated 

with a decreased IL-10 production by CD3+CD4+ T cells, CD3+CD4- cells and CD11b+ 

cells as well as increased recruitment of neutrophils (CD11b+Gr1hi) in the gastric 

mucosa of WT mice early post-infection. Similar results have been previously reported 

by Oertli et al., who observed a significant reduction in bacterial loads in the stomachs of 

CD11c+ MNPs-depleted mice when compared with WT mice [150]. In this case, reduced 

H. pylori loads were associated with greater gastritis and IFNγ production by gastric T 

cells, thus providing evidence that CD11c+ MNPs are key suppressors of the host 

effector immune response during H. pylori infection. Taken together, these data indicate 

that CD11b+F4/80hiCD64+ macrophages contribute to high levels of colonization by 

inducing IL-10-mediated regulatory responses and creating a tolerant environment that 

favors H. pylori colonization and persistence. Indeed, follow-up infections revealed that 

IL-10 production by F4/80lo CD11b+, F4/80hi CD11b+ and F4/80hi CD11b+ CD64+ cell 

populations is significantly increased in WT mice. Notably, IL-10 seems to be 
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constitutively expressed and its secretion is not augmented in WT mice following 

infection. However, similarly to the results observed in the macrophage depletion study, 

H. pylori suppressed IL-10 production in myeloid cells from LysMcre mice. Interestingly, 

WT mice presented increased IL-10 production by gastric CD19+ B cells and CD4+ T 

cells upon infection, particularly from PD-1+ Tr1 cells and FoxP3+ iTreg cells. Hence, 

F4/80hiCD11b+CD64+ MNPs, as source of IL-10, promote Tr1 and iTreg IL-10-mediated 

regulatory responses in the gastric mucosa. 

The results observed in this study are in line with the growing consensus that MNPs may 

play an important role in the induction of regulatory responses that limit effector immunity 

and promote tolerance during infection. Although early studies evidenced that MNPs 

induce IFNγ (Th1) and IL-17 (Th17)-mediated effector T cell responses during H. pylori 

infection [126, 127, 151], recent data has shown that the host response to H. pylori is 

also characterized by the induction of IL-10 T cell responses [118-121, 123, 124, 152]. 

Moreover, prior to the promotion of FoxP3+ Treg cells, H. pylori induces the expansion 

of IL10-producing B cells [124, 153]. While these recent discoveries do not necessarily 

contradict the previously described and widely accepted effector immune response to H. 

pylori, they do have a significant impact on our knowledge regarding the mechanisms by 

which H. pylori might be able to elicit protective effects against numerous diseases such 

as obesity, asthma, colitis or MS, among others which is at the core of the dual role of 

this microbe as a beneficial bacterium or a pathogen.  

The increased incidence of autoimmune diseases worldwide over the last decades has 

been linked to decreased exposure to microbial infections, including H. pylori [154]. 

Several studies have examined the correlation between H. pylori infection and several 

non-gastric diseases such asthma or MS. Arnold et al. demonstrated for the first time 

how H. pylori infection is able to effectively suppress challenge-associated inflammation, 

thus providing protective effects against allergic asthma [43]. These results were 

consistent with earlier observations of negative correlation between H. pylori infection 

and asthma prevalence in children [155, 156]. Interestingly, the observed beneficial 

effects were abrogated by antibiotic H. pylori eradication or following systemic Treg cell 

depletion. Conversely, adoptive transfer of purified Treg cells from H. pylori-infected to 

non-infected but allergen-sensitized mice was sufficient to transfer protection. Most 

recently, another group has demonstrated that the intrinsic IL-10 production by 

CD103+CD11b- DCs in the lungs is required for H. pylori-induced protection against 

allergic asthma [47], thus pointing at DCs as critical players for the immunomodulatory 
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properties of H. pylori once again. Furthermore, several epidemiological and clinical 

studies have reported a negative correlation between H. pylori infection and MS, as H. 

pylori is less prevalent in MS patients than healthy individuals [157-160]. Moreover, H. 

pylori provided protection against experimental autoimmune encephalomyelitis (EAE) by 

suppressing Th1 and Th17 while not altering circulatory FoxP3+ Treg levels [46]. In spite 

of the mounting evidence demonstrating a protective role of H. pylori against several 

non-gastric diseases, the exact mechanisms by which such non-invasive pathogen is 

able to induce systemic protective responses is not fully understood. This study 

identified a CD11b+ F4/80hi CD64+ CX3CR1+ macrophage population required for the 

induction of H. pylori immunomodulatory functions. Such population promotes an optimal 

regulatory environment in the gastric mucosa that favors H. pylori survival and chronic 

colonization. Moreover, CD11b+ F4/80hi CD64+ CX3CR1+ macrophages are required 

for the induction of systemic IL-10-mediated responses, thus representing potential key 

players for the modulation of extra-gastric protective mechanisms elicited upon 

persistent H. pylori infection (Figure 3.9). 

 

 

Figure 3.9. Immunological mechanisms regulating H. pylori gastric persistence 

 

We present the first identification and characterization of a CD64+CX3CR1+ 

macrophage population in the gastric mucosa of H. pylori-infected mice. The recruitment 
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and expansion of such cell subset by H. pylori enables the induction of potent local and 

systemic regulatory responses that create a favorable microenvironment for the survival, 

replication and consequently chronic colonization of H. pylori by limiting effector 

inflammatory responses required for bacterial clearance, thus favoring tolerance over 

immunity. CD64+CX3CR1+ macrophages seem to be essential to ensure long-term H. 

pylori survival as well as to promote tolerogenic responses during infection both locally 

and systemically. Therefore, CD64+CX3CR1+ macrophages are critical contributors to 

the immunomodulatory properties of H. pylori and modulating their function could be 

exploited as tolerization and inflammation regulation strategies aiming to ameliorate not 

only H. pylori infection but also other extra-gastric disease conditions.   

 

3.7   Materials and Methods 

 

Animal Procedures 

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Virginia Tech and met or exceeded requirements of the Public 

Health Service/National Institutes of Health and the Animal Welfare Act. C57BL/6J wild 

type mice were bred in Virginia Tech’s laboratory animal facilities. Tissue-specific 

PPARγ null mice were generated as previously described [53, 80, 81]. The tail and 

gastrointestinal genotypes of mice were determined by PCR analysis as previously 

described [53]. Specifically, mice lacking PPARγ in T cells (PPARγ fl/fl; CD4 Cre+) [74] 

and mice with a PPARγ deletion in myeloid cells (PPARγ fl/fl; Lysozyme M Cre-) [60] 

were used in this study.  

Mice were weaned at 21 days of age and transferred to an ABSL2 facility when they 

reached 8 weeks of age. Following a 6-hour fasting period, Helicobacter pylori infection 

was performed by orogastric gavage. Briefly, a freshly prepared aliquot (500 μl, 5x107 

colony forming units (CFU)/mouse) of H. pylori strain SS1 in sterile 1X PBS was 

administered to mice on days 0 and 2 of the study through a gavage needle. A negative 

control, non-infected group which received the same volume of sterile, plain 1X PBS 

without any bacteria was included for each genotype.  Mice were scored for clinical signs 

of disease daily. Mice were euthanized at different time-points between 12 days and up 

to 25 weeks post-infection depending on the experiment. Stomach was collected for the 

quantification of bacterial loads, assessment of gastric histopathology and 
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characterization of immune cell populations and phenotypes. In some experiments, 

spleen, gastric lymph nodes (GLNs), mesenteric lymph nodes (MLNs) and colon were 

also collected for immunophenotyping purposes.  

 

Helicobacter pylori culture and inoculum preparation 

The European mouse-adapted CagA positive strain H. pylori SS1 (kindly provided by Dr. 

