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Abstract 
The human colon contains about 20 trillion commensal bacteria belonging to about 160 

species per human. The mechanisms by which individual species of these bacteria 

evade host inflammatory immune responses and instead establish a mutually beneficial 

relationship with the host is not fully understood. Bacteria that colonise the gut during 

infancy may be important contributors to human health throughout life. Recent research 

revealed a unique anti-inflammatory mechanism activated by Bacteroides 

thetaiotaomicron, a commensal predominant in the adult gut. Recognition of an 

inflammatory stimulus by a pattern recognition receptor (PRR) leads to activation of 

the transcription factor ‘nuclear factor kappa B’ (NF-kB) which is translocated to the 

cell nucleus where it induces transcription of genes encoding pro-inflammatory 

cytokines. However, Bacteroides thetaiotaomicron initiated formation of a complex 

between the NF-κB subunit RelA and the nuclear hormone receptor, peroxisome 

proliferator activated receptor-γ (PPAR-γ). This complex was removed from the 

nucleus, resulting in the attenuation of NF-κB-mediated inflammatory gene expression.  

In the present study, bacterial strains predominant in the infant gut were tested for their 

immuno-modulatory effects with a hypothesis, “Bacteria predominant in the infant gut 

contribute to innate immunological tolerance and homeostasis by regulating signalling 

cascades in epithelial cells.” Strains were selected based on pyrosequencing analysis 

done in house that compared faecal microbiota composition of infants fed breast milk, 

goat milk formula and cow milk formula. Based on these observations, Bifidobacterium 

species (B. longum, B. breve and B. bifidum), members of the Lachnospiraceae family 

(Ruminococcus gnavus and Blautia producta), and the Bacteroidaceae family 

(Bacteroides vulgatus, Bacteroides fragilis and Bacteroides thetaiotaomicron) were 

tested. Polyinosinic-polycytidylic acid [poly(I:C)], the synthetic analogue of viral 
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double-stranded RNA (dsRNA) was used to induce an inflammatory transcriptional 

response. HT-29 intestinal epithelial cells were incubated with freeze-dried 

preparations of either non-heat-treated (NHT) or heat-treated (HT) bacteria with or 

without poly(I:C) to quantify the bacterial modulation of poly(I:C)- induced 

interleukin-8 (IL-8) gene trancription and protein synthesis. NHT, but not HT, B. 

thetaiotaomicron significantly down-regulated poly(I:C) induced IL-8 gene 

transcription and protein synthesis. This strain was used as a positive control 

throughout the study. Overall, significant modulation of poly(I:C) induced IL-8 gene 

expression and protein synthesis by the various bacteria tested was observed. The effect 

of heat-treatment on bacterial modulatory effects differed depending on the strain.  

Bacterial modulation of the expression of 88 other genes involved in the poly(I:C) 

induced signalling pathway was investigated. Poly(I:C) increased transcription of the 

gene that codes for RIG-I, one of the PRRs that binds dsRNA. It also increased 

transcription of genes encoding NF-κB inhibitor, alpha (NFKBIA), IL-8, chemokine 

(C-X-C) motif ligand 10 (CXCL10), CXCL11 and tumour necrosis factor (TNF). Most 

of the bacterial strains tested decreased transcription of these poly(I:C)-induced genes.  

The ability of Blautia producta to down-regulate pro-inflammatory gene transcription, 

has not been reported previously. Blautia producta belongs to the family 

Lachnospiraceae, which has greater abundance in the faeces of formula-fed infants 

compared to breast-fed babies. The finding that all three Bifidobacterium species 

attenuated expression of the caspase recruitment domain- containing protein 9 

(CARD9) gene, a key transducer for several pathogen induced antimicrobial signalling 

pathways, is also new. It is therefore evident that bacterial species present in the infant 

bowel can regulate signalling cascades in epithelial cells, thus helping to maintain 

intestinal homeostasis.    
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1 Introduction 

 

The human gut microbiota is dominated by bacteria and is estimated to contain about 

20 trillion (2x1013) commensal bacteria per human colon (Cummings & Macfarlane, 

1991; Tannock et al, 2000) belonging to at least 160 species per individual human (Qin 

et al, 2010). Yet, in the normal human host, continuous presence of these enteric 

commensals does not cause uncontrolled inflammation in the intestine but is instead 

essential to ensure normal development and function of the immune system. On the 

other hand alteration in the composition of the gut commensals may lead to induction 

of inflammatory responses and immune mediated diseases (Round & Mazmanian, 

2009).  

Numerous studies have attempted to understand this phenomenon and some have 

unravelled key mechanisms by which individual species of gut bacteria could promote 

beneficial immune responses. Extensive research on Bacteroides fragilis has revealed 

that the immunomodulatory activities of this ubiquitous human gut commensal requires 

production of  polysaccharide A (PSA), a bacterial ligand that is able to direct cellular 

and physical maturation of the developing immune system. Studies on germ-free mice 

have proven that production of PSA by B. fragilis is needed to correct host systemic 

CD4+ T cell deficiencies and for the balance in subsequent production of cytokines 

(Mazmanian et al, 2005). PSA suppressed pro-inflammatory interleukin-17 (IL-17) 

production and promoted conversion of CD4+ T cells into Foxp3+ Treg (regulatory T) 

cells that produced the anti-inflammatory cytokine IL-10, thereby providing protection 

as well as cure against experimental colitis (Mazmanian et al, 2008; Round & 

Mazmanian, 2010).  

PSA is one of many highly conserved bacterial molecules once termed as pathogen-

associated molecular patterns (PAMPs) as they were thought to be only present in 

pathogens and elicited innate immune responses during microbial infections. The 

molecules have now been proposed to be renamed to microbe-associated molecular 

patterns (MAMPs) when it became evident that non-pathogens also synthesize these 

molecules (Ausubel, 2005; Mackey & McFall, 2006). The old belief that commensals 

are sequestered by mucosal epithelial barriers thereby ‘hiding’ them from being 

recognized by surface receptors is now also proven to be not entirely true (Rakoff-
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Nahoum et al, 2004). The protective attributes of PSA from B. fragilis, has in fact been 

shown to require recognition and signalling by the host pattern recognition receptor 

(PRR), namely Toll-like receptor 2 (TLR 2)  (Round & Mazmanian, 2010).  

Similar evidences relating to commensal recognition by host immune receptors in both 

invertebrate (the fruit fly, Drosophila melanogaster; Hydra and the bobtail squid, 

Euprymna scolopes) and vertebrate (zebrafish and mice) models demonstrate evolution 

of specific bacterial molecules to establish a mutualistic relationship between host and 

commensal via PRR signalling (Chu & Mazmanian, 2013). 

A recent review discussed effects of these commensal- derived signals (Goto & Ivanov, 

2013), summarized as follows. Besides controlling effector functions of innate immune 

cells (e.g. pro- and anti-inflammatory cytokine production) and maintaining T cell 

homeostasis, commensal signals are able to control epithelial barrier functions by up-

regulating tight junction molecules, controlling intestinal permeability, inducing 

secretion of mucus and antimicrobial peptides and controlling mucosal 

immunoglobulin A (IgA) production. In addition, metabolites produced during the life-

cycle of these microbes were found to be important for intestinal and epithelial function 

and homeostasis besides being proven to aid in down-regulation of inflammatory bowel 

diseases (IBD) and suppression of tumour in colon cancer.  

Another mechanism which is of utmost importance to the present study is the ability of 

commensal signals to control epithelial intracellular signalling and homeostasis. In the 

first issue of Nature Immunology 2004, a group of gut immunologists from Rowett 

Research Institute, Aberdeen, Scotland (Kelly et al, 2004) described a unique anti-

inflammatory mechanism activated by Bacteroides thetaiotaomicron, a commensal 

predominant in the adult gut, that selectively antagonised the transcription factor 

nuclear factor of kappa light polypeptide gene enhancer in B cells (NF-kB) in intestinal 

epithelial cells. Kelly et al (2004) utilised a colon carcinoma cell line, Caco-2 as a 

model system to describe the anti-inflammatory mechanism of Bacteroides 

thetaiotaomicron following exposure to a gut pathogen Salmonella enteritidis. Using 

DNA microarray, Kelly and colleagues had initially detected several inflammatory 

genes whose induction after exposure of Caco-2 cells to S. enteritidis was attenuated by 

the presence of B. thetaiotaomicron (Kelly & Conway, 2001). These included 

interleukin-8 (IL-8), tumour necrosis factor (TNF) and cyclooxygenase 2 (cox-2).  
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Caco-2 cells were incubated for 2 hours with (1) medium only; (2) pathogenic bacteria 

or other pro-inflammatory ligands; (3) pathogenic bacteria or other pro-inflammatory 

ligands with the addition of B. thetaiotaomicron and (4) B. thetaiotaomicron only. 

Using RNA hybridization, semi-quantitative PCR and real-time PCR, they confirmed 

that IL-8, TNF and cox-2 gene expressions up-regulated by the pathogenic bacteria and 

other pro-inflammatory ligands were attenuated in the presence of B. thetaiotaomicron. 

IL-8 mRNA induced by S. enteritidis, for instance was down-regulated by 5 fold in the 

presence of B. thetaiotaomicron. Quantification of IL-8 protein in culture supernatants 

over 4 hours of incubation was in agreement with the gene expression data. S. 

enteritidis induced 227 ± 33.1 pg/ml of IL-8 protein in culture supernatants over 4 

hours, whereas after co-culture in the presence of B. thetaiotaomicron, the resultant 

concentration was significantly lower, at 104 ± 9.2 pg/ml (P < 0.001) (Kelly et al, 

2004). 

IL-8, the first chemokine to be identified, is a chemotactic factor for leukocytes such as 

neutrophils (Yoshimura et al, 1987), T lymphocytes (Larsen et al, 1989), B 

lymphocytes (Jinquan et al, 1997) and natural killer cells (Sebok et al, 1993). It is 

released by a wide variety of tissue cells upon exposure to inflammatory stimuli such as 

IL-1 and TNF-α to attract polymorphonuclear leukocytes (PMNs) to the site of 

infection or other injury, hence known as an inflammatory mediator (Baggiolini & 

Clark-Lewis, 1992). The pathogenic role of IL-8 and its receptor CXCR1 in 

gastrointestinal diseases is well recognised. A summary of studies highlighting the 

importance of IL-8 in the gut, is provided in Table 1-1.  

Using myeloperoxidase detection, Kelly and co-workers noted variable effects of S. 

enteritidis and B. thetaiotaomicron on PMN recruitment, which correlated with the 

secretion of IL-8 protein. However, they also showed that B. thetaiotaomicron had an 

antagonistic effect only on the IL-8 expression induced by phorbol 12-myristate 13-

acetate (PMA), lipopolysaccharide (LPS), purified flagellin and enterohaemorrhagic 

Escherichia coli O157:H7 besides S. enteritidis, whereas activation induced by other 

inflammatory mediators i.e. interleukin-1α and interleukin-1β (IL1-α and IL1-β) 

remained unaffected, indicating elements of specificity in the mode of action.   
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Table 1-1 Studies investigating IL-8 in the gut.  

Brief summary of findings Reference 

Colonic epithelial T84 cells were shown to secrete IL-8 in response to entry of invasive bacteria. This increase in 

IL-8 secretion at 4 hours was in parallel to detection of IL-8 mRNA within 90 minutes of infection in HeLa cells, 

with maximal detection at 3 hours. Increase in IL-8 secretion was not mediated by TNF-α secretion. Authors 

suggest that IL-8 secreted by epithelial cells may be the initial signal for acute inflammatory response following 

bacterial invasion.  

(Eckmann et al, 

1993) 

Upon stimulation with pro-inflammatory cytokines IL-1β, IFN-γ and TNF-α, HT-29 colonic epithelial cells 

secreted IL-8 which functioned as a neutrophil chemo attractant, inducing increased expression of neutrophil 

adhesion receptors and promoting neutrophil migration across human endothelial cells, suggesting that IL-8 

secretion by activated colonic epithelial cells may contribute to neutrophil extravasation and tissue infiltration in 

intestinal inflammation. 

(Kelly et al, 1994) 

When colonic epithelial cell lines T84, HT-29 and Caco-2 were stimulated with invasive bacteria or TNF-α or IL-

1, this resulted in coordinate expression and up-regulation of a specific array of 4 pro-inflammatory cytokines, IL-

8, monocyte-chemotactic protein-1 (MCP-1), granulocyte macrophage colony-stimulating factor (GM-CSF) and 

TNF-α as assessed by mRNA and cytokine levels. None of the other cytokines examined (IL-1, IL-2, IL-4, IL-5, 

IL-6, IL-10 and IFN-γ) were significantly modulated. Freshly isolated human colon epithelial cells expressed the 

same array of cytokines as well as IL-6 indicating that colon epithelial cells are programmed to provide a set of 

signals for activation of mucosal inflammatory response in the earliest phases after microbial invasion. 

(Jung et al, 1995) 
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Colonic mucosa of IBD patients were found to contain significantly more IL-8 than patients with inactive disease 

or normal controls. 

(Mitsuyama et al, 

1994) 

Colonic crypt cells from both normal and diseased colons constitutively secreted IL-8, although patients with either 

ulcerative colitis or Crohn’s disease showed significantly enhanced secretion. 

(Gibson & Rosella, 

1995) 

Distribution of the two IL-8 cell surface receptors, C-X-C chemokine receptors 1 and 2 (CXCR1 and CXCR2) in 

the gastrointestinal tract of normal vs ulcerative colitis patients was investigated. An increased expression of 

CXCR1 was observed in macrophages and lymphocytes in the colons of ulcerative colitis patients suggesting that 

IL-8 may have a role in mediating the immune response in ulcerative colitis through CXCR1.  

(Williams et al, 

2000) 

Expression of IL-8 receptors CXCR1 and CXCR2 in Caco-2 and HT-29 cells was assessed. Expression of both 

mRNA and protein of only CXCR1 and not CXCR2 was observed in these two cell lines.  

(Sturm et al, 2005) 

In an in vitro model of wounded colonic epithelium, IL-8 stimulated epithelial cell migration, a process termed 

restitution which is important for the repair of superficial mucosal injuries. 

(Wilson et al, 1999) 

IL-8 protein expressed by human gastric carcinoma cells correlated with the number of tumour vessels, suggesting 

that this chemokine is an angiogenic factor in human gastric carcinoma in vivo. IL-8 along with CXCL1 which are 

proven to increase growth of malignant tumours are significantly more highly expressed in diffuse- than intestinal-

type gastric carcinoma, suggesting that growth pattern of gastric carcinoma may be modulated by these 

chemokines via  corresponding receptors found to be expressed on these cells.  

(Eck et al, 2003) 
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Observations on small intestinal organ cultures from foetuses vs older children showed that immature human 

enterocytes react with excessive pro-inflammatory cytokine (IL-8) production after inflammatory stimulation. 

This, the authors proposed, may explain why babies born prematurely develop necrotizing enterocolitis (NEC) 

when exposed to initial colonizing bacteria.   

(Nanthakumar et al, 

2000) 

 

Investigation in 40 infants undergoing surgical management for advanced NEC indicate that pre-operatively 

obtained IL-8 levels may be useful in predicting the extent of intestinal involvement in NEC i.e. focal, mutifocal 

and pan-intestinal. 

(Benkoe et al, 2012) 

The diagnostic value of IL-8 for the detection of NEC in premature infants when compared with two promising 

experimental gut-associated biomarkers, intestinal fatty acid binding protein (I-FABP) and liver fatty acid binding 

protein (L-FABP) was evaluated. Serum concentrations of IL-8, L-FABP, and I-FABP from 15 infants with NEC 

were analysed and compared with 14 gestational age-matched infants. IL-8 showed the highest diagnostic value 

followed by L-FABP and I-FABP. IL-8 remains a better candidate also due to its routine availability when 

compared to the limited availability of the fatty acid binding proteins.    

(Benkoe et al, 2014) 

Transforming growth factor-β (TGF-β), erythropoietin, and interleukin-10 (IL-10) at concentrations found in breast 

milk can reduce excessive inflammatory response (determined by measuring secreted IL-8) when incubated with a 

foetal human enterocytic cell line, partly explaining the protective effect of human milk.  

(Claud et al, 2003) 
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The mechanisms behind the ability of two probiotic strains to significantly reduce the incidence and severity of 

NEC was investigated. Exposure of immature human intestinal xenografts to Bifidobacterium infantis and 

Lactobacillus acidophilus probiotic conditioned media attenuated LPS and IL-1β-induced IL-8 and IL-6 (protein 

and mRNA). This attenuation was not demonstrated in mature xenografts suggesting that probiotic secretions have 

a developmental influence on innate immunity. When the secreted products were isolated from B. infantis and L. 

acidophilus grown together and separately, a statistically significant reduction in IL-8 protein levels was 

demonstrated in cells pre-treated with media conditioned with B. infantis and L. acidophilus, grown together, as 

well as media conditioned with B. infantis, grown individually, while L. acidophilus conditioned media showed 

only minimal attenuation of IL-8 protein. This observation indicated that the anti-inflammatory properties of 

probiotic conditioned media of B. infantis and L. acidophilus in immature intestinal epithelium may be due 

primarily to the secretions of B. infantis. 

(Ganguli et al, 2013) 
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They further demonstrated the efficacy of this IL-8 attenuation in ‘minimal flora’ rats. 

The intestinal structure of rats orally infected with B. thetaiotaomicron was largely 

protected as compared to rats orally infected with S. enteritidis only, which had 

substantial histological disruption of the villus and crypt structure in parallel with the 

extensive cellular infiltrate in the lamina propria.  

In addition, Kelly and colleagues revealed the mechanism underlying the IL-8 down-

regulation by showing that B. thetaiotaomicron could selectively antagonise the 

transcription factor NF-κB leading to these anti-inflammatory effects. 

NF-κB, first discovered in 1986 as a B lymphocyte-specific immunoglobulin κ- chain 

enhancer binding protein (Sen & Baltimore, 1986), is now known to be involved in 

many important biological functions in almost every cell type (Sen, 2011). NF-κB is 

activated by a diverse range of stimuli including microbial MAMPs and products, pro-

inflammatory cytokines as well as physical, physiological and oxidative stresses that 

are sensed by different receptors, which in turn activate different pathways, and induces 

expression of their target genes (Figure 1-1). Dysregulation of NF-κB activity is 

associated with inflammatory disorders, autoimmune and metabolic diseases as well as 

cancer.  (Baltimore, 2011; Oeckinghaus et al, 2011).  

The potential target genes of NF-κB activation are determined by the type of stimuli 

encountered (Smale, 2011). The detection of microbial pathogens is mediated by PRRs 

which include transmembrane receptors: TLRs and C-type lectin receptors (CLRs), as 

well as cytoplasmic receptors: retinoic acid-inducible gene-I (RIG-I)-like receptors 

(RLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) 

(Takeuchi & Akira, 2010). Different PRRs recognize different MAMPs or ligands as 

listed in Table 1-2. This recognition then initiates different signalling pathways that 

converge at the activation of NF-κB, which induces the transcription of many pro-

inflammatory genes. However, while several studies have confirmed that inhibition of 

NF-κB has anti-inflammatory effects, several other studies have observed that in non-

immune cells such as epithelial cells, NF-κB inhibition surprisingly resulted in 

spontaneous development of severe chronic inflammatory conditions, hence indicating 

the role of NF-κB in maintaining tissue immune homeostasis (Pasparakis, 2009). It is 

thus not surprising that the body naturally possesses negative regulatory mechanisms 

(Ruland, 2011) for down-regulation and proper termination of NF-κB-driven 
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inflammatory immune responses; and what’s more, as shown in the study by Kelly and 

co-researchers (2004), commensals are also able to aid in the process.  

