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Abstract (English) 

 
The human gastrointestinal tract (GIT) represents the largest reservoir of commensal 

bacteria as well as the largest immune system of the body. Moreover, microbes are 

crucial for the development of the immune system. However, alterations in either the 

microbiota or the immune system may lead to gastrointestinal (GI) disorders. The 

natural killer group 2 member D (NKG2D) system is critical in the recognition of cell 

stress due to cell transformation or infection. Recently, it has been demonstrated that 

gut microbiota can modulate the expression of NKG2D ligands. Interestingly, the 

activation of the NKG2D has been associated with GI diseases, such as celiac disease 

(CeD) or inflammatory bowel disease, wherein the microbiota is also impaired. In this 

study, we have identified Propionibacterium acnes being associated with lymphocytic 

gastritis, a chronic form of gastritis often associated to CeD. Moreover, we have seen 

that patients suffering from LyG show an activation of the NKG2D system, which does 

not happen in the gastritis triggered by Helicobacter pylori. Using gastric epithelial cell 

(EC) lines, we demonstrated that P. acnes and the microbial products short-chain fatty 

acids, can induce the expression of NKG2D ligands in vitro. However, H. pylori omitted 

or even repressed their expression. Interestingly, in lymphocytic colitis, a pathology 

presenting similar features with LyG, the NKG2D system is not activated, maybe due to 

differences in the microbiota composition and immune cells found in both organs. 

Moreover, Caco-2 colon ECs also showed a different NKG2D system response when 

challenged with SCFAs compared to gastric ECs, suggesting this system plays a role in 

the gut that is location-dependent. Finally, using a mouse model lacking the NKG2D 

receptor, we saw that the NKG2D system activity is linked to TLRs expression along the 

GIT, that is location and genotype-dependent. Interestingly, we found subtle differences 

in the microbiota that were NKG2D-dependent. Thus, we could demonstrate that 

NKG2D system is important in the modulation of the gut microbiota and this system 

could be a target in the treatment of GI disorders.
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Abstract (German) 

Der Verdauungstrakt stellt sowohl das größte Reservoir für kommensale Bakterien und 

andere Mikroorganismen, als auch das größte immunologische Organ des 

menschlichen Körpers dar. Diese Mikroorganismen sind maßgeblich an der Entwicklung 

des Immunsystems beteiligt, weshalb Veränderungen der Darmflora bzw. intestinalen 

Mikrobiota, sowie Störungen des Immunsystems, schwerwiegende Krankheiten des 

Magen-Darm-Trakts auslösen können. Der immunologische Abwehrmechanismus rund 

um den Rezeptor NKG2D (natural killer group 2, member D) ist dabei wesentlich zur 

Erkennung von Zellstress, der durch zelluläre Veränderungen oder aber auch durch 

Infektion ausgelöst werden kann. Studien haben gezeigt, dass je nach 

Zusammensetzung der intestinalen Mikrobiota, diese die Expression der NKG2D 

Liganden beeinflussen kann. Dabei konnte ein Zusammenhang der Aktivierung des 

NKG2D Systems mit Krankheiten des menschlichen Verdauungstraktes, sowie Zöliakie 

oder chronisch-entzündlichen Darmerkrankungen, hergestellt werden. Diese 

Krankheiten sind ebenfalls mit einer Veränderung der Darmflora assoziiert. Die hier 

durchgeführte Studie, über den Aufbau der Magenmikrobiota, konnte zeigen, dass das 

grampositive Bakterium Propionibacterium acnes mit der lymphozytären Gastritis 

assoziiert ist. Hierbei handelt es sich um eine chronische Form der Gastritis, die häufig 

gemeinsam mit der Zöliakie auftritt. Weiter konnte diese Studie zeigen, dass die 

lymphozytäre Gastritis neben einer Veränderung der Mikrobiota, im Gegensatz zu einer 

Helicobacter pylori induzierten Gastritis auch eine Aktivierung des NKG2D Systems zur 

Folge hat. Zusätzlich konnte mittels Zellkulturen von Magen-Epithelzellen gezeigt 

werden, dass sowohl P. acnes Zellen, als auch kurzkettige Fettsäuren, die Expression 

der NKG2D Liganden in vitro stimulieren können, während eine Behandlung der 

Epithelzellen mit H. pylori, je nach Stamm, keinen bzw. einen reprimierenden Effekt auf 

deren Expression  hatte. Untersuchungen der lymphozytären Kolitis, einer 

entzündlichen Erkrankung des Kolons, die ähnliche pathologischen Muster der 

lymphozytären. Gastritis aufweist, ergaben wiederum keine Aktivierung des NKG2D 

Systems. Dieser Unterschied könnte auf die unterschiedliche Zusammensetzung der 

Mikrobiota einerseits und der Immunzellen beider Organe andererseits, zurückzuführen 
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sein. Die unterschiedliche Reaktion des NKG2D Systems in Magen- und Kolon-

Epithelzellen auf kurzkettige Fettsäuren als Stimulus, läßt ebenfalls den Schluss zu, 

dass die Bedeutung dieses immunologischen Abwehrmechanismus organspezifisch 

unterschiedlich ist. Abschließend konnte in einem Mausmodell gezeigt werden, dass die 

Aktivierung des NKG2D Systems mit der Expression von Toll-ähnlichen Rezeptoren 

(TLRs) verbunden ist. Genetisch veränderte Mäuse ohne NKG2D Rezeptor, zeigten 

dabei wiederum, dass die Zusammenhänge zwischen NKG2D System und TLR 

Expression dabei gewebsspezifische und auch genotypische Unterschiede aufweisen. 

Diese Untersuchungen zeigen, dass das NKG2D System entscheidenden Einfluss auf 

die Zusammensetzung der intestinalen Mikrobiota hat und somit auch als einen 

wichtigen therapeutisches Ansatz für die Behandlung von Magen-Darmerkrankungen 

bietet. 
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I. Introduction 

1.The human gastrointestinal tract  

 
The gastrointestinal tract (GIT) is the largest reservoir of commensal bacteria in the 

human body (1). Food intake allows the entry of exogenous microorganisms and 

nutrients in the GIT, supporting the growth and survival of both the host and 

commensals.  In fact, the intestine represents the largest body-surface, with an area 

of about 300 m2 in adults (2). Therefore, a healthy gut is important to perform 

digestive and absorptive functions, while maintaining a barrier against microbes 

present in the lumen. For this reason, highly specialized barrier defenses have 

evolved. The barrier is comprised of a stratified mucous layer, a single layer of 

columnar epithelial cells (ECs) (stratified squamous epithelium in the case of the 

esophagus), and a lamina propria, populated by immune cells that actively participate 

in homeostatic responses against microbiota without triggering an unnecessary 

inflammatory response (2).  

 

1.1. Anatomy and function of the GIT 

1.1.1. Stomach 

 
The stomach is located in the upper left quadrant of the abdomen and receives food 

from the esophagus. The stomach is divided in three regions: fundus, corpus and 

antrum. The stomach has a surface area of about 500 cm2, corresponding to a 

volume of 1 L (3). The mucosa of the stomach is represented by a simple columnar 

epithelium containing numerous tubular gastric glands. These gastric glands are open 

at the surface of the mucosa and are known as gastric pits (3). Five different types of 

cells compose the gastric glands: mucous, parietal, chief, enteroendocrine and stem 

cells. 
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1.1.2. Small intestine  

 
The small intestine is divided in three main portions, that are, from proximal to distal: 

duodenum, jejunum and ileum. The small intestine presents the general epithelial 

structure of the GIT, with a single layer of columnar ECs. 

The small intestine, with its characteristic villous structure, holds the greatest 

epithelial surface, which in average is about 30 m2 (3). This feature is important for 

favoring the digestion and absorption of nutrients. However, this large surface area 

makes the small intestinal epithelium more exposed to the microbiota and therefore, 

more susceptible to pathogen entry (2). Nevertheless, the bacterial load in the small 

intestine is not as great as in the large intestine, partly because of peristalsis moving 

the content quickly, including microbes. On the other hand, the duodenum receives 

bile salts from the gall and acid from the stomach, both of them with antimicrobial 

capacities (2).  

  

1.1.3. Large intestine 

The large intestine is the final portion of the GIT. It is divided in the colon (ascending, 

transverse, descending, sigmoid) and rectum. 

The epithelial layer of the large intestine shared the same characteristics as the ones 

found in the rest of the GIT, but with some particular characteristics: The large 

intestinal mucosa has a great number of goblet cells and it does not present villi (3).  

 

1.2. Gut mucosal barrier 

1.2.1. Lumen 

 
The lumen is the hollow space at the center of the GIT, through which food passes. In 

the lumen we find the greatest load of commensal bacteria (4).  

Events such as changes in diet, antibiotic exposure or an aberrant gastrointestinal 

(GI) motility alter the lumen community drastically. However, the intestinal crypts and 

the mucosa, with a more stable microbial community, serve as reservoirs to replenish 
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the lumen bacteria (5), although a general divergence between mucosal and luminal 

microbial communities has been observed (6). 

 

The lumen also contains antibodies, such as soluble Immunoglobulin A (sIgA), which 

is the first line of defense and protects the intestinal epithelium from pathogens and 

toxins. sIgA blocks the access of those pathogens from the lumen to the epithelium 

trapping them in the mucus, where they will be later removed by peristalsis in a 

process called "immune exclusion" (7). 

 

1.2.2. Mucous layer 

 
Mucus is the first line of defense against microbes and creates a boundary between 

the gut lumen and the epithelium. It is produced continuously by goblet cells in the 

epithelium. Mucus consists of mucins and antimicrobial peptides (AMPs). Mucin is 

composed of carbohydrate-rich glycoproteins and glycolipids. Mucus production is 

modulated by microbial products, such as microbial-associated molecular pattern 

(MAMPs) and short-chain fatty acids (SCFAs) (8, 9). Thickness and structure of gut 

mucus differs along the GIT: While in the proximal small intestine it is a single 

discontinuous and relatively thin mucous layer, it becomes ticker and continuous in 

the terminal ileum and colon, which present two layers of mucus. The mucus is 

stratified in two functionally different layers in the colon: a compact inner layer, which 

is hardly populated by bacteria; and an outer layer, loosely structured and densely 

populated by commensals (10). Both mucous layers have a similar MUC2 

composition. However the differences reside in the distinct proteolytic cleavage of 

MUC2’s polypeptide backbone in the outer layer, resulting in an expanded volume 

(10). This architecture correlates with the local bacterial load (10) and provides an 

anchor where the commensals can establish biofilms that will exclude pathogens 

(11). In contrast with the outer mucous layer, the inner mucous layer has a compact 

physicochemical structure and functions as a reservoir for microbicidal products of 

the epithelium, including antimicrobial peptides, such as Reg-IIIγ (12) and sIgA (13). 
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Moreover, the distinct architecture of the mucus layer will define different habitats for 

specific microbial communities along the GIT (5). 

Furthermore, mucin glycans are a source of nutrients for some commensals, such as 

Bifidobacterium and Bacteroides spp. These bacteria have the capacity of fermenting 

these complex mucin glycans to produce SCFAs. The production of SCFAs result in 

an advantage for the host, since they are toxic for some pathogens (14), but also 

some SCFAs, especially butyrate, are the main nutrient source for colonocytes.  

Variation in mucin expression may change in the GIT when an inflammatory condition 

is present (15), such in IBD (16), H. pylori-gastritis (HpG) (17-19) or in intestinal 

metaplasia of gastric mucosa (20), where intestinal rather than gastric mucins are 

produced in the stomach (21).  

1.2.3.Epithelium  

 
A single layer of columnar ECs composes the GIT epithelium, as previously 

mentioned. These cells are linked by tight junctions and are the first line of defense 

against invading microbes. Therefore, it constitutes an active sensor for the dialogue 

between the host and the microbiota. In fact, the GI epithelium is considered an 

active participant in innate immunity (22). In this sense, the epithelial barrier is able 

not only to restrain physically the microbiota from the lamina propria, but also it 

secretes pro-inflammatory cytokines, reactive oxygen species, AMPs and IgA in 

response to pathogen invasion and metabolic stress (23-27). 

 

1.2.4. Lamina propria 

 
The lamina propria constitutes a layer of loose connective tissue that is found 

beneath the epithelium. It contains blood and lymph vessels and parts of the GIT 

nervous system (28). The lamina propria harbors large numbers of cells, including 

various lymphocyte populations, macrophages, dendritic cells (DCs) and IgA-

producing plasma cells (29), summarized as gut-associated lymphoid tissue (GALT) 

(30). However, the lamina propria and the epithelium represent very distinct 

immunological compartments. The immune cells may be organized in specialized 
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lymphoid structures, such as Peyer's patches, cryptopatches or isolated lymphoid 

follicles in the gut (29), or are represented in a scattered form throughout the lamina 

propria, depending on the region along the GIT. These specialized immune structures 

are going to be essential in sensing the gut microbiota and regulating immune 

responses (29, 31).  

In the recent years it has been widely reported that exposure of immune cells to 

bacteria is essential to maintain proper immune functions in the gut (32-35). However, 

either excessive or limited contact with commensals will have dramatic 

consequences, such as an excessive inflammatory reaction or impaired gut 

development and function, respectively (31, 32, 36).  

 

1.3. Chronic inflammatory diseases of the GIT associated with dysbiosis 

 

1.3.1. Inflammatory bowel disease (IBD)  

 

IBD comprises two different pathologies: Crohn's disease (CD) and ulcerative colitis 

(UC). CD may be suffered throughout the GIT, from mouth to anus, while UC is 

restricted to the large intestine. Both diseases share symptoms ranging from chronic 

inflammation, pain, vomiting, diarrhea to other complications, including severe weight 

loss, behavioral changes as well as cancer (37).  

IBD is a multifactor disease, where both a genetic predisposition and environmental 

factors have an implication in its development and outcome, although the genetic 

susceptibility factors cannot explain the incidence in most of the cases (38). Among 

the environmental factors, diet, antibiotic treatment, social status and microbial 

exposure have been related to the diseases (39). Interestingly, most of these factors 

are involved in the microbial composition of the gut. In fact, several studies 

investigating stool or mucosa samples, showed that general dysbiosis and not a 

specific pathogen, is associated with IBD (39-44). In general, people suffering from 

IBD show a decrease in microbial diversity compared to healthy controls (45), with a 

decrease in the phyla Bacteroides and Firmicutes and an increase in 
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Gammaproteobacteria (44). Among the strategies to treat IBD, TNF-α therapy is 

widely used in patients with CD or UC, where mucosal healing leads to fewer 

hospitalization and better quality of life (46).  

 

1.3.2. Celiac Disease 

 
Celiac disease (CeD) has been classically described as a chronic immune-mediated 

enteropathy of the small intestine characterized by villous atrophy, crypt hyperplasia, 

and T-lymphocyte infiltration of the epithelium (47). The main trigger factor of CeD is 

the ingestion of gluten in susceptible individuals bearing the histocompatibility 

complex II class human leukocyte antigen (HLA) DQ2 or DQ8 haplotype (48). 

However, only 2-5% of people carrying the HLA-DQ2/8 susceptibility genes develop 

CeD. This fact suggests that additional environmental factors may contribute to 

disease development (49).   

It has been recently stressed that not only gluten, but also the microbiota is involved 

in the outcome of CeD (50). Several studies point towards differences in both fecal 

and duodenal microbiota in CeD patients compared to healthy controls (51-63). 

Particularly, patients suffering from CeD show an increase in Proteobacteria and a 

decrease in Firmicutes compared to healthy controls (59, 62). Further evidences of 

an implication of the gut microbiota in CeD development is related to factors involved 

in shaping the gut microbiota from birth, such as breastfeeding, delivery mode, diet, 

antibiotic exposure or probiotic use and the disease development later in life (50). 

 

1.3.3. H. pylori gastritis 

 
H. pylori colonize the stomach of about 50% of the human population and frequently 

persist in the gastric mucosa for decades, despite a strong humoral and cellular 

immune response at the local and systemic level (64, 65). H. pylori is normally 

acquired during childhood (66) and many people carrying H. pylori do not present any 
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symptoms. However, several colonized individuals develop clinical symptoms. 

Chronic inflammation due to H. pylori infection leads to different gastroduodenal 

pathologies, ranging from peptic or duodenal ulcer to gastric cancer or MALT 

lymphoma (67, 68). It is not clear which factors determine the different outcomes of 

H. pylori infection, however differences in the presence and expression of specific 

bacterial virulence factors and the host immune status appear to be related to the 

outcome. Additionally, during its long co-evolution with humans, H. pylori has 

developed complex strategies to evade the host immune response (69). Among these 

strategies, H. pylori is able to avoid the effect of the acidic gastric pH and motility, due 

to production of urease (which hydrolyzes urea into carbon dioxide and ammonia) 

and its flagella (which allows the bacterium to swim in the mucus to reach zones with 

a more neutral pH) (64). Once in the mucus, H. pylori adheres tightly to the gastric 

ECs.  Treatment of HpG is not trivial, and a combination of various antibiotics and 

acid suppressants has been traditionally used to eradicate the infection (70-73). 

Effectiveness is compromised due to the rapid emergence of antibiotic-resistance of 

H. pylori or due to compliance problems of the patient (74). Therefore, alternative 

treatments are needed and some have been already suggested, as the use of 

probiotics. The idea behind is to avoid H. pylori to adhere to the gastric epithelium or 

the production of antimicrobial molecules that can directly affect the viability of H. 

pylori (75-77). Successful H. pylori eradication cures chronic gastritis, reverses 

mucosa inflammation and cures symptoms in patients showing dyspepsia, peptic or 

duodenal ulcer and also gastric MALT lymphomas.  

 

1.3.4. Lymphocytic gastritis 

 
Lymphocytic gastritis (LyG) is a rare form of gastritis that accounts for up to 4.5% of 

chronic gastritis cases. Symptoms range from abdominal pain and dyspepsia to 

severe cases with protein-losing gastro-enteropathy, weight-loss and anemia (78). 

LyG is histologically characterized by an increased number of CD8+ intraepithelial 

lymphocytes (IELs). Normal range is below 8 IELs per 100 ECs and increases around 



 21 

25 per 100 ECs in LyG cases. These IELs show typically a cytotoxic phenotype with 

granzyme B and TIA 1 expression (79, 80). LyG was initially reported in the context of 

"varioliform gastritis" and seems to be a histopathologic syndrome rather than a 

single disease (81). Up to 45% of LyG cases are associated with CeD. In these 

cases, IELs are normally found in the gastric antrum. Several other cases are though 

to be associated with the previous describe HpG, although H. pylori is often not 

detectable (82). Rare causes include CD, HIV infection, common variable 

immunodeficiency or ticlopidine use (78). Nevertheless, more than 20% of cases 

have an unknown etiology not associated with any of the former mentioned 

conditions. Interestingly, antibiotic therapy used for HpG cases seems to be effective 

in the treatment of LyG, suggesting an alternative bacterial cause for the disease (83-

85). Recently our group has shown through comparative microbiota analysis that LyG 

is characterized by an overabundance of Propionibacterium acnes. Moreover, we 

have identified that the NKG2D system and the pro-inflammatory cytokine IL15 to be 

significantly induced in LyG patients, which might be responsible for IELs recruitment, 

the typical phenotype found in LyG. A proposed model of the molecular mechanism 

triggered in LyG patients is presented in Fig. 1. 
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Figure 1. Representation of the molecular mechanisms triggering LyG, where the NKG2D 

system is highly activated due to the presence of P. acnes and the production of microbial 

metabolites, such as SCFAs. 

 

2. Gut microbiota 

2.1 Definition 

 
The gut microbiota is defined as all those microbial species, including bacteria, 

archaea, viruses, and unicellular eukaryotes, living in the GIT (86).  

2.2. Composition, distribution and abundance 
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The human gut harbors around 100 trillions of microorganisms, most of which belong 

to the domain Bacteria. However, this population of microorganisms is very diverse 

and includes also members of the domains Archaea and Eukarya, as well as viruses 

(31). Although it has been largely estimated that bacteria outnumbered human cells 

by a ratio of 10:1, Sender, R et al. have recently revisit this statement and came to 

the conclusion that the ratio bacterial cells: human cells is more like 1:1 (87). 

 

Among all the tissues in a vertebrate body, the GIT harbors the most diverse and 

abundant bacterial community. In humans, the GI community varies, beginning at the 

upper tract with about 101 bacteria, where the composition is affected mainly by food 

components (50) and concluding with approximately 1014 cells/g in the colon, 

represented by ~1000 different species, which have been well characterized (88-90). 

From those 1000 species, each individual will be colonized by about 15% of them 

(91), giving an impression of they high interindividual variability in the gut microbiota 

composition.  

 

In the gut, bacteria belong predominantly to the phyla Firmicutes, Bacteroidetes and 

Actinobacteria (6, 91-93). However, under dysbiosis, presence of the phylum 

Proteobacteria may also increase (94-96). Interestingly, although Firmicutes and 

Bacteroidetes dominate the gut, their relative abundance may vary within individuals, 

which seems to be related to dietary effects (97, 98). Importantly, microbiota 

alterations due to over- or malnutrition are known to have profound consequences for 

immune function and health (98-101). A detailed characterization of the human gut 

microbiota is feasible due to metagenomic approaches, which are useful to identify 

the members playing an important role in gut homeostasis (91, 102, 103). 
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2.3. Host-microbial interactions 

 
The human gut is a complex ecosystem wherein microbiota, host and nutrients 

interact intensively (Fig. 2). This host-microbe relationship was considered for years 

only from a pathogenic perspective. However, in the last years plenty evidence 

emerged of the beneficial effect of the microbiota on hosts health (1, 104-106). In 

fact, this host-microbe relationship coexists, under physiological conditions, in a 

homeostatic scenario (28). However, environmental factors can influence the immune 

function and bacterial composition, which will disrupt this homeostasis and lead to a 

proinflammatory response (50, 104, 105, 107). 

 

 

Figure 2. Scheme representing some features of the host-microbe interplay. 

 

2.3.1. Functions of the microbiota in the GIT 

 
The indigenous microbiota is responsible for diverse functions in the gut, such as the 

metabolization of non-digestible dietary compounds (108-110), the synthesis of 

vitamins (111), the bioconversion of xenobiotics, the priming and shaping of the 

immune system (2, 32, 33) and the maintenance of the intestinal mucosal barrier 

(112, 113). They also protect from pathogen colonization by occupying specific 

niches and creating biofilm networks, which will restrict the colonization of potential 
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pathogens, a process named colonization resistance (2, 114). At the same time, the 

gut microbiota benefits from the nutrient-rich environment of the gut (2, 110) (Fig.3). 

 

2.3.2. Homeostasis vs. dysbiosis 

 
Despite all the benefits stated above, the microbiota is not innocuous and under 

specific conditions that compromise the host immune system, bacterial species can 

reach the host tissue and cause disease (2). Furthermore, dietary changes, antibiotic 

exposure or invasive pathogens can disturb the metabolic network of the gut 

microbiota, break the homeostatic status of the host and lead to the overgrowth of 

certain commensal species that can then behave now as pathogens, named 

pathobionts. This imbalance of the homeostasis is called dysbiosis and it can trigger 

undesired immune responses that will end in GIT disorders (113). 

The term dysbiosis has been widely associated with several GI diseases, such as 

IBD (45, 115, 116), CeD (51-54, 56) or colon cancer (117-121). But dysbiosis is not 

just restricted to the gut, since it has been related to many other extraintestinal 

pathologies and disorders, including rheumatoid arthritis, diabetes, multiple sclerosis, 

atopic dermatitis, asthma, obesity, autism (122), metabolic syndrome (123) and 

different types of cancer (124-127). Whether dysbiosis is a cause or consequence of 

a disturbed host-microbe interaction remains elusive, but understanding the features 

influencing the composition of the microbiota will possibly enable the development of 

new therapies for those diseases. 

 

2.3.2. Association of the microbiota with inflammatory diseases  

 
In the last years, the incidence of infectious diseases has dropped in the 

industrialized countries. However the frequency of allergic and autoimmune disorders 

increased, such as CeD, IBD or asthma. This fact has been related to a reduced 

environmental exposure to microbes early in life, known as the "hygiene hypothesis" 

(128). During the early stages of life, when the immune system is developing, it is 

crucial that the host is challenged with microbial stimuli to ensure the full and proper 
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development of the GI and extra-intestinal systems (129). The consequences usually 

emerge during adolescence or early-adulthood. For example, caesarean section 

delivery, wherein the infant gut is colonized predominantly by clostridia, has been 

linked to an increased risk of coeliac disease (130, 131), type 1 diabetes mellitus 

(132, 133), and asthma (134, 135) compared to vaginal delivery, wherein 

bifidobacteria are the dominant gut microbes (61, 107, 136-138). 

 

2.3.3. Pathobionts associated with GI inflammatory diseases: H. pylori and P. 

acnes 

 

It is a challenge for the immune system to distinguish between harmless commensals 

from dangerous or opportunistic pathogens, since both present the same pattern 

recognition receptors (PRRs) (139, 140). Though most of the host-microbe 

associations within the GIT are symbiotic or commensal, some resident bacteria have 

potential to cause disease, which is known as pathobiont (141). Interestingly, almost 

every commensal may have pathogenic potential when the host is 

immunocompromised or in a nutrient-deprived state (5). Therefore the same 

microorganisms could be both beneficial and hazardous (141). Helicobacter 

hepaticus is a good example of pathobiont in animal models. H. hepaticus cause 

chronic inflammatory responses in mice (similar to human IBD)  only when genetic or 

environmental conditions are altered in the host (32, 142). Similarly, other 

Helicobacter species in human, such as H. cinaedi, H. fennelliae or H. canadensis 

have been related to enterocolitis, diarrhea, and bacteremia only in a portion of 

infected patients (143, 144). 