Richard Peek, Vanderbilt University) was used in this study. H. pylori was grown on 

plates prepared with Difco Columbia  agar base (BD Biosciences) supplemented with 

7% of lacked horse blood (Lampire) and Helicobacter pylori selective supplement 

(containing 10 mg/L vancomycin, 5 mg/L trimethoprim, 5 mg/L amphotericin, and 5 mg/L 

polymyxin from Oxoid) at 37°C under microaerophilic conditions. The challenge 

inoculum was prepared by harvesting bacteria into sterile 1X PBS and adjusting to 

Optical Density (OD)=1.0 at 600nm which was estimated as a concentration of 1x108 

CFU/ml as previously determined by a growth curve correlating OD measurements with 

colony counts on blood agar plates.  

 

In vivo macrophage depletion 

Macrophages were depleted by intraperitoneal injection of clodronate-containing 

liposomes (Anionic Clophosome, FormulaMax) 11 days after first H. pylori infection 

(correlating with the observed upregulation of macrophages in the gastric lamina propria 

after infection). Briefly, WT mice received an initial dose of 200µL of clodronate 

liposomes. Macrophage depletion was maintained by injecting lower doses (100µL) of 

clodronate liposomes every 3 days (days 14, 17 and 20 post-infection). Control mice 

received PBS-containing liposomes. A subset of mice was sacrificed a day after each 

injection (days 15, 18 and 21 post-infection) and stomachs were collected for the 

quantification of bacterial loads and the identification of immune populations populations 

by flow cytometry. 

 

Bacterial reisolation from murine gastric tissue 

Following euthanasia, stomach tissue was opened along the longer coverture, 

thoroughly rinsed in sterile 1X PBS and total CFU were determined by plate counting 

[127]. Briefly, weighted gastric specimens were homogenized in Brucella broth using a 

grinder. Homogenates and serial dilutions (1:10, 1:100, 1:1,000 and 1:10,000) were 

plated  onto  Difco Columbia agar base plates supplemented with 7% of lacked horse 
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blood and Helicobacter pylori selective antibiotic supplement (containing 10 mg/L 

vancomycin, 5 mg/L trimethoprim, 5 mg/L amphotericin, and 5 mg/L polymyxin). Plates 

were incubated for 4 days at 37°C under microaerophilic conditions [127, 161]. Bacterial 

numbers are reported as the mean and SD of the number of CFU/g of stomach tissue. 

 

Isolation of gastric lamina propria leukocytes 

Following euthanasia, the stomach was opened along the longer curvature, thoroughly 

rinsed in sterile 1X PBS and divided into 2 small pieces. Samples were initially incubated 

for the removal of epithelial cells in 50mL tubes containing 7mL of Cell Recovery solution 

(CORNING) for 1h at 4°C under gentle stirring conditions. After filtration and washing, 

the remaining tissue was then further digested for 45min twice at 37°C under stirring 

conditions in RPMI media containing 10% FBS, 2.5% Hepes, and 0.3mM CaCl2 along 

with collagenase at 300U/mL (Sigma) and DNAase (Sigma) at 50U/mL. After filtration, a 

44%/67% Percoll gradient (Sigma) was performed to purify leukocytes. Final cell 

suspensions were washed, count and adjusted to a concentration of 3x106 cells/mL. 

 

Macrophage and lymphocyte cell characterization using flow cytometry  

600,000 cells were seeded onto 96-well plates, centrifuged at 2,000 rpm at 4°C for 3 

minutes, and washed with PBS containing 5% fetal bovine serum and 0.09% sodium 

azide (FACS buffer).  In order to assess macrophage populations, cells were then 

incubated in the dark at 4°C for 10 minutes in FcBlock (BD Pharmingen), and then for an 

additional 20 minutes with fluorochrome-conjugated primary antibodies. For macrophage 

flow cytometric assessment, cells were incubated with anti-CD45-APCCy7 (BD 

Pharmingen), anti-F4/80-PECy5 (eBioscience), anti-CD11b-AlexaFluor700 (BD 

Pharmingen), anti-MHCII-biotin (eBiosciences) followed by streptavidin-PETexasRed 

(BD Pharmingen), anti-CD64-PE (BD Pharmingen), anti-CX3CR1-unconjugated (AbD 

Serotec) followed by anti-IgG(H+L)-FITC (Southern Biotech), and anti-IL10-APC 

(eBiosciences). For lymphocyte flow cytometric assessment, cells were incubated with 

different combinations of anti-CD45-APCCy7 (BD Pharmingen), anti-CD3-PECy5 

(eBiosciences), anti-CD4-PECy7 (eBiosciences), anti-CD19-PE (eBiosciences), anti-

FoxP3-PE (eBiosciences), anti-PD1-PE (eBiosciences) and anti-IL10-APC 

(eBiosciences). For intracellular staining, cells were fixed and permeabilized with 

Cytofix-Cytoperm solution (eBiosciences). Flow results were computed with a BD LSR II 
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flow cytometer and data analyses was performed by using the FACS Diva software 

(BD).  

 

Statistics 

Data are expressed as mean and standard error of the mean. Parametric data were 

analyzed by using the Analysis of Variance (ANOVA) followed by Scheffe’s multiple 

comparison test as previously described [53]. Analysis of variance (ANOVA) was 

performed by using the general linear model procedure of SAS, release 9.2 (SAS 

Institute Inc., Cary, NC). A 2x2 factorial arrangement comparing genotype and infection 

treatment was employed. Statistical significant was determined at P ≤ 0.05. 
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Chapter 4 

Mononuclear Phagocytes as Loophole for 
Bacterial Persistence 
 
Monica Viladomiu, Barbara Kronstreiner, Josep Bassaganya-
Riera, Casandra W. Philipson, Pawel Michalak, and Raquel 
Hontecillas. 

 

4.1   Summary 

 

Although traditionally thought to be an exclusively extracellular bacterium, recent 

in vivo and in vitro findings demonstrate the presence of H. pylori in the 

intracellular environment of epithelial and myeloid cells. Similarly to other 

intracellular microbes, H. pylori infection of macrophages and dendritic cells can 

alter autophagy, phagosome maturation and membrane trafficking, thus 

interfering with antigen processing and presentation pathways and facilitating 

bacterial survival within the intracellular compartment of these immune cells. In 

this regard, we developed a gentamycin protection co-culture assay to explore 
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whether H. pylori is able to replicate in macrophages and the type of response 

induced by such intracellular infection. In vitro infection of bone marrow-derived 

macrophages obtained from WT and PPARγ-deficient mice revealed differences 

in their ability to kill intracellular H. pylori. Specifically, PPARγ deficiency resulted 

in diminished bacterial re-isolation similar to the results obtained in vivo, which 

correlated with increased iNOS production and NF-ΚB activity. Moreover, RNA-

seq analyses identified two genes, chit1 and iigp1, that were upregulated in H. 

pylori-infected PPARγ-deficient BMDM. Inhibition of these genes by siRNA 

significantly increased bacterial survival in PPARγ-deficient macrophages 

reaching levels similar to the WT control, thus suggesting that the decrease in 

bacterial loads observed in PPARγ-deficient BMDM when compared to WT 

BMDM might be due to an enhanced anti-microbial response. Thus, 

macrophages emerge as absolutely critical contributors to bacterial persistence. 

Studying the immune responses to intracellular H. pylori has the potential to be 

paradigm-shifting in terms of understanding the mechanisms of host response 

during infection. In addition, it may result in novel therapeutics that modulate the 

immune response and prevent H. pylori disease but allow the beneficial effects of 

this bacterium. 

4.2   Introduction 

 

H. pylori has been traditionally considered an extracellular bacterium found free-

swimming in the mucus lining of the stomach or overlaying the apical side of gastric 

epithelial cells. However, recent in vitro and in vivo evidence indicates that H. pylori can 

also multiply and survive within intracellular niches in gastric cells [162].  H. pylori has 

been found inside metaplastic, dysplastic, and neoplastic gastric epithelial cells [163]. 