 

 

 

Figure 1-1 NF-κB stimuli and target genes with representative examples. TCR, T 

cell receptor; BCR, B cell receptor; TNFα, tumour necrosis factor α; VCAM, vascular 

cell adhesion molecule; ICAM, intercellular adhesion molecule; MHC ǀ, major 

histocompatibility complex class ǀ; G-CSF, granulocyte colony-stimulating factor; M-

CSF, macrophage colony-stimulating factor; Bcl-XL, B cell lymphoma-extra large; 

IAPs, inhibitors of apoptosis. Source: (Oeckinghaus & Ghosh, 2009).  
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As depicted in Figure 1-2 A, when unstimulated, NF-κB is typically sequestered in the 

cytoplasm as a homo- or hetero-dimeric complex of five members of the NF-κB family 

[RelA (p65), RelB, c-Rel, p105 (NF-κB1) and p100 (NF-κB2)] in association with 

inhibitory IκB proteins. Upon stimulation, IκB proteins are phosphorylated by IκB 

kinases, polyubiquitinated and degraded, allowing the ‘free’ NF-κB to translocate to the 

nucleus and initiate target genes that encode proinflammatory cytokines and 

chemokines including IL-8 (Kawai & Akira, 2007; Pasparakis, 2009).  

On the other hand, Kelly et al (2004) showed how B. thetaiotaomicron down-regulated 

inflammation, also by targeting the NF-κB pathway but in a completely different way 

(Figure 1-2 B). 

Table 1-2 PRRs and their ligands.  

PRRs Localization Ligand Origin of ligand 

Toll-like receptors, TLRs 
 

TLR1 Plasma membrane Triacyl lipoprotein Bacteria 

TLR2 Plasma membrane Lipoprotein Bacteria, viruses, 

parasites, self 

TLR3 Endolysosome dsRNA Virus 

TLR4 Plasma membrane LPS Bacteria, viruses, self 

TLR5 Plasma membrane Flagellin Bacteria 

TLR6 Plasma membrane Diacyl lipoprotein Bacteria, viruses 

TLR7  

(human TLR8) 

Endolysosome ssRNA Virus, bacteria, self 

TLR9 Endolysosome CpG-DNA Virus, bacteria, 

protozoa, self 

TLR10 Endolysosome Unknown Unknown 

TLR11 Plasma membrane Profilin-like molecule Protozoa 

RIG-I-like receptors, RLRs 
 

RIG-I Cytoplasm Short dsRNA, 

5’triphosphate 

dsRNA 

RNA viruses,  

DNA virus 

MDA5 Cytoplasm Long dsRNA RNA viruses 

(Picornaviridae) 

LGP2 Cytoplasm Unknown RNA viruses 

NLR 

NOD1 Cytoplasm iE-DAP Bacteria 

NOD2 Cytoplasm MDP Bacteria 

C-type lectin receptors, CLRs 

 

Dectin-1 Plasma membrane β-Glucan Fungi 

Dectin-2 Plasma membrane β-Glucan Fungi 

MINCLE Plasma membrane SAP130 Self, fungi 

Source: Takeuchi and Akira, 2010. 
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Figure 1-2 Activation of the NF-κB pathway by microbial pathogens such as 

virulent Salmonella (A) and the attenuation of inflammation by the commensal 

Bacteroides thetaiotaomicron (B). 

A. TLR recognition of virulent Salmonella strains (green) leads to activation of IKK 

kinases, which phosphorylate NF-κB p50-RelA heterodimer associated IκB 

proteins. Phosphorylated IκB is targeted by polyubiquitination, followed by 

proteasome-mediated degradation. Free NF-κB dimers then translocate to nucleus 

and activate proinflammatory gene expression. 

B. Inflammation attenuation by a mechanism described by Kelly et al. (2004): 

Exposure of gut epithelial cells to B. thetaiotaomicron (blue) does not interfere with 

NF-κB activation in the cytoplasm. Instead, these bacteria trigger formation of a 

nuclear association between the NF-κB subunit RelA and the nuclear hormone 

receptor the peroxisome proliferator activated receptor-γ (PPAR-γ). This complex is 

removed from the nucleus, resulting in the attenuation of NF-κB mediated 

inflammatory gene expression.                                          adapted from (Beg, 2004) 

(A) 

(B) 
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In TLR signalling, the most activated form of NF-κB is a heterodimer composed of 

RelA and p50 (Kawai & Akira, 2007). Analysing nuclear extracts of Caco-2 cells 

using electrophoretic mobility shift assay (EMSA), Kelly and co-workers showed 

that exposure of Caco-2 cells to S. enteritidis for 2 hours induced the nuclear 

translocation of the NF-κB subunit RelA. When Caco-2 cells were co-incubated 

with S. enteritidis and B. thetaiotaomicron, a similar amount of nuclear import of 

RelA was initially apparent. However, unlike cells treated with S. enteritidis, in the 

presence of B. thetaiotaomicron, the amount of translocated RelA was reduced in 

the nucleus and there was a mainly cytoplasmic redistribution by 2 hours. Further 

investigations with immunoblots revealed that this redistribution resulted due to B. 

thetaiotaomicron-induced nuclear association between the NF-κB subunit RelA and 

PPAR-γ. It was discovered that in the presence of B. thetaiotaomicron, the RelA-

PPAR-γ complex was exported from the nucleus into the cytoplasm, causing the 

attenuation of NF-κB- mediated inflammatory gene expression such as IL-8.  

Kelly and co-researchers’ finding has imparted new insights into our understanding on 

how an individual species of gut microbiota could regulate inflammatory responses in 

intestinal epithelial cells. In the present study a similar approach, inspired by Kelly’s 

work, was carried out to study the inflammatory modulatory effects of bacterial species 

commonly present in the infant gut. B. thetaiotaomicron was used as a control. 

Today’s improved sequencing and analysis tools have allowed thorough 

characterization of the microbial communities that we host in our gut (Gill et al, 2006; 

Turnbaugh et al, 2007; Ley et al, 2008; Qin et al, 2010). The microbial composition of 

the healthy adult gut is relatively stable and it has been proposed, although not 

universally accepted, that most individual gut microbiota may be classified into one of 

three robust clusters or ‘enterotypes’ based on the dominant genera: Bacteroides, 

Prevotella or Ruminococcus (Arumugam et al, 2011). However, before this stability is 

achieved, the bacterial populations that compose the microbiota must evolve from birth 

and establish its mutually beneficial cohabitation with the host (Matamoros et al, 2013). 

Indeed, the period from birth throughout infancy is considered as most important, 

during which initial exposure and colonization by successive populations of bacteria 

contributes profoundly to the development of mucosal immunity and maintenance of 

immune homeostasis in the gut throughout life (Cebra, 1999; Hooper et al, 2012). 
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Thanks to early interest concerning the acquisition and development of infant gut 

microbiota, about eight decades ago, when bacterial identification was based only on 

staining and culture-based techniques, researchers investigating the bacterial microbiota 

of new-born infants (Hall & O'Toole, 1934) were able to summarise the then available 

literature as follows: “We know that the meconium is generally sterile at birth, that 

various bacteria appear in it within the first twenty-four hours of life, that the flora of 

the first three or four days is complex, that simplification accompanies the 

establishment of normal lactation and nursing and the appearance of the characteristic 

milk stool, and continues as long as the nursing baby is in good health, that 

diversification in the flora accompanies intestinal disturbances during the nursing 

period and normally follows weaning and the substitution of a more varied diet,…”  

While the understanding of these general characteristics of early infant gut colonization 

hasn’t changed over time, latest technologies in molecular microbiology has allowed 

more thorough exploration of the biodiversity of microbiota at infancy.  

Furthermore, some studies have now reported evidence of bacterial presence in the 

supposedly sterile intrauterine environment, suggesting a prenatal colonization of the 

foetal gut rather than during birth. While this has been mainly observed in premature 

infants with or without necrotizing enterocolitis (DiGiulio et al, 2008) (Mshvildadze et 

al, 2010), another study detected bacteria in umbilical cord blood, amniotic fluid and 

fetal membranes without any evidence of infection in the mother-infant pair as well as 

in meconium of term infants, suggesting gut colonization to have started before birth 

(Jiménez et al, 2008). 

The gut of a new-born is initially colonized by facultative anaerobes such as 

Enterococcus, Staphylococcus and Escherichia coli and other Enterobacteriaceae 

(Palmer et al, 2007; Jiménez et al, 2008) that would create a reduced environment for 

the favourable establishment of obligate anaerobes such as Bifidobacterium, 

Clostridium and Bacteroides by day seven of life (Mackie et al, 1999). The primary 

determinant of the composition of bacterial communities that first colonize a new-born 

is said to be the mode of delivery (Hall et al, 1990; Dominguez-Bello et al, 2010). 

When vaginally delivered, the infant is subjected to exposure and transmission of faecal 

(Tannock et al, 1990) and vaginal bacteria (Dominguez-Bello et al, 2010) from mother. 

Bacteria may also be acquired through handling by mother following birth (Tannock et 
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al, 1990). However, when delivered through Caesarean-section, baby’s first colonizers 

are mainly obtained from the hospital environment (Fryklund & Berglund, 1992; 

Dominguez-Bello et al, 2010). Furthermore in Caesarean-section born infants, 

intestinal colonization by Bifidobacterium and Bacteroides were delayed and they were 

more often colonized by Clostridium difficile when compared to vaginally delivered 

infants (Grönlund et al, 2000; Adlerberth et al, 2006; Penders et al, 2006). These 

Caesarean-section born infants are said to have an increased risk of developing allergic 

disorders such as allergic rhino conjunctivitis and asthma later in life (Renz‐Polster et 

al, 2005; Salam et al, 2006). It is possible that today’s improved hospital hygiene 

especially in Western countries has caused changes in colonization patterns that may 

increase the risk of developing immune mediated diseases (Adlerberth & Wold, 2009).   

Besides mode of delivery, the most significant factor that influences microbial 

colonization of the infant gut is the infant diet (Penders et al, 2006; Koenig et al, 2011). 

The succession of microbes colonizing the human gut is in fact said to be most notable 

in early development, when the infant’s diet changes from breast milk to formula and to 

weaning onto solid food (Mackie et al, 1999).  By the end of first year life to 3 years of 

age, the diversity of faecal microbiota increases with age and the child’s gut microbiota 

would have evolved to an adult-like form that is relatively stable (Palmer et al, 2007; 

Koenig et al, 2011; Yatsunenko et al, 2012). 

Overall, Bifidobacteriaceae is a dominant family found in the faeces of both breast-fed 

and formula-fed infants despite different modes of delivery and geographical origins 

(Harmsen et al, 2000; Roger et al, 2010; Turroni et al, 2012; Tannock et al, 2013). 

Bifidobacteria are however found to be present in greater abundance in faeces of breast 

milk-fed infants than in formula-fed infants (Harmsen et al, 2000; Favier et al, 2002; 

Tannock et al, 2013). While the total microbiota composition in breast milk-fed infants 

is less diverse when compared to formula-fed infants (Tannock et al, 2013), 

Bifidobacterium-specific denaturing gradient gel electrophoresis demonstrated that 

breast-fed infants harboured greater diversity of this genera than formula-fed infants 

(Roger et al, 2010). Bifidobacteria are predominantly the commonest microorganism in 

most babies during the initial phase of microbiota development i.e. during the period of 

exclusive milk feeding. 
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Surprisingly, some recent 16S rRNA gene amplicon studies revealed low abundance or 

even absence of bifidobacteria in the infant gut microbiota (Palmer et al, 2007; Koenig 

et al, 2011). However as speculated by the authors themselves, this was due to 

mismatches in the supposedly universal primer used to amplify the ribosomal DNA 

sequence of bifidobacteria that caused the abundance of bifidobacteria to be 

underestimated in the faecal samples of all 14 healthy infants studied by Palmer and 

colleagues (2007) and a possible ‘16S ribosomal RNA (rRNA) gene primer bias’ that 

caused the lack of presence of Actinobacteria (bifidobacteria) generally in the 

microbiotas of faecal samples of one single healthy infant studied over a period of 2.5 

years by Koenig and colleagues (2011).  

Pyrosequencing of 16S rRNA gene sequences from faecal samples of 11 infants either 

breast-fed or formula-fed, aged between 1.5 and 5 months from 3 different 

geographical areas found the most abundant classes of bacteria to be Bifidobacteriales 

(80.6%), Lactobacillales (7.2%) and Clostridiales (3.1%), with B. longum and B. 

bifidum being the dominant bifidobacterial species (Turroni et al, 2012). Another study 

investigating the bacterial composition in faeces from seven healthy vaginally-

delivered, breast-fed neonates during their first, second and fourth weeks of life, (Jost et 

al, 2012) found using pyrosequencing of 16S rRNA gene sequences, in general 

agreement with culture and qPCR techniques, that phylum Actinobacteria (consisting 

mainly of Bifidobacterium) was significantly abundant followed by phyla Bacteroidetes 

(mainly Bacteroides and Parabacteroides), Firmicutes (with Streptococcus and 

Staphylococcus reaching highest relative abundances) and Proteobacteria (mainly 

Enterobacteriaceae) with no significant variation in abundance. High Bacteroides 

levels were found to correlate with low Bifidobacterium levels and vice versa. They 

also reported an observation in agreement to previous findings (Adlerberth & Wold, 

2009) that Lactobacillus is unable to form a stable population during early life. They 

further noted that while the culture medium, highly selective for Lactobacillus, yielded 

high amounts of these isolates, the low population levels detected by qPCR in some 

neonates fell below the detection limit of pyrosequencing.     

More recently at the Tannock Laboratory, an analysis of microbiotas in stool samples 

from 90 babies who were either on a breast milk, goat milk formula or cow milk 

formula diet was carried out using pyrosequencing of 16S rRNA gene sequences 

(Tannock et al, 2013). It was found that bifidobacteria formed 61%, 46% and 41% 
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proportion of the total microbiota of these breast milk-fed, goat milk formula-fed and 

cow milk formula-fed infants, respectively.  The most prevalent bifidobacterial species 

were found to be B. longum, B. breve and B. bifidum, an observation commonly seen in 

previous studies (Matamoros et al, 2013), with B. breve having a greater abundance in 

the faeces of breast-fed infants than in formula-fed infants, also in agreement with 

previous findings (Jost et al, 2012). It is however important to note that although 

predominant in the infant faecal microbiota, lack or low abundance of bifidobacteria 

was observed in some infants whether breast-fed or formula-fed. When 

Bifidobacteriaceae abundance was low, Lachnospiraceae abundances tended to be 

greater in all three dietary groups. The family Lachnospiraceae was regarded with 

importance in this study as its simpler composition in goat milk-fed babies was more 

similar to that of breast milk-fed infants. The predominant Lachnospiraceae in these 

two dietary groups was Ruminococcus gnavus, whereas a diversity of other species was 

detected in cow milk-fed babies e.g. Blautia producta, Blautia glucerasea and 

Ruminococcus obeum to name a few. Bacteroidaceae is another family that is often 

associated with breast milk-fed infant microbiota. Indeed, members of the genus 

Bifidobacterium and Bacteroides have been demonstrated to have the ability to utilize a 

class of carbohydrates present exclusively in human milk, called the human milk 

oligosaccharides (HMOs). Neither does the human small intestine have the enzymes 

necessary for complete digestion of HMOs, nor are the HMOs needed to directly 

nourish the infant. Instead HMOs are believed to be present to serve as prebiotics for 

enriching growth of these commensals (Sela & Mills, 2010; Marcobal et al, 2011). In 

addition, HMOs act as decoys for pathogen binding, preventing intestinal pathogen 

adhesion to epithelial cell surfaces. HMOs are furthermore suggested to improve host 

defence through their immunomodulatory effects and intestinal barrier function 

(Newburg et al, 2005; Smilowitz et al, 2014). In Tannock et al (2013), next to 

Bifidobacteriaceae, Bacteroidaceae namely Bacteroides vulgatus, Bacteroides fragilis 

and Bacteroides thetaiotaomicron were found to be abundant in breast milk-fed infants, 

while Lachnospiraceae and Erysipelotrichaceae were more abundant in goat milk and 

cow milk-fed babies. The timely analysis outcome of the pyrosequencing study and the 

availability of multiple Bifidobacterium strains isolated from the faeces of these infants, 

supported the structure of the present study, whereby it was decided that bacteria 

predominant in the infant gut be tested for their immunomodulatory effects on intestinal 

epithelial cells. 
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Several cultured human intestinal cell lines have been extensively used to study the role 

of commensal bacteria in regulating inflammatory immune responses. One such in vitro 

model which was chosen to be used in the present study is the human colorectal 

adenocarcinoma cell line, HT-29 (Fogh et al, 1977) that displays an undifferentiated 

phenotype of intestinal epithelial cells. This cell line was isolated from a primary 

tumour of a 44 year old Caucasian female in 1964 using the explant culture method by 

Dr Jorgen Fogh at the Sloan Kettering Institute for Cancer Research, New York.  

Table 1-3 below summarizes studies that utilised this cell line to investigate the 

immunomodulatory potentials of various commensal bacterial strains. Besides its ease 

of handling, the extensive use of the HT-29 cell line can be attributed to its added 

advantage of constitutively expressing various PRRs namely TLRs 1, 2, 3, 4, 5, 6, 7 

(Melmed et al, 2003; Tallant et al, 2004; Furrie et al, 2005b), RLRs: RIG-I and 

melanoma differentiation-associated gene 5 (MDA5) (Broquet et al, 2011) and NLRs: 

NOD1 and NOD2 (Uehara et al, 2007). In addition, HT-29 cells are known to be more 

responsive (when compared to the Caco-2 cell line) to MAMPs such as LPS (Schuerer-

Maly et al, 1994), polyinosinic: polycytidylic acid [poly(I:C)] (Vijay-Kumar et al, 

2005; Uehara et al, 2007), lipid A, single-stranded RNA (ssRNA) (Uehara et al, 2007) 

as well as whole bacterial cells (Furrie et al, 2005b).  
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Table 1-3 Summary of studies that used HT-29 cells to investigate immunomodulatory effects of gut commensals. 

Title Summary Reference 

Live Lactobacillus reuteri is essential for 

the inhibitory effect on tumour necrosis 

factor alpha-induced interleukin-8 

expression. 

 

In research conducted by McMaster University and The Brain-Body Institute, 

Canada, live L. reuteri (ATCC strain) dose dependently inhibited constitutive 

synthesis of IL-8 by T84 and HT-29 cells and that induced by TNF-α in terms 

of mRNA and intracellular and secreted protein. L. reuteri also inhibited IL-8 

synthesis induced by Salmonella enterica serovar Typhimurium. L. reuteri 

required pre-incubation and adherence for effective, inhibited translocation of 

NF-κB to the nuclei of HeLa cells, and prevented degradation of TNF-α 

induced IκB. Neither bacterial lysates, conditioned media, heat-killed nor 

gamma irradiated organisms showed this inhibitory effect. 