2.3.3.1. Helicobacter pylori 

 
A good example for a pathobiont is H. pylori, which colonizes about 50% of the 

population as a commensal of the stomach. H. pylori was discovered in the '80s and 

since then, this Gram- negative microaerophilic bacterium has been paid much 

attention (74). However, H. pylori–host interactions could have different outcomes 
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depending on the bacterial strain that colonizes the stomach, the host immune status 

and susceptibility and also the age of the individual (145). H. pylori is often acquired 

in childhood by oral ingestion, generally transmitted by the mother (64, 146), and may 

cause acute or chronic gastritis in adulthood, gastric or duodenal ulceration and even 

gastric cancer or lymphoma in the most severe cases at a later age (147). By 

contrast, H. pylori is also known to confer protection against asthma and possibly 

infections in early life (148, 149). Additionally, H. pylori has been reported to be a 

safeguard against reflux-associated complications, metaplasia and neoplasia at the 

gastroesophageal junction (150).  

H. pylori displays several unique features to successfully colonize the hostile stomach 

(Fig. 3). One intensively studies is the production of the enzyme urease, which is able 

to hydrolyze urea into ammonia and carbamate, increasing the gastric pH and 

permitting colonization of the gastric epithelium (151-154). Additionally, H. pylori 

presents an extraordinary mobility due to its flagella (155). Among its virulence 

factors, the vacuolating cytotoxin A (VacA), and the cytotoxin associated gene A 

(CagA) are the most studied and well-characterized virulence factors.  

VacA is not only capable of induce vacuolization of ECs, but is also involved in 

multiple cellular activities. For example, VacA is able to form membrane-channels, 

release cytochrome c from mitochondria leading to apoptosis, and bind to cell-

membrane receptors followed by initiation of a proinflammatory response (156). 

Additionally, VacA inhibit activation and proliferation of T-cells and B-cell subsets 

(157, 158) . VacA is associated with several clinical outcomes, such as peptic ulcer 

and gastric cancer (159). CagA is encoded by the cag pathogenicity island and is 

injected into gastric ECs by type IV secretion (160). Transmission of CagA directly to 

the ECs affects cellular tight junctions, cellular polarity, cell proliferation and 

differentiation, cell scattering, induction of inflammation and cellular elongation (161-

172). CagA positive strains cause more severe disease, and are also implicated in 

the development of gastric cancer (173) and are generally more prevalent in East 

Asian countries (174). 
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2.3.3.2. Propionibacterium acnes 

 
P. acnes is an anaerobic-aerotolerant, rod-shaped Gram-positive bacterium that is 

part of the normal skin microbiota (175) and is well known for its implication in acne 

vulgaris (176). However, P. acnes can also be found in the oral cavity, the conjunctiva 

(177) or the GIT (178) (Fig. 3).  

Beyond acne vulgaris, P. acnes has been associated with different inflammatory 

conditions and post-surgical infections (179). In fact, it has been isolated from 

patients with primary biliary cirrhosis (180), prostate cancer (181, 182) or sarcoidosis 

(183).  

It has been demonstrated that P. acnes possesses a potent immunostimulatory 

activity, able to induce the secretion of proinflammatory cytokines and the stimulation 

of T- cells (184, 185). Recently, P. acnes strains have been classified into different 

phylotypes (Type I-1a, 1b and 2, type II and type III) using a multilocus sequence 

typing (MLST) approach (186), which allows to differentiate the strains according to 

single-nucleotide polymorphism (SNPs) in housekeeping genes (187). 

 

Interestingly, some P. acnes strains have been attributed also with probiotic effects. 

Thus, P. acnes is able to produce SCFAs from non-digestible carbohydrates due its 

anaerobic metabolism (188, 189), which may play beneficial roles for the host. 
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Figure 3. Graphic representation of the stomach microbiota under homeostasis, in HpG and 

LyG. Note the difference between HpG and LyG pathologies. While in HpG we have a typical 

infection due to H. pylori (presence/absence of H. pylori determines disease), in LyG the 

disorder is more related to the expansion of the pathobiont P. acnes. 

 

2.4. Microbial metabolites: Short-chain fatty acids (SCFAs) 

2.4.1. Definition, composition and concentration. 

 
SCFAs are carboxylic acids characterized by the presence of an aliphatic tail with a 

length from two to six carbons (190). Acetate (C2), propionate (C3), and butyrate (C4) 

are the most abundant (95%) in the human gut and are present in a molar ratio of 

60:25:15, respectively (191). However, the luminal concentrations of intestinal SCFAs 

are prone to change by the site of fermentation, host genotype and the amount of 

fiber ingested, which affects the composition of the microbiota (100, 192). Thereafter, 
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the total concentration of SCFAs will decrease from 70 to 140 mM in the proximal 

colon to 20 to 70 mM in the distal colon (193, 194). 

 

2.4.2. Metabolization, transport, absorption and signal transduction of SCFAs. 

 
SCFAs are the major products obtained after fermentation of dietary complex 

carbohydrates by specific members of the gut microbiota. The major source for 

SCFAs production are plant cell wall polysaccharides (named dietary fiber), as well 

as resistant starches that escape digestion in the small intestine (195). Additionally, 

protein, mucus, sloughed cells and GI secretions may also contribute to SCFAs 

production (195). Certain bacterial species possess specific enzymes involved in the 

production of different SCFAs using alternative pathways (190). Interestingly, 

interaction within the microbiota may also control the proportion of SCFAs in the gut 

lumen. For example, it is known that members of the phylum Bacteroidetes degrade 

butyrate and propionate into acetate, while species belonging to the phylum 

Firmicutes use acetate as a substrate to generate propionate and butyrate (196).  

SCFAs can exist as ionized or unionized form. The first case is the most common 

form and is absorbed by the transporters monocarboxylate transporter 1 (MCT-1) and 

the sodium-coupled monocarboxylate transporter 1 (SMCT-1). Both transporters are 

generally expressed along the GIT on ECs. Additionally, MCT-1 is found on 

lymphocytes, suggesting a role of SCFAs on these cells (197). SCFAs in their 

unionized form can passively cross the epithelial barrier. 

Once SCFAs cross the epithelial barrier they can exert different functions and 

modulate biological responses of the host mainly by two different mechanisms: 

histone deacetylase (HDAC) inhibition (mostly by butyrate) to modulate gene 

expression (198, 199), and signaling through the G-protein-coupled receptors 

(GPCRs). GPRs activated by SCFAs are GPR41, GPR43, and GPR109A and have 

distinct affinities for the different SCFAs (200-202). Upon binding GPR41, GPR43 or 

GPR109A, SCFAs exert both their metabolic and immune-related effects (203). 
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GPR43 is expressed along the GIT, but also on immune and nervous cells; whereas, 

GPR41 is found mainly in colonocytes (190). GPR109A is expressed not only on 

immune cells, but also on adipocytes (204).  

 

2.4.3. Role of SCFAs in the GIT 

 
In the recent years, the gut microbiota has been attributed with an extensive range of 

functions to keep host health and homeostasis in the gut. We now know that these 

effects are, at least in part, due to SCFAs production (190). In fact, SCFAs deficiency 

may affect the outcome of different pathologies, both intestinal and extraintestinal 

(205-207). For example, it has been recently reported that the amount of butyrate 

significantly decreased in the intestinal tissue after allogenic bone marrow 

transplantation in patients that experience graft-versus-host disease (GvHD). By 

increasing the amount of butyrate or by specifically altering the microbiota with high-

butyrate producing Clostridia, GvHD severity was decreased (208). 

SCFAs are also known to be an important energy source for the host, especially for 

colonocytes (209), thus, they play a central role in the physiology and metabolism of 

the gut. Gut cell proliferation, cell differentiation, apoptosis, mucin production and lipid 

metabolism seem to be largely mediated by SCFAs (189, 208, 210, 211).  

Interestingly, SCFAs also play a notable role on host immune responses (212-214) 

(104, 191, 215-217). SCFAs modulate anti-inflammatory responses by inhibiting the 

release of pro-inflammatory cytokines (218), or modulating immune cell chemotaxis 

(219, 220). Other immune functions of SCFAs include regulation of autophagy (221), 

regulation of T cell differentiation (215), development of regulatory T cells (222, 223) 

and stimulation of heat shock protein production (224). 

SCFAs exert antimicrobial activities by for example, modifying the pH or promoting 

the secretion of antimicrobial peptides by the host (225, 226), even at micromolar 

concentrations (227). Interestingly, this effect seems to be innocuous for the bacteria 

that produce SCFAs, while affecting other microorganisms (225), thereby shaping the 



 32 

gut microbiota composition and maintaining homeostasis.   

SCFAs are also able to promote intestinal epithelial barrier integrity (228) by the 

stimulation of mucin production (229). This fact prevents the luminal microbes to 

reach the intestinal epithelium, avoiding aberrant inflammatory responses, as seen in 

dysbiotic diseases such as IBD, characterized by increased gut permeability (230) 

(Fig. 4). 

 

Figure 4. Potential microbial strategies to improve gut mucosal immunity (modified from 

Montalban-Arques, et al., 2015 (189)). (A) Competitive exclusion for binding sites and 

translocation, (B) enhanced barrier function by reversing the increased intestinal permeability, 

(C) enhanced mucosal immunoglobulin IgA response to enteral antigens, (D) reduction of 

secretion of inflammatory mediators, (E) stimulation of innate immune functions, (F) 

stimulation of the release of AMPs at the mucosal layer, (G) release of anti-inflammatory 

mediators by regulatory immune cells. (H) The non-digestible dietary components (prebiotics) 

produce metabolic health-enhancers like SCFAs; (I) SCFAs diffuse through the enterocytes to 
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improve mucosa barrier functions. (J) In contrast, probiotics have been suggested to confer 

several health benefits on the host. However, the mechanisms of action are not well 

understood. (K) Synbiotics are a mix of pre- and probiotics, thus the mode of action are difficult 

to be defined. 

 

 

3. The gut Immune system 

3.1. Development of the immune system by the gut microbiota 

 
Microbes are crucial for the development of the immune system. At the same time, a 

healthy gut is necessary for the maintenance of homeostasis (231). Alterations in 

either gut microbiota or the immune system may lead to GI disorders. 

The development of the immune system begins in utero. Thereby the mother can 

transfer through the placenta immune cells and modulate immune responses in the 

fetus (232). Interestingly it has recently reported that there is a selective intrauterine 

contract with microbes and microbial components (136, 233-237). This first contact 

will have implications for infant health (238, 239).  

During birth the baby will be colonized by microbes originating by the maternal 

vaginal flora or by members of the skin microbiota if delivered by Caesarean section, 

which will determine the initial colonizers of the baby's GIT (240). This pioneer 

bacterial species will play an important role in the predisposition to develop allergies 

or autoimmune diseases later in life (241). Breastfeeding is another main driving force 

in determining gut colonization patterns early after birth (242, 243). Apart of being the 

sole source of nutrition for the first months of life, breast milk is also a source of 

specific nutrients for the infants gut microbiota as well as microbes directly (233). 

Thereby, breastfeeding exert various immunoprotective roles to the infant, by 

modulation of the baby gut microbiota or transfer IgA antibodies from the mother. 

 

Microbial antigens that are bound by sIgA could be handled by the innate immune 

system in a ‘tolerogenic’ mode, favoring the establishment of regulatory immune 

networks in the infant that will promote mutualistic relationships with the microbiota. 
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Thus, sIgA has a dual role in infant-gut-microbiota homeostasis: direct 

immunomodulation by shaping the infant’s immune repertoire as well as selection of 

microbiota composition (2).  

The intestinal microbiota is also essential for the development of the gut-associated 

lymphoid tissue (GALT), which is composed by Peyer's patches (in the distal ileum), 

isolated lymphoid follicles (ILFs) and mesenteric lymph nodes (MLNs). Peyer’s 

patches and MLNs develop before birth, while ILFs develops postnatally (244).  

Central for the host-microbe tolerance is the seeding of the GIT epithelium with IELs, 

already before birth (2). These “innate” immune-cells can rapidly respond against 

microbial insults. Throughout life IELs will play an important role in keeping gut 

homeostasis and an intact epithelial barrier (245). 

 

3.2. Microbial recognition by Toll-like receptors (TLRs) 

 
Innate immune receptors, such as TLRs seem to play a key role in the 

communication between the host and the microbiota that will lead to tolerance (246). 

In mammals, TLRs include at least 11 members, from which TLR1-9 are conserved 

between mice and human (247). TLR recognize microbial-associated molecular 

patterns (MAMPS), present in both commensal and pathogenic bacteria (248). For 

example, TLR2 recognizes peptidoglycan (PG), TLR4 bacterial lipopolysaccharide 

(LPS), and TLR5 recognized bacterial flagellin (31). TLRs are found extra- and 

intracellularly on various cells in the gut, including epithelial and immune cells (249).  

One of the challenges for the immune system is how to differentiate between 

commensals and pathogens, so then an inflammatory response is not trigger 

unnecessarily. One of the mechanisms that have been proposed is the 

compartmentalization and restricted expression of TLRs, as well as the expression of 

inhibitors of the TLR signaling cascades (250). Thus, non-invasive bacteria, mainly 

acting on TLRs expressed on the apical epithelial surface, will generally induce 

minimal immune activation, while invasive pathogens may trigger a more potent 

inflammatory response activating TLRs on the basolateral membrane of gut ECs. 

This mechanism has been reported for example in the case of TLR5 (251, 252). 
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Interestingly in the case of TLR5, certain flagellins are able to activate it (253), while 

others do not (254). That is the case for H. pylori, which evades immune-recognition 

and persists in the host (255). Another proposed mechanism is the 

hyporesponsiveness of TLRs due to constant exposure to TLRs ligands (256). 

 

3.3. NKG2D system 

3.3.1. NKG2D receptor 

 
The natural killer group 2 member D (NKG2D) is a lectin-like, type 2 transmembrane 

activating receptor, which is associated with its adaptor molecule DAP10 (DAP10 

and/or DAP12 in case of mice) (257). After receptor engagement, signal transduction 

and cellular activation is initiated. An arginine positively charged in the 

transmembrane domain of NKG2D associates with a negatively charged aspartic acid 

located in the transmembrane domain of the adaptor molecule DAP10. DAP10 

contains an YXXM tyrosine-based motif, similar to those found in the co-stimulatory 

molecule CD28. The YXXM recruits and activate the p85 subunit of phosphoinositide 

3-kinase (PI3-K) and the growth factor receptor-bound protein 2 (Grb2) (258-260). In 

humans, each NKG2D associates with two homodimers of DAP. However, in mice 

two isoforms of NKG2D exists, as a result of alternative splicing. The shorter variance 

of NKG2D (NKG2D-S), which lacks 13 amino acids in the N-terminus of the 

cytoplasmic domain, can bind both DAP10 and DAP12 adaptor molecules. Unlike 

DAP10, DAP12 contains an immunoreceptor tyrosine based activation motif (ITAM) 

that recruits and activates ZAP70 and Syk tyrosin kinases to further phosphorylate 

downstream effectors that trigger cell activation (257). NKG2D is expressed 

constitutively on NK cells in both human and mice. NKG2D is found also on many T 

cells, including all CD8+ T cells in humans (only in activated CD8+ T cells in mice), 

subsets of CD4+, γδ T and NKT cells as well as macrophages (261). NKG2D 

receptor expression levels can be upregulated in the presence of IL15 (262). NKG2D 

receptor is highly conserved and its similarity between humans and mice is about 

70%. 
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3.3.2. NKG2D ligands 

 
The NKG2D receptor has the ability to engage multiple ligands, in both humans and 

mice, all of which are related to MHC class I molecules (261, 263, 264). In humans, 

the NKG2D ligands (NKG2DLs) include the MHC class I chain-related proteins A and 

B (MICA and MICB) and up to six different UL16-binding proteins (ULBP1 to 6), also 

known as RAET1 proteins (261). In mice there are no orthologous to the human 

MICA and MICB genes. However, there are orthologous for the ULBP family, 

corresponding to three different subfamilies, known as retinoic acid early inducible-1 

proteins (Rae1), murine UL16-binding protein-like transcript 1 protein (Mult1) and H60 

proteins Rae1 comprises five different isoforms (α, β, γ, δ and ε), Mult1 just one and 

H60 present three different isoforms (a, b and c). It is important to note that not all 

mouse strains express all the isoforms (257, 261). The NKG2DLs present different 

structures and their conformation enables them to bind to the NKG2D receptor with 

different affinities. While, some of the ligands are transmembrane proteins, others are 

glycosylphosphatidylinositol (GPI)-anchored (261) (Fig. 5).  

There are several hypotheses why so many different NKG2DLs exist and about the 

functional redundancy of them (261, 264):  

a) It could be that different kinds of stress induce the expression of different ligands 

(265-268).  

b) Evolutionary selection pressure might have led to the development of redundant 

ligands for the same receptor in order to recognize pathogens that have developed 

strategies to evade the immune system, such as some viruses (269-271).  

c) Like pathogens, tumor cells have also evolved mechanisms to avoid NKG2D-

mediated immune response. One such mechanism consists in shedding NKG2DLs 

from the EC surface. These shed ligands can bind to NKG2D and downregulate its 

expression, triggering anergy in NK and T cells expressing the receptor (272).  It has 

been also reported that transformed cells have the ability to switch off the expression 

of NKG2DLs as they progress (273, 274). Therefore, by the acquisition of multiple 

NKG2DLs, the host is provided with a fail-safe alert mechanism. 
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d) Since the ligands have different affinities for the receptor, the response triggered 

might vary. It has been proposed that these differences may represent a mechanism 

to regulate the magnitude of the immune response when recognized by the receptor 

(275). 

e) It is plausible that some NKG2DLs may have unique tissue-specific functions not 

necessarily involved in immune surveillance (264). Thereby, some NKG2DLs are 

constitutively expressed in healthy ECs, like along the GIT, where contact with 

bacteria is permanent (276). Moreover, it seems that NKG2DL diversity is related to 

functional singularities for specific cell types and tissues, as is the case for MICA in 

the gut or for ULBP4 in the skin (277). 

 

 

Figure 5. Representation of the different molecular structures of the NKG2D receptor and its 

ligands in human and mouse. 
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3.3.3. Interleukin 15 

 
IL15 is a cytokine belonging to the IL 2 family, which includes IL2, IL4, IL7, IL9, IL15 

and IL21 (278). In fact, IL2 and IL15 share many functions, for example the 

stimulation of T cell proliferation and generation of cytotoxic T lymphocytes (278). 

However, unlike IL2, IL15 plays a role in prolonging responses of memory T cells to 

pathogens (278). 

IL15 is a 14-15 KDa glycoprotein mainly produced by macrophages and non-

lymphoid cells. Its expression is regulated at the transcription, translation and 

intracellular trafficking levels. Aberrant of any of this regulation steps results in 

increased IL15 production, which will trigger excessive lymphocyte activation, leading 

to autoimmune and chronic inflammatory diseases, such as CeD (85), IBD (279, 280) 

or LyG (281). 

The IL15 receptor is composed of three different subunits. The α subunit is specific 

for IL15 and the other two (β or CD122 and γ or CD132) are shared with IL2. IL15 

and IL15Rα receptors are co-expressed in the same cell. IL15Rα binds IL15, both are 

shuttled to the cell surface as a complex. Thereby, IL15Rα modulates the expression 

of IL15. Once on the cell surface, the IL15-IL15α complex binds to the IL15Rβγ 

subunits expressed on immune cells. The complex is shuttled between immune cells 

in a cell-cell interaction dependent manner (278). This form of cytokine delivery is 

known as trans-presentation and comprises the formation of an immunological 

synapse that limits the exposure of circulating IL15 (282, 283). In consequence, IL15 

coordinates the response of innate and adaptive immune cells for host protection 

(284-287). 

IL15 is produced by GI ECs (288) and is a potent stimulator of IELs (289). Therefore, 

IL15, which is increased in several GIT pathologies, is considered a very important 

modulator of the homeostasis of the intestinal barrier in general and for the function of 

the NKG2D system in particular.  
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A summary of the main characteristics associated with each region of the GIT related 

to function, microbial composition and abundance; pH, SCFAs concentration, CD4+ 

and CD8+ T cells abundance, and NKG2D system expression along the GIT can be 

found in Fig. 6. 

 

 

Figure 6. Spatial characteristics of the GIT including function, microbial composition, pH, 

SCFAs concentration, CD4+ and CD8+ T cells abundance, and NKG2D system expression 

along the GIT. 

 

3.3.4. Intraepithelial lymphocytes 

 
IELs are predominantly CD8+ T cells belonging to the T cell receptor (TCR) lineages 

TCRαβ+ and TCRγδ+ (290). In the human small intestine, TCRγδ+ IELs represent 

about 10% of the IELs, although the numbers increase dramatically under certain 

inflammatory conditions (291), such as CeD or LyG. Additionally, IELs do not need 
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priming. In contrast to other T cells, IELs are activated when encountering antigens, 

triggering the release of cytokines and killing the infected cells (292). IELs are settled 

between the basolateral surfaces of ECs (293) along the GIT. IELs can express 

effector cytokines and chemokines, such as IFNγ, IL2, IL4, IL17 or CXCR-3 (294-

296), (297-302). IELs present a high cytotoxic activity, denoted by the high presence 

of cytoplasmic granules (300). Additionally, IELs express both activating and 

inhibiting NK cells receptors, such as NKG2D and NKG2, respectively. These 

hallmarks make the IELs behave as stress-sensing immune cells (303, 304). 

The characteristic location of the IELs makes them to play a double role in the 

immune response. These cells need to provide immediate protection against 

pathogens, while avoiding unnecessary inflammatory immune response against 

commensals and self-antigens (292). IELs are also known to produce innate 

antimicrobial factor, such as Reg-IIIγ, in response to those commensals that 

penetrate the epithelium (245). However, the primary function of IELs seems to be to 

keep epithelial integrity (305-310). It has been reported that the secretion of TGFβ by 

IELs has a direct role in protecting the integrity of the epithelium (294). TGFβ 

production is increased when the inhibitory receptor NKG2A is expressed in IELs, 

while inhibiting the activating receptor NKG2D (311). Therefore, certain IELs control 

the number and activation of cytotoxic IELs, maintaining thereby a homeostatic 

condition in the epithelium. Interestingly, IELs are able to sense and eliminate 

transformed, injured and infected ECs (292). 

Despite the beneficial effects of IELs, they are also directly associated to disease 

severity in GI pathologies, such as IBD, CeD or LyG (312-317). In these cases, the 

pro-inflammatory cytokine IL15, expressed by the ECs, seems to play a major role in 

driven a potent cytotoxic response against target ECs, via the activation of the 

NKG2D system (85). 

 

3.3.5. The diverse roles of the NKG2D system  

 
The natural-killer group 2 member D (NKG2D) system has been classically 

associated with the regulation of the immune response during "stressed-self" 
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conditions such as heat shock, DNA damage, oxidative stress, tumorigenesis, 

infection and autoimmune disorders (85, 265, 318-324). However, recent data reports 

expression of NKG2DLs in diverse immune cells (325, 326) and ECs (276), which 

suggests that the role of the NKG2D system may have been oversimplified (327). 

 

3.3.5.1. Infection 

 
The activation of the NKG2D system has also been reported in cases of infection. For 

example, pathogenic adherent E. coli associated with diarrhea can trigger rapid MICA 

expression on Caco-2 colon ECs by the interaction of its afimbrial adhesin AfaE with 

the adhesin receptor CD55, which may be related to the pathogenesis of CD (323). In 

our group we have identified the pathobiont P. acnes to induce the mRNA and protein 

expression of the NKG2DLs MICA and MICB in a strain-dependent way in gastric EC 

lines. 

However, some pathogens, especially viruses, have developed strategies to evade 

NKG2D-mediated recognition through immunoevasins or micro-RNAs (mi-RNAs) 

(328). For instance, the glycoprotein UL16 of the Human cytomegalovirus (HCMV) is 

able to block the surface expression of several NKG2DLs (271, 277). We have 

recently seen, using an in vitro approach with gastric ECs, that H. pylori either does 

not induce or inhibit the mRNA expression of mica, micb and il15, in a strain-

dependent manner. Additionally, MICA/B surface protein expression was also 

downmodulated in gastric ECs (281). This capacity to block the activation of the 

NKG2DLs may be directly related to the role that H. pylori it presents in inducing 

gastric neoplasia induction and progression.  

 

 3.3.5.2. Cell transformation 

 
The majority of studies in regard of the NKG2D function have been related to cell 

transformation and tumor progression. Most transformed cells express NKG2DLs 

constitutively (329) and therefore, are susceptible to be killed by immune cells 

expressing the NKG2D receptor.  
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Interestingly, high levels of MICA have been reported to be associated with a good 

prognosis in colorectal cancer (330). In mice, Mult1 and Rae1 ligands were found on 

primary tumors and were expressed in higher amounts in NKG2D-defient mice, 

supporting the idea that NKG2D favors the loss of NKG2DLs on primary tumors 

(321). 

 

3.3.5.3. Inflammatory and autoimmune diseases  

 
Constitutive expression of MICA in intestinal epithelial cells (IECs) has been 

associated with GIT inflammatory diseases, such as CeD, IBD or LyG (85, 281, 324, 

331). In these disorders, ECs are attacked by NKG2D+ IELs, leading to an impaired 

epithelium. Interestingly, those diseases are characterized by a dysbiotic microbiota 

(50, 116), suggesting a link between epithelial homeostasis, microbiota composition 

and a proper NKG2D system function. 

Other extraintestinal autoimmune diseases have been linked to NKG2D system 

overactivation. For example, type 1 diabetes is associated with MICA expression 

(332) in humans. In rheumatoid arthritis patients, high levels of IL15 are detected 

(333), along with higher expression of MICA and MICB (334). Multiple sclerosis 

susceptibility has been linked with the MICB allele MICB*004 (335). Additionally, high 

levels of MICB, but not MICA are found in multiple sclerosis patient’s sera (336). 

Moreover, it was also demonstrated by Guerra et al., that NKG2D plays a role in an 

experimental murine model of autoimmune encephalitis, which resembles human 

multiple sclerosis (337).  