Several studies have demonstrated that H. pylori can persist in hepatocytes [164] and 

replicate in macrophages [165], bone marrow-derived dendritic cells [166] as well as 

gastric epithelial cells in vitro, thus providing evidence for its role as facultative 

intracellular organism with the ability to survive, replicate and successfully evade 

antibiotic therapy within host cells [167]. Recent findings have further strengthened the 

role of H. pylori as an intracellular pathogen in mice, pigs and humans. H. pylori has 
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been localized to murine gastric epithelial progenitor cells [168] and found to be 

intracellular in lymphoid aggregates and epithelial cells after infection in pigs [169]. 

Moreover, it has also been identified in human tissue specifically residing within gastric 

epithelial cells, parietal cells and lamina propria macrophages [170, 171]. In 

macrophages, some H. pylori strains have the ability to prevent phagosome maturation 

allowing the bacterium to survive and replicate by escaping phagocytic killing [172, 173]. 

Furthermore, H. pylori have been found in gastric lymph nodes suggesting lymphatic 

dissemination [170]. One report even described the systemic presence of H. pylori in 

peripheral blood of an H. pylori seropositive breast cancer patient with bacteremia [174] 

providing further in vivo evidence that H. pylori can spread beyond the gastric mucosa 

invading other organs and tissues, most likely within migratory phagocytic cells. 

In order to better understand the role of H. pylori as an intracellular bacterium, we 

optimized an in vitro infection of bone marrow-derived macrophages which allowed us to 

investigate the replication and survival of H. pylori in the intracellular environment and 

the antigen processing and presentation during H. pylori infection. These aspects of the 

host-bacteria interaction derived from our previous results showing that H. pylori 

infection induces effector Th1 and cytotoxic CD8 responses [151] and in silico 

preliminary data pointing towards macrophages/APCs as critical regulators of 

colonization levels and pathology [127], as discussed in the previous chapter.  

4.3   Replication of H. pylori in phagocytic cells 

 

In order to understand the mechanisms by which macrophages recognize, respond to 

and eliminate intracellular H. pylori, we optimized an in vitro gentamycin protection assay 

using BMDM. WT and PPARγ-null BMDM were co-cultured with H. pylori, washed and 

cultured in a gentamycin medium that eliminates non-internalized bacteria, and then 

harvested at different time-points to assess bacterial loads. Data obtained from several 

independent time-course studies shows that H. pylori replicates more efficiently in 

BMDM from WT mice compared with PPARγ-deficient cells. H. pylori reached significant 

levels of replication though these were only transiently maintained. The maximum 

burden occurred at two hours post-infection but numbers of live bacteria dropped to 

initial levels at 7 hours post-exposure. PPARγ deficiency (either in PPAR-null 

macrophages or WT macrophages pre-treated with the antagonist GW9662) consistently 
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resulted in diminished bacterial reisolation similar to the results obtained in vivo (Figure 

4.1). These results corroborate that macrophage phenotype is one of the host factors 

contributing to elimination of H. pylori and regulation of the local immune response in the 

gastric mucosa, as previously predicted by in silico simulations [127]. 

Figure 4.1. Assessment of bacterial 
loads following gentamicin protection 

assay in WT and PPAR-null BMDM co-
cultured with H. pylori SS1. Cells were 
exposed to H. pylori at MOI of 10 for 15 min 
followed by extensive washing and addition 
of gentamicin for the removal of 
extracellular, non-phagocytized bacteria. 
Cells were harvested at the indicated time-
points to measure intracellular loads by 
reisolation.  

 

 

4.4   Inhibition of PPARγ in RAW macrophages enhances NFκB activity 

upon H. pylori infection  

 

To assess if the observed phenotype was due to altered regulation of bacterial 

recognition, we measured NF-kB activity in a reporter cell line (Invivogen). Indeed, co-

culture of H. pylori with RAW-BlueTM cells activated NF-kB as early as 2 hours after 

extracellular bacteria removal, an effect was further enhanced by chemical PPAR 

inhibition (Figure 4.2) 

 

Figure 4.2. Assessment of NF-ΚB 
activity following gentamicin protection 
assay in RAW macrophages co-
cultured with H. pylori SS1. Cells were 
exposed to H. pylori at MOI of 10 for 15 
min followed by extensive washing and 
addition of gentamicin for the removal of 
extracellular, non-phagocytized bacteria. 
Infection of RAW macrophages with H. 
pylori SS1 induced NFκB activity starting 
after 2 hours of culture. Inhibition of 
PPARγ by its antagonist GW9662 resulted 
in significantly higher NFκB activity 
compared to untreated macrophages at 12 
hours. 
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4.5   Increased iNOS production is partly involved in bacterial clearance 

 

Gene expression results obtained from a time-course experiment showed that H. pylori 

infection upregulates iNOS mRNA levels in both WT and PPARγ-deficient macrophages 

(Figure 4.3A), although iNOS expression was higher in cells lacking PPARγ. iNOS 

expression peaked at 4h post-infection in both cell types. However, PPARγ-deficient 

macrophages consistently showed significantly higher iNOS levels as soon as 1h after 

the removal of extracellular bacteria when compared to WT macrophages. Interestingly, 

the increase in iNOS production at 2h post-infection in PPARγ-deficient macrophages 

correlated with the drastic decrease of H. pylori loads observed in these cells. 

To further characterize the role of iNOS in bacterial clearance, we performed inhibition 

studies by pre-treating cells for 30min with 100µM of the selective iNOS inhibitor L-N6-

(1-Iminoethyl)lysine dihydrochloride (L-Nil) before infecting them with H. pylori at MOI 10 

for 15min. L-Nil was present throughout the duration of the experiment. Bacteria were re-

isolated and RNA was isolated from cells harvested at 0, 1, 2 and 4 hs after the 

elimination of non-internalized bacteria. iNOS inhibition increased bacterial re-isolation in 

both WT and PPARγ-deficient macrophages (Figure 4.3B). However, the effect of iNOS 

inhibition was stronger in WT macrophages, as the CFU numbers obtained from PPARγ-

deficient macrophages treated with L-Nil did not increase to levels comparable to those 

observed in WT macrophages.  

Regarding the actual expression/inhibition of iNOS, SS1 and LPS-stimulated PPARγ-

deficient macrophages showed a 2-fold increase in iNOS expression when compared to 

WT macrophages. L-Nil drastically decreased iNOS expression in PPARγ-deficient 

macrophages by more than half compared to the untreated control, thus reaching levels 

similar to the WT untreated control (Figure 4.3C). However, only a marginal decrease in 

iNOS transcripts in treated WT macrophages was observed. Taken together, these data 

suggest the involvement of other factors in the survival and replication of H. pylori in the 

absence of PPARγ. 

 

http://www.sigmaaldrich.com/catalog/product/sigma/i8021
http://www.sigmaaldrich.com/catalog/product/sigma/i8021
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Figure 4.3. Characterizing the role of iNOS during gentamicin protection assay in WT and 

PPAR-null BMDM co-cultured with H. pylori SS1. Cells were exposed to H. pylori at MOI of 
10 for 15 min followed by extensive washing and addition of gentamicin for the removal of 
extracellular, non-phagocytized bacteria. H. pylori infection upregulates iNOS mRNA levels in 
both WT and PPARγ-deficient macrophages. iNOS inhibition increases bacterial re-isolation in 
both WT and PPARγ-deficient macrophages. Data represents mean ± SEM. Data represents 
mean ± SEM. Points with an asterisk are significantly different when compared to the control 
group (P<0.05). 