(Ma et al, 2004) 

Functional modulation of enterocytes by 

gram-positive and gram-negative 

microorganisms 

At the Harvard Medical School, USA, molecular mechanisms behind the 

beneficial effects of two widely used probiotic preparations (EcN, consisting of 

E.coli Nissle 1917; probiotic mixture VSL#3, PM consisting of four strains of 

Lactobacillus, three species of Bifidobacterium and one strain of Streptococcus) 

were investigated using T84 and HT-29 intestinal epithelial cells. The effects on 

pathogen (Salmonella dublin) induced alterations were also analysed. In 

contrast to the gram-negative S. dublin and EcN, the gram-positive organisms 

of PM did not induce IL-8 secretion from the cell lines tested. Co-culture with 

(Otte & Podolsky, 

2004) 
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PM and to a lesser extent with medium conditioned by PM reduced IL-8 

induction by EcN or S. dublin. PM and soluble proteins released from PM 

increased transepithelial resistance (TER), attenuated S. dublin induced 

decrease in TER and stabilized tight junctions. PM also induced increased 

expression of mucin genes. When cells were pre-treated with inhibitors of 

mitogen activated protein kinase (MAPK), this significantly decreased changes 

in IL-8 synthesis and mucin expression and affected the regulation of TER in 

co-culture experiments with PM. Furthermore, PM-conditioned media was 

found to activate the MAPK p42/44 and p38. Together, these indicate the 

involvement of the MAPK pathway in the modulatory effects of the PM soluble 

factor.  

Toll‐like receptors 2, 3 and 4 expression 

patterns on human colon and their 

regulation by mucosal‐associated 

bacteria. 

This research administered at the Ninewells Hospital Medical School, 

University of Dundee, UK, reported that in normal human colon tissues tested, 

expression of TLRs 2 and 4 were confined to the crypt epithelial cells and 

expression was lost as the cells matured and moved towards the gut lumen. In 

contrast, TLR 3 was only produced in mature epithelial cells. The levels of 

expression of TLR 1, 2, 3 and 4 differed in Caco-2 and HT-29 cells. Six 

different bacterial species (Enterococcus faecalis, Escherichia coli, 

Peptostreptococcus anaerobius, Bifidobacterium longum, Bifidobacterium 

bifidum, Bacteroides fragilis) were selected from rectal mucosal biopsy isolates. 

(Furrie et al, 

2005b) 
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Co-culture of HT-29 cells with different mucosal isolates showed that they were 

highly responsive to bacterial challenge, with up-regulation of mRNA for 

TLR1, 2, 3 and 4. In contrast, Caco-2 cells, showed little difference in mRNA 

levels. Poly(I:C) incubated for 3 hours with HT-29 cells previously incubated 

for 18 hr with B. bifidum showed a significant increase in IFN-β mRNA 

demonstrating an enhanced antiviral response in epithelial cells previously 

exposed to Gram-positive bacteria. The authors concluded from the 

observations that these expression patterns allow induction of responsiveness to 

bacteria only by the crypt epithelium (as represented by HT-29 cells) so that 

tolerance to commensal organisms can be maintained. In contrast, mature 

columnar epithelium (as represented by Caco-2 cells) is able to respond to viral 

pathogens, which are not part of the normal gut commensal microbiota.  

Functional modulation of human 

intestinal epithelial cell responses by 

Bifidobacterium infantis and 

Lactobacillus salivarius 

In a collaborative study between researchers at Alimentary Pharmabiotic 

Centre, University College Cork, Ireland, Alimentary Health Ltd, Ireland, and 

McMaster University, Canada, HT-29 cells were incubated with two 

commensal strains demonstrated previously to have probiotic properties, a 

Bifidobacterium infantis (35624) and a Lactobacillus salivarius (UCC118) at 

varying time points. Gene array result showed that the expression of any of the 

847 immune related genes assayed were not augmented. However, incubation 

with Salmonella typhimurium increased expression of 36 genes associated with 

(O'Hara et al, 

2006) 
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pro-inflammatory responses, including NF-κB and IL-8. When HT-29 cells 

were pre-treated with the commensal bacteria for 2 hours prior to stimulation 

with S. typhimurium, there was an attenuation of secreted IL-8 as well as 

activated NF-κB in nuclear extracts. Furthermore the commensals caused a 

dose-dependent inhibition of baseline IL-8 secretion by HT-29 cells. Pre-

treatment with B. infantis and not L. salivarius inhibited flagellin induced IL-8 

secretion, a specific antagonistic effect. The commensal bacteria did not 

increase mucin-3 (MUC3) or E-cadherin expression, or blocked association of 

S. typhimurium to HT-29 but when tested on dendritic cells from peripheral 

blood mononuclear cells (PBMCs) of healthy volunteers, both commensals 

stimulated a significant increase in IL-10 and TNF-α secretion as compared to 

untreated cells.  

Anti-inflammatory effects of 

bifidobacteria by inhibition of LPS-

induced NF-κB activation. 

Researchers at University of Ulm, Germany and Nestle Research Centre, 

Switzerland tested eight bifidobacteria strains (five type culture strains and 

three intestinal isolates) for their anti-inflammatory effects on HT-29 cells 

stimulated with LPS or TNF-α. Six out of these strains inhibited LPS- induced 

NF-κB activation in a dose- and strain-dependent manner. In contrast, NF-κB 

activation in response to challenge with tumor necrosis factor-α (TNF-α) was 

affected by none of the tested bifidobacteria, indicating specificity in their 

inhibitory effect. Two of these six strains, a breast-fed infant isolate, B. bifidum 

(Riedel et al, 2006) 
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and a type culture B. longum strain, were selected for further tests and found to 

dose-dependently decrease LPS-induced IL-8 secretion as well as mRNA levels 

of IL-8, TNF-α, cyclooxygenase 2 (Cox-2), and intercellular adhesion molecule 

1 (ICAM-1). 

Interaction of probiotic Lactobacillus and 

Bifidobacterium strains with human 

intestinal epithelial cells: adhesion 

properties, competition against 

enteropathogens and modulation of IL-8 

production 

 

In a study conducted at University of Bologna and R & D Food Microbiology 

and Bioprocess Research, Italy, cell lines HT-29 and Caco-2 were used in 

immune response and adhesion experiments respectively to investigate the 

protective role of probiotic Lactobacillus and Bifidobacterium strains toward 

enteropathogen infection. All strains tested were found to be adhesive to Caco-2 

cells based on the definition of adhesive strains being those with 5 to 40 

bacteria adhered to one Caco-2 cell. Furthermore, the four probiotic strains 

tested were able to displace adhesive enteropathogenic bacteria Salmonella 

cholerasuis serovar Typhimurium and E. coli H10407 from the Caco-2 cell 

monolayer at varying levels, with the L. acidophilus strain being most effective. 

Both the L. acidophilus strain and a B. longum strain were further tested for 

their ability to modulate TNF-α, IL-1β and LPS stimulated IL-8 in HT-29 cells. 

The authors reported some immunomodulatory effects, however no significance 

or P values were reported.  

(Candela et al, 

2008) 

Anti-inflammatory activity of probiotic 

Bifidobacterium: enhancement of IL-10 

Researchers at the Yakult Central Institute for Microbiological Research and 

Nihon University School of Medicine, Japan tested the anti-inflammatory 

(Imaoka et al, 

2008) 
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production in peripheral blood 

mononuclear cells from ulcerative colitis 

patients and inhibition of IL-8 secretion 

in HT-29 cells 

effects of two probiotic bifidobacteria strains (B. breve BBrY and B. bifidum 

BBiY). Both strains induced production of the anti-inflammatory cytokine IL-

10 in PBMC from ulcerative colitis patients, with BBrY being more effective. 

Conditioned medium and DNA of both strains but not heat-killed bacteria 

inhibited IL-8 secretion in TNF-α stimulated HT-29 cells, correlating with a 

reduction in IL-8 and increase in IκB gene expression.  

Lactobacilli stimulate the innate immune 

response and modulate the TLR 

expression of HT-29 intestinal epithelial 

cells in vitro 

 

In a study performed at the Federal Research Institute for Nutrition and Food, 

Germany a probiotic strain, Lactobacillus rhamnosus GG and a potentially 

probiotic strain isolated from infant faeces, Lactobacillus plantarum were 

investigated for their ability to modulate the innate immune response using HT-

29 cells. Cells treated with the Lactobacillus strains showed increased levels of 

IL-8 secretion when pre-treated with TNF-α indicating sensitization of HT-29 

cells by this chemokine. On the other hand when HT-29 cells were pre-treated 

with lactobacilli, the IL-8 secretion in response to Salmonella enterica serovar 

Typhimurium increased, suggesting sensitization of HT-29 cells by lactobacilli. 

Lactobacilli were found to induce TLR2 and TLR9 but not TLR4 mRNA 

expression and enhance TLR2 and TLR5 protein levels in HT-29 cells. 

(Vizoso Pinto et al, 

2009) 

Modulation of pathogen-induced CCL20 

secretion from HT-29 human intestinal 

epithelial cells by commensal bacteria 

This was another study done at the Alimentary Pharmabiotic Centre, University 

College Cork Ireland. Chemokine (C-C) motif ligand 20 (CCL20) is a 

chemokine constitutively expressed at immunological barriers such as 

(Sibartie et al, 

2009) 
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gastrointestinal tract and skin. In this study, the modulatory effects of 

commensal bacteria Bifidobacterium infantis and Lactobacillus salivarius 

described above (O'Hara et al, 2006) on various pathogen-induced CCL20 

secretion was investigated. Compared to untreated cells, Salmonella 

typhimurium, Clostridium difficile, Mycobacterium paratuberculosis and 

flagellin activated NF-κB and stimulated significant secretion of CCL20 and IL-

8 by HT-29 cells. On the other hand, B. infantis, L. salivarius or M. smegmatis 

did not cause these amplifications. B. infantis but not L. salivarius treatment 

was also able to dose-dependently inhibit the baseline secretion of CCL20 in 

HT-29 cells. Moreover, pre-treatment with B. infantis significantly attenuated 

C. difficile, S. typhimurium and flagellin induced CCL20 secretion.  

Bifidobacterium lactis inhibits NF-κB in 

intestinal epithelial cells and prevents 

acute colitis and colitis-associated colon 

cancer in mice 

At the Yonsei University College of Medicine, Korea, anti-inflammatory 

properties of Bifidobacterium lactis KCTC (Korean collection for type cultures) 

5727 strain was tested on HT-29 cells as well as colitis and colonic tumours 

induced mice. B. lactis was found to inhibit IL-1β and TNF-α mediated NF-κB 

activation and suppressed NF-κB-dependent tumorigenic genes in HT-29 cells, 

which correlated with the strain’s ability to abolish degradation of IκB-α and 

nuclear translocation of NF-κB. B. lactis was also shown to reduce the severity 

of induced colitis and decrease the size of tumours in the mouse models.  

(Kim et al, 2010) 

Functional metagenomics: a high In a collaborative study between the French National Institute for Agricultural (Lakhdari et al, 
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throughput screening method to decipher 

microbiota-driven NF-κB modulation in 

the human gut 

 

Research (INRA) and a French biotech company- LibraGen, HT-29 cells were 

stably transfected with a plasmid containing the secreted alkaline phosphatase 

(SEAP) gene under the control of NF-κB binding elements. Upon validation of 

this NF-κB reporter system to check the robustness of its response to known 

activators and inhibitors of NF-κB, it was used for the first time for screening of 

a metagenomic library issued from the microbiota of Crohn’s disease patients to 

identify NF-κB modulating clones. A total of 171 modulating clones were 

identified. One out of these clones was further characterised and identified to 

most probably belong to a Bacteroides strain, with the most closely related 

strain being Bacteroides vulgatus, a commensal previously found to be more 

abundant in Crohn’s disease patients compared to healthy adults.  

2010) 

Induction of cytokine formation by 

human intestinal bacteria in gut epithelial 

cell lines 

In another study done at the University of Dundee, UK, HT-29 and Caco-2 cells 

were co-cultured with a range of mucosal bacteria isolated from ulcerative 

colitis patients and lactobacilli and bifidobacteria isolates from healthy people. 

The mRNA expression of several pro-inflammatory (IL-1α, IL-6, IL-18 and 

TNF-α) and anti-inflammatory (TGF-β1, TGF-β2, TGF-β3, IL-4 and IL-10) 

cytokines was measured using quantitative real-time PCR. While the obviously 

pathogenic bacteria increased expression of both pro- and anti-inflammatory 

cytokines, majority of commensals tested suppressed the expression of anti-

inflammatory cytokines, increased IL-18 and reduced IL-1α and TNF-α gene 

(Bahrami et al, 

2011b) 
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expression. 

Inhibition of the NF-kappaB pathway in 

human intestinal epithelial cells by 

commensal Streptococcus salivarius 

At the French National Institute for Agricultural Research (INRA), France an 

NF-κB reporter system stably expressed in HT-29 cells was used to investigate 

the regulatory effects of different strains of Streptococcus salivarius and S. 

vestibularis on the NF-κB pathway. Supernatants of the strains tested were able 

to markedly inhibit TNF-α induced NF-κB activation. Further tests with two 

most efficient S. salivarius strains showed that they produced an active 

metabolite (<3 kDa) which was able to down regulate the secretion of IL-8. 

They were also found to inhibit NF-κB activation induced by flagellin and 

another pro-inflammatory cytokine IL-1α.  

(Kaci et al, 2011) 

Anti-inflammatory properties of 

intestinal Bifidobacterium strains isolated 

from healthy infants 

Researchers at the Russian State Medical University, Russia and University 

Wisconsin-Madison, USA studied the anti-inflammatory properties of 

Bifidobacterium strains (twelve isolated from the faeces of nine healthy infants 

and five other collection and type strains) on HT-29 cells. Conditioned media 

(CM) of all strains were able to attenuate TNF-α and/ or LPS-induced 

inflammatory responses measured by IL-8 and TNF-α secretion. This activity 

was attributed to heat-stable, non-lipophilic compound(s) resistant to protease 

and nuclease treatment and of molecular weight 3kDa. With further tests, the 

anti-inflammatory effects were found to be associated with inhibition of IκB 

phosphorylation and NF-κB-dependent promoter activation. Treatment with 

(Khokhlova et al, 

2012) 
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CMs and either TNF-α or LPS, but not CMs alone also up-regulated 

transforming growth factor-β1 with all bifidobacteria strains and NF-κB nuclear 

inhibitor IκBζ and p21CIP mRNA, a key inhibitor of cyclin dependent kinases, 

with a certain strains tested. The authors suggested limited species-specificities 

of the anti-inflammatory properties of bifidobacteria. 

Lactic acid bacteria and bifidobacteria 

attenuate the proinflammatory response 

in intestinal epithelial cells induced by 

Salmonella enterica serovar 

Typhimurium 

At Guelph Food Research Centre, Canada, lactic acid bacteria (LAB) and 

bifidobacteria isolates from farm animals, dairy products and human sources 

(Lactobacillus rhamnosus, L. plantarum, L.casei, Pediococcus acidilactici, P. 

cerevisiae, P. pentosaceus, Bifidobacterium adolescentis, B. breve and B. 

longum) as well as L. kefir, Lactococcus lactis and Leuconostoc mesenteroides 

isolated from kefir grains were tested for their modulatory effects on 

inflammatory host responses induced by Salmonella enterica serovar 

Typhimurium which was either pre-, post or incubated together with the 

probiotics or LAB strains (as they were referred to by the authors). When HT-

29 cells were pre-incubated with these probiotics and LAB strains 1 hour prior 

to the addition of Salmonella enterica serovar Typhimurium, the B. 

adolescentis, B. longum, B. breve, L. kefir and Leuconostoc mesenteroides 

strains significantly decreased IL-8 secretion induced by the S. enterica serovar 

Typhimurium. However, when the IL-8 gene expression was investigated, only 

B. adolescentis caused a significant decrease in IL-8 mRNA. Although the 

(Carey & 

Kostrzynska, 2013) 
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authors noted that all bifidobacteria strains ‘decreased’ the IL-8 mRNA induced 

by S. enterica serovar Typhimurium, these were not significant. B. adolescentis, 

L. rhamnosus and L. kefir strains were selected to investigate their anti-

inflammatory properties through co-incubation or post-incubation with S. 

enterica serovar Typhimurium using the HT-29 cell culture model. When co-

incubated with S. enterica serovar Typhimurium, L. rhamnosus and L. kefir 

strains significantly decreased the IL-8 secretion and when post-incubated after 

1 hour of addition of S. enterica serovar Typhimurium, none of the strains 

tested significantly decreased the IL-8 secretion, hence indicating that 

probiotics and LAB strains are more effective in prevention of inflammatory 

responses. When the contribution of L. kefir culture supernatant on IL-8 

production was evaluated, the diluted culture supernatant significantly 

decreased S. enterica serovar Typhimurium induced IL-8 secretion, but the 

neutralized culture supernatant did not.                                                                                            

Multi-strain probiotic modulation of 

intestinal epithelial cells' immune 

response to a dsRNA ligand, 

polyinosinic: polycytidylic acid 

Researchers at Lallemand Health Solutions Inc., Canada tested a commercial 

probiotic containing three bacteria (Bifidobacterium longum subsp. infantis 

R0033, B. breve R0071 and Lactobacillus helveticus R0052) combined at a 

ratio of 20:20:60 respectively, for their ability to immune modulate the host cell 

response to poly(I:C). HT-29 cells were stimulated with poly(I:C) in the 

presence or absence of this probiotic combination (PC) for 3 hours. The 

(Macpherson et al, 

2014) 
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Immune Array which is a DNA microarray detecting 1,354 human genes 

belonging to 17 pathways connected to innate immunity and barrier defence 

was used to detect genes with significant changes in transcript abundance. This 

was further confirmed using quantitative PCR. A Venn-diagram was used to 

show a total of 56 differentially expressed genes in all of the different co-

challenges. Thirty-seven pro-inflammatory genes associated with TLR3-TRIF, 

MAPK, NFκB and cytokine-cytokine receptor signalling pathways genes up-

regulated and unique to the poly(I:C) only co-challenge was inhibited to basal 

level by the addition of PC. Thirteen other NFκB and cytokine/ chemokine-

related genes were also attenuated by the probiotic combination. The PC only 

co-challenge modulated 6 genes which were not connected to pro-inflammatory 

responses. Overall, the authors conclude that the combination of the three 

bacteria had a major impact on attenuating expression of genes connected to a 

pro-inflammatory TH1 and antiviral innate immune responses. 
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In the present study, poly(I:C), the synthetic analogue of double-stranded RNA 

(dsRNA) was used as stimulant to induce an inflammatory response in HT-29 cells in 

order to test the immunomodulatory effects of the gut bacterial strains studied. Almost 

all viruses produce dsRNA at some point during replication (Jacobs & Langland, 1996). 