 

3.3.5.4. Other types of cell stress that activate the NKG2D system 

 
It has been shown in in vitro assays, using different cell lines or fibroblasts, that DNA 

damage produced by irradiation or drugs is associated with the induction of 

NKG2DLs, in both mice and humans (265, 326, 338). The expression of MICA and 

MICB has also been related to the heat-shock stress pathway (339). Heat-shock 
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induces MICA/B through Sp1 and Hsf-1, which is often related to cell transformation 

(340). 

 

3.3.5.5. The NKG2D system is also active under a physiological status. 

 
Despite the different roles of the NKG2D system mentioned above, NKG2DLs 

expression must not only be a response of "cell stress" to generate a cytotoxic 

immune response (327). Several authors have reported expression of NKG2DLs 

under physiological conditions. For example, Nomura, MJ et al., found Rae1 

transcripts in mouse embryonic brains (341) and Gourzi et al., (342) reported the 

same ligand in class-switching B cells in the spleen. Some, but not all NKG2DLs have 

also been found in cells of the bone marrow in both humans and mice (343, 344). 

MICA is expressed in the trophoblast during normal pregnancy (345).  

Interestingly, it is likely that the NKG2D system plays a role in development, since the 

developmental signaling molecule retinoic acid has been shown to induce the 

expression of Rae1 in mice and MICA in human cell types in vitro (341, 346). 

 

3.3.6. The interplay between the NKG2D system and cytokines  

 
Cells are able to communicate with each other through extracellular small proteins 

known as cytokines. Cytokines are secreted by different cells and intervene in the 

regulation of host immune responses to inflammation, infection or trauma (347). 

Cytokines can be grouped into innate and adaptive cytokines and also into pro- and 

anti-inflammatory cytokines (278). Stimulation of NK and T cells by cytokines can 

significantly affect their cytotoxic activity (327). In fact, cytokines and the NKG2D 

system modulate the immune response reciprocally (302). Several studies have 

reported that cytokines such as IL2 (348, 349), IL15 (350, 351), or the combination of 

IL15 and TNFα (333) are able to increase the expression of NKG2D receptor. 

However, other cytokines have been implicated in the downregulation of the NKG2D 

on NK and T cells, such as IL21 (352, 353) or TGFβ (85, 354). 
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Cytokines are not only able to modulate the expression of the NKG2D receptor, but 

also the NKG2DLs. Thereby, IFNγ has been reported to downregulate MICA and 

ULBP2 in tumors (355, 356), while IFNα can induce the expression of these two 

ligands (357, 358). However, in patients with CD, IFNγ upregulates MICA in IECs 

(359, 360). On the other hand, engagement of NKG2D and any of its ligands, induce 

the expression of cytokines that will trigger the activation of the immune response, as 

it is the case for IL15, as discussed before. For a review see (302) and (Fig. 7). 

 

Taking the role of cytokines on the expression of the NKG2D system, it is plausible 

that these molecules are appealing targets for immunotherapy. However, more 

knowledge is needed for a complete understanding of their role in the NKG2D system 

modulation depending on the scenario. 
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Figure 7. Interplay between cytokines and the NKG2D system in the tumor microenvironment. 

Within the tumor microenvironment, cytokines play a significant role in the regulation of the 

cytotoxic and cytolytic activity against tumor cells. Antigen- presenting cells (APC), DCs, and 

macrophages, can up- or downregulate the expression of NKG2D and NKG2DLs on the surface 

of ECs, leading to tumor elimination or tumor-cell resistance, respectively. The different output 

effects depend on the developmental stage of the tumor. Cytokines produced by NKG2D+ cells 

modulate ligand expression on the target cell and stimulate APC to exert antitumor effects.  

 

3.3.7. Association of the NKG2D system with the microbiota. 

 
 It has been reported that members of the microbiota, such as Akkermansia 

muciniphila are able to reduce the expression of NKG2DLs as well as IL15 on IECs, 

while germ-free and ampicillin-treated mice presented an increased surface 

expression of NKG2DLs. These results suggest that the commensal microbiota plays 
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a protective role by downregulating the NKG2DLs on IECs (361). In our group we 

found that P. acnes, which is overrepresented in LyG, is able to increase the 

expression of MICA and MICB both at the mRNA and protein levels in gastric ECs 

(281). Moreover, the microbial metabolites SCFAs (propionate and butyrate) were 

also found to stimulate the transcripts and protein of the same NKG2DLs in vitro on 

gastric ECs (281) (Fig. 8). Previously, Andresen, L et al., reported the induction of 

MICA/B expression due to propionate stimulation on different cancer cells and 

activated T lymphocytes, suggesting a prophylactic role of propionate in cancer (362). 

Additionally, some studies have shown a link between TLR signaling and NKG2DLs 

expression. For example Hamerman et al. reported that RAE-1 proteins are 

upregulated on the surface of macrophages that are stimulated with TLR ligands. 

Thereby, TLR signaling through the adaptor protein MyD88, induce the transcription 

of Rae1 ligands, establishing a direct communication between infected macrophages 

and NK cells (363). In a different work, Zhou et al., stated that TLR3 signaling induces 

the expression of Rae1 on IECs and the expression of NKG2D on IELs by IL 15 

derived from those TLR3- activated IELs, leading to tissue injury through the NKG2D 

pathway. These results suggest that TLR signaling is able to break down self-

tolerance by the aberrant induction of NKG2DLs (304).  
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Figure 8. Scheme representing the possible activation of the NKG2D system due to P. acnes 

and the SCFAs through adherence, invasion, TLR signaling or direct cell stress. 

 

We have recently identified a positive correlation between the expression of TLRs 

and the NKG2D system along the GIT that are NKG2D receptor-dependent 

(Montalban-Arques et al., unpublished data). Therefore, it seems that the role of the 

NKG2D system may have been oversimplified and it may play a role in sensing gut 

microbiota under health and disease conditions. 

 

3.3.8. Phylogenetics of the NKG2D system: A matter of mammals. 

 
Classic MHC class I molecules are found in all jawed vertebrates, from fish to 

mammals (364-366). However, MIC and ULBP molecules are restricted to placental 

and marsupial mammals (367). Consistently, the receptor NKG2D is also just found in 

placental and marsupial mammals (368). Thus, the NKG2D system seems to play an 
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important role for mammals and this role is, at least in part, unique in this group of 

vertebrates. 

 

II. Aims 

 

1. To decipher the molecular players in the pathology of LyG. 

2. To study the expression of the NKG2D system along the GIT under health and 

disease conditions. 

3. To investigate the role the gut microbiota plays in the activation of the NKG2D 

system in the GIT. 

 

III. Materials and Methods  

1. Human samples.  

 
Formalin-fixed and paraffin-embedded (FFPE) GI biopsies from stomach, duodenum, 

ileum and colon collected between the years 2007 and 2015 were derived from the 

files of the Institute of Pathology at the Medical University of Graz. H. pylori carriage 

was determined by Warthin-Starry staining (369) and/or immunohistochemistry using 

an anti-H. pylori antibody (clone SP48; Ventana, AZ, USA). The following entities 

were used: Healthy corpus (n=17), healthy duodenum (n=10), healthy ileum (n=8), 

healthy colon (n=12), corpus biopsies of corpus-dominant LyG in the absence of CeD 

(n=23), corpus biopsies of H. pylori- gastritis (HpG) cases (n=17), duodenal biopsies 

with proven CeD without concomitant LyG or HpG (n=11), duodenal biopsies of HpG 

cases (n=4), ileum biopsies with CD (n=11), colon biopsies of UC cases (n=8) and 

colon biopsies with lymphocytic colitis (LyC) (n=10). Detailed clinical information and 

analyses performed on specimens are indicated in the appendix section (Appendix 

1).  
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2. Mouse colony. 

 
Wild type and Klrk1−/− mice (C57BL/6) (321) were genotyped as previously 

described. All mice were bred and maintained in the animal facility at Imperial College 

London in a specific pathogen-free environment. Animal work was carried out in 

compliance with the British Home Office Animals Scientific Procedures Act 1986. 

Mice used in this study are compiled in Appendix 2. 

 

3. Cell lines and culture. 

 
AGS (human stomach adenocarcinoma cell line) and KATO III (human stomach 

carcinoma cell line) were purchased from CLS Cell Lines Service GmbH (Eppelheim, 

Germany). MKN28 cells (human stomach adenocarcinoma cell line) cells were 

originally obtained from JCRB (Japanese Collection of Research Bioresources, 

http://cellbank.nibio.go.jp/) and kindly provided by Dr. S. Wessler (370). Caco-2 

(human epithelial colorectal adenocarcinoma cell line) was obtained from the Center 

of Medical Research (ZMF), Medical University of Graz, Austria. AGS and MKN28 

cells were cultured in DMEM high glucose (4.5 g/L) (Gibco, UK), KATO III in 

DMEM/Ham's F12 medium (Gibco, UK) and Caco-2 in MEM (GE healthcare, Austria), 

supplemented for each cell line with 10% fetal bovine serum (Gibco, UK) and 2 mM 

L-glutamine (PAA, Austria). In the case of Caco-2, MEM non-essential amino acids 

solution (NEAA) (Gibco, USA) was added at a final concentration of 1%. For further 

stimulation or infection, 1.5x105 cells were seeded per well into 6-well plates in a final 

volume of 3ml cell culture medium and grown to 80% confluence in a water-saturated 

atmosphere of 95% air and 5% CO2 at 37ºC. Cell viability was examined by CASY 

cell counter. 
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4. Bacteria strains and culture. 

 
P. acnes strains were kindly provided by Dr. B. Mayo (178) and cultured under 

anaerobic conditions (GenBox anaer, Biomérieux, France) on Columbia blood agar 

plates (Biomérieux) at 37ºC for 3 days. E. coli strains were routinely cultured on 

Columbia blood agar plates at 37ºC under aerobic conditions overnight. H. pylori 

strains were kindly provided by Dr. M. Blaser (371) and cultured under 

microaerophilic conditions (GENbox microaer, Biomérieux, France) on Columbia 

blood agar plates at 37ºC. Detailed bacteria strains used for infection in vitro assays 

are provided in Table 1. 

Bacteria strains used in this study 

Species Strain Source 

P. acnes 

PA-1.1 

Delgado, S  et al. 2011(178) 

PA-1.2 

PA-1.3 

PA-2.2 

H. pylori 

SS1 Lee, A. et al. 1997 (372) 

PMSS1 Thompson, L.J. et al. 2004 (373) 

E. coli 

DH5-α Woodcock, D.M. et al. 1989 (374) 

30083 DMSZ, Braunschweig, Germany 

Table 1 Bacterial strains used for in vitro infection assays in this study. 

 

5. Histology and immunohistochemistry.  

 
5μm thick sections of FFPE gastric biopsies corresponding to healthy corpus, LyG 

and HpG were stained with monoclonal mouse anti-human CD8 (clone C8/144B; 

dilution 1:30; Dako), monoclonal mouse anti-human CD4 (clone 4B12; dilution 1:20; 
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Labvision, Fremont, USA) and polyclonal goat anti-human MICA (clone F-6; dilution 

1:200; Santa Cruz Biotech, CA, USA) antibodies according to the suppliers 

specifications.  

 

6. Cytospin and immunocytochemistry. 

 
100μl of AGS cells in DMEM high glucose (4.5g/l) were added to the slide chamber 

and spin for 5minutes at 1000rpm in a Cellspin I Cytocentrifuge (Tharmac, 

Waldsolms, Germany). Cells were concentrated and immobilized on a microscope 

slide. Slides were further fixed by immersion in slide-containers with formalin 10% for 

10 minutes. Subsequently they were air-dried prior staining with the MICA Ab (R&D 

systems, MN, USA) as described above.  

 

7. SCFAs stimulation.  

 
Cell lines were stimulated with 5mM (191, 225, 375) of propionic acid ACS reagent 

≥99.5%, butyric acid ≥99%, acetic acid or hydrochloric acid 37% (HCl) (Sigma 

Aldrich, USA), used as a negative control, for 4 and 24h. 

Subsequently cells were harvested and placed in 500μl Trizol (Invitrogen, CA, USA) 

for further RNA isolation. Cells used for short-time MICA/B protein expression were 

rescued after 4h of stimulation with SCFAs and left in DMEM high glucose medium 

(10% FBS, 2mM L-glutamine) without additional SCFAs for another 4h before being 

analyzed by flow cytometry. For 24h protein expression analysis no rescue was 

carried out. Experiments were performed in triplicates and repeated at least twice. pH 

was monitored using Test Strips (Macherey-Nagel, Germany). 

 

8. Bacterial infection assay.  

 
Prior to the infection assays a single E. coli colony was transferred into a 15 ml tube 

containing 3ml Brucella broth (Roth, Germany) and incubated with gentle agitation 
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(100 rpm) at 37ºC for 4h. For P. acnes, a bacterial suspension with an optical density 

(OD600) of 0.1 was cultivated into 6-well plates using 3 ml DMEM high glucose (4.5 

g/l) (GE healthcare, Austria) per well for 24h. In the case of H. pylori, no liquid culture 

was prepared prior to the infection, due to the slow growth rate under this condition. 

Subsequently, the OD600 was measured for each strain and a multiplicity of infection 

(MOI) 1:50 was calculated to infect AGS or MKN28 cells. The same conditions 

applied for living bacteria were also used to challenge cells with heat-inactivated 

bacteria and conditioned supernatant. P. acnes or E. coli were heat-inactivated by 

heating at 80ºC for 20 minutes. Supernatant was obtained by centrifugation of the 

liquid culture (OD600 of 0.1) at 4500 rpm for 15 minutes at 4ºC and subsequent 

filtering by using a 0.22μm PVDF syringe filter (Fisherbrand, UK). Cell lines were 

infected for 4, 8 and/or 24h. OD600 and colony-forming units per ml (CFU/ml) were 

monitored after each infection time point. 

 

9. Quantitative real-time PCR.  

9.1. RNA isolation from human FFPE samples and human cell lines 

 
Total RNA from FFPE samples was isolated using the RNeasy FFPE kit (Qiagen, 

Hilden, Germany); RNA from ECs was extracted by using TRIzol (Invitrogen, CA, 

USA) and the PureLink RNA mini kit (Invitrogen, CA, USA) according to the 

manufacturer’s specifications. RNA purity was assessed by a Nanodrop (Thermo 

Scientific). A 260/280 and a 260/230 ratio of ~2.0 was accepted as “pure” for RNA. 1 

μg of total RNA was used for cDNA synthesis with the gene Amp RNA PCR kit 

(Applied Biosystems, CA, USA). Real-time PCR was performed with an ABI PRISM 

7900HT instrument (Applied Biosystems) using SYBR Green Universal PCR Master 

Mix (Applied Biosystems, UK) core reagent. Reaction mixtures were incubated for 10 

min at 95 °C, followed by 40 cycles of 15 s at 95 °C, 1 min at 60 °C, and finally 15 s 

at 95 °C, 1 min at 60 °C, and 15 s at 95 °C. The oligonucleotide primers used are 

shown in Appendix 3A. For each mRNA target, gene expression was normalized by 

using β-actin as a house-keeping gene, and calculated using the Pfaffl method (376). 
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Each PCR reaction was performed in triplicate and analyses were repeated at least 

twice.  

 

9.2. RNA isolation from mouse gut samples  

 
Gut tissues from mice were collected in a 1.5 ml eppendorf tubes containing 500 μl 

RNA later (Sigma, USA) and kept at 4ºC for 24h to let RNA later to penetrate into the 

tissue. Afterwards, the samples were stored at -80ºC until processed for RNA 

isolation. RNA later was removed by thawing the samples and spin them down at 

3000x g. Total RNA from mouse gut samples was isolated using the Qiagen RNeasy 

plus Mini Kit (Qiagen, Germany) following the manufacture’s specifications. RNA 

quality and quantity was determined spectrophotometrically by using a NanoDrop 

instrument (ThermoScientific) as described above. 1750 ng of RNA was used for 

cDNA synthesis with the gene Amp RNA PCR kit (Applied Biosystems, CA, USA). 

Real-time PCR was performed with an ABI 7500 FAST Real Time PCR  (Applied 

Biosystems) using SYBR Green or TaqMan Universal PCR Master Mix (Applied 

Biosystems, UK) core reagents. Reaction mixtures were incubated for 10 min at 95 

°C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C in the case of TaqMan 

and 20 s at 95ºC, followed by 3 s at 95ºC and 30 s at 60ºC in case of Sybr Green. 

The oligonucleotide primers used are shown in Appendix 3B. For each mRNA target, 

gene expression was normalized by using HPRT as a house-keeping gene, and 

calculated using the Pfaffl method (376). Each PCR reaction was performed in 

triplicate and analyses were repeated at least twice.  

 

9.3. DNA isolation from FFPE human samples  

 
For DNA extraction FFPE blocks were cut into 5 µm thick sections. The first 5 

sections were discarded and the subsequent 10 sections were sampled, incubated 

with 400 µl xylene and centrifuged at 13,000 rpm in a table-top centrifuge at room 
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temperature (RT) for 10 min. Xylene was discarded and this step was repeated 3 

times. Thereafter, 400 µl absolute ethanol were added, the mixture gently vortexed 

and centrifuged at 13,000 rpm in a table-top centrifuge at RT for 10 min. This step 

was repeated 2 times and the pellet was air-dried for 2 h. Thereafter, samples were 

subjected to mechanical lysis with a MagnaLyser Instrument (Roche Diagnostics, 

Mannheim, Germany). Tissue pellets were mixed with 230 µl bacterial lysis-buffer 

and transferred to MagnaLyser tubes and centrifuged at 6500 rpm for 20 s. 

Thereafter, 5.75 µl lysozyme (100 mg/ml) were added and the mixture was incubated 

at 37°C for 30 min. Subsequently, 20 µl proteinase K were added according to the 

MagNA Pure protocol and the mixture was incubated at RT overnight. Then, samples 

were incubated at 95°C for 10 min, spun down and placed on ice for 5 min. Finally, 

samples were centrifuged at 13,000 rpm in a table-top centrifuge and 100 µl of the 

lysates were transferred into MagnaPure sample tubes and further processed 

according to the manufacturer’s specifications. Total DNA was isolated with the 

MagNA Pure LC DNA Isolation Kit III (bacteria, fungi) in a MagNA Pure LC 2.0 

Instrument (Roche Diagnostics). For amplification of P. acnes 16S rRNA gene, 

primers PA74F: TTTTGTGGGGTGCTCGAG and PA216R: 

CCAACCGCCGAAACTTTC were used. 50 ng total DNA extracted from the FFPE 

specimens was used as a normalized input for real-time PCR amplification. Each 

PCR reaction was performed in triplicate and analyses were repeated three times. 

This methodological description was also published in a similar fashion in an original 

article (281). 

 

10. Lamina propria and intraepithelial lymphocyte isolation 

 
Mice were dissected and the GIT isolated and placed on a bucket of ice covered with 

aluminum foil and sprayed with cold PBS. The stomach, small intestine, caecum and 

large intestine were cleaned from fat, connective tissue, mucus and content before 

cut into 1cm pieces and placed in individual 50ml tubes containing 5ml cold PBS. 

Later, each section of the GIT was place in a 50ml tube containing 10ml of warm 

(37ºC) HBSS (PAA, USA), 2% FBS (Gibco, UK), 1mM EDTA and 1mM DTT (Sigma, 
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USA). Samples were incubated for 30 minutes at 37ºC and 200 rpm. After the first 

wash IELs remain in the supernatant, which was kept on ice. This wash step was 

repeated twice, the second time just for 15 minutes. Right after collecting the 

supernatant from the second wash, samples containing IELs were centrifuged at 

800g for 10min and resuspended with 3% BSA (GE Healthcare, USA), and kept on 

ice. Tubes containing tissue were washed once with 50 ml PBS before enzymatic 

digestion, to remove any EDTA residue. Thereafter PBS was discarded and 15ml 

pre-warmed RPMI containing 10% FBS, 15mM Hepes (Sigma, USA), collagenase 

VIII (100U/ml) (Sigma, USA) or collagenase IV (0.5mg/ml) (Sigma, USA) in the case 

of the stomach and DNAse (Sigma, USA) 50U/ml was added to each sample for 

enzymatic digestion. Prior to digestion, stomach tissue was chopped into smaller 

pieces using scissors and tweezers to facilitate the enzymatic digestion. After 45 

minutes at 37ºC and 200 rpm samples were vortexed and the digestion was finished 

passing the content through a 20 ml syringe several times. Then, the suspension was 

filtered on a 100μm nylon strainer to remove tissue debris. Using the piston of a 2ml 

syringe tissue was gently massaged and washed through with 3% BSA/PBS 

supplemented with 5mM EDTA to inhibit collagenase activity. Thereafter samples 

were centrifuged at 800g for 10 minutes and supernatant was discarded. Cells were 

then resuspended in 4ml of 40% percoll (VWR, UK) and layered on top of 4ml 80% 

percoll, in a 15ml tube to enrich the cell fraction. Samples were subjected to a density 

gradient centrifugation at 600g for 20 minutes at 20ºC (Acc5, Dec3) (Appendix 7). 

 

11. Flow cytometry 

11.1. Cell lines and staining 

 
AGS and MKN28 cells were harvested using ice-cold PBS, as trypsin cleaves surface 

NKG2DLs giving false negative results (377). Harvested gastric epithelial cells were 

incubated at 4ºC for 30 minutes with 5 μl (0.125 μg) of the anti-human monoclonal 

MICA/B Alexa Fluor® 647 Ab (clone 6D4, mouse IgG2a, kappa; BioLegend) diluted in 

45 μl PBS. Subsequently, cells were washed twice in PBS. For the detection of 
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intracellular MICA/B protein, cells were fixed adding 500μl of IC fixation buffer 

(eBioscience, CA, USA) to the cells and incubated for 30 minutes in the dark at room 

temperature. Subsequently, cells were permeabilized using 1X permeabilization 

buffer (eBioscience, CA, USA) and stained using 5 μL (0.125 μg) of Ab diluted in 1X 

permeabilization buffer in a final volume of 50 μl. Thereafter, cells were incubated for 

30 minutes in the dark at room temperature. Then, cells were washed twice in 1X 

permeabilization solution and resuspended in PBS for analyses. Additionally, 7-AAD 

viability staining solution (eBioscience) or Annexin V Apoptosis Detection Kit APC 

(eBioscience) were used, following the manufacturer’s recommendations to check 

cell viability and apoptosis. Cells were analyzed on a FACS bench-top cytometer 

(BD™ LSRII) according to the supplier’s recommendations and the results were 

calculated using FlowJo version 9.3.1 or higher (TreeStar, Oregon, USA). 

 

11.2. Mouse lymphocytes 

 
Lymphocytes obtained from enzymatic-dissociated mouse GIT were plated in a 96 

well V-bottomed plate and pre-incubated with an anti-mouse FcR blocking Ab 

CD16/CD32 (clone 2.4G2) (BD Pharmingen) and live/dead fixable Aqua dead cell 

stain kit (Life Technologies, CA, USA), before staining with a cocktail of specific mAbs 

(A detailed description of the flow monoclonal antibodies used is shown in Appendix 

5). When intracellular staining was required, cells were permeabilized and stained 

using a Fixation/Permeabilization Kit (eBioscience). Qdot 605 conjugated streptavidin 

(Life Technologies, CA, USA) was used to reveal biotinylated antibodies. The 

relevant fluorescence-minus-one labeling conditions including the appropriate isotype 

mAb were used as control. Samples were acquired on an LSR Fortessa flow 

cytometer (BD) and analyzed with FlowJo version 9.3.1 or above (TreeStar, Oregon, 

USA). 
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12. Gut microbiota analysis 

 
Mouse gut samples (stomach, small intestine, caecum and colon,) and feces were 

subjected to mechanical lysis with a MagNA Lyser Instrument (Roche Diagnostics, 

Mannheim, Germany) and total DNA was isolated with the MagNA Pure LC DNA 

Isolation Kit III (bacteria, fungi) in a MagNA Pure LC 2.0 Instrument (Roche 

Diagnostics). Therefore, tissue pellets were mixed with 230 µl bacterial lysis-buffer 

and transferred to MagnaLyser tubes and centrifuged at 6500 rpm for 20 s. 

Thereafter, 5.75 µl lysozyme (100 mg/ml) were added and the mixture was incubated 

at 37°C for 30 min. Subsequently, 20 µl proteinase K were added according to the 

MagNA Pure protocol and the mixture was incubated at RT overnight. Then, samples 

were incubated at 95°C for 10 min, spun down and placed on ice for 5 min. Finally, 

samples were centrifuged at 13,000 rpm in a table-top centrifuge and 100 µl of the 

lysates were transferred into MagnaPure sample tubes and further processed 

according to the manufacturer’s specifications. 

DNA quality and concentration was determined spectrophotometrically via a 

NanoDrop ND-3300 instrument and the PicoGreen® assay (ThermoScientific, 

Delaware, USA). Only specimens yielding a wavelength ratio >0.8 at 260/280 and ≈2 

at 260/230 nm, respectively, were considered for further analyses. For amplification 

of the bacterial 16S rRNA gene FLX one-way fusion primers (Lib-L kit, Primer A, 

Primer B; Roche 454 Life Science, Branford, CT) with the template-specific sequence 

F27 and R357 (Table S2) targeting the V1-2 region of the 16S rRNA gene were used 

(amplicon length 349 bp). Primers were chosen based on their performance enabling 

superior community capture and taxonomic resolution (378). PCR amplification was 

performed as described (379). Reactions for each sample were performed in 

triplicates, amplification products were visually quality checked on agarose-gels and 

only specimens resulting in a reliable PCR amplification were further used.  