 

4.6   Gene expression alteration following H. pylori infection 

 

In order to identify other novel factors/genes potentially involved in antibacterial 

response as well as characterize the impact of H. pylori intracellular infection on the 

modulation of innate immune pathways in macrophages, we performed whole 

transcriptome analyses of WT and PPARγ-null BMDM co-cultured with H. pylori SS1 at 

time-points 0, 60, 120, 240, 360 and 720 min post-exposure. Fold-changes (Infected WT 

average expression/Uninfected WT average expression) for each time-point were 

uploaded into DAVID and BinGO for the identification of over and under-represented 
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functional gene clusters or GO categories in our dataset. GO enrichment revealed a 

consistent upregulation of GO Terms involved in regulatory and inflammatory immune 

responses as well as cell development upon infection, whereas metabolism, response to 

stress and stimuli, cell morphology, organization, development and differentiation were 

reported as consistently downregulated up until 6 hours post-co-culture (Figure 4.4). 

Metabolic pathways related to cholesterol and sterol biosynthesis seem to be 

upregulated at 0 minutes and 360 min post-co-culture, while time-points 60, 120 and 240 

min are characterized by an upregulation of cell death and apoptosis regulation as well 

as cytokine and chemokine production. Interestingly, there is an initial downregulation of 

metabolic and ion transport processes early after H. pylori removal (0 and 60 min post 

co-culture), whereas later time-points present a downregulation of cellular processes 

related to DNA repair/transcription, chromatin and proteasome assembly, as well as cell 

cycle-related GO categories. 

 

Figure 4.4. Enrichment analyses of differentially expressed genes at a significance 
p=0.0001, using GO terms from GO Slim. These BinGO graphs visualize the GO categories 
that were found significantly over (on the left) or under (on the right) represented in the context of 
GO Functional Process hierarchy. According to BINGO documentation, the size of each node is 
proportional to the number of genes in our gene dataset which are annotated to that node. The 
color of the node represents the (corrected) p-value. White nodes are not significantly over or 
under-represented, the other ones are (hypergeometric test, Benjamini & Hochberg False 
Discovery Rate (FDR) correction), with a color scale ranging from yellow (p-value = significance 
level, here 0.0001) to dark orange (p-value = 5 orders of magnitude smaller than significance 
level). The color saturates at dark orange for p-values which are more than 5 orders of magnitude 
smaller than the chosen significance level. 
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Fold-changes were then imported into IPA, where we run core and comparison analyses 

between the different time-points for each genotype. The Top1 upregulated pathway at 

time 0 minutes for WT macrophages was the “Superpathway of cholesterol 

biosynthesis”, which is then downregulated at times 60 and 120 minutes and it starts 

slowly increasing again until 720 minutes post-co-culture. Interestingly, the upregulation 

of such pathway at 720 min is in line with the increased FXR/RXR and LXR/RXR 

activation. Moreover, the downregulation of cholesterol metabolism at 120 min post-co-

culture correlates with the initiation of bacterial clearance in WT macrophages (Figure 

4.5). H. pylori is a known cholesterol autotroph. It extracts this essential nutrient from 

epithelial and antigen presenting cells and incorporates it into the bacterial membrane. 

Although cholesterol is not an essential nutrient for H. pylori, it has been shown that it 

promotes bacterial growth in serum-free media. Moreover, H. pylori also uniquely form 

cholesterol -glycoside, a metabolite that can be further modified by acylation or 

phosphatidylation and then abrogate immune responses towards the pathogen by 

suppressing phagocytosis and T cell activation. On the other hand, cholesterol has been 

shown to induce APCs’ phagocytic activity and enhance antigen-specific-T-cell 

responses. Therefore, the positive correlation between decreased cholesterol 

biosynthesis and lower bacterial loads seen in our dataset is in line with these previously 

published observations. 

Decreased loads of Helicobacter pylori also correlate with increased production of nitric 

oxide and reactive oxygen species by macrophages, as well as the canonical pathway of 

“Macrophage Migration Inhibitory Factor (MIF) Regulation of Innate Immunity” (Figure 

4.5), a proinflammatory cytokine of the innate immune system that has been linked to 

several infectious diseases including Salmonella typhimurium [175] and that positively 

correlates with increased iNOS production [176]. 
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Figure 4.5. Bacterial clearance in wild type macrophages correlates with decreased 
cholesterol biosynthesis and increased ROS production. WT and PPARγ-deficient (Lys) 
BMDM were co-cultured with H. pylori SS1 for 15 min at 37ºC. After extensive washing, cells 
were incubated with media supplemented with 100ug/ml Gentamicin for up to 12 hours. Bacterial 
loads within cells were assessed by culturing lysates on blood agar plates for 4 days (A). RNA-
seq data was analyzed using the Ingenuity Pathway Analyzer software (Ingenuity® 
Systems, www.ingenuity.com). The significance value associated with a function in Global 
Analysis is a measure for how likely it is that genes from the dataset file under investigation 
participate in that canonical pathway. The significance is expressed as a p-value, which is 
calculated using the right-tailed Fisher's Exact Test (B, C and D).  
 

 

The initiation of decreased bacterial loads seen between 120 and 240 minutes post-co-

culture also correlates with the activation of several other canonical pathways. The 

signaling pathway of several transcription factors including PPARs, NF-B and AhR are 

strongly upregulated 240 minutes after bacteria removal (Figure 4.6). The signaling of 

cytokines IL-6, IL-8, IL-10 and IL-12 is upregulated at 120 minutes post-co-culture, 

whereas IL-17 and interferon responses are not seen until 12 hours post-co-culture. In 

line with the novel discoveries presenting H. pylori as an intracellular bacterium, the 

Global Canonical Pathway analyses reported changes in several intracellular pathogen-

related pathways such as the “Role of Pattern Recognition Receptors in Recognition of 

Bacteria and Viruses”, “Toll-like Receptor Signaling”, as well as “Virus Entry Via 

Endocytic Pathways” at 120 and 240 minutes. This resulted in the activation of IRF by 

cytosolic Pattern Recognition Receptors at 720 minutes, which is line with the late 

interferon response (Figure 4.6). 

 

http://www.ingenuity.com/


 65 

 

 

 

We then compared gene expression between uninfected WT and PPARγ-deficient 

macrophages with the aim to identify whether macrophages lacking PPARγ present 

some kind of predisposition to infection that would partly explain the differences in 

bacterial loads consistently seen in our in vitro and in vivo experiments. We calculated 

the fold-change based on genotype (Uninfected PPARγ-deficient/Uninfected WT) and 

imported them into IPA, where we run core and comparison analyses to identify changes 

in gene expression, molecular functions and canonical pathways. IPA revealed a 

significant differential cytokine expression characterized by an increased production of 

IL-1β, IL-2, IL-4, IL-6, IFNγ, TNFα and TGFβ, as well as a significantly increased 

expression of the NF-κB complex. Consistent with the upregulation of cytokine 

production, the “Canonical Pathways” module of IPA also reported an upregulation of 

several canonical cytokine signaling pathways including IL-10, IL-17, IL-12, IL-6 and IL-

1β. IPA also revealed an upregulation of several other pathways such as “VDR/RXR 

activation”, “LXR/RXR activation”, “Aryl Hydrocarbon Receptor Signaling”, “iNOS 

signaling” and “NF-κB signaling”. Some metabolic changes were also detected, as seen 

by the upregulation of “Calcium transport”, “Calcium Signaling” and “Tryptophan 

degradation”. When looking at the “Disorders and function” module of IPA, we saw a 

dysregulation of several molecular functions, most of them related to metabolism. In 

particular, PPARγ-deficient macrophages showed an upregulation of vitamin and mineral 

Figure 4.6 Global Canonical 
Pathway analysis (up-, down-
regulated gene datasets). RNA-
seq data was analyzed by the 
Ingenuity Pathways Analysis 
software (Ingenuity® 
Systems, www.ingenuity.com). The 
significance is expressed as a p-
value, which is calculated using 
the right-tailed Fisher's Exact 
Test. The color indicates the 
expression level of the canonical 
pathways (red indicating up-
regulated pathways and blue 
indicating down-regulated 
pathways). 

http://www.ingenuity.com/
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metabolism, Ca2+ flux, mobilization, influx, release and quantity in particular. They also 

showed changes in lipid metabolism (Figure 4.7), as seen by the accumulation of 

eicosanoids. Finally, an increased production and release of nitric oxide was also 

detected, which is in line with the results observed in the “Canonical pathways” module. 