Poly(I:C) is able to activate an antiviral immune response similar to viral dsRNA, when 

it is recognized by either TLR3 (Alexopoulou et al, 2001), dsRNA-dependent protein 

kinase (PKR) (Vijay-Kumar et al, 2005) or the RIG-I-like receptor (RLR) family 

members, MDA5 (Kang et al, 2002) and RIG-I (Yoneyama et al, 2004) which in turn 

activates transcription factors interferon regulatory factors (IRF) IRF-3, IRF-7 and NF-

κB that induce transcription of several pro-inflammatory cytokines. Poly(I:C) has 

therefore been widely used as an immuno-stimulant in cell cultures, animals as well as 

human subjects (Turner et al, 1970; Field et al, 1971; Ishikawa & Biron, 1993; 

Alexopoulou et al, 2001; Yoneyama et al, 2004; Vijay-Kumar et al, 2005; Cui & Qiu, 

2006; Omagari et al, 2009).  

Viruses are frequently the causative agent of gastroenteritis with rotavirus, a dsRNA 

icosahedral virus being a leading cause of diarrhoea-associated illness and death in 

children less than 5 years of age (Monroe, 2011). Most children are infected with 

rotavirus during the first 2 years of life (Nwachuku & Gerba, 2006). Before the 

introduction of universal rotavirus vaccination programmes, in the year 2008 alone, 

diarrhoea due to rotavirus infection resulted in 453 000 deaths worldwide in children 

younger than 5 years of age (Tate et al, 2012). Although the rotavirus vaccines are 

reported to be effective and significantly reduce the incidence of severe rotavirus, most 

countries including those with the highest disease burden have not yet introduced 

rotavirus vaccines into their national immunization program due to issues of cost and 

infrastructure (Newburg, 2012; Yen et al, 2014). Safer drinking water and sewage 

disposal decreased incidences of bacterial and parasitic gastrointestinal infections in 

children, but has not caused comparable decline in viral gastroenteritis (Dennehy, 

2011). It is however evident through several randomized controlled trials that certain 

commensal bacteria are able to aid the host in clearance of these viral infections 

although the mechanisms of action are unclear (Saavedra et al, 1994; Cazzola et al, 

2010; Sur et al, 2011; Huang et al, 2014). Supplementing infant formula with 

Bifidobacterium bifidum and Streptococcus thermophilus, for instance, reduced the 

frequency of episodes of acute infectious diarrhoea and rotavirus shedding in infants 
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admitted to hospital (Saavedra et al, 1994). For these reasons, poly(I:C) being a potent 

inducer of anti-viral response was chosen as a suitable stimulant to assess modulatory 

effects of gut commensals predominant in infants. Both poly(I:C) and rotavirus dsRNA 

are known to stimulate IL-8 mRNA and protein synthesis in cultured epithelial cell 

lines including HT-29 (Sheth et al, 1996; Casola et al, 2002; Schneeman et al, 2005; 

Vijay-Kumar et al, 2005). 

In addition to the undifferentiated HT-29 cell line, the HT29-MTX cell line, which is a 

differentiated phenotype derived from the parental HT-29 cells were also used in the 

present study. HT29-MTX cells are mucus-secreting HT-29 cells permanently 

differentiated through adaptation to growth in the presence of methotrexate (MTX). 

They are able to maintain their ability to differentiate into goblet cells under normal 

culture conditions (Lesuffleur et al, 1993). The intestinal epithelium, being the most 

vigorously self-renewing tissue, differentiates into four cell types i.e. Paneth cells that 

settle at the crypt bottom and mucus-secreting goblet cells, hormone- secreting 

enteroendocrine cells and absorptive-enterocytes that cover the epithelial protrusions 

called villi (van der Flier & Clevers, 2009). While the small intestine is covered with a 

thinner and discontinuous mucus layer to enable sampling of antigenic substances, the 

number of goblet cells and thickness of mucus layer are reported to increase from the 

duodenum to the descending colon. Studies have observed alterations in the 

composition and secretion levels of mucus in germfree vs normal mice along with 

temporal and spatial changes in mucin composition relative to bacterial succession in 

the gut, suggesting microbial involvement in modulating this innate defense structure 

(Deplancke & Gaskins, 2001). Hence in the present research, an attempt was made to 

find out if bacterial modulation of inflammatory responses may differ between 

undifferentiated epithelial cells and mucus producing epithelial cells. 

As seen in Table 1-3 above, numerous studies have demonstrated that Bifidobacterium 

and Lactobacillus strains are able to modulate pro-inflammatory signals in intestinal 

epithelial cells (Otte & Podolsky, 2004; Furrie et al, 2005a; O'Hara et al, 2006; Riedel 

et al, 2006; Candela et al, 2008; Imaoka et al, 2008; Sibartie et al, 2009; Kim et al, 

2010; Bahrami et al, 2011b; Khokhlova et al, 2012; Carey & Kostrzynska, 2013; 

Macpherson et al, 2014). Strains belonging to these genera have been of great interest 

due to their wide use as probiotics in many functional foods and dietary supplements. 

Studies have seldom compared the modulatory effects of several bacterial species 
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commonly found in a healthy microbiota. The present study attempted to address this in 

order to help better understand mechanisms that link microbiota to host health.  

Aims and Objectives    

The following aims and objectives were developed to test the hypothesis of the study, 

“Bacteria predominant in the infant gut contribute to innate immunological 

tolerance and homeostasis by regulating signalling cascades in epithelial cells.”   

Aim 1: develop a model system to study the immuno-modulatory mechanisms of 

gut bacterial strains predominant in the infant gut. 

Objective 1: optimize the use of poly(I:C) to induce an inflammatory response in the 

HT-29 cell line by performing dose response and time course experiments and 

measuring IL-8 gene expression levels using reverse transcription quantitative PCR 

(RT-qPCR). 

Objective 2: treat HT-29 cells with freeze-dried preparations of heat-treated or non-

heat-treated Bacteroides thetaiotaomicron ATCC 29148T and/ or poly(I:C) to examine 

the ability of this strain in modulating inflammatory response by measuring the fold 

changes in IL-8 gene expression levels using RT-qPCR. 

Aim 2: screen several bacterial strains predominant in the infant gut to assess 

their ability in modulating inflammatory response in intestinal epithelial cells. 

Objective 1: treat HT-29 cells with freeze-dried preparations of heat-treated or non-

heat-treated bacterial strains and/ or poly(I:C) to examine the ability of each strain to 

modulate inflammatory response by measuring the fold changes in IL-8 gene 

expression levels using RT-qPCR. 

Objective 2: correlate the IL-8 gene expression pattern to IL-8 protein synthesis using 

ELISA. 

Objective 3: compare the modulatory effects of selected bacterial strains in mucus 

producing intestinal epithelial (HT29-MTX) cells with non-mucus producing (HT-29) 

cells. 
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Objective 4: assess and compare bacterial adherence to the two different variants of 

intestinal epithelial cells by treating HT-29 and HT29-MTX cells with selected strains 

of bacteria and staining with Giemsa stain. 

Objective 5: determine if the bacterial modulation of poly(I:C) induced IL-8 was 

dependent on TLR recognition of the bacterial MAMPs by blocking TLR 2/ TLR 4 in 

HT-29 cells prior to treating with the respective bacteria 

Aim 3: identify the signalling pathway modulated by the selected bacterial strains 

and describe changes occurring in the signalling cascades. 

Objective 1: quantify and analyse fold changes of other genes involved in the anti-viral/ 

pro-inflammatory response in HT-29 cells treated with selected bacterial strains and/ or 

poly(I:C) using the RT2 Profiler PCR array. 

Objective 2: illustrate the signalling cascades of genes in the identified signalling 

pathway to describe the bacterial modulation of poly(I:C) induced inflammatory 

response. 

 

If progress permitted, two further aspects would be researched upon accomplishment of 

Aims 1-3 above:  

1. to treat HT-29 cells with mixtures of bifidobacterial strains to assess their 

modulatory effects on IL-8 in intestinal epithelial cells when present in proportions 

detected in faeces.   

2. to investigate associations between PPAR-γ and the NF-κB subunit RELA to find out 

if the bacterial strains tested in the present study modulated IL-8 gene expression 

through similar mechanisms as did the Bacteroides thetaiotaomicron strain in the works 

of Kelly and co-researchers (2004).  
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2 Materials and Methods 

 

This chapter introduces all materials and describes the general methodology used in the 

present study. Optimization of certain methods are further discussed in the following 

chapter i.e. Chapter 3 Optimization of Methodology. 

2.1 Bioinformatic analysis of high-throughput sequencing data  

High-throughput sequence data from a recent study (Tannock et al, 2013) was analysed 

in order to determine the ratios of different bifidobacterial species observed in the 

faeces of 90 Australian infants.  The V1 to V3 regions of the bacterial 16S rRNA gene 

was sequenced and the sequences were processed using the Quantitative Insights Into 

Microbial Ecology (QIIME) software version 1.2. (Caporaso et al, 2010).  Sequences 

were excluded from analysis if they were <250 or >550 bases in length, had an average 

quality score of <25, contained one or more ambiguous bases, had >1 mismatch with 

the sequencing primer or had a homopolymer run of >6.  Following splitting into 

barcoded samples and initial quality filtering, the sequences were passed through the 

QIIME pipeline using default parameters, including chimera checking.  Species-level 

taxonomy was obtained by filtering operational taxonomic unit (OTU) tables, 

containing taxonomic data generated using the ribosomal database project  (RDP) 

classifier, at a genus level; extracting representative sequences and using BLAST to 

identify species-level matches within the NCBI nucleotide database.  The relative 

abundance of bifidobacterial species were obtained by dividing the sum of sequences in 

all OTUs identified as belonging to that species by the sum of all sequences in a 

sample. 

2.2 Bacterial strains 

Bacterial strains used in this study are listed in Table 2-1. These isolates had been 

cultured from faecal homogenates using Difco Rogosa SL agar (Becton Dickinson) in 

various previous studies or obtained from type culture collections. 
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Table 2-1. Bacterial strains used in this study 

Bacteria Source 

Bifidobacterium spp.  

 B. breve ATCC 15700T (G1) 

B. breve G3 

B. breve G7 

B. breve G9 

B. breve G38 

ATCC (infant intestine) 

infant faeces 

infant faeces 

infant faeces 

infant faeces 

 B. longum subsp. longum G12 

B. longum subsp. longum G14 

B. longum subsp. longum G16 

B. longum subsp. longum G17 

B. longum subsp. longum ATCC 15707T (G29) 

infant faeces 

infant faeces 

infant faeces 

infant faeces 

ATCC (adult intestine) 

 B. bifidum DSM 20456T (G5) 

B. bifidum G19 

B. bifidum G21 

B. bifidum G22 

B. bifidum G36 

DSM (infant faeces) 

infant faeces 

infant faeces 

infant faeces 

infant faeces 

Ruminococcus gnavus ATCC 29149T ATCC (human faeces) 

Blautia producta DSM 2950T DSM (human septicaemia) 

Bacteroides spp.  

 B. vulgatus ATCC 29327 ATCC (human faeces) 

 B. vulgatus ATCC 8482T ATCC (human faeces)  

 B. fragilis ATCC 25285T ATCC (appendix abscess) 

 B. thetaiotaomicron ATCC 29148T ATCC (human faeces) 

ATCC, American type culture collection; DSM, German collection of microorganisms  
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2.2.1  Bacterial culture media  

Bifidobacterium strains were cultured in Difco Lactobacilli de Man, Rogosa and 

Sharpe MRS broth (Becton Dickinson). Ruminococcus gnavus, Blautia producta and 

Bacteroides spp. strains were cultured in supplemented Brain Heart Infusion (BHI-S) 

broth. BHI-S broth contained the following components per Litre distilled water: 

Bacto Brain Heart Infusion, 37g (Becton Dickinson); Bacto Yeast Extract (Becton 

Dickinson), 5g; L cysteine, 1g (Sigma); Tween 80, 1ml (Sigma) and Vitamin K-heme 

solution, 10ml [1ml 95% ethyl alcohol containing 5mg menadione (Vitamin K; Sigma) 

added to 100ml hemin solution containing 1mM sodium hydroxide (NaOH) and 50mg 

hemin (minimum 80%; Sigma). For preparation of solid media, 1.5% (wt/vol) agar 

(Coast Biologicals) was added to broth culture media. All agar plates were pre-reduced 

before use by placing them in the anaerobic chamber over-night to ensure the removal 

of residual oxygen. 

2.2.2 Cell maintenance 

HT-29 and HT29-MTX cells were grown in Dulbecco’s Modified Eagle Medium 

(DMEM), high glucose (Life Technologies) supplemented with 10% heat-inactivated 

foetal bovine serum (FBS) (BioInternational) and antibiotics Penicillin-Streptomycin 

(Life Technologies) at a final concentration of 100 U/ml penicillin and 100g/ml 

streptomycin, herein referred to as complete cell culture media. THP-1 cells were 

grown in the complete cell culture media further supplemented with 55μM 2-

mercaptoethanol (2ME).  

All cell culture work was performed in a class II biological safety cabinet. Cells were 

routinely propagated in 75-cm2 tissue culture flasks (Becton Dickinson) and maintained 

at 37C in a humidified, 5% CO2 incubator. HT-29 cells were seeded at 3 x 104 cells 

per cm2. Medium was changed every two days and cells were passaged through 

trypsinization with a 0.5% trypsin-EDTA solution (Life Technologies) when they 

reached 80-90% confluency. HT29-MTX cells were seeded at 2 x 104 cells per cm2. 

Medium was changed daily and cells were passaged through trypsinization when they 

reached 60% confluence. As for the non-adherent THP-1 cells, cells cryopreserved at a 

concentration of 5x106 cells/ml were resuscitated in 25cm2 tissue culture flask with 5ml 



37 

 

cell culture medium and allowed to grow for 5 days. The cells were sub-cultured when 

the total cell concentration reached 1x106 cells/ml by seeding a new 75cm2 tissue 

culture flask with 3x105 cells/ml and adding 12 ml of fresh culture medium. Cells were 

maintained at 8x105-1x106 cells/ml and split every 4th day. THP-1 cells were 

differentiated into macrophage-like cells by incubating with 10ng/ml phorbol-12-

myristate-13-acetate (PMA) (Sigma) for 48 hours. Cell viability was assessed using 

trypan blue staining.  

2.2.3 Identification of bacterial strains  

The identity of all bacteria used in this study was confirmed by extracting DNA from 

pure bacterial cultures, followed by amplifying a 16S rRNA coding region in the DNA 

and sequencing the resulting amplicon. The 16S rRNA gene is targeted as it is 

generally accepted to contain highly conserved regions interspersed with more variable 

regions across different bacterial species (Weisburg et al, 1991). PCR using specific 

primers targeting the variable regions allow discrimination of closely related species 

(Schmidt & Relman, 1994; Kolbert & Persing, 1999). 

2.2.3.1 Extraction of DNA from bacterial cultures 

DNA was extracted using a bead beating/ phenol extraction method. Bacterial growth 

from pure cultures on agar plates was used to prepare a heavy suspension of cells in 

1ml of TN150 buffer (10mM Tris-HCL, 150mM NaCl, pH 8). The suspensions were 

centrifuged at 10000 x g at 4°C for 3 minutes. The pellets were re-suspended in 1ml 

TN150 buffer and transferred to sterile tubes containing 0.3g of sterile zirconium beads 

(diameter, 0.1mm). The tubes were placed in a Mini Beadbeater (Biospec Products), 

shaken at 5000 rpm for 3 minutes and then stored on ice. After centrifuging the tubes at 

10000 x g at 4°C for 3 minutes, 500µL of the crude DNA solution was transferred to a 

sterile tube to which 500µL of phenol was added, mixed using a vortex mixer and 

centrifuged at 10000 x g for 3 minutes. The top layer of the supernatant was transferred 

to a sterile tube to which 500µL of chloroform was added, mixed using a vortex mixer 

and centrifuged as before. The top layer was again transferred into a sterile tube. The 

DNA was precipitated overnight by the addition of 1ml cold ethanol and 50µL of 3M 

sodium acetate, pH 5.2 at -20°C. The preparations were centrifuged at 10000 x g at -

4°C for 20 minutes and the pellets were dried at 37°C. The pellets were then dissolved 

in 500µL of UltraPure distilled water (Life Technologies). The DNA concentrations 
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were quantified using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 

Purity of DNA was checked by analysing the ratio of optical density at 260nm to 

280nm calculated by the spectrophotometer.  

2.2.3.2 16S ribosomal RNA gene PCR and sequencing 

DNA coding for the bacterial 16S rRNA gene was amplified in a PCR Express thermo 

cycler (Hybaid) using universal bacterial primer set 8fAll (5’-GRG TTY GAT YMT 

GGC TCA G-3’) (Tannock et al, 2013) and 1492R (5’-TAC GGC TAC CTT GTT 

ACG ACT T-3’) (Furet et al, 2009) primer set in a reaction mixture containing a final 

concentration of 1 x buffer, a final concentration of 0.2mM of each deoxynucleotide 

triphosphate, 1.25 U of Taq DNA polymerase (FastStart, Roche), and 1µL extracted 

bacterial DNA (approximately 30 ng) in a total volume of 25µL under the following 

conditions: initial denaturation at 95C for 4 minutes followed by 30 cycles of 95C for 

30 seconds, 57C for 30 seconds and 72C for 45 seconds, followed by a final 

extension step at 72C for 5 minutes. The PCR products (2µL each) were run on 1% 

agarose gel electrophoresis along with DNA molecular weight Marker III (Roche) to 

check for a product size of about 1.5kbp. The PCR products were then purified using 

QIAquick PCR purification kit (Qiagen) and quantified spectrophotometrically as 

described above prior to sending them for sequencing at the Massey Genome Service 

facilities (Massey University, New Zealand). A BLAST search was then performed to 

identify bacteria by comparing the sequencing results to the NCBI-nr database. A 98% 

sequence similarity was used as the cut-off point to confirm identity of each bacterial 

strain tested. 

2.2.4 Preparation of lyophilised bacteria 

All bacterial strains were prepared in lyophilised form before being used in the 

stimulation assays. All strains were cultured anaerobically in an anaerobic chamber 

(Forma Scientific) at 37C. Single colonies of the strains were first grown overnight in 

3ml broth (MRS or BHI-S as appropriate). A lawn of the culture was then made on 10 

agar plates each and allowed to grow. (Pure growth was confirmed by making heat-

fixed smears of the broth cultures and Gram staining to microscopically view their 

characteristic morphology). The Bifidobacterium spp., Ruminococcus gnavus and 

Blautia producta were incubated for 24 hours, while the Bacteroides strains were 

grown for 72 hours. They were harvested with UltraPure distilled water (Gibco, Grand 
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Island, NY) using a spreader sterilized with alcohol and flame to scrape the bacterial 

cells from the agar plate. The bacterial suspension was centrifuged at 10000 x g for 20 

minutes at 5C (Beckman Avanti J2-21M/E, rotor 21). The bacterial pellet was washed 

twice through resuspension with 25ml UltraPure distilled water and centrifugation as 

before. The final pellet was once again resuspended in 10ml UltraPure distilled water. 

5ml of this bacterial suspension was heat-treated at 80C for 2 hours. Viability of both 

heat-treated and non-heat-treated bacterial cells was tested by streaking them on agar 

plates and incubating anaerobically at 37C for 48 hours. The bacterial suspensions 

were then allowed to freeze overnight in a -80C freezer and then lyophilised in a 

freeze dryer (Labconco) for 48 hours. Lyophilised cells were stored at 4C.  