Amplicons were gel-purified, pooled and sequenced with the GS FLX Titanium 

Sequencing Kit XLR70 (Roche 454 Life Science, Branford, CT, USA) as described 

(379). For microbiota analysis raw files from 454 FLX pyrosequencing were 

processed with MOTHUR v.1.31.2 according to the standard 454 SOP of MOTHUR 
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(380). Sequencing errors were reduced using MOTHUR's implementation of 

PyroNoise (381), and the command pre.cluster (382) was used to remove sequences 

that arose due to pyrosequencing errors. Chimeras were removed with UCHIME 

(383) and non-bacterial contaminants were removed using the Ribosomal Database 

Project (RDP) reference (384). The high quality reads were aligned to the SILVA 

database (385, 386). For operational taxonomic unit (OTU) based analyses, the 

processed fasta files from MOTHUR were introduced into QIIME v.1.7.0 (387). OTUs 

were formed by clustering the sequences with uclust (388) using a similarity score of 

97%; (OTU 97% ID) and taxonomy was assigned by using the RDP-classifier and 

Greengenes reference OTUs. A de-novo OTU picking strategy was employed. The 

biomarker discover program LEfSe (linear discriminant analysis effect size) was used 

to determine differentially abundant OTUs (389). This methodological description was 

also published in a similar fashion in an original article (281). 

 

13. DSS- induced colitis 

 
Acute colitis was induced by 2% (weight/volume) dextran sulfate sodium (DSS) 

(molecular weight 36-50Kda; MP Biochemicals, Inc. OH, USA) dissolved in 100ml 

drinking water. Treatment with DSS was for 5 days followed by 3 days of recovery 

with sterile water. Mice were monitored each day for body weight, stool consistency 

and possible presence of blood in stools. Water consumption was also monitored in 

each cage every day. 

On day 8 after the initiation of DSS- treatment, mice were sacrificed and gut was 

removed. Colon length and weight were measured with and without fecal content. 

Colon tissue was taken for flow cytometry analysis or histology and for RNA isolation. 

Information about mice used and groups, measurements and other details can be 

found in Appendix 4. 
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14. SCFAs measurements by GC-MS.  

 
Acetate, propionate and butyrate levels from culture supernatants were measured by 

Gas Chromatography Mass Spectrometry (GC-MS) using a Thermo Scientific DSQ 

II™ Series Single Quadrupole GC-MS by electron ionization instrument. 500 µl 

supernatant were mixed with 500 µl H3PO4 (0.5%), internal standards (ISTD: 200 µl  

dC2 [500 µM] and 200 µl dC4 [500 µM]) and 600 µl methyl tert-butyl ether (MTBE). 

After centrifugation (10 min; 2.500 rpm; RT) 150 µl of the organic phase were used 

for the measurement. A calibration curve was created with increasing ISTDs mixed 

with H3PO4 (0,5%) for the analysis. This methodological description was also 

published in a similar fashion in an original article (281). 

 

15. Statistical analysis 

 
Statistical analyses were performed with GraphPad Prism 5 software. The D'agostino 

& Pearson test was used to assess the normality of distribution of investigated 

parameters. Data were expressed as mean ± standard deviation, if not indicated 

otherwise. When samples were normally distributed (human samples) an unpaired t-

test or a one-way ANOVA followed by a post hoc Tukey’s or Dunnett’s test for 

multiple comparisons was applied. In cases where samples were not normally 

distributed (mouse samples), a Kolmogorov-Smirnov test was used. Differences 

between expression of sample groups with p<0.05 were considered statistically 

significant. Spearman's correlation was used to analyze the association between 

gene expression of the players of the NKG2D system and TLRs in mouse samples. 

 

16. Ethics statement.  

 
Usage of tissue specimens was approved by the institutional review board of the 

Medical University of Graz (EK-23-212ex10/11). 
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IV. Results 

1. LyG is not associated with H. pylori infection but shows an 

overabundance of P. acnes. 

  

In order to investigate the gastric microbiota in LyG and to discern a possible 

bacterial cause of the disease, gastric corpus biopsies originating from LyG, HpG and 

healthy controls were subjected to 16S rRNA gene profiling. From the results, we 

extracted that although microbial richness was not different between the entities 

analyzed, which indicates how many taxa are detectable, diversity and evenness 

were significantly lower in both gastric pathologies (HpG and LyG), what tells us that 

there are some bacteria that dominate the microbial community (281).  Further, at the 

phylogenetic level, HpG showed a significant relative increase of Proteobacteria 

compared to healthy controls and LyG, from which almost 90% of proteobacterial 

reads originated from H. pylori. Thus, H. pylori was the overall dominant bacterium in 

HpG. On the other hand, LyG showed a significant relative increase of Actinobacteria 

and a significant relative decrease in Bacteroidetes compared to healthy controls. P. 

acnes represented around 80% of Actinobacteria in LyG. Therefore, only two 

significant OTU-level taxonomic associations with disease entities could be 

discerned: H. pylori was significantly increased in HpG compared to LyG and healthy 

controls, whereas P. acnes  was significantly increased in LyG compared to HpG and 

healthy controls. Collectively, these data indicate that LyG is not associated with H. 

pylori infection but shows significantly increased P. acnes loads (281). This finding 

was further validated by qPCR, where P. acnes abundance was measured using 

specific primers targeting 16S rRNA gene sequences, where we could corroborate 

that the abundance of P. acnes in LyG patients is significantly higher compared to 

controls and HpG patients (Fig. 9).  
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Figure 9. P. acnes specific qPCR in healthy controls vs. HpG and LyG human FFPE stomach 

biopsies. (n=6-7) *p<0.05, ** p<0.01; one-way ANOVA and post-hoc Tukey’s test. 

Moreover, a significant correlation of abundance determined by 16S NGS and load 

determined by qPCR was evident validating the microbiota analysis results (Fig. 10). 

This proved that no bias or error was introduced during the NGS and later data 

analysis, and that P. acnes overabundance is a true meaningful finding in LyG 

patients.  

 

 

Figure 10. Validation of NGS results by qPCR. Spearman correlation analysis (non-parametric) 

of samples with paired 16S rRNA gene sequencing and qPCR data shows a significant 

correlation of relative abundance and load (Ct value). 
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2. The NKG2D/NKG2D ligand system is induced in lymphocytic gastritis. 

 
The NKG2D/NKG2DL system and the pro-inflammatory cytokine IL15 are the major 

determinants for IEL recruitment in the gut. Upregulation of both factors leads to 

intraepithelial lymphocytosis and subsequently to villus atrophy in CeD (85, 324). The 

phenotypic similarities between LyG and CeD prompted us to investigate the 

involvement of this cell-stress sensing system in LyG. First, we comparatively 

assessed the number of CD8+ and CD4+ lymphocytes in gastric corpus specimens 

from LyG, HpG and healthy controls via immunohistochemistry (IHC) (Fig. 11).  

 

Figure 11. H&E and immunohistochemical staining of CD4+ and CD8+ T-cells in human gastric 

corpus biopsies of healthy controls, HpG and LyG cases. (Magnification: upper panels 100X, 

insets 400X; middle and lower panels 200X; IHC insets 600X). 
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Figure 12. Bar charts representing (A) the average number of CD4+ and CD8+ T cells in 5 HPF 

and (B) the number of IELs per 100 ECs in controls, HpG and LyG patients. *** p<0.001, 

****p<0.0001; one-way ANOVA and post-hoc Tukey’s test. 

LyG cases showed a significant increase of CD8+ lymphocytes compared to HpG and 

healthy controls (Fig. 12A). These CD8+ T cells were mainly IELs (Fig. 12B). The 

average CD8+ IEL count was 28.04±4.15 per 100 ECs in LyG compared to 5.6±0.62 

in healthy controls and 4.64±1.18 in HpG. In contrast, HpG showed a significant 

increase of CD4+ T-cells (14.4±5.65 in 5 HPF) compared to healthy controls, the 

CD4+ T cells were mainly present in the lamina propria (Fig. 12A).  

Next we comparatively assessed the expression of nkg2d, nkg2d ligands (mica, micb, 

ulbp1, ulbp2, ulbp3 and ulbp4) and il15 by qRT-PCR. Gastric corpus biopsies of LyG 

showed a significant overexpression of nkg2d (Fig. 13A) and il15 (Fig. 13B) mRNA 

compared to HpG and healthy controls, mica levels were also significantly increased 

compared to healthy controls (Fig. 13C). micb and ulbp1-4 mRNA expression was 

slightly repressed in LyG (Fig. 13D-H). Of note HpG showed no significant induction 

of assessed markers compared to healthy controls, which correlated with the 

observed absence of CD8+ T-cell infiltration in HpG.  

0

10

20

30

40

Control HpG LyG

N
u
m

b
e
r 

o
f 

IE
L
s
 (

p
e
r 

1
0
0
 E

C
s
)

0

50

100

150

200

CD4+ CD8+

N
u
m

b
e
r 

o
f 

p
o
s
it
iv

e
 c

e
lls

 i
n
 5

H
P

F

Control HpG LyGA B 

**** 
*** *** 

*        

*** 



 64 

 

Figure 13.  Gene expression analysis of the NKG2D/NKG2D ligand system and IL15 in FFPE 

stomach biopsies from controls, HpG and LyG patients.  (n=10). Data represent the mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001, by One-way ANOVA and post-hoc Tukey’s test. 
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Gastric corpus biopsies of LyG showed also a pronounced staining with a MICA/B Ab 

in areas wherein IELs were increased, indicating epithelial specific induction of the 

system (Fig. 14). Taken together, these data indicate that the NKG2D/NKG2DL 

system and the pro-inflammatory cytokine IL15 are induced in LyG suggesting that 

these factors are important for CD8+ IEL recruitment and disease pathogenesis. 

Interestingly, the NKG2D/NKG2DL system and IL15 are not induced in HpG pointing 

towards deviating mucosal immune reactions and pathogeneses of both diseases. 

 

Figure 14. MICA/B IHC in healthy controls, LyG and HpG stomach FFPE samples. LyG samples 

revealed a marked staining in ECs where the concentration of intraepithelial lymphocytes is 

higher. In the case of HpG and healthy controls, MICA/B staining is concentrated in the 

basolateral region of the ECs. Note that some immune cells in the lamina propria also express 

MICA/B. (400X). 

 

3. The GIT displays ubiquitous expression of the NKG2D system  

 
Groh et al., have previously shown that MICA is constitutively expressed on GI ECs 

(276), however no studies followed this finding, and therefore little is known about the 

presence of the NKG2D system under physiological conditions along the GIT. Using 

FFPE biopsies from stomach corpus, duodenum, terminal ileum and colon from 

healthy patients (n=8-12), we were able to measure the mRNA expression of the 

NKG2D receptor, as well as the ligands MICA, MICB and the pro-inflammatory 

cytokine IL15 by qRT-PCR. From the results, it arose that all the main players of the 

NKG2D system (NKG2D receptor, MICA and MICB ligands and IL15) were present 

Healthy control LyG HpG 
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along the GIT (Fig. 15A-D), the expression of the NKG2D receptor higher in the 

stomach compared to colon (Fig. 15A). This is consistent with previously published 

data showing that CD8+ cytotoxic T cells are more abundant in the stomach 

compared to lower GIT (390). In contrast, both ligands MICA (Fig. 15B) and MICB 

(Fig. 15C), and IL15 (Fig. 15D) show increased expression from upper to lower GIT. 

Although it was not significantly different in the case of MICB, we could still see a 

tendency towards increased expression in colon. This sequential increment in the 

expression of MICA and IL15 from stomach to colon is consistent with the increase of 

bacterial load and microbial metabolites, such as SCFAs from upper to lower GIT 

(28).  
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Figure 15. nkg2d (A), mica (B), micb (C), and il15 (D) mRNA expression in human mucosal 

biopsies of healthy individuals determined by qRT-PCR analyses. (n=8-12). Data represent the 

mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, by One-way ANOVA and post-hoc Tukey’s test. 

 

4. The NKG2D system expression is altered in GI diseases characterized 

by dysbiosis.  

 
We have previously reported that in LyG, NKG2D as well as MICA ligand and IL15 

were overexpressed in the stomach. Furthermore, we showed through microbiota 

analysis, that LyG is characterized by an overabundance of P. acnes, giving insights 

into a dysbiotic pathology, more than a typical infectious disease. In order to clarify 
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the relation of NKG2D system regulation and dysbiotic GI pathologies paradigmatic 

diseases of the GIT that are characterized by an aberrant microbiota were analyzed 

in terms of the NKG2D system expression (Fig. 16).  

In regard to the NKG2D receptor, the expression was significantly higher in LyG (Fig. 

16A) and CD (Fig. 16C) compared to their controls (Stomach corpus and terminal 

ileum, respectively), while in HpG, NKG2D receptor was downregulated (Fig. 16A). 

The same pattern was observed for MICA in both LyG (Fig. 16E) and CD (Fig. 16G). 

However, LyC and UC showed lower expression levels compared to healthy colon 

(Fig. 16H). In contrast, MICB ligand showed generally less expression levels as MICA 

(Fig. 16I-L), although it was also significantly higher in ileum of CD compared to 

controls (Fig. 16K). The pro-inflammatory cytokine IL15 exhibited a higher expression 

in LyG compared to healthy controls and HpG (Fig. 16M). CD also presented higher 

levels of IL15 than the controls (Fig. 16O), in contrast to the pattern displayed in the 

colon, where controls showed increased levels of IL15 in comparison with the two 

diseases analyzed (LyC and UC) (Fig. 16P). These results show that the three key 

players of the NKG2D system: NKG2D receptor, MICA ligand and IL15 are expressed 

together in consonance and that expression is upregulated in diseases like LyG or 

CD, while colon inflammatory diseases like LyC or UC show an inhibition. Although 

there was a trend in the upregulation of NKG2D, MICA and IL15 in the case of CeD, 

this was not significantly different to healthy duodenum in any of the cases (Fig. 

16B,F,J,N). The lack of a significant induction of assessed markers in CeD samples 

could be explained by the fact that in higher grade CeD (our samples were mainly 

Marsh III and above; see Tab. 1) NKG2D/NKG2DL become down-regulated (391). 
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Figure 16. nkg2d (A-D), mica (E-H), micb (I-L) and il15 (M-P) mRNA expression in human 

mucosal FFPE biopsies of stomach (healthy, LyG, HpG), duodenum (healthy, CeD and HpG) 

ileum (healthy and CD) and colon (healthy and UC) by qRT-PCR analyses. (n=8-12). Data 

represent the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, by One-way ANOVA and post-hoc 

Tukey’s test. 

A summary of the main findings in terms of CD4 and CD8 expression, and NKG2D 

system (NKG2D, MICA, MICB and IL15) in the different GI pathologies analysed in 

this study compared to healthy status can be found in Figure 17. 

 

 
Figure 17. Summary heat-map representing the mRNA or protein expression of the main 
players in the NKG2D system activation, in the different GI pathologies tested in this study, 
comparing healthy (upper quadrant) vs. disease (lower quadrant) status.  

 

5. Gastric ECs respond to different P. acnes strain stimuli by induction of 

the NKG2D system, but not to H. pylori. 

 
It has been shown that microbes are able to induce NKG2DLs in certain cell lines, 

however human stomach epithelia have not been investigated for their 

responsiveness thus far (361, 362). In a first approach, we challenged AGS cells with 

the active form; the supernatant or heat- inactivated P. acnes (PA-1.1) and E. coli 

(DH5α). After 24h, we measured the mRNA expression of mica, micb and il15 by 
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qPCR. From the results, we could conclude that only the active forms of the bacteria 

(both P. acnes and E. coli) were able to induce the expression of the NKG2DLs. 

Moreover, we saw that E. coli, but not the P. acnes strain used, was able to induce a 

pro-inflammatory response (Fig. 18). 

 

 

Figure 18. mica, micb and il15 mRNA expression in AGS cells challenged for 24h with the active 

form, supernatant or heat- inactivated P. acnes (A-C) and E. coli (D-F) 

 

Afterwards, we challenged AGS and MKN28 gastric EC lines with P. acnes strains 

isolated from the human stomach, with two different H. pylori strains (PMSS1 and 

SS1) and a native E. coli strain (DSM 30083) as control for 24 h (MOI 1:50). After 24h 

challenge mica, micb and il15 expression was measured by qRT-PCR. In both cell 

lines, live P. acnes induced mica and micb ligands, while neither H. pylori or E. coli 

strains were able to do so. In fact, they showed lower levels of mica and micb mRNA 

expression compared to control conditions (Fig. 19A and B). In the case of il15 

mRNA, induction in a strain dependent manner was observed and the expression 
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was similar in both cell lines tested. While PA-1.1 showed a repression of IL15, PA-

2.2 showed a strong induction of this pro-inflammatory cytokine. Neither H. pylori nor 

E. coli show a difference in il15 mRNA expression compared to control conditions in 

AGS cells; while in MKN28 E. coli was able to induce in some extent an inflammatory 

response (Fig. 19C).  

 

Figure 19. mica, micb and il15 mRNA expression in AGS and MKN28 cells after 24h of infection 

with P. acnes (strains PA-1.1 and PA-2.2), H. pylori (strains PMSS1 and SS1) and E. coli (DSM 

30083). Bars show the mean ±SEM. *p<0.05, **p<0.01, ***p<0.001by One-way ANOVA and post-

hoc Dunnett’s test. 

 

Later on, we analyzed extracellular and overall MICA/B protein expression in both 

gastric cell lines (AGS and MKN28) after the infection with P. acnes, H. pylori or E. 

coli for 24h. From the results we can conclude that both cell lines behave in a similar 

way, being P. acnes the only bacterium capable of inducing extracellular MICA/B 

(Fig. 20B). Of note, H. pylori has no effect on AGS cells, but induce a strong 

repression of extracellular MICA/B protein on MKN28 cells (Fig. 20B). Intracellular 

MICA/B protein remained stable among the different bacteria stimuli used in both cell 

lines tested (Fig. 20A). 
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Figure 20. MICA/B protein expression was assessed in AGS and MKN28 cells by flow-cytometry 

after 24h of infection with P. acnes (PA-1.1 and PA-2.2 strains), H. pylori (PMSS1 and SS1 

strains) or E. coli (DSM 30083 strain). Representative dot plots and bar charts of overall (A) and 

extracellular (B) MICA/B protein expression, respectively. Bar charts represent the mean values 

of percentages of MICA/B positive cells ± SD of three independent experiments. *p<0.05, 

**p<0.01, by One-way ANOVA and post-hoc Dunnett’s test. No change in overall MICA/B protein 

expression is appreciated in any of the cases. 10000 events were analyzed.  

 

 

Growth of assessed strains determined by CFU plating was not significantly different 

between the P. acnes strains or the H. pylori strains used after 24 h of co-cultivation. 

E. coli showed higher CFU/ml due to its higher growth rate in both AGS and MKN28 

cell lines (Fig. 21A and B, respectively). 
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Figure 21. Colony forming units per ml (CFU/ml), of P. acnes, H. pylori, and E. coli strains after 

24 h of co-cultivation, with AGS (A) or MKN28 (B) cells. Bars show the mean ±SD. **p<0.01, 

***p<0.001 by One-way ANOVA and post-hoc Tukey’s test. 

 

Viability of the gastric cell lines used in these experiments was assessed by flow 

cytometry using an Annexin V/PI assay (Fig. 22). 
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Figure 22. Apoptosis and live/dead analysis of AGS (A and B) and MKN28 (C and D) cells 

infected with P. acnes, H. pylori or E. coli assessed by Annexin V/PI staining and flow 

cytometry. Bar chart (B and D) representation of three independent Annexin V/PI assays 

showing the percentage of viable (Annexin V-/PI-), apoptotic (Annexin V+/PI-) and dead 

(Annexin V+/PI+) cells, respectively. Bars show the mean ±SD. *p<0.05, **p<0.01, ***p<0.001, by 

one-way ANOVA and post-hoc Dunnett's test. 

 

6. Gastric ECs respond to SCFAs by induction of the NKG2D system. 

6. 1. Initial test using different concentrations of SCFAs at different time points 

 
It has been recently reported that SCFAs, including propionate derived from P. acnes, 

are potent inducers of NKG2DLs (362). First, we stimulate AGS cells with different 
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concentration (1, 5, 10 and 50 mM) of SCFAs (acetate, propionate and butyrate) and 

HCl used as a negative control to study the effect of SCFAs in the expression of the 

NKG2D system in AGS cells. After 4 and 24h samples were taken and RNA isolated 

to measure the gene expression of mica, micb and il15 (Fig. 23). From the results, we 

can extract that 4h stimulation with SCFAs is enough to induce robust expression of 

NKG2DLs and IL15 in a range between 5 to 10 mM. 

 

Figure 23. Kinetics of mica, micb and il15 mRNA expression in AGS stimulated with 1, 5, 10 and 

50mM of SCFAs and HCl after 4 and 24h. 

Afterwards, we measured the MICA/B extracellular protein expression using three 

different concentrations of SCFAs and HCl: 0.5, 5, and 50mM for 4h followed by 4h of 

rescue to let the protein being expressed (Fig. 24). From the results we can conclude 

that the highest concentration of SCFAs (50mM) induced a potent cell stress 
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response reflected in high expression of MICA/B as seen in the histograms and by 

immunocytochemistry (ICC) of MICA/B, that compromise cell structure and viability, 

as it is appreciated in the ICC pictures (Fig. 25).  

 

 

Figure 24. Representation of histograms showing MICA/B extracellular protein expression in 

AGS cells after 4h of SCFAs and HCl stimulation followed by 4h of rescue in DMEM medium.  

 

Additionally, we performed ICC of AGS cells (Fig. 25) in order to study the localization 

and intensity of the proteins MICA/B after the stimulation with the different 

concentrations of the SCFAs analyzed. From the pictures, we can see a strong 

A B 

D C 
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surface staining in the cells stimulated with SCFAs, specially those stimulated with 

5mM of propionate and butyrate. We can also see that the viability of cells was 

compromised when using 50mM of SCFAs or HCl. 

 

 

Figure 25. MICA/B ICC of AGS cells stimulated with SCFAs or HCl for 4h followed by 4h rescue 

in DMEM (400X magnification). 

 

This effect was further corroborated with an apoptosis/necrosis assay using Annexin 

V and propidium iodide (PI) (Fig. 26). From the results, we established 5 mM as the 

most suitable concentration to study the NKG2D system expression in vitro, since it 

was enough to trigger the NKG2DLs response without compromising the cell viability.  

Acetate Propionate Butyrate HCl 

0.5 mM 

5 mM 

50 mM 

Control 
(DMEM medium) 
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Figure 26. Apoptosis and live/dead analysis of AGS cells treated with the different SCFAs for 4h 

followed by 4h rescue in DMEM, assessed by Annexin V/PI staining by flow cytometry. A. Dot 

plots representation. From left to right: acetate, propionate and butyrate or HCl at 0.5 (upper 

pannel), 5 (middle pannel) or 50mM (lower pannel). B. Bar chart representation extracted from 

the dot plots. 

 

6. 2. AGS and MKN28 gastric ECs lines challenged with 5mM SCFAs or HCl for 

4h (gene and protein expression) 

 

SCFAs could be reliably detected in supernatants after 24h AGS challenge with P. 

acnes (Table 2).  
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Concentration of SCFAs in the supernatant of challenged AGS cells assessed by GC-MS. 

Sample  
(supernatant) 

Acetate 
 [µM] 

Propionate  
[µM] 

Butyrate 
[µM] 

DMEM (Control) 50.6-56.0 0.7-9.0 n.d. 

PA-1.1 5982.54-6728.20 406.10-585.61 172.53-392.42 

PA-1.2 3061.82-3324.37 202.35-235.49 43.03-73.85 

PA-1.3 4158.31-4290.41 223.87-228.14 20.89-30.08 

PA-2.2 2223.80-2387.95 151.11-166.20 7.73-13.32 

E.coli DH5α 1835.34-1912.58 38.92-52.80 4.52.6.45 
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Table 2. Concentration of SCFAs was measured by GC-MS in the supernatant of AGS cells after 

24h of infection with the different strains used. n.d., not detected; indicated is range. 

 

However, their concentration was about 1 to 2 log-phases lower than the 

concentration normally needed to reliably induce NKG2DLs in vitro (362, 392, 393). 

Thus, it is reasonable to speculate that also other factors, such as direct 

bacterium/cell contact or other metabolites, contributed to the observed ligand 

induction in our challenge experiments (323). To assess the net-effect of propionate 

and also the effect of the potent NKG2DL inducer butyrate, AGS and MKN28 cells 

were challenged with 5 mM SCFAs and HCl as control for 4 h and mica, micb and 

il15 expression were assessed by qRT-PCR. In AGS cells, propionate induced 

significantly mica (1.61±0.01) and il15 (1.46±0.04), whereas butyrate significantly 

induced mica (2.54±0.02), micb (2.39±0.02) and il15 (1.47±0.01) expression. Neither 

acetate nor HCl changed expression of the assessed genes in AGS cells (Fig. 27A-

C).  

 

 

Figure 27. mRNA expression of mica, micb and il15 in AGS cells after 4h of stimulation with 

5mM of SCFAs (acetate, propionate, butyrate) or HCl used as a negative control. (*p<0.05; ** 

p<0.01, *** p<0.001 by one-way ANOVA and post-hoc Dunnett's test). 

 

In MKN28 gastric ECs, as in AGS cells, propionate (2.11±0.1) and butyrate 

(2.66±0.1) induced the expression of mica (Fig. 28A). Similarly, both propionate 

(2.08±0.11) and butyrate (2.61±0.04) induced the gene expression of micb (Fig. 28B). 

However, il15 was not induced in any of the case. On the contrary, we detected 

certain levels of repression with all stimuli used but butyrate (Fig. 28C). 
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Figure 28. mRNA expression of mica, micb and il15 in MKN28 cells after 4h of stimulation with 

5mM SCFAs (acetate, propionate, butyrate) or HCl used as a negative control. (*p<0.05; ** 

p<0.01, *** p<0.001 by one-way ANOVA and post-hoc Dunnett's test). 

Of note, NKG2DL expression is differently regulated on mRNA and protein level 

(257). Thus, we wanted to investigate whether the challenge with SCFAs also 

translates into increased protein expression of NKG2DLs, which would be necessary 

for recruitment of NKG2D receptor-bearing lymphocytes to the ligand overexpressing 

epithelium. By using flow-cytometry and a MICA/B Ab, challenge of AGS and MKN 28 

cells with 5 mM acetate, propionate, butyrate or HCl for 4 h did not alter overall ligand 

expression (Fig. 29).  
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Figure 29. Overall MICA/B protein expression was assessed in AGS (A and B) and MKN28 (C 

and D) cells by flow-cytometry after SCFAs stimulation for 4 h followed by 4 h rescue in DMEM 

without SCFAs. (A and C) Representative pictures of dot plots and bar charts (B and D) 

represent the mean values of percentages of MICA/B positive cells ± SD of three independent 

experiments. No change in overall MICA/B protein expression is appreciated in any of the 

cases. 10000 events were analyzed. 