 

 

Figure 4.7. Differentially expressed networks in uninfected PPARγ-deficient mice. RNA-seq 
data was analyzed by the Ingenuity Pathways Analysis software (Ingenuity® 
Systems, www.ingenuity.com). The color indicates the expression level of the canonical pathways 
(red indicating up-regulated pathways and blue indicating down-regulated pathways). 
 

Similarly to the results observed when comparing uninfected WT and PPARγ-deficient 

macrophages, we saw that the lack of PPARγ also results in increased expression of 

several cytokines such as IL-1, IL-2, IL-4, IL-6, IL-8, IL-10 and TNFα early after co-

culture (0 to 240 min post-co-culture). These results are consistent with the upregulation 

of several canonical pathways including “IL-1 signaling”, “IL-6 signaling”, “IL-8 signaling”, 

“IL-10 signaling”, “Aryl Hydrcarbon Signaling”, “PPARα/RXRa activation” and “LXR/RXR 

activation”. As soon as 120 min post-co-culture, and correlating with the heavy decrease 

in bacterial loads seen in PPARγ-null macrophages, a dysregulation of several metabolic 

pathways can be detected. These changes are maintained up until 720 min post-

bacterial removal. Interestingly, at time 360 min the most detectable dysregulations 

belong to the “mitochondrial dysfunction”, “Oxidative phospholyration”, “Role of Pattern 

Recognition Receptors in Recognition of Bacteria and Viruses” pathways. 

http://www.ingenuity.com/
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4.7   Intracellular H. pylori recognition 

 

Nucleotide-binding oligomerization domain (NOD)-like Receptors (NLRs) are pivotal 

intracellular sensors of infection and stress in intracellular compartments [177]. We 

wanted to assess changes in the expression of the NLR family during Helicobacter pylori 

infection since no information regarding the role of such receptors has been reported in 

such context to date. As seen in Figure 4.8, some NLRs seem to be upregulated during 

the first time-points post-co-culture and down-regulated in later timepoints. Such NLRs 

include Nlrc3, Nlrp10, Nlrp1 and Nlrx1. On the other hand, other NLRs seem to be 

initially downregulated and highly expressed later on. Some of these are Nlrc5, Nlrp5 

and Nlrp3, as well as the firstly described Nod1 and Nod2. 

 

Figure 4.8. Effect of Helicobacter pylori infection in NLR family expression. RNA-seq data 
was analyzed by the Ingenuity Pathways Analysis software (Ingenuity® 
Systems, www.ingenuity.com). The significance is expressed as a p-value, which is calculated 
using the right-tailed Fisher's Exact Test. The color indicates the expression level of the canonical 
pathways (red indicating up-regulated pathways and blue indicating down-regulated pathways). 

 

The activation of some of these NLRs has been previously reported in the context of 

viral or intracellular bacterial infection. One example is Nlrc3, a regulatory NLR known to 

inhibit Toll-like receptor (TLR)-dependent activation of the transcription factor NF-κB by 

interacting with the TLR signaling adaptor TRAF6 to attenuate Lys63 (K63)-linked 

ubiquitination of TRAF6 and activation of NF-κB [178]. Another NLR of interest is 

NLRX1, which is known to affect innate immunity to viruses and intracellular bacteria by 

interfering with the mitochondrial antiviral signaling protein (MAVS)/retinoic-acid-

inducible gene I (RIG-I) mitochondrial antiviral pathway [179, 180]. Finally, NLRC5 is 

http://www.ingenuity.com/
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linked to innate immunity to viruses and intracellular bacteria potentially by regulating 

interferon activity and inducing MHC-I [181]. Interestingly, the upregulated expression of 

NLRC5 at later time-points post-co-culture correlate with increased antigen presentation 

through the MHC-I complex as seen in Figures 4.9 and 4.10. 

 

 

Figure 4.9. Helicobacter pylori infection induces NLRC5 expression, which results in MHC-
I antigen presentation. RNA-seq data was analyzed by the Ingenuity Pathways Analysis 
software (Ingenuity® Systems, www.ingenuity.com). The network was manually created in IPA 
using data at time-point 360 min post-co-culture. In the heatmap, the significance is expressed as 
a p-value, which is calculated using the right-tailed Fisher's Exact Test. The color indicates the 
expression level of the canonical pathways (red indicating up-regulated pathways and blue 
indicating down-regulated pathways). 
 

http://www.ingenuity.com/
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Figure 4.10. Helicobacter pylori infection induces NLRC5 expression, which results in 
MHC-I antigen presentation. RNA-seq data was analyzed by the Ingenuity Pathways Analysis 
software (Ingenuity® Systems, www.ingenuity.com). The “Antigen Presentation” canonical 
pathway” shown on the right side of the figure was overlapped with the expression data at time 
720 min post-co-culture. In the heatmap, the significance is expressed as a p-value, which is 
calculated using the right-tailed Fisher's Exact Test. The color indicates the expression level of 
the canonical pathways (red indicating up-regulated pathways and blue indicating down-regulated 
pathways). 
 

4.8   Whole transcriptome analyses revealed the differential expression of 8 

genes in macrophages during Helicobacter pylori infection: chit1, etv5, 

iigp1, ptger4, sqle, osm, hspa2 and rptoros 

 

In order to identify other novel factors/genes potentially involved in antibacterial 

response as well as characterize the impact of H. pylori intracellular infection on the 

modulation of innate immune pathways in macrophages, we performed whole 

transcriptome analyses of WT and PPARγ-null BMDM co-cultured with H. pylori SS1 at 

time-points 0, 60, 120, 240, 360 and 720 min post-exposure. Three-way ANOVA 

revealed the differential expression of 8 genes (P < 0.05) when considering the 

interaction between genotype (WT versus PPARγ-deficient), infection status and 

http://www.ingenuity.com/
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collection time-point: chit1, etv5, iigp1, ptger4, sqle, osm, hspa2 and rptoros (Figure 

4.11).  Results were validated by qRT-PCR (Figure 4.12A-B).  

 

Figure 4.11. Expression of differential expressed genes based on a 3-way (genotype, 
infection and time) ANOVA analyses. FPKM (fragments per kilobase per million sequenced 
reads) was used as the measurement of expression level. All genes with median expression level 
in all samples greater than 0 were included in a 3-way ANOVA analysis. Normal quantile 
transformation (qqnorm from R [182]) was used to normalize the FPKM to fit the normality 
assumption of ANOVA (tested with Kolmogorov-Smirnov test). The 3-way ANOVA analysis was 
carried in R [182], FDR [183] and Bonferroni were used to calculate the adjusted P-values. 

4.9   chit1 and iigp1, but not sqle, are directly involved in bacterial 

clearance 

 

Out of the 8 differentially expressed genes revealed by whole transcriptome analyses, 

we further validated the contribution of chil1, iigp1 and sqle to intracellular H. pylori 

clearance and their role in modulating macrophage anti-bacterial responses. To do so, 

we performed siRNA knockdown studies for these 3 genes. Specifically, WT and 

PPARγ-null BMDM were transfected with siRNA (either siRNA for sqle, iigp1, chil1 or 

scramble) 24h before infection. Cells were infected following the gentamycin assay 

described above, and harvested at 2h post-infection to assess intracellular bacterial 

loads (2h – corresponding to the peak of H. pylori intracellular loads as seen in previous 

time-course studies).  The knockdown of iigp1 and chil1 resulted in increased H. pylori 

numbers when compared to the scramble regardless of the genotype (Figure 4.12D). 