2.3 Cell lines 

The human colon adenocarcinoma cell line, HT-29 (HTB-38) was from the American 

Type Culture Collection (ATCC). The HT-29 mucus secreting cells (HT29-MTX) were 

a kind gift from Dr Thecla Lesuffleur (INSERM UMR S 938, Paris, France). The 

HT29-MTX cells are subpopulations of the parental HT-29 cell line obtained by 

adaptation to 10-6M methotrexate (MTX) (Lesuffleur et al, 1993). The THP-1 (ATCC 

TIB-202) monocytic leukemia cells were obtained from the Virology Research Unit, 

Department of Microbiology and Immunology, University of Otago.  

2.3.1 Cell stock freezing and resuscitation 

Trypsinized cells were resuspended in complete cell culture media and centrifuged at 

125 x g for 5 minutes. Pelleted cells were resuspended in complete cell culture media 

supplemented with 10% DMSO and aliquoted into cryovials and placed in a freezing 

container. Cell stocks were frozen at -80°C before transferring to liquid nitrogen for 

long-term storage. For resuscitation of cells, cryovials were thawed at 37°C and 

transferred into a 25cm2 tissue culture flask (Becton Dickinson) with complete cell 

culture media. Medium was replaced after 24 hours in order to remove traces of 

DMSO. Cells were subsequently propagated in 75cm2 tissue culture flasks (Becton 

Dickinson). 
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2.3.2 HT29-MTX staining for mucus secretion 

HT29-MTX cells were used to investigate the effects of bacteria with or without 

poly(I:C) treatment on intestinal epithelial cells in the presence of mucus. According to 

the originator of these cells, Dr Thecla Lesuffleur, under culture conditions stated in 

Section 2.3.1, these cells will become confluent and begin to differentiate into mucus 

secreting cells from day 7 and are well differentiated by day 21 with presumably more 

than 90% of cells differentiated into goblet cells (communication via email). In order to 

examine the mucus secretion by HT29-MTX cells in relation to culture period and to 

determine the day on which the treatment assay could best be performed, cells were 

seeded and grown as before but on cell culture inserts (Becton Dickinson) fitted into 

24-well plates for up to 21 days and processed at days 7, 9, 12, 15, 18 and 21 (n=1, for 

each day). On the respective days, medium was removed from inserts, washed with 

sterile phosphate buffered saline (PBS) and fixed with 10% neutral buffered formalin 

for 12 hours. Filters holding the cell monolayers were then cut off the inserts and 

washed with 70% ethanol before being sent to Histology Services Unit, Department of 

Pathology, University of Otago for paraffin embedding, sectioning and staining by 

Amanda Fisher. Multiple sections of the same monolayer were subjected to three types 

of stains i.e. haematoxylin and eosin (H & E), alcian blue and periodic acid Schiff 

(PAS). Mucus secretion in relation to culture period was examined by light microscopy 

(Olympus BX51).  

2.4 Poly(I:C)  

Polyinosinic-polycytidylic acid [poly(I:C)] from Sigma-Aldrich was reconstituted in 

sterile PBS at 10mg/ml and stored at -20ºC in 10µl aliquots. 

2.5 HT-29 cell treatment assay 

HT-29 cells were seeded at a cell density of 3 x 105 cells/ml in a volume of 1ml 

antibiotic-free culture medium per well in 24-well plates (Becton Dickinson) and were 

allowed to grow at 37C in a humidified, 5% CO2 incubator. Two days later, cell 

cultures with 90–100% confluency were incubated with poly(I:C) at a final 

concentration of 100g/ml (determined by a dose-response study described in Section 

3.2.3) and/ or bacteria at 108 cells/ml in fresh antibiotic-free culture media. Bacterial 

cell viability was tested by streaking agar plates with medium containing the freeze-
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dried bacteria before and after the stimulation assay and incubating anaerobically at 

37C for 48 hours. A medium-only control was included in each 24-well plate in all 

assays. Time course and dose response experiments were performed to determine the 

optimal period of treatment (Section 3.2.5 and 3.2.6). Stimulated cells were incubated 

for 3 hours for RNA extraction and for 24 hours for collecting supernatants. Initial time 

course and dose response experiments were performed in two technical replicates (2 

wells each treatment). All subsequent experiments were performed in three technical 

replicates (unless otherwise stated). Upon confirming the ability of Bacteroides 

thetaiotaomicron ATCC 29148T to down-regulate IL-8 gene expression induced by 

poly(I:C), this strain was used as a positive control in all subsequent experiments.   

2.6 HT29-MTX cell treatment assay 

HT29-MTX cells were seeded at a cell density of 6 x 103 cells/ml in a volume of 1ml 

complete cell culture medium per well in 24-well plates (Becton Dickinson) and were 

allowed to grow at 37C in a humidified, 5% CO2 incubator. On day 14, which is one 

day before cell treatment assays were performed, the medium was changed to 

antibiotic-free culture medium. On day 15, cells were incubated with poly(I:C) at a 

final concentration of 100g/ml and/ or bacteria at 108 cells/ml in fresh antibiotic-free 

culture media (as with HT-29 cells). Bacterial cell viability was tested by streaking agar 

plates with medium containing the freeze-dried bacteria before and after the stimulation 

assay and incubating anaerobically at 37C for 48 hours. A medium-only control was 

included in all assays. Experiments were performed using three replicate wells. 

2.7 Crystal violet cell viability assay 

The viability of HT-29 cells and HT29-MTX cells when treated with bacteria or 

poly(I:C) was checked using the crystal violet dye. This dye stains DNA of cells 

adherent to the culture plate. Upon solubilization of the dye, the amount of stain taken 

up by the cell monolayer is quantified using a plate reader. 

HT-29 and HT29-MTX cells were seeded and grown in 24-well plates and stimulated 

with poly(I:C) or bacteria as in Section 2.5 for 24 hours. Ten % sodium dodecyl sulfate 

(SDS) was used as negative control. After the incubation period, supernatants were 

removed and cells were washed twice with 500L of PBS. Cells were fixed with 

500L of methanol per well for one minute and then stained with 500L of crystal 
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violet per well. Plates were washed five times with distilled water. The crystal violet 

stain was then solubilized by adding 500L of 33% acetic acid per well and gently 

tapping the plate. The absorbance of each plate was determined at 595nm using a 

Varioskan Flash plate reader (Thermo Scientific).  Cell viability (%) was expressed as 

percentage of absorbance relative to control. 

2.8 RNA extraction 

Total cellular RNA was extracted from HT-29 cells using the RNeasy Plus Mini kit 

(Qiagen) according to manufacturer’s instructions. Cells were directly lysed by adding 

350L of Buffer RLT Plus into each well. The lysate was collected into 1.5ml 

microfuge tubes and mixed using a vortex mixer for 30 seconds to homogenize. The 

homogenized lysate was transferred to a gDNA Eliminator spin column placed in a 2ml 

collection tube and centrifuged at 8000 x g for 30 seconds to remove genomic DNA. 

The column was discarded and 1 volume (350L) of 70% ethanol was added to the 

flow through and mixed well by pipetting. The sample was transferred into an RNeasy 

spin column placed in a 2ml collection tube and centrifuged for 20 seconds at 8000 x g 

to bind the total RNA to the spin column membrane. The flow-through was discarded. 

The spin column membrane was then washed by adding 700L of Buffer RW1 and 

centrifuged for 20 seconds at 8000 x g. The flow-through was discarded. The spin 

column membrane was washed twice again with 500L of Buffer RPE and centrifuged 

at 8000 x g for 20 seconds and 2 minutes respectively. The flow-through was discarded 

both times. The spin column was then placed in a new 2ml collection tube and 

centrifuged at 8000 x g for 1 minute to further dry the membrane. Finally, the spin 

column was placed in a new 1.5ml collection tube and RNA was eluted by adding 

50L of Rnase-free water directly to the spin column membrane and centrifuging at 

8000 x g for 1 minute.  RNA concentrations were measured using a NanoDrop 1000 

spectrophotometer (software version 3.7.1) (Thermo Fisher Scientific). RNA was 

stored at -80C until use. 

2.9 RT-qPCR 

Reverse transcription- quantitative PCR (RT-qPCR) was used to determine changes in 

gene expression in HT-29 cells stimulated with poly(I:C) and/ or bacteria.  
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2.9.1 Reverse transcription 

The SuperScriptTM III First-Strand Synthesis SuperMix (Life Technologies) was used 

for reverse transcription of total RNA into complementary DNA (cDNA). Briefly, 

1000ng RNA was added to 10L of 2x RT Reaction Mix, 2L of RT Enzyme Mix and 

DEPC-treated water adjusted to a total volume of 20L. The following programme was 

used in a PCR Express thermo cycler (Hybaid): 25C for 10 minutes, 50C for 30 

minutes and termination of reverse transcription at 85C for 5 minutes. This was 

followed by addition of 1L (2U) of E. coli RNase H and further incubation at 37C for 

20 minutes. The cDNA was stored at -20C until use. 

2.9.2 qPCR primers 

The primers used for qPCR are listed in Table 2-2. Primers designed during this study 

[TLR 2, TLR 3, TLR 4, TLR 7, TLR 8 and β-2 microglobulin (B2M)] were constructed 

using the Primer3 software (Rozen & Skaletsky, 1999). All primers were designed to 

span introns i.e. to include an intron-exon boundary in order to avoid co-amplification 

of genomic DNA. Upon testing four different primer pairs targeting genes known to be 

suitable for normalising mRNA levels (explained in Chapter 3), Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was chosen as the reference gene for all qPCRs in 

the present study.  

2.9.3 qPCR reaction mix and thermocycling condition 

The qPCR was performed in 96-well or 384-well plates (Applied Biosystems) in 20L 

or 10L reaction volumes per well respectively. For each target gene, a master mix 

with a final concentration of 1x Fast SYBR® Green Master Mix (Applied Biosystems), 

0.25M forward primer and 0.25M reverse primer was prepared. The master mix was 

aliquoted into each well and 2L (for 96-well plate) or 1L (384-well plate) of the 

prepared cDNA was added to the reaction mixes. The plates were carefully sealed with 

optical adhesive covers (Applied Biosystems) and centrifuged at 1000 x g for 1 minute. 

The qPCR was performed in a ViiA7TM Real Time PCR System (Life Technologies) 

with cycling conditions as follows: 95ºC for 30 seconds, 40 cycles of 95ºC for 10 

seconds and 60ºC for 30 seconds followed by melt-curve analysis to confirm the 

specificity of each PCR reaction with the following conditions: 95ºC for 15 seconds, 
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60ºC for 1 minute, 95ºC for 15 seconds. The threshold cycle values (Ct) were 

automatically calculated by the instrument software. 

Table 2-2. Primers used for qPCR 

Target 

gene 

Primer sequence Source 

TLR 2 forward  5´-ATT GTG CCC ATT GCT CTT TC-3´ 

reverse   5´-CTT CCT TGG AGA GGC TGA TG-3´ 

This study 

TLR 3 forward  5´-AAA ACC TTT GCC TTC TGC AC-3´ 

reverse   5´-TCC AGC TGA ACC TGA GTT CC-3´ 

This study 

TLR 4 forward  5´-AGA ACT GCA GGT GCT GGA TT-3´ 

reverse   5´-AAA CTC TGG ATG GGG TTT CC-3´ 

This study 

TLR 7 forward  5´-TGC TCT GCT CTC TTC AAC CA-3´ 

reverse   5´-ACC ATC TAG CCC CAA GGA GT-3´ 

This study 

TLR 8 forward  5´-TGC TGC AAG TTA CGG AAT GA-3´ 

reverse   5´-CGC ATA ACT CAC AGG AAC CA-3´ 

This study 

IL-8 forward  5´-GCG CCA ACA CAG AAA TTA TTG TAA-3´ 

reverse   5´-TTA TGA ATT CTC AGC CCT CTT CAA-3´ 

(Tong et al, 2001) 

GAPDH forward  5´-CCC CAC ACA CAT GCA CTT ACC-3´ 

reverse   5´-CCT AGT CCC AGG GCT TTG ATT-3´ 

(Yan Zhong et al, 

2000) 

B2M forward  5´-CTC CGT GGC CTT AGC TGT G-3´ 

reverse   5´-TTT GGA GTA CGC TGG ATA GCC T-3´ 

This study 

β-actin forward  5´-TAT CCA GGC TGT GCT ATC CCT GTA C-3´ 

reverse   5´-CTT GAT GAG GTA GTC AGT CAG GTC C-3´ 

(González-Reyes 

et al, 2009) 

RPLP0 forward  5´-GCA ATG TTG CCA GTG TCT G-3´ 

reverse   5´-GCC TTG ACC TTT TCA GCA A-3´ 

(Dydensborg et 

al, 2006) 
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2.9.4 qPCR statistical analysis 

Relative fold change in gene expression values were analysed using GraphPad Prism 

version 6.0a for Mac OS X. Statistical significance in differences in gene expression 

levels were determined using one-way analysis of variance (ANOVA). Results are 

presented as mean with standard deviation. Statistically significant differences were 

indicated by the number of asterisks (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001). 

2.10 ELISA 

IL-8 protein levels in cell-culture supernatants were measured using the Human IL-8 

ELISA set (BD Biosciences) according to manufacturer’s instructions.  

2.10.1 ELISA reagents 

Reagents used for ELISA are listed in Table 2-3. 

 

Table 2-3. ELISA reagents 

Reagent Composition 

Coating Buffer 0.1M Sodium Carbonate, pH 9.5 

Assay Diluent PBS with 10% foetal bovine serum (FBS), pH 7.0  

Wash Buffer PBS with 0.05% Tween-20 

Substrate Solution Tetramethylbenzidine (TMB) 

Stop Solution 2N Sulfuric acid (H2SO4) 

Human IL-8 ELISA 

set (BD Biosciences) 

  

Capture antibody (Anti-human IL-8 monoclonal antibody) 

Detection antibody (Biotinylated anti-human IL-8 

monoclonal antibody) 

Enzyme reagent (Streptavidin-horseradish peroxidase 

conjugate (Sav-HRP) 

Standards (Recombinant human IL-8), reconstituted with 

deionised water  
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2.10.2 ELISA assay procedure 

 Cell culture supernatants were collected, centrifuged at 10000 x g for 3 minutes to 

remove bacteria and stored at -20°C for enzyme-linked immunosorbent assays 

(ELISAs). Prior to performing the ELISA assay, supernatants were thawed to room 

temperature. Samples with expected values higher than the top standard (200 pg/ml), 

for example supernatants from cells incubated with poly (I:C) alone or with poly (I:C) 

and bacteria,  were diluted with the assay diluent. Flat-bottom Nunc-Immuno 96-well 

microtitre plates (Nunc) were coated with 100μL per well of capture antibody diluted 

1:250 in coating buffer. Plates were sealed and incubated overnight at 4°C. Subsequent 

incubations were carried out at room temperature. Plates were washed 3 times with 

wash buffer and inverted on absorbent paper to remove any residual buffer. Plates were 

then blocked with 200μL per well assay diluents and incubated for 1 hour. The assay 

diluent, as described above, contains the blocking reagent, 10% FBS that blocks non-

specific binding sites. Standards were prepared in 7 doubling dilutions ranging from 

200pg/ml to 3.1pg/ml in order to form a standard curve to measure concentrations of 

IL-8 in the sample. Plates were washed as before and 100µL of each standard and 

diluted sample were added in duplicate into appropriate wells before being sealed and 

incubated for 2 hours. Working Detector was prepared by diluting the Detection 

Antibody 1:250 in Assay Diluent and then diluting the Enzyme Reagent 1:25 in the 

diluted Detection Antibody. Plates were washed as before but with 5 total washes and 

100μL of prepared Working Detector was added to each well before sealing and 

incubating for 1 hour. Plates were washed as before but with 7 total washes and soaking 

wells in wash buffer for 30 seconds to 1 minute for each wash. Plates were developed 

with 100µL per well of TMB and incubated for 30 minutes in the dark, followed by the 

addition of 50µL of stop solution to each well. Within 30 minutes of stopping reaction, 

the final colour change was measured at an absorbance of 450nm using an ELISA plate 

reader (Bio-Rad Model 550 Microplate Reader).  

2.10.3 ELISA statistical analysis 

IL-8 protein concentrations were determined with reference to the standard curve, using 

the Microplate Manager 5.2.1 PC software (Bio-Rad). Statistical significance in 

differences in IL-8 levels were determined using one-way ANOVA or two-way 

ANOVA followed by Dunnette’s multiple comparisons test. Results were presented as 
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mean with standard deviation (SD). Statistically significant differences were indicated 

by the number of asterisks (*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).    

2.11 RT2 Profiler PCR Array 

The RT2 Profiler PCR Array System from SABiosciences, Qiagen is a system designed 

to profile pathway-focused sets of genes using SYBR-green based RT-qPCR. Each 

PCR Array profiles the expression of 84 genes relevant to a specific pathway or disease 

state. Simultaneous gene expression analyses require similar qPCR efficiencies for 

accurate comparison among genes. Therefore, the primers used in this system were 

optimized to perform with PCR efficiencies uniformly greater than 90%.  