 

However, propionate and butyrate enhanced significantly extracellular protein 

expression of MICA/B on AGS cells and MKN28 cells (Fig. 30).  
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Figure 30. Extracellular MICA/B protein expression was assessed in AGS (A and B) and MKN28 

(C and D) cells by flow-cytometry after SCFAs stimulation (5mM) for 4 h followed by 4 h rescue 

in DMEM without SCFAs. 10000 events were analyzed. (B) Bar charts represent the mean 

values of percentages of MICA/B positive cells ± SD of three independent experiments (*p<0.05; 

*** p<0.001; one-way ANOVA and post-hoc Dunnett's test). 

 

Additionally, AGS cells stimulated with 5mM of SCFAs or HCl were stained with a 

MICA/B Ab and ICC was performed in the same set of samples to support the results 

obtained by flow cytometry (Fig. 31A). ICC was scored according to staining intensity 

(Fig. 31B) and MICA/B cellular localization (Fig. 31C). 
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Figure 31. MICA/B ICC of AGS cells stimulated with SCFAs and HCl for 4h followed by 4h 

rescue in DMEM medium without SCFAs. Each bar represents the average relative counts of 5 

HPF). Representation of three independent experiments.  

 

 

Of note SCFA stimulation under these conditions did not influence AGS cell viability 

(Fig 32).  
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Figure 32. Apoptosis and live/dead analysis of AGS cells treated with the different SCFAs or 

HCl for 4h followed by 4h rescue assessed by Annexin V/PI staining and flow cytometry in AGS 

(A and B) and MKN28 (C and D) cells. Bar charts represent three independent Annexin V/PI 

assays showing the percentage of viable (Annexin V-/PI-), apoptotic (Annexin V+/PI-) and dead 

(Annexin V+/PI+) cells (B and D). Bars show the mean ±SD. ** p<0.001, by one-way ANOVA and 

post-hoc Dunnett's test. 

 

In summary, these data indicate that live P. acnes, including its main metabolite 

propionate as well as the SCFA butyrate are potent inducers of NKG2DLs and 

modulate il15 mRNA expression in the human stomach epithelial AGS cell line. In 

addition, both SCFAs enhance membrane-specific protein levels of NKG2DLs. Taken 

together, either direct interaction of bacteria with gastric epithelia or the bacterial 

metabolites SCFAs might therefore contribute to over-activation of the system and 

disease pathogenesis. 
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7. NKG2D ligands and IL15 expression is differentially modified by 

microbial metabolites in the upper and lower GI ECs. 

 
We showed that gastric ECs respond to different P. acnes strains and microbial 

fermentation products by the induction of NKG2DLs in vitro, which would be 

necessary to increase CD8
+ 

T cell infiltration into the epithelium. Indeed it was 

reported by Andresen, L et al., that P. acnes and microbial fermentation end-

products, namely SCFAs, like butyrate and propionate, were able to induce 

NKG2DLs in various tumor cell lines (362). 

 

As we previously did with AGS and MKN28 gastric ECs, we challenged Caco-2 colon 

ECs with 5mM acetate, propionate and butyrate, corresponding to a physiological GIT 

concentration of SCFAs (191) and HCl used as a negative control in order to 

compare the behavior exhibited in the upper and lower GIT ECs upon SCFAs 

stimulation and to understand how the microbial metabolites are affecting the host 

immune response along the GIT. First, mRNA expression of the ligands MICA and 

MICB and the cytokine IL15 was measured by qRT-PCR after 24h of stimulation (no 

effect was seen after 4h as in the case of AGS). After 24h, only butyrate was able to 

induce upregulation of the NKG2DLs MICA (2.65+/- 0.038) and MICB (2.6+/- 0.0012) 

and the (9.37+/- 0.0016) (Fig. 33).  
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Figure 33. Caco-2 mRNA expression of (A) mica, (B) micb, and (C) il15 after 24h of stimulation 

with 5mM of SCFAs (acetate, propionate, butyrate) or HCl used as a negative control. 

(***p<0.001 by one-way ANOVA and post-hoc Dunnett's test). 

 

Next, as previously done with gastric cell lines, we determined levels of MICA/B by 

flow cytometry in Caco-2 colon ECs (Fig. 34). In this case, not only butyrate (3.1+/- 

0.55), but also HCl (2.68+/-0.38) were able to induce the surface expression of 

MICA/B ligands, probably because HCl is not normally found in the colon, thus 

representing a certain level of stress on colonocytes.  

 

Figure 34 (A) Extracellular MICA/B protein expression was assessed in Caco-2 cells by flow-

cytometry after SCFAs stimulation for 24h. Significant induction of cell-surface specific MICA/B 

protein expression due to treatment with 5 mM butyrate, propionate and HCl. 10000 events 

were analyzed. (B) Bar charts represent the mean values of percentages of MICA/B positive 

cells ± SD of three independent experiments (*p<0.05; **p<0.01; *** p<0.001; one-way ANOVA 

and post-hoc Dunnett's test). 
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However, intracellular levels of MICA/B in Caco-2 cells stay unchanged among the 

different treatments as previously shown for AGS and MKN28 cells (Fig. 35).  

 

 

 

Figure 35. Overall MICA/B protein expression was assessed in Caco-2 cells by flow-cytometry 

after SCFAs stimulation for 24 h. A) Representative pictures of dot plots and bar charts B) 

represent the mean values of percentages of MICA/B positive cells ± SD of three independent 

experiments. No change in overall MICA/B protein expression is appreciated in any of the 

cases. 10000 events were analyzed. 

 

Finally, we assessed the protein expression of MICA/B ligands in Caco-2 by ICC in 

order to show how these ligands are localized within the cells. From the ICC pictures, 

we can see that Caco-2 cells treated with propionate, butyrate and HCl showed a 

stronger staining with MICA/B Ab, being more prominent around the cell membrane 

(Fig. 36A and C). Additionally, we scored staining intensity and localization in a semi 

quantitative way with each stimulus used and we found that butyrate triggers the most 

prominent expression of MICA/B ligand on Caco-2 cells (Fig. 36B). 
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Figure 36. MICA/B ICC of Caco-2 cells stimulated with SCFAs and HCl for 24h. A) ICC was 

performed in the same set of samples to support the results obtained by flow cytometry. B) 

Caco-2 cells were scored according to the staining intensity. C) Positive cells were classified 

according to MICA/B cellular localization (cytoplasmatic vs. cell-membrane dominant; each bar 

represents the average relative counts of 5 HPF). Representation of three independent 

experiments. 

 

Treatment of Caco-2 cells with 5 mM acetate, propionate, butyrate or HCl for 24h 

showed increased levels of live cells and decreased necrotic cells compared to 

controls. Additionally, butyrate significantly decreases the percentage of apoptotic 

cells compared to control conditions (Fig. 37 and Table 3). 
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Figure 37. (A) Apoptosis and live/dead analysis of Caco-2 cells treated with the different SCFAs 

or HCl for 24h assessed by Annexin V/PI staining and flow cytometry. (B) Bar chart 

representation of three independent Annexin V/PI experiments showing the percentage of 

viable (Annexin V-/PI-), apoptotic (Annexin V+/PI-) and dead (Annexin V+/PI+) cells, 

respectively. Bars show the mean ±SD, (*p<0.05; **p<0.01; *** p<0.001; one-way ANOVA and 

post-hoc Dunnett's test). 

 

Table 3. Cell counts and viability in Caco-2 cells after 4 and 24h of treatment with 5 or 10mM 

SCFAs or HCl. 
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8. NKG2D deficiency in mice is not affecting the immune cell populations 

under homeostatic conditions neither in the lamina propria nor in the 

intraepithelial compartment. 

 
Lamina propria and intraepithelial lymphocytes (LPLs and IELs, respectively) were 

isolated from the stomach, small intestine, caecum and colon of NKG2D mutant 

(klrk1-/) and WT mice as described in the Materials and Methods section. Later, both 

LPLs and IELs were stained for multiparameter flow cytometry using an Ab cocktail 

as shown in Table 4:  

 

Table 4. List of antibodies used for GIT immunophenotyping in mouse. 

5 mice were analysed per genotype. From the results we can extract that the 

absence of the NKG2D receptor (named KLRK1 in mouse) does not influence the 

immune cell populations neither in the lamina propria or intraepithelial compartment 

along the GIT (Table 5). The only case a statistically significant difference between 

WT and KO mice could be found was lamina propria CD4+ T cells from the small 

intestine, which are lower in Klrk1-/- compared to WT mice. 

 

Ab Fluorophore Clone Company

CD45 AF700 30-F12 biolegend

CD3 BUV737 BD

CD4 BV711 biolegend

CD8 BUV395 BD

CD11b (Mac1) PerCP-Cy5.5 M1/70 ebio

CD19 BV650 6D5 biolegend

CD27 PE-Cy7 LG.7F9 ebio

CD122 AF647 TM-beta1 Serotec

gdTCR BV421 GL3 BD

NKG2D (CD 314) biot A10 ebio

NKp46 FITC 29A1.4 ebio

NK1.1 PE-CF594 PK136 BD
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Table 5. Frequencies of the different immune cell populations in the lamina propria and 
intraepithelial compartments along the GIT, of WT and Klrk1 -/- (KO) mice. Mean ± SEM and p 
value are represented. *p<0.05 by unpaired t-test; n=5. 

 

9. Induction of colitis by DSS does not trigger differences in immune cell 

populations. 

 
Since we did not found prominent differences in immune cell populations between 

WT and Klrk1-/- mice under physiological conditions, we next induced acute colitis by 

WT KO WT KO

CD4 2.524 ± 1.010 4.472 ± 2.032 0.4157 9.990 ± 5.209 6.035 ± 2.543 0.5205

CD8 11.41 ± 2.859 14.63 ± 2.415 0.4149 14.80 ± 4.543 30.23 ± 6.195 0.0914

CD11b 49.60 ± 13.64 42.46 ± 13.39 0.7185 13.88 ± 6.275 22.18 ± 13.88 0.6054

CD19 10.12 ± 5.146 4.658 ± 2.274 0.3601 11.10 ± 5.300 12.87 ± 4.838 0.8134

NK1.1 3.714 ± 2.397 5.826 ± 2.082 0.5246 0.8075 ± 0.28665.218 ± 2.348 0.1115

NKp46 42.22 ± 13.48 24.47 ± 9.180 0.3082 8.468 ± 7.493 4.655 ± 2.654 0.6485

CD122 26.17 ± 7.760 24.74 ± 7.020 0.894 28.62 ± 16.69 36.33 ± 11.16 0.7144

γδT 2.120 ± 0.9231 9.056 ± 5.085 0.2164 25.43 ± 12.04 30.99 ± 10.47 0.7393

CD4 4.834 ± 0.8530 2.086 ± 0.7699 0.0438* 9.742 ± 4.783 5.760 ± 0.8960 0.4368

CD8 16.38 ± 5.031 32.88 ± 11.23 0.2167 29.64 ± 6.902 33.79 ± 8.068 0.7064

CD11b 33.90 ± 11.62 29.17 ± 13.41 0.7963 4.512 ± 1.188 25.31 ± 14.98 0.2037

CD19 23.73 ± 9.344 12.72 ± 4.581 0.321 18.57 ± 5.532 20.82 ± 6.654 0.8016

NK1.1 4.139 ± 2.095 2.524 ± 1.095 0.5138 1.760 ± 0.3168 1.347 ± 0.2505 0.3362

NKp46 32.30 ± 10.52 16.36 ± 5.945 0.2236 N.D. N.D. -

CD122 15.81 ± 7.958 20.41 ± 7.120 0.6778 14.67 ± 4.521 38.36 ± 15.12 0.1717

γδT 2.708 ± 0.9294 14.74 ± 6.313 0.0961 18.19 ± 8.305 28.56 ± 12.15 0.5009

CD4 5.960 ± 1.149 5.812 ± 2.154 0.9532 7.918 ± 4.832 4.140 ± 1.288 0.4716

CD8 22.58 ± 2.623 22.75 ± 5.114 0.9771 23.06 ± 5.084 29.50 ± 5.644 0.4212

CD11b 15.06 ± 3.215 16.49 ± 3.344 0.7657 2.342 ± 1.089 4.954 ± 2.154 0.3107

CD19 18.38 ± 5.389 17.14 ± 6.599 0.8877 12.23 ± 3.910 10.60 ± 4.944 0.8018

NK1.1 4.594 ± 0.7551 6.524 ± 1.715 0.3332 4.088 ± 1.393 6.012 ± 2.469 0.5164

NKp46 17.02 ± 3.545 8.904 ± 3.680 0.151 1.265 ± 0.8595 1.762 ± 0.5818 0.6351

CD122 11.25 ± 4.674 10.16 ± 3.807 0.86 6.930 ± 2.583 9.938 ± 3.793 0.5306

γδT 3.318 ± 1.082 7.866 ± 3.704 0.2724 7.774 ± 2.862 13.24 ± 5.278 0.389

CD4 5.928 ± 0.5210 6.052 ± 1.950 0.9525 3.584 ± 0.6690 4.122 ± 0.7239 0.6001

CD8 25.80 ± 3.815 22.42 ± 5.211 0.6145 39.60 ± 6.577 43.12 ± 8.595 0.7533

CD11b 15.21 ± 3.182 16.27 ± 3.593 0.8304 3.126 ± 1.835 4.526 ± 1.736 0.5946

CD19 21.42 ± 3.031 17.27 ± 6.605 0.5838 4.128 ± 2.576 8.990 ± 4.995 0.4122

NK1.1 3.558 ± 0.7562 3.914 ± 0.8662 0.7648 4.784 ± 0.8546 3.928 ± 0.9736 0.5273

NKp46 16.04 ± 4.814 12.12 ± 6.609 0.645 3.346 ± 0.8272 1.682 ± 0.6280 0.1478

CD122 7.773 ± 2.766 11.42 ± 4.352 0.4993 9.096 ± 4.904 15.88 ± 9.255 0.5352

γδT 3.038 ± 0.8679 4.935 ± 1.496 0.3045 9.580 ± 3.175 12.96 ± 4.560 0.5603

Large 

intestine

LPLs IELs

Mean ± SEM Mean ± SEMP value P value

Stomach

Small 

intestine

Caecum
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administration of DSS (2%) in the drinking water. After 5 days of treatment followed 

by 3 days of recovery, we took colon samples for lymphocyte isolation and further 

immune characterization by flow cytometry. In summary, we could just discern 

differences in certain immune cell populations between control mice (non-treated with 

DSS) and mice treated with DSS, but no differences were found between genotypes. 

For instance, CD11b+IFNγ+, CD19+Rae1+, NK1.1+, and NK1.1+IFNγ+ cells 

presented higher relative abundance in control mice compared to DSS-treated (both 

WT and Klrk1-/-) mice. On the contrary, CD19+ cells were more abundant in DSS 

treated mice compared to controls (Table 6). 

 

 

Table 6. Frequencies of different immune cell populations in the colon lamina propria of WT 
control mice, or treated with DSS (WT and Klrk1 -/- (KO)) mice. Represented is the mean of the 
group, the mean differnce, the SE of the difference and the P value. *p<0.05, **p<0.01,***p<0.001 
by One-way Anova and post-hoc Tukey's test; n=4-6. 
 

10. NKG2D absence does not have a strong influence in the acute colitis 

model.  

 

During the time course of the DSS experiment, body weight of mice was monitored 

daily. At the end of the DSS treatment, we could see that the decrease in body weight 

(BW) was noticeable already during the recovery phase (days 6 to 8). However, no 

differences were found between WT and KO (klrk1-/-) mice treated with DSS (Fig. 

Mean 1 Mean 2

Mean 

Diff. SE of diff. P value Mean 1 Mean 2

Mean 

Diff. SE of diff. P value Mean 1 Mean 2

Mean 

Diff. SE of diff. P value

CD3+ 15.04 13.2 1.926 4.899 0.9189 15.04 13 2.044 4.899 0.9091 13.12 13 0.1183 4.381 0.9996

CD4+ 20.63 26.77 -6.142 4.715 0.4185 20.63 29.42 -8.792 4.715 0.1881 26.77 29.42 -2.65 4.217 0.8074

CD4+IFNγ+ 0 0.239 -0.239 0.2341 0.5772 0 0.3542 -0.3542 0.2341 0.3171 0.239 0.3542 -0.1152 0.2094 0.8482

CD4+NKG2D+ 2.193 2.496 -0.303 2.154 0.9892 2.193 4.911 -2.718 2.154 0.4399 2.496 4.911 -2.415 1.926 0.4444

CD8+ 26.35 36.03 -9.681 9.48 0.5771 26.35 28.69 -2.334 9.48 0.9672 36.03 28.69 7.347 8.479 0.6699

CD8+CD107a+ 50.3 29.12 21.18 12.15 0.2267 50.3 44.18 6.117 12.15 0.8709 29.12 44.18 -15.07 10.87 0.3759

CD8+γδT+ 59.35 62.58 -3.233 9.331 0.9363 59.35 59.45 -0.1 9.331 >0.9999 62.58 59.45 3.133 8.346 0.9257

CD8+IFNγ+ 0.1659 0.05455 0.1114 0.2044 0.8508 0.1659 0.3573 -0.1914 0.2044 0.6279 0.05455 0.3573 -0.3028 0.1828 0.2585

CD8+NKG2D+ 1.696 1.321 0.3748 0.8222 0.8927 1.696 1.698 -0.0019 0.8222 >0.9999 1.321 1.698 -0.3767 0.7354 0.8668

CD11b+ 41.73 28.02 13.71 7.575 0.205 41.73 33.08 8.642 7.575 0.5072 28.02 33.08 -5.067 6.775 0.7402

CD11b+F4/80+ 19.24 32.85 -13.61 7.039 0.1686 19.24 17.68 1.554 7.039 0.9735 32.85 17.68 15.17 6.296 0.0756

CD11+IFNγ+ 5.985 1.597 4.388 1.39 0.0193* 5.985 1.482 4.503 1.39 0.0166* 1.597 1.482 0.1155 1.243 0.9953

CD11b+Ly6G+ 2.537 3.955 -1.418 2.479 0.8372 2.537 5.138 -2.601 2.479 0.5606 3.955 5.138 -1.183 2.218 0.8564

CD11b+Rae1+ 21.3 25.3 -4.007 8.03 0.8731 21.3 18.03 3.268 8.03 0.9133 25.3 18.03 7.275 7.182 0.5821

CD19+ 14.79 45.42 -30.62 5.274 0.0002*** 14.79 39.98 -25.19 5.274 0.001*** 45.42 39.98 5.433 4.717 0.5009

CD19+Rae1+ 13.2 3.466 9.735 2.806 0.0108* 13.2 1.561 11.64 2.806 0.0031** 3.466 1.561 1.905 2.509 0.7337

NK1.1+ 40.25 28.5 11.75 3.025 0.005** 40.25 24.27 15.98 3.025 0.0004*** 28.5 24.27 4.233 2.706 0.2949

NK1.1+CD107a+ 69.18 64.37 4.808 10.49 0.8917 69.18 73.33 -4.158 10.49 0.9176 64.37 73.33 -8.967 9.387 0.6166

NK1.1+IFNγ+ 4.76 1.955 2.806 0.624 0.0016** 4.76 2.036 2.724 0.624 0.0021** 1.955 2.036 -0.0817 0.5581 0.9883

NK1.1+NKG2D+ 50.48 46.85 3.625 7.574 0.8825 50.48 42.62 7.858 7.574 0.5674 46.85 42.62 4.233 6.774 0.8093

NK1.1+Rae1+ 17.15 20.22 -3.078 9.399 0.9428 17.15 19.9 -2.757 9.399 0.9539 20.22 19.9 0.3217 8.407 0.9992

Control vs. KO DSS WT DSS vs. KO DSSControl vs. WT DSS
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38A). On the day 8, mice were sacrifice and colon isolated for further measurements. 

Relative colon weight to total BW was lower in WT treated with DSS compared to KO 

treated with DSS or control mice (Fig. 38B). Colon length was also shorter in DSS 

treated mice, although no statistically significant differences were found between WT 

and KO mice (Fig. 38C and Fig. 39). Finally, colon mass, measured as the ratio of mg 

of colon/ colon length showed no differences among the groups tested (Fig. 38D). 

 

 

 

Figure 38. Body weight and colon parameters in control mice vs. treated with DSS (WT and 

KO).  Total body weight evolution along the course of the experiment (A); percentage of colon 

weight relative to total body weight (BW) (B), colon length (C) and colon mass (D) at the end of 

the experiment (day 8). *p<0.05, ***p<0.0001 by One-way Anova and post-hoc Tukey's test.  
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Figure 39. Gut macroscopy and colon length in control and KO mice treated with DSS (WT and 

Klrk1-/-). Note the shortened colon in DSS treated mice, which was not statistically different 

between both genotypes. 

 

11. Regionalization of the LPLs and IELs along the GIT in mice. 

 
Since the presence or absence of the NKG2D receptor does not significantly 

influence the immune cell populations in the different GIT segments in mice (except 

CD4+ LPLs in the small intestine), we next sought to investigate how LPLs and IELs 

are generally distributed along the murine GIT. For this purpose, we pooled all the 
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mice used in the previous assays (WT and KO) and analysed the main immune cell 

populations from stomach to colon in both the lamina propria and the intraepithelial 

compartment. 

Within the lamina propria we could see that, although the percentage of CD4+ T cells 

is higher from upper to lower GIT, there are no statistically significant differences 

among the different organs analysed. However, the proportion of CD8+ T cells is 

statistically significant higher in caecum and colon compared to stomach. On the 

contrary, myelocytes, recognized with the marker CD11b, were found to be highly 

abundant in the upper (stomach and small intestine) compared to the lower (caecum 

and colon) GIT. B cells, known to be CD19+, were more represented in the colon and 

caecum compared to stomach, while CD8+CD122+ T cells showed the opposite 

distribution, being those cells more abundant in the stomach compared to both 

caecum and colon. This double CD8+CD122+ population consists of cytotoxic T cells 

expressing the receptor for the IL15. Neither NK1.1+ cells nor γδ T cells showed any 

differences along the GIT (Fig. 40).  
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Figure 40. Lamina propria immune cell regionalization along the murine GIT. Upper panel: 

Scatter plots representing the mean values of percentages of positive cells ± SD. n=10 (*p<0.05; 

**p<0.01; *** p<0.001; one-way ANOVA and post-hoc Tukey's test). Lower panel:  Schematic 

representation of the immune cells regionalization (relative abundance) along the mouse GIT. 

 

In the intraepithelial compartment, we found that there were no differences in the 

percentage of CD4+ T cells along the GIT, although there is a downstream tendency, 

although not significant from stomach to colon.  Unlike, CD8+ T cells showed an 

increased abundance from upper to lower GIT, resulting significantly more abundant 

in colon compared to caecum. Similarly, NK1.1 positive cells were also found more 
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frequently in the colon, compared to small intestine; while B cells were more 

abundant in the small intestine compared to colon. Neither CD11b+, Nkp46+, 

CD8+CD122+ nor γδ T positive cells showed differences along the GIT of mice (Fig 

41). 

 

 

 

Figure 41. Intraepithelial immune cell regionalization along the murine GIT. Upper panel: 

Scatter plots represent the mean values of percentages of positive cells ± SD. n=10 (*p<0.05; 

**p<0.01; *** p<0.001; one-way ANOVA and post-hoc Tukey's test). Lower panel:  Schematic 

representation of the immune cells regionalization (relative abundance) along the mouse GIT. 
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12. Absence of the NKG2D receptor does not influence the expression of 

TLR2, 4 & 5, NKG2D ligands or IL15 

 
We next aimed to investigate whether NKG2DLs, IL15 and TLRs are expressed 

differently in WT and Klrk1-/- mice along the GIT. After analyzing 15-17 mice per 

group we concluded that the absence of the NKG2D receptor itself is not enough to 

establish a difference in terms of NKG2DL, IL15 or TLR expression along the GIT 

(Table 7).  

  

 

Table 7. Relative gene expression to housekeeping gene (HKG) (hprt) along the mice GIT 

(stomach, small intestine, caecum and large intestine) measured by qRT-PCR. n=15-17. No 

differences were appreciated between WT and Klrk1-/- mice by non-parametric Kolmogorov-

Smirnov test. 
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13. TLR gene expression present positive correlations with the NKG2D 

system along the GIT, which can be genotype-dependent. 

 
Afterwards, we studied the correlation between mRNA expression of TLRs and 

NKG2D system (NKG2D, NKG2DLs, and IL15) along the GIT, and how TLR 

expression may be differently expressed when the NKG2D receptor is absent. 

Therefore, we isolated mRNA from stomach, small intestine, caecum and colon from 

WT and Klrk1-/- mice and analyzed gene expression of the main TLRs present in the 

gut (TLR2, TLR4 and TLR5) as well as the more prominent NKG2D ligand families 

found in the murine gut (Rae1 and Mult1). Likewise, we also analyzed IL15 gene 

expression in those samples and checked for a possible correlation with TLRs. After 

applying a normality test, we found that our samples were not normally distributed. 

Therefore, we computed for every pair of data the Spearman correlation to obtain a 

correlation matrix.  

These results provided clear evidence of a positive correlation between TLRs and the 

NKG2D system (Fig. 42). It is interesting to note that in WT mice, we only found in the 

stomach positive correlations between TLR5 and Rae1 and between TLR5 and IL15. 

In the small intestine TLR2 is positively correlated with Rae1, Mult1 and Klrk1. 

Similarly, TLR4 is positively correlated with Mult1, Klrk1 and IL15, but not with Rae1. 