Both iigp1 and chil1 are highly expressed following infection, especially in PPARγ-

deficient BMDM. Thus, these results suggest that the lower bacterial loads observed in 

untreated PPARγ-deficient BMDM when compared to WT BMDM is directly linked to an 
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enhanced anti-microbial response. No differences in bacterial numbers were seen during 

sqle knockdown when compared to the negative control. Specific gene knockdown was 

confirmed by qRT-PCR (Figure 4.13).   

 

Figure 4.12. Gentamicin protection assay in WT and PPAR-null BMDM co-cultured with H. 
pylori SS1 following gene knock down. Cells were exposed to H. pylori at MOI of 10 for 15 min 
followed by extensive washing and addition of gentamicin for the removal of extracellular, non-
phagocytized bacteria. Cells were then harvested at time-points 0, 60, 120, 240, 360 and 720 min 
post-infection for whole transcriptome analysis, which revealed a significant upregulation of sqle, 
iigp1, and chit1 expression upon infection, which were validated by qRT-PCR (A-C). BMDM were 
transfected with siRNA (either siRNA for sqle, iigp1, chit1 or scramble) 24h post-infection. Cells 
were harvested at 2h post-infection to measure intracellular loads by reisolation (D). 
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Figure 4.13. Gene knock-down validation by quantitative RT-PCR. Bone marrow-derived 

macrophages obtained from and WT and and PPAR-myeloid cell deficient (LysMcre) mice were 
transfected with 10nM siRNA (either siRNA for sqle, iigp1, chit1 or scramble) using Lipofectamine 
2000 24h before infection. Gene knock-down was validated by qRT-PCR at 2h post-infection. 

 

4.10   IFNγ-mediated responses significantly contribute to bacterial 

clearance 

 

The expression of both iigp1 and chil1 are known to be induced by IFNγ. Although IFNγ 

did not appear in the top list of differentially expressed genes in the RNAseq dataset, we 

measured IFNγ levels by qRT-PCR and found that, although IFNγ is upregulated upon 

infection in both macrophage genotypes, infected PPARγ-deficient BMDM showed 

significantly increased levels of IFNγ as soon as 60min post-infection when compared to 

infected WT BMDM. Such differences were maintained throughout all the time-points (60 

to 720min post-infection), and correlated with the increased levels of iigp1 and chil1 

seen in PPARγ-deficient macrophages (Figure 4.14A). Therefore, one can speculate 

that the pro-inflammatory macrophage phenotype due to lack of PPARγ results in a 

stronger IFNγ production following H. pylori infection, which in turn induces the activation 

of chil1 and iigp1 and enhances antimicrobial responses. Indeed, and as described 

below, macrophage stimulation with IFNγ and LPS resulted in decreased bacterial loads 

in both WT and LysMcre cells (Figure 4.14B).  

 

 

Figure 4.14. Gentamicin protection assay in WT and PPAR-null BMDM co-cultured with H. 
pylori SS1 following macrophage M1 polarization. Differentiated BMDM were stimulated with 
LPS and IFNγ overnight before infection. H. pylori infection induced IFNγ production, especially in 
PPARγ-null macrophages (A). Moreover, LPS/IFNγ pre-treatment enhanced bacteria elimination 
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(B). Data represents mean ± SEM. Data represents mean ± SEM. Points with an asterisk are 
significantly different when compared to the control group (P<0.05). 

 

 

4.11   M1 polarization enhances H. pylori elimination 

 

Based on the predictions from our previously published computational model of H. pylori 

infection, the differences in H. pylori elimination between WT and PPARγ-deficient 

macrophages should be due to the induction of an inflammation-prone phenotype in 

PPARγ-deficient BMDM. To determine the effect of pro-inflammatory M1 differentiation 

on survival of H. pylori, we polarized WT and PPARγ-deficient macrophages towards an 

M1 phenotype by stimulating cells with LPS and rIFN-γ overnight prior to bacterial co-

culture. The ability of H. pylori to proliferate was impaired in M1 compared to non-

polarized macrophages (M0). Proliferation of H. pylori was almost completely abrogated 

in PPARγ-deficient M1, as H. pylori was cleared after 6 hours of extracellular bacteria 

removal. In contrast, bacteria was not eliminated from WT M1 and WT and PPARγ-

deficient M0 until 12 hours post-infection (Figure 4.14B).   

4.12   Discussion and Conclusions 

 

An important aspect to consider in the host-pathogen interaction with regards to H. pylori 

is that the bacteria can be found at different locations in the stomach. H. pylori interacts 

with various host molecules and cell types depending on its location within the gastric 

mucosa and ultimately this interaction determines the type of immune response elicited. 

CD11b+F4/80hiCD64+ cells control a fraction of H. pylori (as discussed in Chapter 3), 

however we do not know where this control takes place.  

H. pylori has long been considered an extracellular bacterium found mainly in the gastric 

mucus layer and in lesser proportions, in close association with the cell surface of 

epithelial cells. More recently, the role of H. pylori as a facultative intracellular pathogen 

has re-emerged. In vitro studies have demonstrated that H. pylori can infect 

macrophages and replicate within the cellular niche. The bacterium can avoid cellular 

mechanisms of killing by manipulating membrane trafficking processes and delaying 



 74 

phagosomal maturation and lysosome killing [172, 173, 184]. Two recent papers 

demonstrate that the loss of matrix metalloproteinase 7 [185] and protease activated 

receptor-1 [186] by macrophages results in the acquisition of a more pro-inflammatory 

phenotype and suppressed H. pylori burden, which is consistent with the results 

obtained when infecting mice lacking PPARγ in macrophages. 

In line with our findings showing higher colonization in WT mice when compared to 

LysM-cre, we investigated the possibility of H. pylori replication within macrophages. We 

have used an in vitro gentamycin protection assay with BMDM from WT and LysMcre 

mice. In our system, BMDM are co-cultured with H. pylori in antibiotic free medium. After 

15 min, cells are thoroughly washed to remove extracellular bacteria, and gentamycin is 

added to the culture. Our data from several time-course studies shows that, in line with 

the in vivo findings, H. pylori replicates more efficiently in BMDM from WT mice 

compared with PPARγ-deficient cells. Hence, macrophages emerge as absolutely 

critical contributors to bacterial persistence. However, the intracellular role of H. pylori 

replicating in macrophages has not been addressed to date. In this regard, we combined 

bioinformatics approaches and immunology experimentation to elucidate some of the 

immune mechanisms triggered by intracellular H. pylori infection. 

RNA-seq analyses identified two genes, chit1 and iigp1, that were upregulated in H. 

pylori-infected PPARγ-deficient BMDM. Inhibition of these genes by siRNA significantly 

increased bacterial survival in PPARγ-deficient macrophages reaching levels similar to 

the WT control, thus suggesting that the decrease in bacterial loads observed in PPARγ-

deficient BMDM when compared to WT BMDM might be due to an enhanced anti-

microbial response. Chitinase-like 1 (chit1) and interferon-γ-inducible 47-kDa GTPase 

(iigp1) are promising host response targets during intracellular infection of macrophages 

with H. pylori. The induction of chit1 during Streptococcus pneumoniae infection 

promotes bacterial clearance while simultaneously augmenting host tolerance [187]. 