In the present study, the RT2 Profiler PCR Array System was used to investigate other 

genes involved in the inflammatory signalling pathway triggered by poly(I:C). A PCR 

array method targeting a focused panel of genes was chosen instead of a microarray 

because poly(I:C) is known to be recognized by either TLR3 (Alexopoulou et al, 2001), 

dsRNA-dependent protein kinase (PKR) (Vijay-Kumar et al, 2005) or the RIG-I-like 

receptor (RLR) family members, MDA5 (Kang et al, 2002) or RIG-I (Yoneyama et al, 

2004) which in turn stimulates an antiviral immune response. Therefore the expression 

of 84 key genes involved in the innate antiviral immune response in selected RNA 

samples was profiled using the Human Antiviral Response RT2 Profiler PCR Array 

System (Qiagen) according to the manufacturer’s instruction. Table 2-4 lists the 84 

genes targeted in the Human Antiviral Immune Response RT2 Profiler PCR array 

system and four additional genes (TGFB1, IL-10, PPARG and ELF2AK2). IL-10 is 

often used as an anti-inflammatory indicator in studies investigating the 

immunomodulatory effects of commensals (O'Hara et al, 2006; Imaoka et al, 2008; 

Bahrami et al, 2011b). TGF-β1 is also such an anti-inflammatory indicator (Bahrami et 

al, 2011b), besides being suggested to play an important role in the differentiation of 

gut epithelial cell lines (Belaguli et al, 2007).  PPAR-γ, is the nuclear hormone receptor 

that forms a complex with the NF-κB subunit RelA causing attenuation of NF-κB-

mediated inflammatory gene expression induced by Bacteroides thetaiotaomicron 

(Kelly et al, 2004). ELF2AK2 the gene encoding for PKR, the dsRNA-dependent 

protein kinase, is the only other possible dsRNA sensing receptor (Vijay-Kumar et al, 

2005) that is not included in the Human Antiviral Response PCR array. These four 

genes were therefore included in the array. 
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Table 2-4: Genes targeted in the RT2 Profiler PCR array  

GENE 

SYMBOL 

ALIAS REFSEQ # OFFICIAL FULL NAME 

AIM2 PYHIN4 NM_004833 Absent in melanoma 2 

APOBEC3G ARCD/ARP-9/ARP9/CEM-

15/CEM15/FLJ12740/bK150C2.7/dJ

494G10.1 

NM_021822 Apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like 3G 

ATG5 APG5/APG5-

LIKE/APG5L/ASP/hAPG5 

NM_004849 ATG5 autophagy related 5 homolog (S. 

cerevisiae) 

AZI2 AZ2/NAP1/TILP NM_022461 5-azacytidine induced 2 

CARD9 CANDF2/hCARD9 NM_052813 Caspase recruitment domain family, member 

9 

CASP1 ICE/IL1BC/P45 NM_033292 Caspase 1, apoptosis-related cysteine 

peptidase (interleukin 1, beta, convertase) 

CASP10 ALPS2/FLICE2/MCH4 NM_001230 Caspase 10, apoptosis-related cysteine 

peptidase 

CASP8 ALPS2B/CAP4/Casp-

8/FLICE/FLJ17672/MACH/MCH5/

MGC78473 

NM_001228 Caspase 8, apoptosis-related cysteine 

peptidase 

CCL3 G0S19-1/LD78ALPHA/MIP-1-

alpha/MIP1A/SCYA3 

NM_002983 Chemokine (C-C motif) ligand 3 

CCL5 D17S136E/MGC17164/RANTES/SC

YA5/SISd/TCP228 

NM_002985 Chemokine (C-C motif) ligand 5 

CD40 Bp50/CDW40/MGC9013/TNFRSF5/

p50 

NM_001250 CD40 molecule, TNF receptor superfamily 

member 5 

CD80 B7/B7-

1/B7.1/BB1/CD28LG/CD28LG1 

NM_005191 CD80 molecule 

CD86 B7-2/B7.2/B70/CD28LG2/LAB72/ 

MGC34413 

NM_006889 CD86 molecule 

CHUK IKBKA/IKK-

alpha/IKK1/IKKA/NFKBIKA/TCF16 

NM_001278 Conserved helix-loop-helix ubiquitous kinase 

CTSB APPS/CPSB NM_001908 Cathepsin B 

CTSL1 CATL/CTSL/FLJ31037/MEP NM_001912 Cathepsin L1 

CTSS FLJ50259/MGC3886 NM_004079 Cathepsin S 

CXCL10 C7/IFI10/INP10/IP-10/SCYB10/crg-

2/gIP-10/mob-1 

NM_001565 Chemokine (C-X-C motif) ligand 10 

CXCL11 H174/I-TAC/IP-

9/IP9/MGC102770/SCYB11/SCYB9

B/b-R1 

NM_005409 Chemokine (C-X-C motif) ligand 11 

CXCL9 CMK/Humig/MIG/SCYB9/crg-10 NM_002416 Chemokine (C-X-C motif) ligand 9 

CYLD CDMT/CYLD1/CYLDI/EAC/FLJ201

80/FLJ31664/FLJ78684/KIAA0849/

MFT/MFT1/SBS/TEM/USPL2 

NM_015247 Cylindromatosis (turban tumor syndrome) 

DAK DKFZp586B1621/MGC5621/NET45 NM_015533 Dihydroxyacetone kinase 2 homolog (S. 

cerevisiae) 

DDX3X DBX/DDX14/DDX3/HLP2 NM_001356 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

3, X-linked 

DDX58 DKFZp434J1111/DKFZp686N19181

/FLJ13599/RIG-I 

NM_014314 DEAD (Asp-Glu-Ala-Asp) box polypeptide 

58 

DHX58 D11LGP2/D11lgp2e/LGP2 NM_024119 DEXH (Asp-Glu-X-His) box polypeptide 58 

FADD MGC8528/MORT1 NM_003824 Fas (TNFRSF6)-associated via death domain 

FOS AP-1/C-FOS NM_005252 FBJ murine osteosarcoma viral oncogene 

homolog 

HSP90AA1 FLJ31884/HSP86/HSP89A/HSP90A/

HSP90N/HSPC1/HSPCA/HSPCAL1/

HSPCAL4/HSPN/Hsp89/Hsp90 

NM_001017963 Heat shock protein 90kDa alpha (cytosolic), 

class A member 1 

IFIH1 Hlcd/IDDM19/MDA-

5/MDA5/MGC133047 

NM_022168 Interferon induced with helicase C domain 1 

IFNA1 IFL/IFN/IFN-ALPHA/IFN-

alphaD/IFNA13/IFNA@/MGC13820

7/MGC138505/MGC138507 

NM_024013 Interferon, alpha 1 
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IFNA2 IFN-

alphaA/IFNA/INFA2/MGC125764/M

GC125765 

NM_000605 Interferon, alpha 2 

IFNAR1 AVP/IFN-alpha-

REC/IFNAR/IFNBR/IFRC 

NM_000629 Interferon (alpha, beta and omega) receptor 1 

IFNB1 IFB/IFF/IFNB/MGC96956 NM_002176 Interferon, beta 1, fibroblast 

IKBKB FLJ33771/FLJ36218/FLJ38368/FLJ4

0509/IKK-

beta/IKK2/IKKB/MGC131801/NFK

BIKB 

NM_001556 Inhibitor of kappa light polypeptide gene 

enhancer in B-cells, kinase beta 

IL12A CLMF/IL-12A/NFSK/NKSF1/P35 NM_000882 Interleukin 12A (natural killer cell 

stimulatory factor 1, cytotoxic lymphocyte 

maturation factor 1, p35) 

IL12B CLMF/CLMF2/IL-

12B/NKSF/NKSF2 

NM_002187 Interleukin 12B (natural killer cell 

stimulatory factor 2, cytotoxic lymphocyte 

maturation factor 2, p40) 

IL15 IL-15/MGC9721 NM_000585 Interleukin 15 

IL18 IGIF/IL-18/IL-1g/IL1F4/MGC12320 NM_001562 Interleukin 18 (interferon-gamma-inducing 

factor) 

IL1B IL-1/IL1-BETA/IL1F2 NM_000576 Interleukin 1, beta 

IL6 BSF2/HGF/HSF/IFNB2/IL-6 NM_000600 Interleukin 6 (interferon, beta 2) 

IL8 CXCL8/GCP-

1/GCP1/LECT/LUCT/LYNAP/MDN

CF/MONAP/NAF/NAP-1/NAP1 

NM_000584 Interleukin 8 

IRAK1 IRAK/pelle NM_001569 Interleukin-1 receptor-associated kinase 1 

IRF3 - NM_001571 Interferon regulatory factor 3 

IRF5 SLEB10 NM_001098629 Interferon regulatory factor 5 

IRF7 IRF-7H/IRF7A NM_001572 Interferon regulatory factor 7 

ISG15 G1P2/IFI15/IP17/UCRP/hUCRP NM_005101 ISG15 ubiquitin-like modifier 

JUN AP-1/AP1/c-Jun NM_002228 Jun proto-oncogene 

MAP2K1 MAPKK1/MEK1/MKK1/PRKMK1 NM_002755 Mitogen-activated protein kinase kinase 1 

MAP2K3 MAPKK3/MEK3/MKK3/PRKMK3 NM_002756 Mitogen-activated protein kinase kinase 3 

MAP3K1 MAPKKK1/MEKK/MEKK1 NM_005921 Mitogen-activated protein kinase kinase 

kinase 1 

MAP3K7 MEKK7/TAK1/TGF1a NM_003188 Mitogen-activated protein kinase kinase 

kinase 7 

MAPK1 ERK/ERK2/ERT1/MAPK2/P42MAP

K/PRKM1/PRKM2/p38/p40/p41/p41

mapk 

NM_002745 Mitogen-activated protein kinase 1 

MAPK14 CSBP/CSBP1/CSBP2/CSPB1/EXIP/

Mxi2/PRKM14/PRKM15/RK/SAPK

2A/p38/p38ALPHA 

NM_001315 Mitogen-activated protein kinase 14 

MAPK3 ERK1/HS44KDAP/HUMKER1A/M

GC20180/P44ERK1/P44MAPK/PRK

M3 

NM_002746 Mitogen-activated protein kinase 3 

MAPK8 JNK/JNK1/JNK1A2/JNK21B1/2/PR

KM8/SAPK1 

NM_002750 Mitogen-activated protein kinase 8 

MAVS CARDIF/DKFZp547C224/DKFZp66

6M015/FLJ27482/FLJ31698/FLJ353

86/FLJ38051/FLJ41962/IPS-

1/IPS1/KIAA1271/MGC3260/VISA 

NM_020746 Mitochondrial antiviral signalling protein 

MEFV FMF/MEF/MGC126560/MGC12658

6/TRIM20 

NM_000243 Mediterranean fever 

MX1 IFI-78K/IFI78/MX/MxA NM_002462 Myxovirus (influenza virus) resistance 1, 

interferon-inducible protein p78 (mouse) 

MYD88 MYD88D NM_002468 Myeloid differentiation primary response 

gene (88) 

NFKB1 DKFZp686C01211/EBP-

1/KBF1/MGC54151/NF-kappa-

B/NF-kappaB/NFKB-p105/NFKB-

p50/NFkappaB/p105/p50 

NM_003998 Nuclear factor of kappa light polypeptide 

gene enhancer in B-cells 1 
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NFKBIA IKBA/MAD-3/NFKBI NM_020529 Nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor, alpha 

NLRP3 AGTAVPRL/AII/AII/AVP/AVP/C1o

rf7/CIAS1/CLR1.1/FCAS/FCU/FLJ9

5925/MWS/NALP3/PYPAF1 

NM_183395 NLR family, pyrin domain containing 3 

NOD2 ACUG/BLAU/CARD15/CD/CLR16.

3/IBD1/NLRC2/NOD2B/PSORAS1 

NM_022162 Nucleotide-binding oligomerization domain 

containing 2 

OAS2 MGC78578 NM_002535 2'-5'-oligoadenylate synthetase 2, 69/71kDa 

PIN1 DOD/FLJ40239/FLJ77628/MGC107

17/UBL5 

NM_006221 Peptidylprolyl cis/trans isomerase, NIMA-

interacting 1 

PSTPIP1 CD2BP1/CD2BP1L/CD2BP1S/H-

PIP/PAPAS/PSTPIP 

NM_003978 Proline-serine-threonine phosphatase 

interacting protein 1 

PYCARD ASC/CARD5/MGC10332/TMS/TMS

-1/TMS1 

NM_013258 PYD and CARD domain containing 

PYDC1 ASC2/POP1/PYC1 NM_152901 PYD (pyrin domain) containing 1 

RELA MGC131774/NFKB3/p65 NM_021975 V-rel reticuloendotheliosis viral oncogene 

homolog A (avian) 

RIPK1 FLJ39204/RIP/RIP1 NM_003804 Receptor (TNFRSF)-interacting serine-

threonine kinase 1 

SPP1 BNSP/BSPI/ETA-

1/MGC110940/OPN 

NM_000582 Secreted phosphoprotein 1 

STAT1 DKFZp686B04100/ISGF-3/STAT91 NM_007315 Signal transducer and activator of 

transcription 1, 91kDa 

SUGT1 SGT1 NM_006704 SGT1, suppressor of G2 allele of SKP1 (S. 

cerevisiae) 

TBK1 FLJ11330/NAK/T2K NM_013254 TANK-binding kinase 1 

TICAM1 MGC35334/PRVTIRB/TICAM-

1/TRIF 

NM_182919 Toll-like receptor adaptor molecule 1 

TLR3 CD283 NM_003265 Toll-like receptor 3 

TLR7 - NM_016562 Toll-like receptor 7 

TLR8 CD288/MGC119599/MGC119600 NM_138636 Toll-like receptor 8 

TLR9 CD289 NM_017442 Toll-like receptor 9 

TNF DIF/TNF-alpha/TNFA/TNFSF2 NM_000594 Tumor necrosis factor 

TRADD Hs.89862/MGC11078 NM_003789 TNFRSF1A-associated via death domain 

TRAF3 CAP-1/CD40bp/CRAF1/LAP1 NM_003300 TNF receptor-associated factor 3 

TRAF6 MGC:3310/RNF85 NM_004620 TNF receptor-associated factor 6 

TRIM25 EFP/RNF147/Z147/ZNF147 NM_005082 Tripartite motif containing 25 

*ACTB PS1TP5BP1 NM_001101 Actin, beta 

*B2M - NM_004048 Beta-2-microglobulin 

*GAPDH G3PD/GAPD/MGC88685 NM_002046 Glyceraldehyde-3-phosphate dehydrogenase 

*HPRT1 HGPRT/HPRT NM_000194 Hypoxanthine phosphoribosyltransferase 1 

*RPLP0 L10E/LP0/MGC111226/MGC88175/

P0/PRLP0/RPP0 

NM_001002 Ribosomal protein, large, P0 

**HGDC HIGX1A SA_00105 Human Genomic DNA Contamination 

**RTC RTC SA_00104 Reverse Transcription Control 

TGFB1 CED/DPD1/LAP/TGFB/TGFbeta NM_000660 Transforming growth factor, beta 1 

IL10 CSIF/IL-

10/IL10A/MGC126450/MGC126451/

TGIF 

NM_000572 Interleukin 10 

PPARG CIMT1/GLM1/NR1C3/PPARG1/PP

ARG2/PPARgamma 

NM_015869 Peroxisome proliferator-activated receptor 

gamma 

EIF2AK2 EIF2AK1/MGC126524/PKR/PRKR NM_002759 Eukaryotic translation initiation factor 2-

alpha kinase 2 

**PPC PPC SA_00103 Positive PCR Control 

* normalizer genes 

** control genes to monitor genomic DNA contamination (HGDC), efficiency of first strand 

synthesis (RTC) and efficiency of real time PCR (PPC)  
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2.11.1 Preparing the RT2 Profiler PCR reaction mix  

Genomic DNA contamination, if any, was removed from total RNA prior to reverse 

transcription using the RT2 First Strand Kit (Qiagen). Briefly, a mixture of 2μg of total 

RNA, 2μL of 5X gDNA Elimination Buffer and water to a final volume of 10μL was 

incubated at 42C for 5 minutes, followed by chilling on ice for at least 1 minute. A 

reverse transcription cocktail (RT Cocktail) was prepared by adding together 4μL of 5 x 

RT Buffer 3, 1μL of Primer & External Control Mix, 2μL of RT Enzyme Mix 3 and 

3μL of RNase free H2O. This RT Cocktail was added to the pre-treated RNA, mixed 

gently with a pipettor and incubated at 42°C for exactly 15 minutes and the reaction 

was immediately stopped by heating at 95°C for 5minutes. All reactions were 

performed in a PCR Express thermo cycler (Hybaid). To each 20L of cDNA synthesis 

reaction, 91L of water was added, mixed well and stored at -20°C. On the following 

day 550L of 2x RT2 SYBR® Green qPCR Master Mix was added to 102μL diluted 

first strand cDNA synthesis reaction and topped up with 448μL of water to give a total 

volume of 1100L.  

2.11.2 Loading the RT2 Profiler PCR array plates  

Figure 2-1 shows the layout of a typical 384-well PCR array plate. The Experimental 

Cocktail was loaded into the 384-well PCR array format plate in 10μL volumes per 

well. Each 384-well PCR array format characterizes 4 samples in separate sets of 96-

wells containing primers for the 88 target genes, 5 reference genes (ACTB, B2M, 

GAPDH, HPRT1 and RPLP0), one genomic DNA control, one reverse transcription 

control and one positive PCR control. Hence, each plate was used for a set of four RNA 

samples obtained from stimulation assays pertaining to a single bacteria which includes 

RNA of cells stimulated with (i) medium only, (ii) poly(I:C), (iii) bacteria, and (iv) 

bacteria and poly(I:C).  
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Figure 2-1: A typical RT2 Profiler PCR Array 384-well plate format. This includes 

4 replicates of  a real-time PCR assay for a pathway related gene, a housekeeping gene 

panel to normalize array data (HKG) (corresponding to the 5 reference genes stated in 

the text), a genomic DNA control (GDC), reverse transcription controls (RTC) and 

positive PCR controls (PPC). For the present study, only one RTC and PPC was 

included. The rest of the 4 x 4 wells were replaced with the four additional genes 

included in the present study.   
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2.11.3 RT2 Profiler PCR array thermo cycling condition  

The array plates were carefully sealed with an optical adhesive film, centrifuged for one 

minute at room temperature at 1000 x g to remove bubbles and placed in a ViiA7TM 

Real Time PCR System (Life Technologies) with cycling conditions as follows: 

Step 1 1 cycle 95ºC 10 minutes 

Step 2 40 cycles 95ºC 

60ºC 

15 seconds 

1 minute 

Step 3 

(Melt curve analysis) 

1 cycle 95ºC 

60ºC 

95ºC 

15 seconds 

1 minute 

15 seconds 

 

2.11.4 RT2 Profiler PCR data analysis  

The Ct values calculated by the instrument software was uploaded into the PCR Array 

Data Analysis Web Portal (http://www.SABiosciences.com/pcrarraydataanalysis.php) 

to calculate the fold regulation of each of the target genes relative to the medium only 

control with normalization of the raw data to the 5 reference genes.  

2.12 Validation of RT2 Profiler PCR Array 

Upon analyzing gene expression results from the RT2 Profiler PCR Array plates, ten 

genes that showed up- or down-regulation by at least 1.5 fold were selected to be 

validated with biological triplicate samples. The ten genes were CARD9, CXCL10, 

CXCL11, DDX58, IL-8, MAP2K1, MAP3K1, NFKB1, NFKBIA and TNF. Two 

reference genes, GAPDH and HPRT1 were selected from the previous five to 

normalize mRNA levels. These normalizers were selected as they had the least 

difference between Ct values (maximum Ct – minimum Ct) in HT-29 cells subjected to 

the different treatments. Individual primer assays were obtained for the 12 genes and 

PCR was performed as described in section 2.11 except that this time the primers (1µl 

of the 10µM stock per reaction) were manually added into the respective wells of the 

384-well plates. 

http://www.sabiosciences.com/pcrarraydataanalysis.php
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2.13 Bacterial adherence to HT-29 and HT-29 MTX cells 

Bacterial adherence to HT-29 intestinal epithelial cells and to HT29-MTX cells was 

investigated. Cells were seeded at a density of 3 x 105 cells/ml (HT-29) or 6 x 103 

cells/ml (HT-29-MTX) in a volume of 200µl culture medium per well into 16-well 

chamber slides (Lab-Tek chamber slide system no.178599; Nunc) and were allowed to 

grow as stated in section 2.3.1. The adherence assay was performed on HT-29 cells 48 

hours post seeding and on HT29-MTX cells on day 15 after seeding. Cells were 

incubated with selected bacterial strains at 108 cells/ml in antibiotic-free culture media 

for 3 hours. Escherichia coli 0111 and Citrobacter freundii VIII strains from the 

Brooks’ lab culture collection were included as positive and negative controls 

respectively (Brooks et al, 2006). Pure colonies of these strains from tryptic soy agar 

(TSA) were inoculated into tryptic soy broth (TSB) and grown with shaking at 37ºC for 

16 – 18 hours and diluted to an optical density of 0.1 (0.5 McFarland standard) at 

A600nm (known equivalent of 108 colony forming unit (CFU)/ml of E. coli). Bacterial 

cells were pelleted before re-suspending in antibiotic-free culture media to the same 

concentration. [In retrospect, however, it would have been more standardised to have 

used strains prepared on the same way (i.e. all freeze dried) rather than using control 

strains that were harvested directly from bacterial cultures]. HT-29 cells were incubated 

with these suspensions in separate chamber slides compared to freeze dried bacterial 

incubations (to avoid contamination) for the same amount of time (3 hours). After 

incubation, the monolayers were washed 3 times with PBS. Cells were fixed with 100% 

methanol for 1 minute before the chamber construct was removed. Fixed slides were 

then transferred into Giemsa stain (diluted 1:200). On the following day, slides were 

rinsed in sterile distilled water and air-dried before viewing under the microscope 

(Olympus BX51).  