Moreover, TLR5 was just positively correlated with Rae1. Interestingly, in the caecum 

we found the same correlations as in the small intestine. Finally, in the large intestine, 

both TLR2 and TLR4 present a high correlation with Klrk1 and IL15, and TLR5 was 

positively correlated with Rae1, Klrk1 and IL15.  

In the case of Klrk1-/- mice we found some differences compared to WT mice. In the 

case of the stomach, all the TLRs present positive correlations with NKG2DLs in 

some extent. In particular, TLR2 positively correlates with Mult1; TLR4 with Rae1 and 

Mult1, and TL5 with Rae-1. In the small intestine we found that all the TLRs analyzed 

positively correlate with Mult1 and IL15. Additionally, TLR5 was also found being 

positively correlated with Rae1. Interestingly, caecum presented the same positive 
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correlations as the ones presented in the small intestine (as it was the case for WT 

mice). Finally, in the large intestine we found that all the three TLRs analyzed had a 

positive correlation with Rae1, Mult1 and Il15.  

In general, our results suggest that TLRs expression is closely linked to NKG2D 

expression along the GIT. Interestingly, the correlations here presented are location-

dependent and in most of the cases subject to change depending on the 

presence/absence of the NKG2D receptor. Note that while in the stomach from WT 

mice positive correlations are limited to TLR5, in the absent of NKG2D receptor, 

these positive correlations are extended to TLR2 and TLR4. In small intestine and 

caecum (which share the same correlations for both WT and KO mice), correlation 

between TLR5 and Mult is NKG2D-dependent. Likewise, in colon we found that all 

TLRs analyzed correlate positively with Mult1 just in Klrk1-/-mice. This unequal 

pattern may be due to differences in the microbiota composition, which drive 

differences in the type of TLRs present and their abundance along the GIT. (For 

detailed information about r and p values, see Appendix 6). 

 

 

Figure 42. Heat map matrix representing the correlation between TLRs (TLR2, TLR4 and TLR5) 

and the NKG2D system (Klrk1 receptor, Rae1 and Mult1 ligands and IL15) in WT and Klrk1 KO 

mice. 
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14. NKG2D receptor deficiency influences gut microbiota composition. 

 
Since we found different correlations of expression levels between determinants of 

the NKG2D system and TLRs in WT vs. Klrk1-/-, we speculated that the microbiota 

might differ in the mouse genotypes due to the presence/absence of NKG2D 

receptor. Therefore, we subjected GI biopsies from stomach, small intestine, caecum, 

and colon, as well as feaces originating from WT (n=11) and Klrk1-/- (n=8) mice to 

comparative 16S rRNA gene profiling. The number of reads generated per sample in 

each section of the GIT and feaces, and the OTUs per sample can be found in Table 

8.  

 

Table 8. Reads per sample and OTUs along the GIT in WT and Klrk1-/- (KO) mice. 

 

Microbial richness, a measure of how many taxa are detectable in the respective 

sample, showed no difference between entities along the GIT (Fig. 43). 
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Figure 43. Comparative microbiota analyses of WT and Klrk1-/- mice. Microbial richness (i.e. 
number of identifiable taxa) showed no statistically significant difference between entities in 
any of the organs along the GIT analyzed. 

 

Although we could see some differences in the relative abundance of some members 

of the gut microbiota, those differences were not statistically significant between WT 

and Klrk1-/- mice (Fig. 44).  

 

Stomach Small intestine 

Caecum Large intestine Faeces 

WT 

KO 
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Figure 44. Diagram representing the main differences found between WT and Klrk1-/- mice 

along the GIT and feces in terms of bacteria genera relative abundance. The selected groups 

belonged to different phylogenetic levels (genus, family, class or order), according to the 

lowest possible level of identification. 

 

However, since the percentage of certain bacteria was pretty dissimilar, we 

suspected that there could be some associations with the genotype and that our 

previous analysis was too stringent to discern between the two groups. Therefore, we 

used the biomarker discover program LEfSe, to determine differentially abundant 

OTUs between WT and Klrk1-/- mice. Several interesting candidate taxa belonging to 

the three main phyla presented in the gut (Bacteroidetes, Firmicutes and 
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Proteobacteria), and also from the phylum Tenericutes were identified to be NKG2D 

receptor-dependent along the GIT. This means that some species were exclusively 

found in one group, or presented a statistically significant difference between both 

genotypes analyzed. In general, members of Firmicutes and Bacteroidetes were 

found to be associated with WT mice, while members of the Proteobacteria and 

Tenericutes were related to KO mice. No differences were found in the stomach 

between both genotypes  (Fig. 45 and Table 9). Identified taxa associated with the 

NKG2D genotype were very low-abundant (the so-called 'rare biosphere') (394), thus 

biological significance is questionable. However, in previous studies it has been 

shown that individual bacterial species associated with genotype that presented a 

relative low abundance had a biological significance (395). Whether the bacterial 

members associated with the NKG2D genotype identified in our study have a 

biological role deserve further investigation. 
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Figure 45. Cladograms representing LEfSe output  showing taxonomic representation of 

statistically differences in microbiota composition between WT and Klrk1-/- mice. LEfSe 

cladograms and LDA histograms represent the linear discriminant analysis (LDA) score, 

respectively in (A) small intestine, (B) caecum, (C) large intestine and (D) feces for differentially 

abundant taxa. Each circle's diameter is proportional to the taxon's abundance in the graph. In 

every case the LDA score >2. (o_: order; f_:family; g_: genus). 

 

A B 

C D 



 108 

 

 

Table 9. Table 5. Statistically significant biomarkers across all taxonomic levels (f_:family; g_: 

genus) with a LDA score >2 and p-value <0.05. 
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V. Discussion 

In the recent years, the gut microbiota has gained prominence because of its 

influence on host health (1). One important effect of the microbiota is its promotion of 

immune system maturation (2, 33-35), which begins already in utero (233). 

Disturbances in the gut microbiota may lead into GI disorders (396), such as CeD, 

IBD or LyG.  

 

The pathogenesis of corpus-dominant LyG is so far unknown, but its responsiveness 

to antibiotic treatment suggests a bacterial trigger for disease development (83, 84, 

397). In this study we subjected human stomach biopsies to comparative microbial 

community profiling and found that H. pylori infection is not the cause of LyG, which is 

instead characterized by overabundance of P. acnes. Moreover, we identified the 

NKG2D/NKG2DL system and the pro-inflammatory cytokine IL15 significantly 

induced in LyG, identifying the likely molecular determinants responsible for IEL 

recruitment, the typical phenotype represented by the disease. When human stomach 

ECs were challenged with P. acnes or the microbial metabolites SCFAs, NKG2DLs 

were induced, recapitulating the findings in human disease specimens. Interestingly, 

H. pylori omitted induction or even induced the repression of NKG2DLs. These 

findings have been published in an original article (281). 

 

In our in vitro approach using Caco-2 colon ECs, we found that in contrast to gastric 

ECs, only butyrate and not propionate stimulate the induction of MICA/B ligands, both 

at the mRNA and protein level. This result may be linked to the fact that butyrate is 

the main energy source of colonocytes (221, 398). Additionally, differences in the 

gastric and colon microbiota may play a role in the way that SCFAs are used by GI 

ECs. Additionally, HCl also induced NKG2DLs on colon ECs, while it did not have any 

effect on gastric ECs. The expression of NKG2DLs in this case may be stress-

related, since HCl is normally found in the stomach, but not in colon. 
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Immune recognition mediated by the activating receptor NKG2D plays an important 

role for the elimination of stressed cells. NKG2DLs are expressed at low levels on 

epithelia under healthy conditions, however their expression is greatly enhanced due 

to factors causing cell stress like viral infection, heat-shock or neoplastic 

transformation (257, 276). In CeD, duodenal epithelia challenged with gliadin (i.e. the 

stressor) overexpress the NKG2DL MICA. In the presence of IL15, cytotoxic CD8+ 

lymphocytes expressing the activating receptor NKG2D are then recruited to the 

duodenal epithelium leading to destruction of stressed cells via a cytotoxic T-cell 

response, which subsequently leads to villus atrophy, the hallmark lesion observed in 

CeD (85, 324).  Recently, it has been shown that NKG2DL expression is modulated 

by the GI microbiota, either by direct microbe-cell interaction (e.g. via adherent E. 

coli) or by microbial products like SCFAs (323, 362). Moreover, manipulation of the 

microbiota with antibiotics either lead to increased or decreased NKG2DL expression 

in mice, dependent on the microbial spectra covered by the substance (361).  

 

In this study, we have shown that he NKG2D system is not just induced because of 

cell stress, but also is constitutively expressed along the GIT. However, expression 

levels are variable, as shown in the light of different GI disorders. For example, 

although LyG and LyC share several features, including infiltration of lymphocytes 

within the epithelium (328), the NKG2D system is only up-regulated in LyG, but not in 

LyC. These differences may be due to the different microbiota found in the stomach 

and the colon. However, a microbiota analysis in LyC samples should be performed 

to extract some conclusions in this regard. Similarly, we found differences within the 

two IBD entities: CD and UC. In UC we got a similar pattern expression to that found 

in LyC, with no changes in NKG2D expression and MICB, and a downregulation of 

MICA and IL15 compared to healthy controls. However, in CD samples obtained from 

ileum all the NKG2D system players, including NKG2D receptor, MICA and MICB 

ligands and IL15 were upregulated compared to healthy controls. This outcome could 

be explained taking into account that CD and UC represent two heterogeneous 

pathologies, although they share some clinical and pathological features. For 

example, on the genetic level, they share 110 out of 163 loci, many of which cluster in 
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pathways relevant to innate and adaptive immune system (399). This fact is reflected 

in the similarities observed by the specialists between both diseases and also in the 

difficulties to make a definitive diagnosis (36). However, studies carried out in 

identical twins have confirmed that the environment has a stronger influence 

compared to genetic factors, since concordance rate is just around 50% for CD and 

10% for UC patients (400). Among the environmental factors, smoking has been 

related to a better prognosis for UC cases, but not for CD. Additionally, diet, drugs 

(including antibiotics and nonsteroidal anti-inflammatory drugs), stress and infection 

have an implication in the pathogenesis of IBD. Although the exact mechanisms 

involved in the initiation of the disease are unknowns, all of these factors contribute in 

altering the mucosal barrier integrity, the immune responses and the gut microbiota 

which in the end trigger an inflammatory response (401). In regard of the immune 

response triggered, both entities share enhanced immune cell recruitment into the gut 

characterized by the release of pro-inflammatory cytokines. However, while CD 

presents a TH1 and TH17-mediated process, UC trigger a TH2 response. Therefore, 

therapy for both diseases may be also different (401). These differences in the T cell 

response triggered in both pathologies might have some relation with the variance we 

appreciate in regard of NKG2D system activation, since it is known that in humans 

just certain subsets of CD4+ T cells are able to express the NKG2D receptor (402). 

Additionally, differences in the gut microbiota found in ileum and colon may also 

contribute to the distinct NKG2D system outcomes. In fact, within CD, ileal and 

colonic forms of the disease present distinct microbiome patterns, being those 

presenting ileal CD richer in Escherichia, whereas colonic CD patients presented 

higher levels of Faecalibacterium, Clostridiales and Ruminococcaceae (403). In our 

study, differences in NKG2D system activation in CD and UC may be location-

dependent, considering that our CD samples correspond to ileum and UC samples to 

colon. It has also been reported in pediatric patients that activation of the NKG2D 

system differs in patients with active or quiescent IBD (331). Therefore, status of the 

disease may also be considered when analyzing NKG2D system activation. In the 

same study, the authors found a similar activation pattern in both CD and UC, which 

may be due the relative absence of many environmental variables in pediatric 
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patients. Thus, some environmental factors could have an implication in the different 

NKG2D system activation seen in our study. 

 

Historically, the stomach has been viewed as a quasi-sterile environment due to its 

acidity and that only bacteria with specific abilities (e.g. H. pylori with its urease 

production) are able to colonize this habitat. However, it has now become clear that 

the stomach microbiota is quite diverse and that it contributes also to the 

development of various gastric pathologies (404-407). Of note P. acnes, a classical 

skin bacterium, has been recently identified as a part of the stomach microbiota (406, 

408-410). By use of culture-dependent and -independent techniques, P. acnes was 

found to be a member of the stomach microbiota in healthy individuals, representing 

more than 20% of microbes in certain cases (410). Interestingly, P. acnes was found 

only in mucosal specimens and not in the gastric fluid, indicating the preferred niche 

of this bacterium (411). Whether specific pathotypes of P. acnes contribute to LyG 

development or if just the increase of P. acnes over a certain level is sufficient to 

induce NKG2DL overexpression is so far not known and should be a focus for future 

investigations. Nevertheless, P. acnes is able to resist acid-stress and it displays a 

variety of virulence mechanisms, which could contribute to inflammation, epithelial 

cell stress and ultimately to NKG2D/NKG2DL activation (178, 187, 412-416).  

 

Interestingly, in HpG, a condition certainly favoring cell-stress of gastric epithelia due 

to its prominent inflammation, neither NKG2D nor MICA or IL15 were found induced. 

In contrast, we noted only a slight induction of MICB in human stomach biopsies. 

Nevertheless, H. pylori failed to induce or even repressed the mRNA and extracellular 

MICA/B protein expression in challenge experiments using gastric EC lines. 

Importantly, the NKG2D/NKG2DL system together with IL15 are important for tumor-

surveillance, necessary for elimination of neoplastic cells (321). The system has 

been, therefore, investigated as a potent target for cancer immunotherapy in various 

studies (417-421). From our data it could be speculated that H. pylori omits 

NKG2D/NKG2DL system activation and this might eventually favor stomach cancer 

development as a long-term sequel of H. pylori infection due to an impaired innate 
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antitumor immunity. The down-regulation of il15 by H. pylori in HpG has also been 

reported recently (422). Thus, investigating the NKG2D/NKG2DL system in the 

context of HpG and gastric adenocarcinoma development should be an important 

research aim in future. 

 

Additionally, we have shown for first time the effect that the depletion of the NKG2D 

receptor elicits on the host immune system and the gut microbiota. Absence of the 

NKG2D receptor in mice does not cause significant differences in the immune cell 

populations tested along the GIT, both in the lamina propria or intraepithelial 

compartment under physiological or inflammatory conditions. This fact reveals a 

normal development of immune cells despite the absence of the NKG2D receptor.  

Only in the case of CD4+ T cells found in the small intestine, the frequencies were 

higher in WT compared to Klrk1-/- mice under physiological conditions. This effect 

has been previously reported in viral infections, where small intestine resulted more 

sensitive to the infection in different simian immunodeficiency virus models and 

humans (423, 424). Whether NKG2D depletion is related to viral infection 

susceptibility is a subject that deserves further investigation.  

 

The GIT represents the largest compartment of the human immune system. In the 

last years the influence of diet and gut bacteria on host physiology and pathology has 

been intensively studied (28). Additionally, there are enormous topographical 

differences in the representation of adaptive and innate immune cells along the GIT. 

We investigated the distribution of different immune cell populations in the lamina 

propria and the intraepithelial compartment along the GIT of mice. These basic 

investigations are important to understand the different representations as well as 

functionality of the NKG2D system in human and mice. For example, while in humans 

CD8+ T cells are more abundant in the upper (stomach) compared to the lower GIT 

(390), we have seen in mice that CD8+ T cells are found in higher frequencies in the 

lower GIT compared to the upper GIT, both in the lamina propria and intraepithelial 

compartments. CD11b represents a cellular antigen that is typically found in 

leukocytes, including macrophages, monocytes, granulocytes, NK cells and certain 
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subsets of DCs. It mediates inflammation by regulating leukocyte adhesion and 

migration. Thus, it has been implicated in several immune processes such as 

phagocytosis, cell-mediated cytotoxicity, chemotaxis and cellular activation (425). In 

our study we found that CD11b+ cells are more abundant in the upper GIT compared 

to the lower GIT, which is in accordance with other reports (reviewed by Mowat, A.M. 

et al (28)). Nevertheless, macrophages are found in higher frequencies in the colon 

compared to the small intestine (426). Conversely, B cells from the lamina propria 

were increased in the caecum and colon compared to the stomach. However B cells 

found in the intraepithelial compartment were more frequent in the small intestine. 

This fact may be directly related to the production of IgA, which is at the same time 

depending on the resident microbiota (427).  

 

It has been shown that TLR agonists are able to induce the expression of NKG2DLs 

in epithelial and immune cells (363, 428). For example, Hamerman, J et al., 

demonstrated that NK cells and infected macrophages communicate through a Rae1-

NKG2D interaction (363). In another study, it was shown that the over-expression of 

ULBP1 and ULBP2 on mDCs aided NK cell proliferation through an mDC-NK cell 

interaction in the presence of IL2, reflecting the importance of NKG2DLs in mediating 

NK cell activation by mDCs (429). TLR-NKG2D interaction has been also reported on 

IECs. TLR3 agonists were shown to induce the expression of Rae1 on IECs and 

therefore to interact with CD8αα IELs aided by IL15 derived from TLR3-activated 

IECs (304). This fact suggests TLR signaling may contribute to the abnormal 

expression of NKG2DLs, inducing tissue injury through the activation of the NKG2D 

system. Although a priori we were not able to identify differences in the expression of 

NKG2D ligands, IL15 or TLRs (2, 4 and 5) between WT and Klrk1-/- mice; we found 

several and interesting positive correlations between players of the NKG2D system 

and TLRs along the GIT that, interestingly were different in WT and Klrk1-/- mice and 

location-dependent. To note, TLR5, which recognize flagellin, presented positive 

correlations exclusively with Rae1, but not with Mult1 along the GIT in WT mice; 

whereas in KO it correlated not only with Rae1, but also with Mult1. This finding 

suggests that Mult1 is susceptible to microbiota changes due the absence of NKG2D 
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receptor.  This is in controversy with a previous study, where it was reported that 

Rae1 but not Mult1 could be regulated by the gut microbiota (361). Interestingly, it 

has been recently reported that in mice TLR5 avoided commensal bacteria (mainly 

belonging to the phylum Firmicutes) to penetrate the mucosal barrier by production of 

anti-flagellin IgA antibodies, which immobilize bacteria and downregulate production 

of flagella, preventing the potential harmful motility (430). In our study we found 

members of the Firmicutes associated with WT genotype, while members of the 

Proteobacteria were related to KO genotype. Whether TLR5 correlation with Rae1 or 

Mult1 in WT and KO, respectively is directly associated with the predominance of 

Firmicutes or Proteobacteria should be addressed in future. To date, just few studies 

have assessed differences in the pattern of PRRs along the GIT. However, it is 

known that TLR2 expression is higher in proximal compared to distal colon (431), 

while TLR4 is expressed at higher levels in colon compared to small intestine (431, 

432). Although little is known about the meaning of these differences, they might also 

be related to gut microbiota composition.   

 

Therefore, we next assessed the microbiota composition along the GIT in WT and 

Klrk1-/- mice and found several very low-abundant taxa associated with the NKG2D 

genotype. Of note, these taxa were also location-dependent. Members of the 

Firmicutes and Bacteroidetes were in general associated with the WT genotype, 

which resembles the results obtained in the human microbiota analysis for healthy 

stomach corpus biopsies (281). On the contrary, increased relative abundance of 

taxa belonging to Proteobacteria and Tenericutes were linked with NKG2D receptor 

ablation. The expansion of phyla Proteobacteria and Tenericutes has been 

associated with different pathologies, such as colorectal adenomas (433). In the   

IL10 -/- mouse, used to model human IBD, it was found that after four weeks of 

colonization of formerly GF mice with an SPF intestinal microbiota, IL10-/- mice 

present a moderate inflammation that was accompanied by a decrease in diversity 

and richness of intestinal microbiota. Interestingly, the phyla Proteobacteria and 

Tenericutes were increased when comparing to one-week colonization; while 

Bacteroidetes and Firmicutes were depleted over time (434), which resembles 
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changes observed in human IBD patients. These findings suggest that inflammation 

induce the loss of diversity in favor of Proteobacteria and Tenericutes. Moreover, it 

has been also reported that in fecal samples from colonic, but not ileal CD patients, 

Tenericutes have been found to be significantly elevated (435). 

 

In our study, mice used for microbiota analysis were adults between 8 and 24 weeks. 

One explanation for the slight differences found between genotypes may be due the 

cohousing between WT and KO for such a long period, in which coprophagy may 

have homogenize the gut microbiota and weaken the effects due to genotype 

differences (436). However, this fact gives us at the same time a strong argument 

that the findings are actually associated to differences in NKG2D expression. In a 

similar approach using younger mice (< 8weeks), we could probably target a critical 

developmental window (437), and therefore it would be possible to discern special 

features in the microbiota related to NKG2D genotype. The so-called 'rare biosphere', 

used for low-abundance microbial populations (generally <0.1% of total community 

relative abundance(438)), has been found to play important ecological roles, serving 

as reservoirs of genetic and functional diversity (439). However, little is known about 

the role these species have in the different environments. Understanding the role that 

low-abundant taxa found to be associated with the NKG2D genotype play in the gut 

and how they can contribute to health or the development of GI disorders is a topic 

that should be addressed in future. 

 

 

VI. Conclusions 

 
Our study identifies the NKG2D/NKG2DL system and the pro-inflammatory cytokine 

IL15 as likely molecular players in corpus-dominant LyG. Thus similarities between 

LyG and the paradigm disease of intraepithelial lymphocytosis, CeD, exist also on the 

molecular level. The identified P. acnes increase in LyG possibly contributes to 

pathogenesis evidenced also by the in-vitro cell challenge experiments. Identifying 
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the causes leading to P. acnes overgrowth or which additional factors contribute to 

NKG2D/NKG2DL and IL15 activation should initiate prospective studies investigating 

LyG.  

 

Additionally, we have seen that in HpG the NKG2D system is not induced, although 

the gastric epithelium is for sure under cell stress. Moreover, in vitro assays 

demonstrate that H. pylori is not able to induce NKG2DLs or the pro-inflammatory 

cytokine IL15, which would facilitate the colonization and progression of cellular 

damage and further ulcers or even gastric cancer. Therefore, studying the 

mechanism behind this immune evasion would be worth it to understand the role that 

H. pylori plays in gastric cancer and also to find a possible non-antibiotic treatment to 

prevent the harmful effects of H. pylori infection. 

 

In other GI paradigmatic diseases we found a similar picture, with differences 

between the two entities including in IBD. While in ileal CD samples we detect an 

upregulation of the NKG2D system, colon UC samples showed no activation. This 

outcome could be location-dependent, and related to microbiota composition. By in 

vitro culture using colon EC lines, we also saw differences in the effect that SCFAs 

have in those cells comparing to gastric EC lines. This could mean that ECs may be 

more sensitive to specific SCFAs 

 

We finally showed in a mouse model lacking the NKG2D receptor, that the NKG2D 

system influences the shaping of the gut microbiota, as demonstrated by NKG2D 

system/TLRs correlation and microbiota analysis.  We saw that mice absent of the 

NKG2D receptor provoked slight differences in the microbiota, which resemble that 

found in dysbiotic diseases, such as IBD.   