Moreover, the activation of iigp1, widely known as Irga6, mediates resistance to 

Toxoplasma gondii infection in mice [188]. We propose that H. pylori infection induces a 

stronger activation of chit1 and iigp1 in PPARγ-deficient macrophages, thus resulting in 

decreased bacterial replication and faster clearance after infection. However, failure to 

completely eliminate the microorganism suggests the involvement of other factors in the 

survival and replication of H. pylori in the absence of PPARγ. 
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Studying the immune responses to intracellular H. pylori has the potential to be 

paradigm-shifting in terms of understanding the mechanisms of host response during 

infection. A better understanding of the immunoregulatory mechanisms underlying 

immune responses to H. pylori has the potential to open a new host-targeted 

therapeutics-based era that limits the pathogenic effects of the bacterium while 

maintaining the protective effects of this indigenous gastric organism. 

4.13   Materials and Methods 

 

Generation of Bone Marrow Derived Macrophages 

Macrophages were differentiated from bone marrow (BM) progenitor cells of WT and 

LysMcre mice. Briefly, femur and tibia were excised, washed in 70% EtOH and cold 

1xPBS. BM progenitors were flushed out with cRPMI_M (RPMI 1640, 10% FBS, 2.5% 

Hepes, 1% Sodium pyruvate, 1% Pen/Strep, 1% L-Glutamine, 50uM 2-

mercaptoethanol),  filtered through a 100µm cell strainer and centrifuged for 8 min at 

1,200 rpm at 4°C. Red blood cells were eliminated by osmotic lysis and cell suspensions 

were filtered and centrifuged again as described above. BM progenitors were adjusted to 

1x106 cells/mL with cRPMI_M containing 35ng/mL recombinant mouse M-CSF 

(Peprotech). Cells were plated in 100mm petri dishes and incubated at 37°C, 95% 

humidity and 5% CO2. Fresh media containing M-CSF was added on day 3. On day 6, 

non-adherent cells were removed and bone marrow derived macrophages (BMDM) were 

detached by incubation in ice cold 1xPBS at 4°-8°C for 10 minutes.  Cells were carefully 

removed from the dish by flushing them off the culture dish. BMDM were centrifuged, 

resuspended in fresh cRPMI_M without antibiotics and used for the Gentamicin 

infiltration assay. 

 

Gentamicin protection assay 

BMDM cell suspensions were resuspended in cRPMI without antibiotics and seeded in 

triplicate in 12-well plates (2.5x105 for re-isolation experiments, 1x106 cells for RNA 

isolation). Cells were left to adhere overnight at 37°C, 95% humidity and 5% CO2. The 

following day, cells were infected with H. pylori SS1 at a MOI 10 and synchronized by 

quick spun to ensure immediate contact. For iNOS inhibition experiments, cells were 

incubated with the selective iNOS inhibitor L-N6-(1-Iminoethyl)lysine dihydrochloride (L-

NIL) at 100µM for 30 min. In some experiments, WT BMDM were treated with the 

http://www.sigmaaldrich.com/catalog/product/sigma/i8021
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PPARγ antagonist GW9662 (10µM) for 2 hours prior to bacterial co-culture. In the case 

of M1 induction BMDM were pre-treated with LPS (100ng/ml) and rIFN-γ (100ng/ml) 

overnight.  

After incubation for 15 minutes at 37°C, 95% humidity, and 5% CO2, non-internalized 

bacteria were killed by washing the cells three times with PBS/5%FBS containing 

100ng/ml Gentamicin. Cells for time-point 0 were washed with 1xPBS and immediately 

collected for downstream assays.  The cells allocated for the remaining time points (15 

min to 24 hours) were covered with culture media supplemented with 100ng/ml 

Gentamicin to kill extracellular H. pylori. Cells were incubated for the indicated time-

points and then collected as described below. 

 

Bacterial re-isolation from cells 

For re-isolation of H. pylori from cells, BMDM were washed three times with 1xPBS and 

collected in 100µl of sterile Brucella broth. Cells were scraped off the well and sonicated 

for 5 sec to release intracellular bacteria and serial dilutions were plated as described 

above. 

 

NFκB Reporter Assay 

NFκB activity was assessed using RAW-BlueTM cells (Invivogen) which stably express 

the secreted embryonic alkaline phosphatase (SEAP) gene inducible by NFκB and AP-1 

transcription factors through binding of TLR2, TLR4 and NOD. Cells were pre-treated 

with GW9662 (10µM) for 2 hours or remained untreated and were subsequently co-

cultured with H. pylori as described in the Gentamicin infiltration assay. Some cells were 

treated with 10µM of the PPARγ agonist rosiglitazone (ROS) at the same time of 

bacterial infection. NFκB activity was assessed by colorimetric detection of SEAP levels. 

Culture supernatants from different time-points after the start of gentamicin treatment 

were incubated with QuantiBlue detection solution. The optical density at 630nm was 

measured on a Modulus Microplate Reader. 

 

Assessment of differential gene expression by qRT-PCR 

Cells for RNA isolation were washed with ice cold 1xPBS and collected in 350µl of RLT 

buffer supplemented with 1% β-mercaptoethanol. RNA was isolated from BMDM using 

the RNeasy Mini Kit (Qiagen) following the manufacturer’s instructions. Total mRNA 

concentrations were quantified by optical density at 260nm with a Nanodrop (Invitrogen). 
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500ng of RNA per sample were used to synthesize cDNA using iSCRIPT cDNA 

Synthesis Kit (Bio-Rad) and stored at -20ºC. qRT-PCR was performed to assess the 

absolute expression of iNOS, IFNγ, sqle, iigp1 and chit1. Standard curves were created 

using diluted gene amplicon at known concentrations ranging from 5 to 5x10-6 pg per 

reaction. RT-PCR was performed using a CFX96 Real Time System (BioRad). Target 

gene expression was normalized to the housekeeping gene GAPDH. 

 

Whole transcriptome gene expression assessment 

RNA isolated from WT and PPARγ-deficient BMDM collected at time-points 0, 30, 60, 

120, 240, 360 and 720 minutes post-infection was submitted for whole transcriptome 

gene expression assessment using Illumina Hiseq (Virginia Bioinformatics Institute Core 

Lab Facilities). Once fastq files containing 100bp-long pair-end reads were received, 

poor quality reads (>40% of bases with PHRED score <10; percentage of N greater than 

5%; and polyA reads) were filtered out. The remaining reads were mapped to RefSeq 

(mm10 from http://genome.ucsc.edu/) using Bowtie [189] (version: 1.0.0) with 

parameters set to ‘-l 25 -I 1 -X 1000 -a -m 200’. To calculate gene expression levels, 

RSEM [190] was used, a program based on expectation-maximization algorithm. FPKM 

[191] (fragments per kilobase per million sequenced reads) was used as the 

measurement of expression level. All genes with median expression level in all samples 

greater than 0 were included in a 3-way (genotype, treatment and time) ANOVA 

analysis. Normal quantile transformation (qqnorm from R [182]) was used to normalize 

the FPKM to fit the normality assumption of ANOVA (tested with Kolmogorov-Smirnov 

test). The 3-way ANOVA analysis was carried in R [182], FDR [183] and Bonferroni were 

used to calculate the adjusted P-values. Data was submitted to NCBI's GEO database 

(Accession Number GSE67270). 

mRNAseq validation by in vitro gene silencing 

WT and PPARγ-null BMDM were transfected with 10nM siRNA (either siRNA for sqle, 

iigp1, chit1 or scramble) using Lipofectamine 2000 (Invivogen) 24h before infection. 

Cells were infected following the gentamycin assay described above, and harvested at 

2h post-infection to assess intracellular bacterial loads (2h – corresponding to the peak 

of H. pylori intracellular loads as seen in previous time-course studies).  Gene knock-

down was validated by qRT-PCR. 

 

http://genome.ucsc.edu/
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Data analyses 

Ingenuity Pathway Analysis: IPA, version 7 (Ingenuity Systems, USA; 

www.analysis.ingenuity.com) was performed to identify the molecular pathways and 

functional groupings based on published literature for the significantly DE mRNAs. 