2.14 Blocking of TLRs 2 and 4 

To find out if the modulatory effects of the bacteria tested were due to recognition of 

the bacterial MAMPs by TLRs on the surface of HT-29 cells, TLRs 2 and 4 were 

blocked in HT-29 cells using the respective antibodies. TLRs 2 and 4 were selected as 

they are expressed on the cell surface and are involved in the recognition of MAMPs 

i.e. PDG of Gram positive and LPS of Gram negative bacteria respectively. It was first 

necessary to determine if the respective ligands of these TLRs (PDG and LPS) could 
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stimulate IL-8 in HT-29 cells and if so, could the antibodies for the TLRs block that 

stimulation. Hence, HT-29 cells grown in 24 well plates as before (Section 2.5) were 

stimulated with varying doses of PDG (1, 25 and 50 µg/ml) or LPS (0.1, 1.0 and 10.0 

µg/ml) (InvivoGen) based on manufacturer’s recommendations and supernatants were 

collected after 24 hours.  

As for TLR blocking, on the day of stimulation, HT-29 cells were pre-treated for 1 hour 

with 10µg/ ml of neutralizing monoclonal antibody IgA to human TLR2 or IgG to 

human TLR4 (InvivoGen) prior to stimulation with PDG, LPS or selected bacterial 

strains for 24 hours. Supernatants were collected and IL-8 synthesis was measured 

using ELISA as before (Section 2.10.2).  
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3 Optimization of Methodology: Developing the Model System  

3.1 Introduction 

This chapter addresses optimization of methodology involved in developing the HT-29 

cell culture model system to investigate immunomodulatory effects of the commensal 

bacteria.  

3.2 Methodology 

3.2.1 Enumeration of freeze-dried bacteria 

As described in Chapter 2, each bacterial strain used in the study was either heat-treated 

or not prior to lyophilizing. Before the HT-29 cells could be treated with these samples, 

it was necessary to first find out the number of bacterial cells relative to weight present 

in the lyophilized bacterial preparation. It was also important that all cells whether 

viable or not, were enumerated.  Therefore, it was decided that by extracting and 

quantifying DNA from a known amount (in weight) of freeze dried bacterial 

preparation, the relative amount of bacterial number present could be deduced. Five mg 

of lyophilised bacteria was weighed into microcentrifuge tubes and DNA was extracted 

as described in Section 2.2.3.1. The amount of DNA was then quantified using two 

different DNA quantifying instruments i.e. a NanoDrop 1000 spectrophotometer 

(Thermo Fisher Scientific) and a Quant-iT dsDNA BR assay kit with a Qubit 

fluorometer (Life Technologies) according to the manufacturer’s instructions. The size 

of one bacterial genome in base pairs (bp) of the respective bacterial species was 

obtained from the National Center for Biotechnology Information (NCBI) website 

(http://www.ncbi.nlm.nih.gov/genome/browse/) and converted into weight in grams (g). 

Assuming that one bacterial cell contains one bacterial genome, the number of bacterial 

cells present in 5mg of the initial sample was deduced. The weight of bacteria 

representing 108 bacterial cells = (5 x 10-3) x (weight of DNA in one bacteria/ weight of 

DNA extracted from 5mg lyophilised preparation) x 108. An example of calculation is 

shown below: 

The size of a complete genome of Bacteroides thetaiotaomicron (NCBI Reference 

Sequence: NC_004663.1) is about 6 260 361bp, which is equivalent to 6.86 x 10-15g 

(weight of DNA in one bacteria). The amount of DNA extracted from 5mg bacteria was 

11549ng. Therefore, the weight of lyophilised Bacteroides thetaiotaomicron 

http://www.ncbi.nlm.nih.gov/genome/browse/
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representing 108 bacterial cells = (5x10-3) x (6.86 x 10-15/ 11549 x 10-9) x 108 = 

0.297mg. 

3.2.2 qPCR data analysis 

The quantitative readout for a qPCR run is the threshold cycle, Ct, which is defined as 

the cycle number at which the fluorescent signal rises beyond background noise and 

crosses the threshold. This value is inversely related to the amount of starting template 

(i.e. the lower the Ct, the higher the amount of starting template). There are several 

methods of analysing and presenting qPCR data either as absolute or relative 

expression levels. In the present study, the comparative Ct method (2-∆∆Ct method) was 

used (Livak and Schmittgen, 2001). The relative difference in gene expression in 

treated epithelial cells as compared to untreated cells (medium-only control) was 

calculated as follows:  

Relative fold change in gene expression = 2-∆∆Ct 

where ∆∆Ct = ∆Ct of treated cells - ∆Ct of untreated cells 

and ∆Ct = Ct target gene - Ct reference gene 

In this way, qPCR results are presented as the expression of the gene of interest relative 

to the reference gene in the treated cells compared to the untreated control cells. Four 

different reference genes i.e. glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

ribosomal protein, large P0 (RPLP0), β-actin and β-2-microglobulin (B2M) were 

considered.  The expression levels of these genes in HT-29 cells treated with poly(I:C) 

and/ or bacteria were tested and the best reference gene i.e. the gene that least varied in 

expression levels over treatments was determined.   

3.2.2.1 Determination of qPCR efficiency 

The efficiency of the qPCR run was determined by making serial dilutions of a cDNA 

sample and amplifying it using primers to both the gene of interest and the reference 

gene. A plot of the log cDNA dilution versus ∆Ct was then made. The PCR efficiency 

was determined using the equation m= –(1/log E), where m is the slope value of the 

standard curve and E is the efficiency. Ideally, the template used to generate the 

standard curve should closely match what is used for the experiment i.e. the same total 

RNA or DNA sample (HT-29 RNA, in the present study). However, the expression 



58 

 

levels of the TLR genes in HT-29 cells were not very high (as shown later in Section 

3.2.3) and therefore inappropriate to make adequate number of serial dilutions. Hence 

two other forms of templates were used for this purpose i.e. i) the Stratagene QPCR 

Human Reference Total RNA (Stratagene) and ii) plasmid inserts containing PCR 

products of the target gene.  

3.2.2.2 Stratagene QPCR Human Reference Total RNA  

The Stratagene QPCR Human Reference Total RNA is a commercially available high-

quality control for quantitative PCR gene-expression analysis. It is composed of total 

RNA from 10 human cell lines with quantities of RNA from the individual cell lines 

optimized to maximize representation of gene transcripts present in low, medium, and 

high abundance.  

3.2.2.3 Cloning amplicons of genes of interest 

In order to obtain plasmids containing sequences of interest for qPCR efficiency 

determination, cDNA from HT-29 RNA was first used as template to perform standard 

PCR using the TLR and GAPDH primers. PCR products were analysed on an agarose 

gel to verify that the products of the appropriate sizes had been amplified: 121bp, 

164bp, 117bp, 142bp, 116bp and 96bp for TLR2, TLR3, TLR4, TLR7, TLR8 and 

GAPDH respectively. PCR products were then purified using Qiaquick PCR 

purification kit (Qiagen). Following manufacturer’s instructions, the PCR products 

were ligated into pGEM-T Easy (Promega) at 4 °C overnight and the ligation mixture 

was used to transform E. coli DH5α. Transformed cells were grown on LB agar plates 

containing ampicillin (100μg/mL) that were spread with X-gal (40μl of 20mg/mL) and 

IPTG (4μL of 200mg/mL) for selection of colonies through blue/ white screening.  

Clones with inserts were selected and the inserts were sequenced at the Massey 

Genome Service facilities (Massey University, New Zealand) and the sequencing 

results were compared to the NCBI-nr database for confirmation of species identity. 

3.2.3 TLR gene expression 

TLR expression levels in HT-29 intestinal epithelial and THP-1 monocytic cells were 

compared. THP-1 cells, being monocytes that differentiate into macrophage-like cells 

upon stimulation with PMA, are known to naturally express TLR genes (Zarember & 

Godowski, 2002). Therefore THP-1 cDNA was used as a positive control for TLR 
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expression as shown previously (Cario et al, 2000; Melmed et al, 2003) and to compare 

TLR expression levels in HT-29 intestinal epithelial cells. HT-29 and THP-1 cells were 

grown to 90-100% confluency in 25cm2 flasks and RNA was extracted and 

concentrations quantified as described in Section 2.8. RT-qPCR was performed on the 

RNA samples as well as the Stratagene QPCR Human Reference Total RNA as 

described in Section 2.9 using primers listed in Table 2-2 targeting genes of TLRs 2, 3, 

4, 7 and 8.   

3.2.4 HT-29 treatment with TLR ligands 

The effect of treatment of HT-29 cells with commercially available TLR ligands on 

TLR expression levels was studied. HT-29 cells were seeded at a cell density of 3 x 105 

cells/mL in a volume of 1mL antibiotic-free culture medium per well in 24-well plates 

and were allowed to grow at 37C in a humidified, 5% CO2 incubator. Two days later, 

cell cultures with 90–100% confluency were incubated with TLR ligands at final 

concentrations as follows: PGN (10µg/mL), LPS (10µg/mL) and poly(I:C) 

(12.5µg/mL) for 0.5, 2, 6 and 24 hours. A medium-only control was included in all 

assays. Upon RNA extraction, samples corresponding to treatment with PGN, poly(I:C) 

and LPS were subjected to RT-qPCR with TLRs 2, 3 and 4 respectively.  

3.2.5 Time course and dose response of poly(I:C) induced IL-8 gene expression 

Time course and dose response experiments were performed to find out the optimal 

time and concentration of poly(I:C) needed to stimulate IL-8 gene expression in HT-29 

cells. HT-29 cells grown to 90-100% confluency were stimulated with 100µg/mL of 

poly(IC) for 0.5, 2, 3, 6 and 24 hours for the time course experiment and stimulated for 

3 hours with varying doses of poly(I:C) (6.25, 12.5, 25, 50, 100, 150 and 200µg/mL) 

for the dose response experiment. RNA was then extracted and subjected to RT-qPCR 

targeting the IL-8 gene (Section 2.8 & 2.9). 

 

3.2.6 Time course of poly(I:C) induced IL-8 protein secretion 

In order to determine the optimal period of treatment with poly(I:C) needed to stimulate 

IL-8 protein synthesis in HT-29 cells, cells grown to 90-100% confluency were 

stimulated with 100µg/mL of poly(IC) for 3, 6, 9, 12, 24 and 48 hours. Cell culture 
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supernatants were then collected and IL-8 protein levels were measured using ELISA 

(Section 2.10).  

3.2.7 Passage study to examine effect of passage number on IL-8 gene expression   

Initial poly(I:C) stimulation assays revealed that IL-8 gene expression levels in HT-29 

cells were different on different experimental days. While a 3 hour incubation of 

100µg/mL poly(I:C) in the time course and dose response experiments caused an IL-8 

up-regulation of 5.46 (± 0.37) and 6.59 (± 0.32) respectively, on a later experiment, the 

level dropped to 2.24 (±0.24). A low level of IL-8 stimulation by poly(I:C) would not 

be sufficient to screen for modulatory effects of the commensal strains. The cell line 

was verified to be mycoplasma-free by Senior Research Technician at the McConnell 

Lab, Clare Fitzpatrick using the Microprobe mycoplasma detection kit (R & D 

Systems) capable of detecting the eight mycoplasma species known to cause 95% of 

eukaryotic cell culture contamination. Hence it was decided that the fluctuation in IL-8 

expression should be investigated. It was hypothesized that HT-29 cells grown at 

different passage numbers transcribed varying levels of IL-8 mRNA when stimulated 

with poly(I:C). A passage study was therefore performed in order to find out if the 

passage number of HT-29 cell line affected IL-8 gene expression levels.   

Two sets of HT-29 cells were used: (set a) HT-29 cells frozen at passage 8 and (set b) 

HT-29 cells frozen at passage 11. Upon resuscitation, each of these cell cultures were 

stimulated with poly(I:C) as described in (Section 2.5) at alternate passage numbers 

from passage 10 to 18 (set a) and passage 13 to 21 (set b). Upon stimulation RNA was 

extracted and subjected to RT-qPCR as described in sections 2.8 and 2.9 respectively to 

determine the IL-8 gene expression levels at the different passage numbers.  

3.3 Results and Discussion 

3.3.1 Enumeration of freeze-dried bacteria 

Table 3-1 shows the weight of bacteria representing 108 bifidobacterial cells, deduced 

using the two different DNA quantifying instruments. Bacterial weight measurement 

relative to bacterial cell number based on DNA concentration quantified using the 

NanoDrop 1000 spectrophotometer was about 10 fold higher as compared to the Qubit 

fluorometer. The spectrophotometer measures nucleic acid or protein concentrations 

based on UV absorbance, whereas the fluorometer uses fluorescence-based quantitation 
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using dyes that bind specifically to DNA, RNA or protein. Previous studies have shown 

that the NanoDrop spectrophotometer overestimated DNA concentrations when 

compared to Qubit measurements (Guo & Zhang, 2013; Simbolo et al, 2013). 

Therefore in the present study lyophilised bacterial weight was measured based on 

results from the Qubit. Further bacterial weight measurements relative to cell number 

for the Bacteroidetes strains and Lachnospiraceae strains were also made using the 

Qubit fluorometer (Table 3-2). 

 

Table 3-1 Weight in mg per 108 bifidobacteria deduced from DNA concentration 

quantified using a NanoDrop 1000 spectrophotometer as compared to a Qubit 

fluorometer. Weight shown is an average from five strains tested per bifidobacterial 

species. 

 

Bifidobacterium 

spp. 

Mean weight (SEM) in mg/ 108 bacteria  deduced from DNA 

concentrations quantified using: 

NanoDrop spectrophotometer  Qubit fluorometer 

B. longum 1.80 x 10-2 (8.05 x 10-3) 1.02 x 10-1 (4.57 x 10-2)  

B. breve 3.29 x 10-2 (1.47 x 10-2)  2.26 x 10-1 (1.01 x 10-1)  

B. bifidum 4.93 x 10-3 (2.20 x 10-3)  7.65 x 10-2 (3.42 x 10-2)  

 

 

Table 3-2 Weight in mg per 108 bacteria deduced from DNA concentration 

quantified using a Qubit fluorometer. (n=1, except Bacteroides vulgatus, n=2) 

Bacterial strain Weight in mg/ 108 bacteria   

Bacteroides thetaiotaomicron 2.97 x 10-1  

Bacteroides vulgatus 5.72 x 10-1 ± 0.01 

Bacteroides fragilis 5.43 x 10-1  

Blautia producta 7.69 x 10-1  

Ruminococcus gnavus 2.74 x 10-1  
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3.3.2 TLR gene expression 

3.3.2.1 qPCR analysis 

In qPCR, the selection of an appropriate reference gene is essential to normalise or  

correct differences in the amount of RNA or cDNA caused by the different amounts 

and quality of starting material as well as differences in RNA preparation and cDNA 

synthesis (Radonić et al, 2004). Therefore reference genes are ideally constitutively 

expressed in the sample cells under all experimental conditions. Figure 3-1 shows the 

Ct values of four reference genes tested, in samples of cDNA from HT-29 cells 

incubated with the different treatments. GAPDH was selected for the present study 

based on its stability across the different treatments and also as it has been widely used 

in similar studies utilising HT-29 cells investigating modulatory effects of various 

commensal bacteria (Ma et al, 2004; Otte & Podolsky, 2004; Furrie et al, 2005b; 

O'Hara et al, 2006; Riedel et al, 2006; Imaoka et al, 2008; Vizoso Pinto et al, 2009; 

Kim et al, 2010; Bahrami et al, 2011b; Khokhlova et al, 2012; Carey & Kostrzynska, 

2013). 

The comparative Ct method requires the amplification efficiency of the target and 

reference genes to be similar (Livak & Schmittgen, 2001). In the present study, 

efficiency of qPCR for the TLR genes was verified by performing standard curves 

constructed from 10-fold and 2-fold serial dilutions of either plasmid containing the 

sequence of the target genes or cDNA transcribed from the Stratagene QPCR Human 

Total Reference RNA, respectively.  

The slope and amplification efficiency values of standard curves generated from the 

Stratagene QPCR Human Reference Total RNA and plasmids are shown in Tables 3-3 

and 3-4, respectively. Figure 3-2 shows an example of standard curves of the log cDNA 

dilution versus ∆Ct of selected primers. According to the equation described in Section 

3.2.2.1 above, m= –(1/log E), (where m is the slope value of the standard curve and E is 

the efficiency), ideally, for a 100% efficient amplification, the slope is -3.32 and 

efficiency is 2. However, for the comparative Ct method, the efficiencies of both genes 

are considered similar if they fall within 10% of each other which corresponds to an E 

value between 1.8 and 2.2 (Schmittgen & Livak, 2008). In the present study, the 

standard curves indicate that the PCR amplifying the target genes and normalizer has 
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efficiency values that fall within this acceptable range i.e. are working at a similar 

efficiency and therefore are comparable. 

 

 

Figure 3-1 Stability of reference gene expression across different treatments. Ct 

values of reference genes in HT-29 cells treated with medium only, poly(I:C), 

Bacteroides thetaiotaomicron (BT) and B. thetaiotaomicron with poly(I:C).  
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Table 3-3 Analysis of standard curve generated from Stratagene human reference 

RNA and calculation of amplification efficiency 

 

 

 

 

 

 

Table 3-4 Analysis of standard curve generated from plasmids containing inserts 

of the target gene and calculation of amplification efficiency 

Target gene Slope, m Efficiency, E 

TLR 2 -3.37 1.98 

TLR 3 -3.43 1.96 

TLR 4 -3.35 1.99 

TLR 7 -3.45 1.95 

TLR 8 -3.35 1.99 

GAPDH -3.57 1.91 

 

 

Target gene Slope, m Efficiency, E 

TLR 2 -3.71 1.86 

TLR 3 -3.38 1.97 

TLR 4 -3.36 1.98 

TLR 7 -3.50 1.93 

GAPDH -3.47 1.94 
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Figure 3-2 Plot showing standard curve of selected primers using serial dilutions 

of cDNA for determination of amplification efficiency. 

 

3.3.2.2 TLR gene expression levels in HT-29, THP-1 and Reference RNA  

Table 3-5 compares the expression levels of the TLR genes tested and the normalizer 

genes in HT-29 and THP-1 cells, reflected by the Ct values (as depicted in Figure 3-3A 

and B). The lower the Ct value, the more target DNA is present in the sample, 

indicating higher expression level of the gene tested. 

In the present study, TLR gene expression levels in HT-29 cells were low, 

corresponding to the high Ct values between 25 and 37. This is in agreement with 

previous findings that the expression of TLRs by intestinal epithelial cells is generally 

low (Abreu, 2010). The TLR gene most highly expressed in the HT-29 cell line was 

TLR 4, followed by TLR 3 and TLR 2. TLR 7 and TLR 8 were very weakly expressed 

in this cell line.  