 

To sum up, we can conclude that the NKG2D system modulates host- microbial 

interactions under healthy and GI pathological conditions. NKG2D system was found 

to be up- or downmodulated depending on the inflammatory GI disease analyzed, 

probably due to the location within the GI tract and the microbiota composition found 
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along the GIT. Moreover, dysbiosis found in the several GI pathologies analyzed may 

be responsible for a different outcome in the NKG2D system expression. Therefore, 

targeting the NKG2D system could be useful in the treatment of dysbiotic GI 

diseases.
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VIII. Appendix  

 

Appendix 1. Human samples used in this study 

      Use         Use   

Organ Entity Sample ID 
Gene 

expression 
Microbiota 
analysis 

Histology 
P. acnes 

qPCR 
Comment Organ Entity Sample ID 

Gene 
expression 

Microbiota 
analysis 

Histology 
P. acnes 

qPCR 
Comment 

Stomach 

HC 

22318/13 x         

Duodenum 

CeD 

H7988/13 x         

22687/13 x     x   H7987/13 x         

H84234/12 x       surgical specimen also containing muscle & fat 52910/12 x       Marsh IIIa, >50 IELs/100 enterocytes 

H15721/11 x   x   same patient 15721&23/11 80732/12 x       Marsh IIIa, >30 IELs/100 enterocytes 

H16543/11 x       Duodenum&Antrum available, H/E not seen 78374/12 x       Marsh IIIa, >40 IELs/100 enterocytes 

H16011/11 x   x   Antrum available, H/E not seen 78375/12 x       Marsh IIIa, >40 IELs/100 enterocytes 

H15723/11 x       same patient 15721&23/11 22760/12 x       Marsh IIIb, 80-100 IELs/100 enterocytes 

15676/11   x x   gg. Antrumgastritis 77511/12 x       Marsh IIIb, 100 IELs/100 enterocytes 

15674/11   x x x gg. Antrumgastritis 15436/12 x       Marsh IIIc, >55 IELs/100 enterocytes 

15770/11   x x     1558/12 x       Marsh IIIa 

15993/11   x x     1559/12 x       Marsh IIIa 

16269/11   x x     15808/12 x       Marsh IIIa, >50 IELs/100 enterocytes 

15689/11   x x     2608/13 x       Marsh IIIb, >80 IELs/100 enterocytes 

24493/13 x         6555/13 x       Marsh IIIa, >50 IELs/100 enterocytes 

25120/13 x     x   16892/13 x       Marsh I, 45 IELs/100 enterocytes (=potential celiac) 

25144/13 x         69120/12 x       Marsh IIIa, >40 IELs/100 enterocytes 

17337/13 x   x     

HpG 

26021/13 x         

80342/11     x     28622/13 x       H. pylori associated active duodenitis 

86250/11     x     27359/13 x         

17340/13       x   91356/12 x       H. pylori ++ Stomach 

39969/14       x   

Ileum 

HC 

86881/14 x         

4296/14       x   21299/15 x         

86174/13       x   22179/15 x         

105825/11       x   23769/15 x         

LyG 

62074/09   x x x activity?! 23813/15 x         

73013/09   x x x activity?! 24262/15 x         

79466/09   x x x Ko 2 Mo nach Eradikation, und 5 mo, Aktivität 27474/15 x         

31947/10   x x   9 a davor OB 27452/15 x         

47954/06   x x     

CD 

63525/13 x         

22037/07   x x     60050/11 x         

58616/07   x x   Kind, IEL Duodenum grenzwertig (potentielle Sprue?) 79679/12 x         

107112/07   x x x Kind, 2 versch. Corpusproben 14093/12 x         

108824/07   x x   activity?! 72711/13 x         

110530/07   x x     44327/12 x         

130255/09   x x x 2003 norm Duodenum, Magen, W/S 30269/13 x         

70755/10   x x x   63075/13 x         

48572/10   x x   4a davor HP-itis 87125/14 x         

26421/08     x     87092/14 x         

5224/12 x         26731/15 x         

5227/12 x         

Colon 

HC 

16706/14 x         

50073/12 x         19828/14 x         

50074/12 x       activity; additional HP? (status unknown) 81571/02 x         

14350/12 x         91340/12 x         

44686/12 x       discrete IELs, HP status?, duodenal status unknown 84485/14 x         

58274/12 x       discrete activity! No visible HP 84149/14 x         

81744/12 x       discrete complete intestinal metaplasia I, duodenal status unknown 84147/14 x         

76610/12 x       lots of IELs, activity! No visible HP 83764/14 x         

26026/13 x       complete intestinal metaplasia I, duodenal status unknown 83398/14 x         

42036/09       x   83397/14 x         

HpG 

H15835/11 x       Antrum available, H/E not seen 83239/14 x         

H91358/12 x   x   Duodenum, Antrum available 82918/14 x         

H6461/13 x       Antrum available 82917/14 x         

H6463/13 x       Antrum available 17634/14 x         

H16013/11 x       Antrum available, H/E not seen 40184/14 x         

H15764/11 x       Antrum available, H/E not seen 

UC 

40185/14 x         

H15858/11 x       Antrum available, H/E not seen 26177/15 x         

15687/11       x   95570/11 x         

15737/11   x       107095/10 x         

15984/11   x       5677/14 x         

15999/11   x       74747/14 x         

16065/11   x       72220/13 x         

20688/13 x   x   Duodenum-status unknown 7164/13 x         

26357/13 x       HP+  

 LyC 

45902/14 x         

27499/13 x   x x   87116/14 x         

27799/13 x   x     83866/14 x         

27361/13 x         51816/14 x         

26023/13     x x   114633/09 x         

85917/11     x     45166/14 x         

73775/11     x     54811/14 x         

15762/11       x   57950/14 x         

105428/11       x   17311/14 x         

82931/13       x   32228/14 x         

85548/13       x   25122/14 x         

86892/14       x   

Duodenum HC 

22278/13 x         

22316/13 x         

22453/13 x         

22645/13 x         

22685/13 x         

23056/13 x         

91367/12 x       minimal -itis in stomach, no H. pylori 

27494/13 x         

25664/13 x         

25118/13 x         

25142/13 x         

17338/13 x         

17335/13 x         

42034/09 x         

105802/09 x         

5222/12 x         

5223/12 x         

50071/12 x         

14348/12 x         

80274/12 x         

CeD: Celiac disease; CD: Crohn’s disease; HC: healthy controls; HP: H. pylori;  HpG: H. pylori- gastritis; 

LyC: Lymphocytic colitis; LyG: Lymphocytic gastritis; UC: Ulcerative colitis.  
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Appendix 2. Mice used in this study 

 

Animal no. Age at Death Sex NKG2D Feces Stomach SB Caecum LB Stomach SB Caecum LB Stomach SB Caecum LB Immunophenotyping DSS experiment

31.1 24 M KO x x x x x x x x x

488 17 F KO x x x x x x x x x

459 17 M WT x x x x x x x x x

492 19 M WT x x x x x x x x x

494 19 M WT x x x x x x x x x

433 21 M WT x x x x x x x x x

434 21 M KO x x x x x x x x x

435 21 M WT x x x x x x x x x

436 21 M WT x x x x x x x x x

437 21 M KO x x x x x x x x x

438 21 M WT x x x x x x x x x

431 10 M KO x x x x x x x x x

429 10 M WT x x x x x x x x x

40.3 16 F KO x x x x x x x x x

40.4 10 F WT x x x x x x x x x

407 13 M KO x x x x x x x x x

403 13 M WT x x x x x x x x x

399 11 F KO x x x x x x x x x

395 11 F WT x x x x x x x x x

365 15 M WT x x x x x x x x x x x x

363 15 M WT x x x x x x x x x x x x

362 15 M KO x x x x x x x x x x x x x

353 15 F KO x x x x x x x x x x x x x

351 14 F WT x x x x x x x x x x x x x

350 14 F WT x x x x x x x x x x

347 14 M KO x x x x x x x x x x x x x

346 14 M WT x x x x x x x x x x x x x

343 14 F WT x x x x x x x x x x x x x

340 14 F KO x x x x x x x x x x x x x

338 12 F WT x x x x x x x x x x x x x

337 12 F KO x x x x x x x x x x x x x

336 12 F KO x x x x x x x x x x x x x

45.1 11 F WT x x x x x x x x x x x x x

45.2 11 F KO x x x x x x x x x x x x x

45.4 8 F KO x x x x x x x x x x x x

45.5 8 F WT x x x x x x x x x x x x x

45.6 8 F KO x x x x x x x x x x x x x

41.2 20 M KO x x

428 21 M WT x x

245 14 F KO x x x x x x

239 11 F KO x

238 11 F KO x x x x x x

196 7 F WT x

195 7 F WT x x x x x x

256 15 F WT x

303 20 F WT x

273 16 F WT x

284 17 F KO x

282 17 F WT x

254 14 F KO x x

260 15 F WT x x

305 20 F WT x

304 20 F WT x x x x x x

52.3 16 F WT x

52.5 15 F KO x

292 19 M WT x x x x x x x x x

291 19 M WT x x x x x x x x x

290 19 M KO x x x x x x x x x

289 19 M KO x x x x x x x x x

271 17 M WT x x x x x x x x x

270 17 M WT x x x x x x x x x

269 17 M WT x x x x x x x x x

268 17 M WT x x x x x x x x x

276 15 F KO x

275 14 F WT x

274 16 F WT x

225 12 F WT

209 9 F WT

208 16 F KO x x x x x x

199 7 F WT

54.4 13 F WT

55.1 13 F WT

59.3 12 F KO

59.4 12 F KO

59.5 12 F WT

69.3 11 F KO x x x x x x

235 21 F WT x x x x x x

160 13 F KO x x x x x x

161 13 F WT x x x x x x

163 13 F WT x x x x x x

233 21 F WT x x x x x x

61.3 18 F KO x x x x x x

61.5 16 F WT x x x x x x

63.2 13 F WT x x x x x x

67.3 13 F WT x x x x x x

256 23 F WT x x x x x x

284 25 F KO x x x x x x

303 27 F WT x x x x x x

273 24 F WT x x x x x x

282 25 F WT x x x x x x

149 19 M WT x x x x x x

150 19 M WT x x x x x x

151 19 M WT x x x x x x

152 19 M WT x x x x x x

153 19 M WT x x x x x x

134 11 M KO x x x x x x

136 11 M KO x x x x x x

144 13 M WT x x x x x x

145 13 M WT x x x x x x

146 13 M WT x x x x x x

147 13 M WT x x x x x x

148 13 M WT x x x x x x

240 21 M WT x x x x x x

241 21 M WT x x x x x x

243 21 M WT x x x x x x

244 21 M WT x x x x x x

Histology RNA Microbiota
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Animal no. Age at Death Sex NKG2D Feces Stomach SB Caecum LB Stomach SB Caecum LB Stomach SB Caecum LB Immunophenotyping DSS experiment

31.1 24 M KO x x x x x x x x x

488 17 F KO x x x x x x x x x

459 17 M WT x x x x x x x x x

492 19 M WT x x x x x x x x x

494 19 M WT x x x x x x x x x

433 21 M WT x x x x x x x x x

434 21 M KO x x x x x x x x x

435 21 M WT x x x x x x x x x

436 21 M WT x x x x x x x x x

437 21 M KO x x x x x x x x x

438 21 M WT x x x x x x x x x

431 10 M KO x x x x x x x x x

429 10 M WT x x x x x x x x x

40.3 16 F KO x x x x x x x x x

40.4 10 F WT x x x x x x x x x

407 13 M KO x x x x x x x x x

403 13 M WT x x x x x x x x x

399 11 F KO x x x x x x x x x

395 11 F WT x x x x x x x x x

365 15 M WT x x x x x x x x x x x x

363 15 M WT x x x x x x x x x x x x

362 15 M KO x x x x x x x x x x x x x

353 15 F KO x x x x x x x x x x x x x

351 14 F WT x x x x x x x x x x x x x

350 14 F WT x x x x x x x x x x

347 14 M KO x x x x x x x x x x x x x

346 14 M WT x x x x x x x x x x x x x

343 14 F WT x x x x x x x x x x x x x

340 14 F KO x x x x x x x x x x x x x

338 12 F WT x x x x x x x x x x x x x

337 12 F KO x x x x x x x x x x x x x

336 12 F KO x x x x x x x x x x x x x

45.1 11 F WT x x x x x x x x x x x x x

45.2 11 F KO x x x x x x x x x x x x x

45.4 8 F KO x x x x x x x x x x x x

45.5 8 F WT x x x x x x x x x x x x x

45.6 8 F KO x x x x x x x x x x x x x

41.2 20 M KO x x

428 21 M WT x x

245 14 F KO x x x x x x

239 11 F KO x

238 11 F KO x x x x x x

196 7 F WT x

195 7 F WT x x x x x x

256 15 F WT x

303 20 F WT x

273 16 F WT x

284 17 F KO x

282 17 F WT x

254 14 F KO x x

260 15 F WT x x

305 20 F WT x

304 20 F WT x x x x x x

52.3 16 F WT x

52.5 15 F KO x

292 19 M WT x x x x x x x x x

291 19 M WT x x x x x x x x x

290 19 M KO x x x x x x x x x

289 19 M KO x x x x x x x x x

271 17 M WT x x x x x x x x x

270 17 M WT x x x x x x x x x

269 17 M WT x x x x x x x x x

268 17 M WT x x x x x x x x x

276 15 F KO x

275 14 F WT x

274 16 F WT x

225 12 F WT

209 9 F WT

208 16 F KO x x x x x x

199 7 F WT

54.4 13 F WT

55.1 13 F WT

59.3 12 F KO

59.4 12 F KO

59.5 12 F WT

69.3 11 F KO x x x x x x

235 21 F WT x x x x x x

160 13 F KO x x x x x x

161 13 F WT x x x x x x

163 13 F WT x x x x x x

233 21 F WT x x x x x x

61.3 18 F KO x x x x x x

61.5 16 F WT x x x x x x

63.2 13 F WT x x x x x x

67.3 13 F WT x x x x x x

256 23 F WT x x x x x x

284 25 F KO x x x x x x

303 27 F WT x x x x x x

273 24 F WT x x x x x x

282 25 F WT x x x x x x

149 19 M WT x x x x x x

150 19 M WT x x x x x x

151 19 M WT x x x x x x

152 19 M WT x x x x x x

153 19 M WT x x x x x x

134 11 M KO x x x x x x

136 11 M KO x x x x x x

144 13 M WT x x x x x x

145 13 M WT x x x x x x

146 13 M WT x x x x x x

147 13 M WT x x x x x x

148 13 M WT x x x x x x

240 21 M WT x x x x x x

241 21 M WT x x x x x x

243 21 M WT x x x x x x

244 21 M WT x x x x x x
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Appendix 3 Primers used in this study 

A. Human primers 

 

 

 

 

 

 

 

 

 

 Gene 
symbol 

GenBank  

accesion no. 

Gene name Primers Sequence (5' to 3') 

ACTB NM_001101  Beta actin F CGTGCTGCTGACCGAGG 

   
R ACAGCCTGGATAGCAACGTAC 

KLRK1* NM_007360.3 
Killer cell lectin-like receptor 
subfamily K, member 1 F TCTAGATCAGGAACTGAGGACA 

   
R TCTTGATTCTTGTGGATAAAAGCCT 

MICA NM_000247  

MHC class I polypeptide-

related sequence A  F AGCCGCTGAGAGGGTGG 

   
R GAAGATGCCAGCCAGAAGCA 

MICB NM_005931 
MHC class I polypeptide-
related sequence B  F CACCTGCTACATGGAACACAGC  

   
R ACATGGAATGTCTGCCAATGATC 

ULBP1 NM_025218 UL16 binding protein 1 F TGGTTCAGGTCTGGACTTAGG  

   
R  GCTTCTGCACCTGCTGTCT 

ULBP2 NM_025217    UL16 binding protein 2  F GGGATGACGGTGATGTCATA 

   
R CAAGATCCTTCTGTGCCTCC 

ULBP3 NM_024518 UL16 binding protein 3 F CATGTCTGGGCAAATGAATG 

   
R CCGTACCTGCTATTCGACTG 

RAET1E 
NM_001243325.
1  

Retinoic acid early transcript 
1E F CTGGCTCAGGGAATTCTTAGG 

   

R CTAGAAGAAGACCAGTGG ATATC 

IL15 NM_000585.4 
Interleukin-15 isoform 1 
preproprotein F CATGTCTTCATTTTGGGCTGT 

   
R GGGTGAACATCACTTTCCGT 
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B. Mice primers 

 

 qPCR 
method 

Gene 

symbol 

GenBank  

accesion no. 
Gene name Primers Sequence (5' to 3') 

S
y
b

r 
G

re
e
n
 Hprt NM_013556.2 

hypoxanthine guanine 
phosphoribosyl transferase 

F TCAGTCAACGGGGGACATAAA 

   
R GGGGCTGTACTGCTTAACCAG 

Ulbp1 NM_029975.2 UL16 binding protein 1 F CAATGTCTCTGTCCTCGGAA 

   
R CTGAACACGTCTCAGGCACT 

Rae-1 NM_175112.5 ribonucleic acid export 1 F CCACATTTACAAGTCACCATGATT 

   
R GATAACCCCTGATTCATCATTAGC 

T
a
q
M

a
n

 

Hprt NM_013556.2 
hypoxanthine guanine 

phosphoribosyl transferase  
Mm00446968_m1 

     
Il6 NM_031168.2 interleukin 6 

 
Mm00446190_m1 

     
Il15 NM_001254747.1 interleukin 15 

 
Mm00434210_m1 

     

Klrk1 NM_024518 
killer cell lectin-like 

receptor subfamily K, 

member 1 
 

Mm00473603_m1 

 
 
    

Tlr2 NM_011905.3 toll-like receptor 2 
 

Mm01213946_g1 

     
Tlr4 NM_021297.3 toll-like receptor 4 

 
Mm00445273_m1 

     
Tlr5 NM_016928.3 toll-like receptor 5  Mm00546288_s1 
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Appendix 4 DSS mice experiment data compilation 

              Weight (g)                     Water intake   Tissue collected           

  Treatment 
Cage 

number 
Mo
use 

Age 
(w) 

SEX Label Day 0 Day 1 % BW Day 2 %BW Day 3 %BW Day 4 %BW Day 5 %BW Day 6 %BW Day 7 %BW Day 8 %BW 

Gut 
length 

(cm) 

Colon weight (with no 
content) (g) 

Colon weigh (with 
content)t (g) 

Colon weight (with no 
content) (mg) 

Colon weight (with 
content)  (mg) 

Colon mass (no 
content) 

Colon mass 
(content) (mg/cm) 

% of total BW 
(no content) 

% of total BW 
(w/content) 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 
Bleeding 

(Y/N) 
FC (Y/

N) 
RNA 
(Y/N) 

Feces 
(Y/N) 

 Group Comments Individual comments 

1 

DSS 1 78209 

245 22 F WT 26.3 26.4 100.4 25.6 97.3 25.2 95.8 25.3 96.2 25.3 96.2 24.5 93.2 24.3 92.4 24.6 93.5 12.4 -   -     - -   

25ml 20ml 20ml 25ml 20ml 20ml 20ml 20ml 

N N Y Y Loose Stools (Day 1) Much fat. Loose pellet 

2 238 18.57 F KO 22.2 21.7 97.7 21.3 95.9 21.2 95.5 20.4 91.9 21.2 95.5 20.4 91.9 20.2 91.0 19.6 88.3 9.4 0.62   620   65.96   0.032   N Y Y Y Loose Stools (Day 2)   

3 195 15.14 F WT 22 22.2 100.9 21.5 97.7 21.4 97.3 21.9 99.5 21.9 99.5 21 95.5 21 95.5 21 95.5 10.4 0.6   600   57.69   0.029   N Y Y Y Loose Stools (Day 3)   

4 69.3 10.86 F KO 21.4 21 98.1 20.9 97.7 21 98.1 21.2 99.1 20.2 94.4 18.5 86.4 17.7 82.7 17.1 79.9 9.9 0.53   530   53.54   0.031   Y Y Y Y 
238 a little bit of blood in anus 

day 5 
  

5 52.3 23.29 F WT 21.8 21.5 98.6 21.8 100.0 21.7 99.5 21.9 100.5 21.8 100.0 20.7 95.0 20.5 94.0 20.3 93.1 8.9 0.62   620   69.66   0.031   N N Y Y 
Less activity in general (Rec. 

day1,2) 
Good pellets 

6 235 20.71 F WT 21.3 21.4 100.5 21.5 100.9 21.4 100.5 21.1 99.1 20.8 97.7 20.1 94.4 19.8 93.0 19.3 90.6 9 -   -           N N Y Y   

No 
fecal 

pellet 

      

7 

DSS 2 78573 

160 13 F KO 20 20.4 102.0 20.4 102.0 21 105.0 20.3 101.5 19.1 95.5 19 95.0 18.8 94.0 19.1 95.5 9.6 0.51   510   53.13   0.027   

20ml 20ml 20ml 20ml 20ml 25ml 25ml 25ml 

N Y Y Y Loose Stools (Day 2) Small mouse 

8 161 13 F WT 20.9 21 100.5 21.4 102.4 21.4 102.4 21.6 103.3 21 100.5 20.8 99.5 20.3 97.1 21 100.5 10.6 0.61   610   57.55   0.029   N Y Y Y 
Less activity in general (Rec. 

Day 1) 
Diarrhea 

9 163 13 F WT 21.6 21.5 99.5 21.7 100.5 21.3 98.6 21.4 99.1 21 97.2 21 97.2 20.9 96.8 21 97.2 11 0.6   600   54.55   0.029   N Y Y Y     

10 208 16.29 F KO 21 21 100.0 20.7 98.6 20.7 98.6 20.4 97.1 20.4 97.1 19.9 94.8 19.4 92.4 19.4 92.4 9.3 0.57   570   61.29   0.029   N N Y Y   
Feaces taken from the upper 

colon (diarrhea) 

11 233 20.71 F WT 24.9 24.6 98.8 24.7 99.2 24.9 100.0 24.8 99.6 24.4 98.0 24.4 98.0 24.3 97.6 24.9 100.0 12.6 0.8   800   63.49   0.032   N N Y Y     

12 61.3 18.14 F KO 21.3 21.5 100.9 22.1 103.8 21.9 102.8 21.5 100.9 21.3 100.0 20.6 96.7 19.9 93.4 20.1 94.4 10.9 0.57   570   52.29   0.028   N N   Y     

13 

Control 1 78479 

61.5 16.43 F WT 26.2 24.5 93.5 24.7 94.3 24.5 93.5 25.1 95.8 25 95.4 24.9 95.0 24.9 95.0 25.6 97.7 11.8 0.8   800   67.80   0.031   

15ml 10ml 10ml 10ml 10ml 10ml 10ml 10ml 

N Y Y Y     

14 63.2 12.57 F WT 20.5 20.2 98.5 20.1 98.0 19.8 96.6 20.3 99.0 20.4 99.5 20.1 98.0 20.2 98.5 20.8 101.5 12.8 0.79   790   61.72   0.038   N N Y Y     

15 67.3 12.71 F WT 20.6 20 97.1 20 97.1 19.9 96.6 20.7 100.5 20.8 101.0 20.7 100.5 20.3 98.5 20.3 98.5 12.7 0.66   660   51.97   0.033   N N Y Y     

16 

Control 2 77566 

256 23.14 F WT 21.7 22.7 104.6 23.1 106.5 23.6 108.8 22 101.4 22.2 102.3 22.3 102.8 22.5 103.7 22.8 105.1 12.3 0.57   570   46.34   0.025   

15ml 10ml 20ml 15ml 20ml 20ml 20ml 25ml 

N N Y Y   Fat 

17 303 27.29 F WT 26.8 25.7 95.9 26.1 97.4 26.3 98.1 25.1 93.7 25.6 95.5 25.6 95.5 25.9 96.6 25.5 95.1 12.3 0.64   640   52.03   0.025   N N Y Y   Fat 

18 273 23.71 F WT 26 25.4 97.7 24.7 95.0 25 96.2 24.2 93.1 24.1 92.7 24.4 93.8 24.6 94.6 25.1 96.5 13.7 0.75   750   54.74   0.030   N Y Y Y     

19 282 25.14 F WT 24.1 22.9 95.0 23.5 97.5 24.5 101.7 23.4 97.1 22.9 95.0 22.8 94.6 23.3 96.7 24.4 101.2 13.5 0.78   780   57.78   0.032   N N Y Y     

20 

DSS 3 
79247 

149 13.29 M WT 28.6 28.6 100.0 29.6 103.5 29.3 102.4 28.8 100.7 28 97.9 26.8 93.7 26.4 92.3 25.7 89.9 9.6   0.8   800   83.33   0.031 

20ml 25ml 20ml 20ml 15ml 20ml 10ml 15ml 

N N Y Y 

All presen diarrhea 

  

21 150 13.29 M WT 28.7 28.2 98.3 28.8 100.3 28.4 99.0 27.7 96.5 27.2 94.8 26.5 92.3 27.4 95.5 26.8 93.4 10.3   0.68   680   66.02   0.025 N Y Y Y   

22 151 13.29 M WT 28.3 27.9 98.6 28.5 100.7 27.3 96.5 27.2 96.1 27.4 96.8 26.5 93.6 26.4 93.3 26 91.9 10.4   0.72   720   69.23   0.028 N N Y Y   

23 152 13.29 M WT 28.8 28.5 99.0 29.7 103.1 28.9 100.3 28.4 98.6 27.7 96.2 26.4 91.7 25.3 87.8 23.5 81.6 9   0.54   540   60.00   0.023 N Y Y Y Skinny 

24 153 13.29 M WT 28 27.7 98.9 28.8 102.9 28.1 100.4 27.9 99.6 27.5 98.2 26.5 94.6 26.3 93.9 25.2 90.0 9.8   0.66   660   67.35   0.026 N N Y Y   

25 DSS 3' 284 25.14 F KO 25.6 23.3 91.0 25.5 99.6 25.1 98.0 24.6 96.1 24.5 95.7 24.1 94.1 24.7 96.5 24.1 94.1 10   0.98   980   98.00   0.041 0ml 5ml 5ml 5ml 5ml 5ml 5ml 5ml N Y Y Y   No diarrhea. Loose pellets 

26 
DSS 4 79249 

134 11.14 M KO 27.3 27.9 102.2 27.4 100.4 27.2 99.6 27.4 100.4 27.3 100.0 27.4 100.4 26.7 97.8 26.2 96.0 10.4 0.7 0.73 700 730 67.31 70.19 0.027 0.028 
10ml 10ml 5ml 5ml 10ml 10ml 5ml 10ml 

N Y Y Y   
Diarrehea. Almost no fecal 

sample 

27 136 11.14 M KO 25.5 26.5 103.9 25.7 100.8 25.3 99.2 26 102.0 27.5 107.8 26.1 102.4 25.5 100.0 25.6 100.4 10.1 0.86 1.16 860 1160 85.15 114.85 0.034 0.045 N Y Y Y     

28 

Control 3 79246 

144 13.29 M WT 24.8 25.2 101.6 26.1 105.2 25.9 104.4 25.8 104.0 25.4 102.4 25.5 102.8 25.8 104.0 25.6 103.2 11.3   1.05   1050   92.92   0.041 

15ml 25ml 25ml 20ml 15ml 15ml 25ml 25ml 

N Y Y Y     

29 145 13.29 M WT 25.6 25.7 100.4 26.6 103.9 26.1 102.0 26 101.6 25.9 101.2 26.2 102.3 26 101.6 25.6 100.0 10.3 0.54 0.75 540 750 52.43 72.82 0.021 0.029 N Y Y Y     

30 146 13.29 M WT 27.4 27.5 100.4 28.5 104.0 27.8 101.5 27.7 101.1 27.9 101.8 27.9 101.8 28.2 102.9 27.7 101.1 10.8 0.76 0.98 760 980 70.37 90.74 0.027 0.035 N N Y Y     

31 147 13.29 M WT 26.3 26 98.9 27.2 103.4 26.7 101.5 26.6 101.1 26.2 99.6 26.2 99.6 26.5 100.8 26.4 100.4 11.8   0.95   950   80.51   0.036 N N Y Y     

32 148 13.29 M WT 25.5 26 102.0 26.4 103.5 25.6 100.4 25.9 101.6 25.7 100.8 26 102.0 26.4 103.5 25.9 101.6 12   1.01   1010   84.17   0.039 N N Y Y     

33 

DSS 5 78210 

240 20.71 M WT 31.3 32.3 103.2 31.4 100.3 31.3 100.0 31.9 101.9 31.2 99.7 30.2 96.5 29 92.7 28.8 92.0 8.5 0.71 0.85 710 850 83.53 100.00 0.025 0.030 

20ml 25ml 15ml 20ml 20ml 20ml 10ml 10ml 

N Y Y Y 

All presen diarrhea 

  

34 241 20.71 M WT 31.9 32.8 102.8 31.8 99.7 31.6 99.1 32.3 101.3 31.4 98.4 30.6 95.9 29.3 91.8 28.4 89.0 10 0.67 0.69 670 690 67.00 69.00 0.024 0.024 N N Y Y   