Expression data was uploaded into IPA and overlaid onto a global molecular network 

developed from information contained in the application. Networks of these genes were 

generated by IPA based on their connectivity, each ranked by a score. This score is 

based on the hypergeometric distribution, calculated with the right-tailed Fisher’s Exact 

Test, and corresponds to the negative log of this p-value. Functional analysis in IPA 

identified the published biological functions and canonical pathways that were most 

significantly associated with the genes in the network. Genes or gene products are 

represented as nodes, where shape indicates functional groups, and the biological 

relationship between two nodes is represented as an edge (line). All lines are supported 

by at least one reference in literature, textbook, or from canonical information stored in 

the Ingenuity Pathways knowledge database. 

Database for Annotation, Visualization and Integrated Discovery: DAVID [192, 193], 

version 6.7, is an open-source integrated biological knowledgebase and analytic tool that 

was used to perform Gene Ontology enrichment in our dataset and cluster the 

differentially expressed genes based on GO Terms, or in other words, molecular 

function.  

BinGO: BinGO [194] is an open-source bioinformatics software platform implemented as 

a Cytoscape [195] plugin used to determine statistically overrepresented GO categories 

in our dataset and to visualize and integrate molecular interaction networks. 

 

Statistics 

Data are expressed as mean and standard error of the mean. Parametric data were 

analyzed by using the Analysis of Variance (ANOVA) followed by Scheffe’s multiple 

comparison test as previously described [53]. Analysis of variance (ANOVA) was 

performed by using the general linear model procedure of SAS, release 9.2 (SAS 

Institute Inc., Cary, NC). A 2x2 factorial arrangement comparing genotype and infection 

treatment was employed. Statistical significant was determined at P ≤ 0.05. 

 

 

http://www.analysis.ingenuity.com/
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Chapter 5 

 

Concluding Remarks 

 

The culmination of this work can be summed in several separate accomplishments. The 

first chapter provides an overview of mucosal immunology and highlights the need to 

develop novel therapeutic strategies that limit the pathogenic effects of invading bacteria 

while maintaining their protective functions. The mucosal immune system has the 

daunting task of maintaining immune homeostasis by eliminating potentially harmful 

microorganisms and limiting tissue injury while inducing tolerogenic responses to luminal 

antigens such as innocuous food, commensal microbiota and self-antigens. The 

gastrointestinal tract houses the largest reservoir of immune cells in the body, which 

carefully orchestrate and balance down-regulatory mechanisms of tolerance under 

normal conditions and proper inflammation-mediated defensive responses during 

disease. Changes in such delicate balance are linked to the development of 

gastrointestinal pathology as well as systemic disease states. Despite its critical role in 

human health and disease, there is still an insufficient mechanistic understanding on 

how enteric pathogens are able to modulate mucosal immune responses and how such 

responses influence disease outcome and contribute to gastrointestinal and systemic 

pathogenesis. Moreover, there is a lack of successful treatments for the management of 

several acute and chronic inflammatory gastrointestinal infections and immune-mediated 

disorders. In this regard, this dissertation presents a systematic effort to generate novel 

mechanistic hypothesis based on computational predictions and experimentally 

elucidate the mechanisms of action underlying mucosal immune responses and 
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pathology in the gut. By using model enteric microorganisms Helicobacter pylori and 

Clostridium difficile, this thesis aims to build-on and contribute to our understanding of 

immunoregulatory mechanisms underlying immune responses to gastroenteric infections 

and introduce a potential new host-targeted therapeutics-based era that limits the 

pathogenic effects of the invading bacteria and reduces disease incidence. 

 

In Chapter 2, I discuss the mechanisms underlying PPARγ modulation of mucosal 

immune responses to C. difficile, including a possible relationship between nuclear 

receptors and miRNAs. Specifically, we applied mathematical and computational 

modeling approaches in combination with mouse challenge studies to study the 

mechanisms underlying the interactions between PPARγ activity and miRNA-146b to 

regulate colitis during C. difficile infection. Next, we investigated how either T cell-

specific deletion or pharmacological activation of PPARγ modulate colonic inflammatory 

cytokines and effector Th17 responses to C. difficile infection in mice. These data 

indicate that T cell PPARγ prevents colitis and down-modulates effector T cell responses 

in mice with CDAD and suggest a potential crosstalk between miRNAs and the PPARγ 

pathway. Although it was only 10 years ago that the first human miRNA was described, 

changes in their expression have already been correlated to the pathogenesis of several 

diseases including viral infections [196], cancer [197], immune-mediated diseases [198, 

199] and enteric infections [200]. There have been plenty of studies correlating miRNAs 

and enteric disease pathogenesis during the last years, as illustrated by the 50-fold 

increase in the number of miRNA publications within the last decade. However, this is 

the first report describing the modulation of CDI by miRNAs and the disruption of 

regulatory TFs such as PPARs by miR-146b in mice [201]. Understanding the role of 

miRNAs in antibacterial immune and inflammatory responses holds promise of new 

molecular diagnostic markers as well as novel gene therapy strategies for treating 

bacterial infections and associated immunopathologies. 

 

Chapter 3 describes the mechanisms by which some invading bacteria are able to 

modulate immune responses and successfully establish chronic infection. Based on in-

house in silico predictions pointing at macrophages as central regulators of chronic 

microbial persistence and immunoregulation, we experimentally investigated the role of 

the gastric myeloid compartment during infection. By using a murine model of H. pylori 

enteric infection, we identified and characterized a CD64+CX3CR1+ macrophage subset 
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in the gastric mucosa of H. pylori-infected mice. The recruitment and expansion of such 

cell subset by H. pylori enables the induction of potent local and systemic IL-10-

mediated regulatory responses that create a favorable microenvironment for the survival, 

replication and consequently chronic colonization of H. pylori by limiting effector 

inflammatory responses required for bacterial clearance, thus favoring tolerance over 

immunity. CD64+CX3CR1+ macrophages seem to be essential to ensure long-term H. 

pylori survival as well as to promote tolerogenic responses during infection. Therefore, 

CD64+CX3CR1+ macrophages are critical contributors to the immunomodulatory 

properties of H. pylori and modulating their function could be exploited as tolerization 

and inflammation regulation strategies aiming to ameliorate not only H. pylori infection 

but also other extra-gastric disease conditions.   

 

Finally, and simultaneously advancing along with the studies described in Chapter 3, 

Chapter 4 investigates the potential role of H. pylori as an intracellular facultative 

pathogen.  Specifically, we have developed a gentamycin protection co-culture assay to 

explore whether H. pylori is able to replicate in macrophages and the type of response 

induced by such intracellular infection. Interestingly, macrophage phenotype shift to a 

pro-inflammatory state by deleting the regulatory transcription factor PPARγ diminished 

intracellular bacterial levels, which correlated with increased iNOS production and NF-

ΚB activity. Moreover, by using RNAseq analyses and gene-targeted knock-down 

studies, we were able to identify two genes, chit1 and iigp1, that represent promising 

host response targets during intracellular H.pylori infection in macrophages. Overall, 

macrophages emerge as absolutely critical contributors to intracellular bacterial survival 

and replication. However, and before making any conclusions, such observations should 

be translated into the in vivo gastric environment. Nonetheless, studying the immune 

responses to intracellular H. pylori has the potential to be paradigm-shifting in terms of 

understanding the mechanisms of host response during infection. Additionally, it may 

result in the development of novel therapeutic strategies that modulate the immune 

response and prevent H. pylori-associated malignancies but preserve the beneficial 

effects of this fascinating bacterium. 

 

I believe that the knowledge generated throughout this dissertation exemplifies how a 

combination of computational modeling, immunoinformatics and experimental 

immunology holds enormous potential for discovering unforeseen host targets and 
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developing novel vaccines and cures for infectious, allergic and immune-mediated 

diseases.  
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