35 243 20.71 M WT 30.7 31.3 102.0 30.6 99.7 30.1 98.0 30.9 100.7 30.5 99.3 30.1 98.0 29.3 95.4 29.7 96.7 10.5 0.84 0.95 840 950 80.00 90.48 0.028 0.032 N N Y Y   

36 244 20.71 M WT 32.3 33.1 102.5 32.4 100.3 31.8 98.5 32.5 100.6 31.4 97.2 30.7 95.0 29.4 91.0 29 89.8 10.2 0.63 0.74 630 740 61.76 72.55 0.022 0.026 N N Y Y   
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              Weight (g)                     Water intake   Tissue collected           

  Treatment 
Cage 

number 
Mo
use 

Age 
(w) 

SEX Label Day 0 Day 1 % BW Day 2 %BW Day 3 %BW Day 4 %BW Day 5 %BW Day 6 %BW Day 7 %BW Day 8 %BW 

Gut 
length 

(cm) 

Colon weight (with no 
content) (g) 

Colon weigh (with 
content)t (g) 

Colon weight (with no 
content) (mg) 

Colon weight (with 
content)  (mg) 

Colon mass (no 
content) 

Colon mass 
(content) (mg/cm) 

% of total BW 
(no content) 

% of total BW 
(w/content) 

Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 
Bleeding 

(Y/N) 
FC (Y/

N) 
RNA 
(Y/N) 

Feces 
(Y/N) 

 Group Comments Individual comments 

1 

DSS 1 78209 

245 22 F WT 26.3 26.4 100.4 25.6 97.3 25.2 95.8 25.3 96.2 25.3 96.2 24.5 93.2 24.3 92.4 24.6 93.5 12.4 -   -     - -   

25ml 20ml 20ml 25ml 20ml 20ml 20ml 20ml 

N N Y Y Loose Stools (Day 1) Much fat. Loose pellet 

2 238 18.57 F KO 22.2 21.7 97.7 21.3 95.9 21.2 95.5 20.4 91.9 21.2 95.5 20.4 91.9 20.2 91.0 19.6 88.3 9.4 0.62   620   65.96   0.032   N Y Y Y Loose Stools (Day 2)   

3 195 15.14 F WT 22 22.2 100.9 21.5 97.7 21.4 97.3 21.9 99.5 21.9 99.5 21 95.5 21 95.5 21 95.5 10.4 0.6   600   57.69   0.029   N Y Y Y Loose Stools (Day 3)   

4 69.3 10.86 F KO 21.4 21 98.1 20.9 97.7 21 98.1 21.2 99.1 20.2 94.4 18.5 86.4 17.7 82.7 17.1 79.9 9.9 0.53   530   53.54   0.031   Y Y Y Y 
238 a little bit of blood in anus 

day 5 
  

5 52.3 23.29 F WT 21.8 21.5 98.6 21.8 100.0 21.7 99.5 21.9 100.5 21.8 100.0 20.7 95.0 20.5 94.0 20.3 93.1 8.9 0.62   620   69.66   0.031   N N Y Y 
Less activity in general (Rec. 

day1,2) 
Good pellets 

6 235 20.71 F WT 21.3 21.4 100.5 21.5 100.9 21.4 100.5 21.1 99.1 20.8 97.7 20.1 94.4 19.8 93.0 19.3 90.6 9 -   -           N N Y Y   

No 
fecal 

pellet 

      

7 

DSS 2 78573 

160 13 F KO 20 20.4 102.0 20.4 102.0 21 105.0 20.3 101.5 19.1 95.5 19 95.0 18.8 94.0 19.1 95.5 9.6 0.51   510   53.13   0.027   

20ml 20ml 20ml 20ml 20ml 25ml 25ml 25ml 

N Y Y Y Loose Stools (Day 2) Small mouse 

8 161 13 F WT 20.9 21 100.5 21.4 102.4 21.4 102.4 21.6 103.3 21 100.5 20.8 99.5 20.3 97.1 21 100.5 10.6 0.61   610   57.55   0.029   N Y Y Y 
Less activity in general (Rec. 

Day 1) 
Diarrhea 

9 163 13 F WT 21.6 21.5 99.5 21.7 100.5 21.3 98.6 21.4 99.1 21 97.2 21 97.2 20.9 96.8 21 97.2 11 0.6   600   54.55   0.029   N Y Y Y     

10 208 16.29 F KO 21 21 100.0 20.7 98.6 20.7 98.6 20.4 97.1 20.4 97.1 19.9 94.8 19.4 92.4 19.4 92.4 9.3 0.57   570   61.29   0.029   N N Y Y   
Feaces taken from the upper 

colon (diarrhea) 

11 233 20.71 F WT 24.9 24.6 98.8 24.7 99.2 24.9 100.0 24.8 99.6 24.4 98.0 24.4 98.0 24.3 97.6 24.9 100.0 12.6 0.8   800   63.49   0.032   N N Y Y     

12 61.3 18.14 F KO 21.3 21.5 100.9 22.1 103.8 21.9 102.8 21.5 100.9 21.3 100.0 20.6 96.7 19.9 93.4 20.1 94.4 10.9 0.57   570   52.29   0.028   N N   Y     

13 

Control 1 78479 

61.5 16.43 F WT 26.2 24.5 93.5 24.7 94.3 24.5 93.5 25.1 95.8 25 95.4 24.9 95.0 24.9 95.0 25.6 97.7 11.8 0.8   800   67.80   0.031   

15ml 10ml 10ml 10ml 10ml 10ml 10ml 10ml 

N Y Y Y     

14 63.2 12.57 F WT 20.5 20.2 98.5 20.1 98.0 19.8 96.6 20.3 99.0 20.4 99.5 20.1 98.0 20.2 98.5 20.8 101.5 12.8 0.79   790   61.72   0.038   N N Y Y     

15 67.3 12.71 F WT 20.6 20 97.1 20 97.1 19.9 96.6 20.7 100.5 20.8 101.0 20.7 100.5 20.3 98.5 20.3 98.5 12.7 0.66   660   51.97   0.033   N N Y Y     

16 

Control 2 77566 

256 23.14 F WT 21.7 22.7 104.6 23.1 106.5 23.6 108.8 22 101.4 22.2 102.3 22.3 102.8 22.5 103.7 22.8 105.1 12.3 0.57   570   46.34   0.025   

15ml 10ml 20ml 15ml 20ml 20ml 20ml 25ml 

N N Y Y   Fat 

17 303 27.29 F WT 26.8 25.7 95.9 26.1 97.4 26.3 98.1 25.1 93.7 25.6 95.5 25.6 95.5 25.9 96.6 25.5 95.1 12.3 0.64   640   52.03   0.025   N N Y Y   Fat 

18 273 23.71 F WT 26 25.4 97.7 24.7 95.0 25 96.2 24.2 93.1 24.1 92.7 24.4 93.8 24.6 94.6 25.1 96.5 13.7 0.75   750   54.74   0.030   N Y Y Y     

19 282 25.14 F WT 24.1 22.9 95.0 23.5 97.5 24.5 101.7 23.4 97.1 22.9 95.0 22.8 94.6 23.3 96.7 24.4 101.2 13.5 0.78   780   57.78   0.032   N N Y Y     

20 

DSS 3 
79247 

149 13.29 M WT 28.6 28.6 100.0 29.6 103.5 29.3 102.4 28.8 100.7 28 97.9 26.8 93.7 26.4 92.3 25.7 89.9 9.6   0.8   800   83.33   0.031 

20ml 25ml 20ml 20ml 15ml 20ml 10ml 15ml 

N N Y Y 

All presen diarrhea 

  

21 150 13.29 M WT 28.7 28.2 98.3 28.8 100.3 28.4 99.0 27.7 96.5 27.2 94.8 26.5 92.3 27.4 95.5 26.8 93.4 10.3   0.68   680   66.02   0.025 N Y Y Y   

22 151 13.29 M WT 28.3 27.9 98.6 28.5 100.7 27.3 96.5 27.2 96.1 27.4 96.8 26.5 93.6 26.4 93.3 26 91.9 10.4   0.72   720   69.23   0.028 N N Y Y   

23 152 13.29 M WT 28.8 28.5 99.0 29.7 103.1 28.9 100.3 28.4 98.6 27.7 96.2 26.4 91.7 25.3 87.8 23.5 81.6 9   0.54   540   60.00   0.023 N Y Y Y Skinny 

24 153 13.29 M WT 28 27.7 98.9 28.8 102.9 28.1 100.4 27.9 99.6 27.5 98.2 26.5 94.6 26.3 93.9 25.2 90.0 9.8   0.66   660   67.35   0.026 N N Y Y   

25 DSS 3' 284 25.14 F KO 25.6 23.3 91.0 25.5 99.6 25.1 98.0 24.6 96.1 24.5 95.7 24.1 94.1 24.7 96.5 24.1 94.1 10   0.98   980   98.00   0.041 0ml 5ml 5ml 5ml 5ml 5ml 5ml 5ml N Y Y Y   No diarrhea. Loose pellets 

26 
DSS 4 79249 

134 11.14 M KO 27.3 27.9 102.2 27.4 100.4 27.2 99.6 27.4 100.4 27.3 100.0 27.4 100.4 26.7 97.8 26.2 96.0 10.4 0.7 0.73 700 730 67.31 70.19 0.027 0.028 
10ml 10ml 5ml 5ml 10ml 10ml 5ml 10ml 

N Y Y Y   
Diarrehea. Almost no fecal 

sample 

27 136 11.14 M KO 25.5 26.5 103.9 25.7 100.8 25.3 99.2 26 102.0 27.5 107.8 26.1 102.4 25.5 100.0 25.6 100.4 10.1 0.86 1.16 860 1160 85.15 114.85 0.034 0.045 N Y Y Y     

28 

Control 3 79246 

144 13.29 M WT 24.8 25.2 101.6 26.1 105.2 25.9 104.4 25.8 104.0 25.4 102.4 25.5 102.8 25.8 104.0 25.6 103.2 11.3   1.05   1050   92.92   0.041 

15ml 25ml 25ml 20ml 15ml 15ml 25ml 25ml 

N Y Y Y     

29 145 13.29 M WT 25.6 25.7 100.4 26.6 103.9 26.1 102.0 26 101.6 25.9 101.2 26.2 102.3 26 101.6 25.6 100.0 10.3 0.54 0.75 540 750 52.43 72.82 0.021 0.029 N Y Y Y     

30 146 13.29 M WT 27.4 27.5 100.4 28.5 104.0 27.8 101.5 27.7 101.1 27.9 101.8 27.9 101.8 28.2 102.9 27.7 101.1 10.8 0.76 0.98 760 980 70.37 90.74 0.027 0.035 N N Y Y     

31 147 13.29 M WT 26.3 26 98.9 27.2 103.4 26.7 101.5 26.6 101.1 26.2 99.6 26.2 99.6 26.5 100.8 26.4 100.4 11.8   0.95   950   80.51   0.036 N N Y Y     

32 148 13.29 M WT 25.5 26 102.0 26.4 103.5 25.6 100.4 25.9 101.6 25.7 100.8 26 102.0 26.4 103.5 25.9 101.6 12   1.01   1010   84.17   0.039 N N Y Y     

33 

DSS 5 78210 

240 20.71 M WT 31.3 32.3 103.2 31.4 100.3 31.3 100.0 31.9 101.9 31.2 99.7 30.2 96.5 29 92.7 28.8 92.0 8.5 0.71 0.85 710 850 83.53 100.00 0.025 0.030 

20ml 25ml 15ml 20ml 20ml 20ml 10ml 10ml 

N Y Y Y 

All presen diarrhea 

  

34 241 20.71 M WT 31.9 32.8 102.8 31.8 99.7 31.6 99.1 32.3 101.3 31.4 98.4 30.6 95.9 29.3 91.8 28.4 89.0 10 0.67 0.69 670 690 67.00 69.00 0.024 0.024 N N Y Y   

35 243 20.71 M WT 30.7 31.3 102.0 30.6 99.7 30.1 98.0 30.9 100.7 30.5 99.3 30.1 98.0 29.3 95.4 29.7 96.7 10.5 0.84 0.95 840 950 80.00 90.48 0.028 0.032 N N Y Y   

36 244 20.71 M WT 32.3 33.1 102.5 32.4 100.3 31.8 98.5 32.5 100.6 31.4 97.2 30.7 95.0 29.4 91.0 29 89.8 10.2 0.63 0.74 630 740 61.76 72.55 0.022 0.026 N N Y Y   
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Appendix 5. Flow cytometry Ab cocktails used in mice experiments. 

 

 

Immunophenotyping 

Mix 1 ebio 
Ex Em Fluorophore STAIN no. Dilution 

    BUV395 CD8 400 

    BV421 gdT 400 

    GFP/488 Nkp46 100 

    BV605 NKG2D 100 

    PE-CF594 NK1.1 400 

    APC CD122 100 

    BV650 CD19 400 

    AF 700 CD45 400 

    BV711 CD4 1600 

    PreCp-Cy5.5 Cd11b  150.00 

    BU737 CD3 100.00 

    Pe-Cy7 CD27 400 

DSS experiment 

Mix 1 Stim BD buffer 

Ex Em Fluorophore STAIN no. Dilution 

    BUV395 CD8 400 

    BV421 gdT 400 

    GFP/488 NK1.1 400 

    PE IFNg 100 

    BV605 NKG2D 100 

    PE-CF594 CD3 800 

    APC Rae-1 100 

    BV650 CD19 400 

    AF 700 CD45 400 

    BV711 CD4 1600.00 

    PreCp-Cy5.5 CD11b 150.00 

    Pe-Cy7 Cd107a 50 

    APC-Cy7 Ly6G 100 

    BV785 F4/80 40 
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Appendix 6. Spearmen r-values and p values corresponding to TLRs and 

NKG2D system correlation analysis 

 

 

Organ r value rae-1 mult1 klrk1 il15 tlr2 tlr4 tlr5

rae-1 0.4926471* 0.1544118 0.372549 0.2426471 0.1397059 0.7867647***

mult1 0.2794118 0.4019608 0.3382353 0.3946078 0.4632353

klrk1 0.7132353*** 0.4509804 0.377451 0.4191177

il15 0.4411765 0.2303922 0.495098*

tlr2 0.752451*** 0.5122549*

tlr4 0.4656863

tlr5

rae-1 0.3764706 0.4647059 0.07352942 0.5147059* 0.3764706 0.7647059***

mult1 0.7970588*** 0.6029412** 0.6588236*** 0.7558824*** 0.4147059

klrk1 0.3 0.7852941*** 0.8058823*** 0.2558824

il15 0.3529412 0.5529412** 0.3088235

tlr2 0.8882353*** 0.4411765

tlr4 0.4529412

tlr5

rae-1 0.5384616* 0.4417583 0.3582418 0.6791209*** 0.4857143 0.6879121***

mult1 0.8989011*** 0.8901099 0.6131868* 0.9208791*** 0.3978022

klrk1 0.8593407*** 0.5868132* 0.8461539*** 0.345055

il15 0.7186813*** 0.8945055*** 0.4857143

tlr2 0.6747253** 0.7758242***

tlr4 0.5076923

tlr5

rae-1 0.475 0.3321429 0.1821429 0.5035715 0.3714286 0.5607143*

mult1 0.3571429 0.3142857 0.3928571 0.3392857 0.4642857

klrk1 0.85*** 0.8964286*** 0.9321429*** 0.5821428*

il15 0.8357143*** 0.8964286*** 0.6357143**

tlr2 0.9607143*** 0.7535715***

tlr4 0.7285714***

tlr5

Organ P value rae-1 mult1 klrk1 il15 tlr2 tlr4 tlr5

rae-1 0.04654085 0.5529729 0.1415001 0.3466611 0.5920006 0.00030955

mult1 0.2764576 0.1108908 0.1842396 0.1180389 0.06298281

klrk1 0.00182227 0.07100575 0.1360244 0.09542226

il15 0.07795361 0.3722216 0.04534029

tlr2 0.00076074 0.03756755

tlr4 0.06146933

tlr5

rae-1 0.151389 0.0717733 0.7881594 0.04362624 0.151389 0.00087402

mult1 0.00037861 0.01529366 0.00679001 0.00107431 0.1116177

klrk1 0.2582911 0.0005212 0.0002941 0.3375778

il15 0.1802562 0.02854007 0.2439701

tlr2 1.239E-05 0.08892978

tlr4 0.08001138

tlr5

rae-1 0.04996487 0.1158252 0.2089813 0.00938772 0.0809279 0.00823858

mult1 3.4585E-05 5.1851E-05 0.02237049 1.0609E-05 0.1602026

klrk1 0.00017335 0.03026095 0.00026897 0.2271973

il15 0.00504014 4.2526E-05 0.0809279

tlr2 0.01000561 0.00169171

tlr4 0.0666882

tlr5

rae-1 0.07586304 0.2263833 0.5150466 0.05816482 0.1735245 0.03222256

mult1 0.1916739 0.2535717 0.1485468 0.2160692 0.08344136

klrk1 0.00012617 1.7602E-05 1.9185E-06 0.02522563

il15 0.00020467 1.7602E-05 0.01278407

tlr2 1.237E-07 0.00173723

tlr4 0.00286777

tlr5
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Organ r value rae-1 mult1 il15 tlr2 tlr4 tlr5

rae-1 0.4321429 0.08928572 0.4821429 0.65** 0.7678571***

mult1 0.3642857 0.8892857*** 0.8642857*** 0.4714286

il15 0.4785714 0.3178572 0.3071429

tlr2 0.95*** 0.5321429*

tlr4 0.6178572**

tlr5

rae-1 0.2011037 0.4044118 0.4803922 0.4534314 0.7352941***

mult1 0.593501** 0.6670755*** 0.6768855*** 0.5493563*

il15 0.8946078*** 0.9019608*** 0.7916667***

tlr2 0.9779412*** 0.8161765***

tlr4 0.7843137***

tlr5

rae-1 -0.2340914 -0.0689869 0.2481445 -0.3139394 0.6000337**

mult1 0.6848579*** 0.1395168 0.4551874 0.04652654

il15 0.6241251*** 0.7006781*** 0.4530162

tlr2 0.5465408* 0.6765912***

tlr4 0.2480457

tlr5

rae-1 0.5122549* 0.6372549*** 0.6617647*** 0.5* 0.8161765***

mult1 0.6862745*** 0.6985294*** 0.6911765*** 0.5784314*

il15 0.8578432*** 0.8627451*** 0.8357843***

tlr2 0.8480392*** 0.9387255***

tlr4 0.7401961***

tlr5

Organ P value rae-1 mult1 il15 tlr2 tlr4 tlr5

rae-1 0.1094347 0.753172 0.07110984 0.01046324 0.0012718

mult1 0.1824485 2.506E-05 7.4048E-05 0.07834041

il15 0.07346883 0.2479526 0.2649934

tlr2 4.0644E-07 0.04375223

tlr4 0.01622311

tlr5

rae-1 0.4359029 0.1085707 0.05293692 0.06933911 0.00113476

mult1 0.01354293 0.00431868 0.00362996 0.0241265

il15 4.0645E-06 2.6027E-06 0.0002688

tlr2 4.4226E-10 0.00012531

tlr4 0.0003318

tlr5

rae-1 0.3658243 0.7924832 0.3368891 0.219773 0.01088391

mult1 0.00241851 0.5933067 0.06636052 0.8592595

il15 0.00741117 0.00173079 0.06783124

tlr2 0.02320226 0.0028582

tlr4 0.3370878

tlr5

rae-1 0.03756755 0.00714437 0.00477665 0.04300429 0.00012531

mult1 0.00308639 0.00244478 0.00281528 0.01675375

il15 2.5803E-05 2.0779E-05 6.2729E-05

tlr2 3.8926E-05 1.4764E-07

tlr4 0.0010153

tlr5
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Appendix 7. Protocol for gut IELs and LPLs isolation 
 
 

1- Checklist: 

a. Prepare solutions and medium (see below) and place at 37C. Only the 

enzymes must be thawed few minutes before using them. 

b. Bucket of ice 

c. Tray with aluminum foil (until the time to process one mouse is >25-30’ use a 

deep polystyrene li, fill it with ice, and then cover with foil) 

d. PBS 1x 

e. Tools (1 big tweezers, 1 small, 1 regular scissors, 1 curved blunt scissors, 

blunt needle and 20ml syringe to wash) 

f. Eppendorfs 

g. Percoll at rt (early in the morning) 

2- Harvest ear punch for re-genotyping. Open the mouse to expose the abdomen, take 

at first spleen and mesenteric lymph nodes if needed. Dissection procedure in Room 

614 

3- Cut out the LB. 

4- Clean the LB, keep a piece of faeces on ice. Take a picture and weigh the LB (minus 

caecum).   

5- Using a scalpel take a 1mm section of the proximal, distal and mid-LB for histo – 

place in 10% formalin.  

6- Take time to carefully remove ALL connective tissue from the remaining LB. 

7- Cut LB longitudinally, place on a piece on a dry piece of tissue and push down to 

remove the mucus. Return to dissection board and wet with PBS. Cut LB into small 

pieces (<1 cm), store in ice in PBS. 

a. Note: Do not wipe with tissue (it reduced the IELs yield) 

8- If RNA is needed: collect tissue in RNA later ( 1x ~2 mm along the length for each 

SB or LB collected into the same eppendorf/tissue)  

9- When all mice are done, place the intestines into falcons containing 50ml of warm 

(37°C) PBS/10% FCS+EDTA 5mM.From now on, all steps must be performed in the 

37C room. 

- Ana’s modification: Prepare HBSS (VT=50 ml) supplemented with 1mMEDTA 

(25ul), 1mM DTT (50ul) and 2% FBS (1ml). Add 10ml to each sample. 

10- Incubate for the first wash ~20mins 37°C at 200 rpm (#7 on shaker in 6th floor warm 

room. 

- Ana’s modification: Incubate for 30min 37ºC, 200 rpm (shaker, speed 6).  
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11- Retain the supernatant on ice (IELs) at least once more (subsequent washes can be 

10-15mins) until the liquid is basically clear. Usually control mice take longer to go 

clear. 

- Ana’s modification: Second wash for 15-20min. Only recover IELs from those 

samples that are still cloudy. Discard the supernatant if clear. IMPORTANT: Right 

after collecting the IELs, centrifuge them at 1500rpm for 10min, resuspend with PBS 

or RPMI (5%FBS) and place them on ice. 

12- During incubation time, clean working area and tools and discard mouse carcasses 

into CBS freezer 

13- Discard the supernatant, add 50ml of PBS and invert the tube multiple times. 

14- Discard the supernatant and add pre-warmed RPMI containing FCS (10%), 15mM 

Hepes, collagenase VIII 100U/ml and DNase 50U/ml. 15ml is sufficient for LB 

OPTIONAL: Remove sections of LB from tube and chop up smaller 

   Prepare media with enzymes in 15ml then transfer tissue into it. 

- Ana’s modification: 

o For stomach: Chop the tissue into 1mm pieces to facilitate the digestion. 

VT digestion buffer= 20ml. Use 0.5mg/ml Collagenase IV (1aliquot, 100ul 

(100ug/ml) and 200ul/ml DNAse I (4ul). Use 5ml/sample. 

15- Incubate 45-50 min at 37°C at 200 rpm, work on the bench from now on. 

- Ana’s modification: Check the samples after 30min of digestion (s.intestine is 

digested quite fast). For the stomach the digestion takes about 60min. 

16- Finish the digestion by vortexing and using a 20ml syringe.  

17- Filter the suspension on a 100µm nylon filter to remove tissue debris. Use a 2ml 

syringe to gently massage the last of the tissue through the filter. Wash through with 

3% BSA/PBS supplemented with 5mM EDTA to inhibit collagenase activity. 

18- Centrifuge 800 g for 10 min 

19- Discard the supernatant 

- Ana’s modification: Discard the supernatant with a Pasteur pipette. 

20- Ensure that percoll has been brought to room temperature and a p100 solution has 

been prepared as described below. Resuspend the cells in 4 ml of 40% percoll and 

layer on top of 4 ml 80%, in a 15 ml falcon. 

21- Centrifuge at 600 g 20°C for 20 min (Acc 5, Dec 3) 

22- Remove the upper layer all the way down to just above the ring using a Pasteur 

pipette. Using a clean Pasteur remove the layer plus most of the percoll underneath 

but leave a little percoll in the tube. Wash twice with 50ml PBS FCS 2% 

- Ana’s modification: Wash once with 25 ml and discard the supernatant with a 

Pasteur pipette. 
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23- Resuspend in 500ul volume. Count. 

24-  Average yield ~2M/Sb/mouse same for LB 

25- Flow data to be collected in “flow cytometry/LPL for APC” 

 

 

Note 1 : Percoll should be prepared the same day of experiment and kept at RT 

Prepare isotonic solution before diluting 80% and 40%.  

Isotonic percoll (p100): 90% Percoll+ 10% PBS 10X 

 

Note 2 :  

Collagenase IV –aliquots 100ug/ml 

Collagenase VIII Sigma, C-2139 (stored -20C 6th floor- aliquots 5000U (small bowel) and 

1500U for Large bowel) 

DNase Sigma, DN-25 (stored -20C 6th floor ) 

Percoll VWR, 17-0891-019 (+4 5th floor) 

 

Note 3:  

Samples for RNA must be kept in RNA later at +4 for 1-2 days, and then transferred at -

80 (4th floor) until extraction. To extract RNA, follow Qiagen’s kit protocol (booklet in the 

box). For the retrotrascription into cDNA, refer to “models of disease/Gut/RNA-CDNA” 

Excel file, and use the “template” tab to prepare the cDNA. Record in the same file every 

RNA extraction and retrotrascription (“samples” tab, plus one tab/date for cDNA mix 

prep).  

Every time cDNA is used for quantitative PCR, record plate scheme and data in “gene 

expression/rtPCR/UPL-Roche” (1 folder/experiment). 

 

Updated AM-A 06/08/15 
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