In accordance with previous observations (Zarember & Godowski, 2002), all TLR 

genes tested were well expressed in the THP-1 monocytic cell line, in the following 

order of magnitude: TLR 2, TLR 4, TLR 7, TLR 8 and TLR 3. It has also been 

previously reported that colonic epithelial cells express lower levels of TLR genes as 

compared to THP-1 cells (Melmed et al, 2003). 
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In the Stratagene QPCR Human Reference Total RNA, which is composed of total 

RNA from 10 human cell lines, TLRs 3, 4 and 7 were expressed at almost equal levels 

followed by TLR 2 (Figure 3-3C). TLR 8, was not detected although the reference 

RNA was claimed to maximize representation of gene transcripts present in low, 

medium, and high abundance; indicating a generally very low expression level of this 

TLR in most cells.  

 

 

Table 3-5. TLR expression levels in HT-29 cells, THP-1 cells and the Stratagene 

QPCR Human Reference Total RNA. Mean Ct values of the qPCR targeting the TLR 

and normalizer genes, performed on HT-29 and THP-1 cells. N=2.  

Target gene Mean Ct ± SEM 

HT-29 THP-1 Reference RNA 

TLR 2 31.00 ± 0.35 17.29 ± 0.09 27.09 ± 0.02 

TLR 3 26.57 ± 0.28 25.65 ± 0.25 26.01 ± 0.05 

TLR 4 25.04 ± 0.07 18.85 ± 0.08 25.58 ± 0.11 

TLR 7 36.75 ± 0.61 21.21 ± 0.26 26.07 ± 0.08 

TLR 8 37.11 ± 1.11 22.99 ± 0.01 undetermined 

GAPDH 22.67 ± 0.11 22.78 ± 0.31 21.63 ± 0.02 

β-actin 13.21 ± 0.05  11.03 ± 0.10 13.45 ± 0.05 
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Figure 3-3 TLR expression levels in (A) HT-29 cells (B) THP-1 cells and (C) 

Stratagene QPCR Human Reference Total RNA. Amplification plots showing 

expression levels of all the TLRs and normalizer genes in (A) HT-29 cells and (B) 

THP-1 cells (numbers representing the respective TLRs; G, GAPDH).  
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3.3.2.3 TLR gene expression pattern when treated with their ligands 

Under normal physiological conditions, all TLRs are expressed at least at the mRNA 

level in the human colon while TLR 1, TLR 2, TLR 3, TLR 4, TLR 5 and TLR 9 have 

also been detected in the intestinal epithelial cells of human small intestine. 

Furthermore, intestinal epithelial cells of patients with inflammatory bowel diseases 

have higher expression levels of TLRs especially TLR 4 and similar or lower 

expression of TLR 2, TLR 3, TLR 5 and TLR 9 (Abreu, 2010).   

In the present study HT-29 cells were found to express TLRs 2, 3 and 4 mRNA at 

appreciable levels. It was therefore hypothesised that the expression levels of these 

TLRs will be up-regulated when the cell line was treated with the respective ligands 

(PGN, poly(I:C) and LPS). However, as shown in Figure 3-4, these ligands caused very 

minimal fold change in mRNA expression levels of the corresponding TLRs at any 

time points.  

Similarly, in a previous study (Furrie et al, 2005b), when HT-29 cells were treated with 

purified ligands, lipoteichoic acid (LTA), peptidoglycan (PGN), poly(I:C) and lipid A, 

none of the corresponding TLR gene expression was up-regulated except TLR 4 

towards lipid A, although the presence of certain bacteria up-regulated TLR 2 and TLR 

4. The authors suggested that this could mean that single purified components are not 

sufficient to induce up-regulation of these molecules. However, with the exception of 

TLR 2-dependent bacterial ligands to which intestinal epithelial cells have been 

reported to be broadly unresponsive (Melmed et al, 2003), many studies have used 

purified ligands such as LPS (Schuerer-Maly et al, 1994), flagellin (Eaves-Pyles et al, 

2001) and poly(I:C) (Vijay-Kumar et al, 2005) to demonstrate activation of NFκB and 

the subsequent production of pro-inflammatory cytokines down-stream such as IL-8, in 

intestinal epithelial cells. Hence lack of modulation at the level of PRRs such as TLRs, 

does not mean total unresponsiveness of intestinal epithelial cells towards these 

microbial ligands. It may however be suggested that significant up-regulation of PRRs 

is not needed to initiate signals down-stream in the cascade in order to activate gene 

expression and secretion of the effector cytokines. 
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Figure 3-4 Time course of TLR ligand-induced TLR expression in HT-29 cells. 

HT-29 cells were treated with (A) PGN (10µg/mL), (B) poly(I:C) (12.5µg/mL) or (C) 

LPS (10µg/mL) for 0.5, 2, 6 and 24 hours, and the mRNA expression of the 

corresponding TLR was measured using qPCR. Fold changes (mean ± SEM) are 

defined as gene expression relative to the reference gene ie. GAPDH in treated cells 

compared to untreated control cells. (N=2). 
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3.3.3 IL-8 as readout for poly(I:C) stimulation of HT-29 cells 

The IL-8 gene expression pattern in HT-29 cells upon treatment with poly(I:C) was 

next examined. The qPCR efficiency was determined using serial dilution of IL-8 

cDNA from HT-29 cells to perform qPCR, a standard curve plotted as described in 

Section 3.2.2.1 and the slope, (m) and efficiency, E values were determined from it to 

be -3.45 and 1.95, respectively. These values indicate that the qPCR targeting IL-8 and 

the normalizer, GAPDH have efficiency values that fall within the acceptable range i.e. 

are working at a similar efficiency. 

 

3.3.4 Time course and dose response of poly(I:C) induced IL-8 gene expression 

in HT-29 cells 

The time-course experiment of poly(I:C) induced IL-8 gene expression shows that IL-8 

expression was maximum at 3 hours after stimulation (Figure 3-5A). In the dose 

response test, IL-8 expression increased as the concentration of poly(I:C) added to the 

HT-29 cells increased from 6.25 to 200 µg/mL (Figure 3-5B). A poly(I:C) 

concentration of 100µg/mL, a dose also commonly used in previous studies, was 

selected for subsequent experiments.   

 

3.3.5 Time course of poly(I:C) induced IL-8 protein in HT-29 cells 

Figure 3-6 shows the amount of IL-8 protein present in the supernatant when HT-29 

cells were stimulated with 100µg/mL poly(I:C) in relation to time. A 24 hour time point 

was selected as best time point to collect supernatants from subsequent experiments as 

cells looked over grown at 48 hours.    
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Figure 3-5. Time-course (A) and dose-response (B) of poly(I:C) induced IL-8 gene 

expression. A, IL-8 mRNA fold change in HT-29 cells stimulated with 100µg/mL 

poly(I:C) at varying time points. B, IL-8 mRNA fold change in HT-29 cells stimulated 

with increasing doses of poly(I:C), measured at 3 hours incubation. Fold changes (mean 

± SEM) are defined as gene expression relative to the reference gene i.e. GAPDH in 

treated cells compared to untreated control cells. Error bars are invisible at certain 

points as values were very close to each other (N=2). 
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Figure 3-6. Time course of poly(I:C) induced IL-8 synthesis. IL-8 chemokine 

synthesis in HT-29 cells at various time points when stimulated with 100µg/mL 

poly(I:C) as compared to a medium only control. Error bars indicate SEM (error bars 

are however invisible here as values were very close). N=2.  
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3.3.6 IL-8 gene expression in relation to passage number 

A passage study was conducted to find out if the passage number of HT-29 cells 

affected the IL-8 expression levels. As shown in Figure 3-7, both sets of HT-29 cells 

showed increasing levels of IL-8 mRNA fold change as the passage number increased. 

Furthermore, cells frozen at passage 11 generally showed higher levels of IL-8 mRNA 

fold change as compared to cells frozen at passage 8. It was therefore decided that cells 

at the initial passage numbers (upon resuscitation) were avoided and cells from higher 

passage numbers were used. All subsequent stimulation experiments were carried out 

using HT-29 cells at passage numbers 23, 24 and 25 (when frozen at passage number 

19) or passage numbers 27, 28 and 29 (when frozen at passage number 24).  

The reason for these variations in IL-8 gene expression level in HT-29 cells is not 

understood. Previous studies that used HT-29 cells to investigate immunomodulatory 

effects of gut commensals have stated using passage numbers 13-17, 13-44 and 8-22, 

(Bahrami et al, 2011b; Chichlowski et al, 2012; Macpherson et al, 2014) respectively. 

A study investigating the effects of apoptosis induction on glucose and phospholipid 

metabolite levels in cancer using HT-29 cells, used cells of the same passage number 

sub-cultured from the same stock; the reason for this, however was not stated (Lutz et 

al, 2003). The human embryonic kidney (HEK) cell line has been reported to 

deteriorate in morphology, growth rate and translational efficiency as the passage 

number increases i.e. to more than 20-30 passage numbers (Thomas & Smart, 2005). A 

cell line derived from a mouse insulinoma (MIN6) has been shown to vary in gene and 

protein expression levels when grown at high passage numbers (60-70) as compared to 

low passage numbers (30-40) (Cheng et al, 2012). In general, previous studies have 

emphasised the importance of using low passage number cells. The definition of low 

and high passage number has been widely varied, depending on the cell type. In the 

present study, HT-29 cells at the initial passage numbers were avoided. However, only 

passage numbers below 30 were used, which in general is still considered to be in the 

low passage number category. 

The preliminary experiments and optimization of techniques described herein included 

selecting the right method for enumeration of freeze dried bacteria, verifying the gene 

of choice, the expression of which is to be used as readout, determining qPCR 
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efficiency for accurate gene expression profiling and rectifying problems with gene 

expression variation in HT-29 cells.  

 

Figure 3-7. Effect of HT-29 cell-passage number on IL-8 gene expression. IL-8 

mRNA fold change in HT-29 cells frozen at passage number 8 (A) and passage number 

11 (B) stimulated with poly(I:C) at alternate passage numbers. Error bars indicate SEM 

(error bars at certain points are however invisible here as values were very close). N= 2.   
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4 Results 

4.1 Bioinformatic analysis of high-throughput sequencing data 

The choice of bacterial strains to be tested for their immunomodulatory effects in the 

present study was determined based on findings from a recent study performed in the 

Tannock Laboratory (Tannock et al, 2013) whereby compositions of the faecal 

microbiotas of infants fed goat milk formula, cow milk formula or breast milk (as the 

gold standard) were compared. The abundance of bifidobacterial species in the faeces 

of 90 Australian infants was determined by analysing data from the 16S rRNA gene 

sequences obtained from the study. The 10 most highly represented bifidobacterial 

species found in these infants according to the type of milk fed (breast, cow-milk based 

formula or goat-milk based formula) are listed in Table 4-1 below. The three most 

prevalent bifidobacterial species were B. longum, B. breve and B. bifidum with the 

abundance of B. breve found to be significantly greater in the faeces of breast milk-fed 

infants than in formula-fed infants. 

Breast milk represents the gold standard for providing immunological and nutritive 

protection to babies. Therefore the proportions of these three bifidobacterial species in 

faecal samples of breast-fed babies was investigated. The ratios at which these species 

were found in faecal samples of breast-fed babies are listed in Table 4-2. In seven out 

of the 30 samples, 99- 100% of the bifidobacteria were B. longum and in two out of the 

30 samples 96- 100% of the bifidobacteria were B. breve. When all three species were 

present in a sample, B. breve seemed to dominate; on the other hand when only two 

species were present, B. longum dominated, if present. It is also of importance to note 

that, although bifidobacteria predominated the infant gut microbiota, this genera was 

not found to be present in 9 out of the 30 babies. 

Besides Bifidobacteriaceae, findings on abundances of the most commonly represented 

Bacteroides and Lachnospiraceae species in the faeces of the 90 infants studied are 

shown in Table 4-3 and 4-4. The overall abundances of bacterial families comprising 

the fecal microbiotas are finally compared in Table 4-5. 

In summary, Bifidobacteriaceae were found to be abundant in the microbiotas of 

infants in all three groups. Faecal isolates of strains belonging to the three most 

commonly detected bifidobacterial species, longum, breve and bifidum were therefore 
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tested for their immunomodulatory effects in the present study. Furthermore, when 

Bifidobacteriaceae abundance was low, Lachnospiraceae abundances were found to be 

greater. Also, besides Bifidobacteriaceae, Bacteroidaceae was shown to be more 

abundant in breast-milk fed infant microbiotas compared to the other two dietary 

groups. Culture collection strains belonging to families Lachnospiraceae 

(Ruminococcus gnavus and Blautia producta) and Bacteroidaceae (Bacteroides 

vulgatus, B. fragilis and B. thetaiotaomicron) were hence also included to be tested in 

the present study. 

 

Table 4-1 Abundances of 16S rRNA genes originating in the 10 most highly 

represented bifidobacteria species (normalised by total 16S rRNA genes; 30 infants 

per group) 

  Mean % (SEM) 

Bifidobacterium 
species 

Breast Goat Cow 

B. longum 26.14 (5.36) 16.72 (4.30) 19.22 (4.46) 

B. breve * 19.56 (5.97) 7.08 (3.79) 9.97 (3.68) 

B. bifidum 6.92 (1.96) 9.25 (3.25) 1.95 (0.88) 

B. pseudocatenulatum 2.91 (2.06) 6.10 (2.65) 1.86 (1.33) 

B. dentium 4.76 (3.06) 2.06 (1.58) 1.77 (1.75) 

B. adolescentis 0.38 (0.33) 1.86 (1.34) 3.51 (2.46) 

B. animalis 0.00 (0.00) 0.66 (0.50) 1.84 (1.35) 

B. catenulatum 0.02 (0.01) 1.68 (1.65) 0.23 (0.22) 

B. kashiwanohense 0.13 (0.06) 0.22 (0.16) 0.05 (0.04) 

B. scardovii 0.01 (0.01) 0.01 (0.01) 0.11 (0.07) 

*  Breast vs. Cow  and Goat P<0.05     
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Table 4-2. Proportions of Bifidobacterium longum, B. breve and B. bifidum in 

faecal samples of breast-fed babies. (normalised by total 16S rRNA genes; 30 infants 

per group). 

Type of bifidobacterial 
combinations when present 

No. of samples/  
(ratios) 

bifidum: longum 4 
(4:6), (4:6), (2:8), (2:7) 

bifidum: breve 3 
(3:7), (2:8), (2:8) 

breve: longum 2 
(0.5: 9), (1: 5) 

bifidum: breve: longum 3 
(1: 6: 2), (0.2: 8: 0.3), (1: 9: 

0.2) 
99-100% longum only 7 
96-100% breve only  2 
No bifidobacteria 9 

Total 30 

 

 

Table 4-3 Abundances of the most commonly represented Bacteroides species in 

faeces of infants (30 infants per group).  

  Mean % abundance (SEM) 

Species Breast Goat Cow 

B. vulgatus 1.98 (1.70) 0.07 (0.06) 0.00 (0.00) 

B. fragilis 1.73 (0.71) 0.19 (0.18) 0.00 (0.00) 

B. thetaiotaomicron 0.45 (0.38) 0.04 (0.04) 0.00 (0.00) 

B. dorei 0.17 (0.14) 0.00 (0.00) 0.00 (0.00) 
Bacteroides sp. Smarlab 
3301643 0.15 (0.11) 0.00 (0.00) 0.00 (0.00) 

B. uniformis 0.14 (0.07) 0.00 (0.00) 0.00 (0.00) 

B. stercoris 0.09 (0.09) 0.00 (0.00) 0.00 (0.00) 

B. ovatus 0.05 (0.03) 0.00 (0.00) 0.00 (0.00) 

B. acidofaciens 0.01 (0.01) 0.00 (0.00) 0.00 (0.00) 

B. faecis 0.00 (0.00) 0.02 (0.02) 0.02 (0.02) 

       
Source: Tannock et al, 2013 
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Table 4-4 Comparison of abundances of 16S rRNA genes originating from 

Lachnospiraceae (30 infants per group).  

  Mean % abundance (SEM)  

Species Breast Goat Cow 

Ruminococcus gnavus a,b 4.10 (2.67) 9.77 (2.95) 8.04 (3.11) 

Blautia producta a,b 0.00 (0.00) 0.12 (0.10) 3.40 (1.49) 

Blautia glucerasea 0.00 (0.00) 0.34 (0.34) 2.27 (1.87) 

Ruminococcus obeum 0.00 (0.00) 0.03 (0.03) 2.44 (2.44) 

Robinsoniella peoriensis a,c 0.00 (0.00) 0.00 (0.00) 1.65 (0.57) 

Lachnospiraceae a,b,c,d 0.10 (0.06) 0.43 (0.09) 0.83 (0.15) 
Lachnospiraceae Incertae Sedis 
ab 0.04 (0.02) 0.75 (0.29) 0.38 (0.12) 

Anaerostipes d 0.04 (0.03) 0.12 (0.07) 0.60 (0.47) 

Ruminococcus torques 0.00 (0.00) 0.00 (0.00) 0.63 (0.57) 

Ruminococcus sp.WAL 17306 0.00 (0.00) 0.00 (0.00) 0.55 (0.43) 

Ruminococcus sp. CO12 0.00 (0.00) 0.14 (0.13) 0.31 (0.31) 

Eubacterium fissicatena 0.00 (0.00) 0.00 (0.00) 0.19 (0.14) 

Roseburia d 0.00 (0.00) 0.15 (0.15) 0.00 (0.00) 

Ruminococcus sp. K-1 0.00 (0.00) 0.00 (0.00) 0.12 (0.12) 

a Breast vs. Cow P<0.05 
   b Breast vs. Goat P<0.05 
   c Cow vs. Goat P<0.05 
   d Taxonomic information not available to species level 

         Source: Tannock et al, 2013 
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Table 4-5 Comparison of abundances of 16S rRNA gene sequences originating in 

the 13 most highly represented families (30 infants per group).  

 
Mean % abundance (SEM)  

Bacterial family Breast Goat Cow 

Bifidobacteriaceae a,b 61.36 (6.28) 46.19 (5.86) 40.99 (5.16) 

Lachnospiraceae a,b 4.22 (2.65) 12.53 (2.85) 22.11 (4.52) 

Erysipelotrichaceae a,b 0.21 (0.15) 13.63 (2.99) 7.99 (2.34) 

Enterobacteriaceae 8.22 (2.40) 5.12 (1.33) 4.42 (1.14) 

Coriobacteriaceae 6.10 (2.67) 5.38 (1.76) 4.59 (2.20) 

Streptococcaceae a 4.12 (2.81) 4.49 (2.01) 4.04 (1.46) 

Clostridiaceae a 2.67 (1.33) 1.69 (0.73) 6.23 (2.80) 

Enterococcaceae a,b 0.88 (0.38) 4.99 (1.04) 3.80 (0.83) 

Bacteroidaceae a,b 4.93 (1.99) 0.35 (0.31) 0.03 (0.02) 

Lactobacillaceae a,b 1.75 (0.69) 0.89 (0.77) 0.07 (0.03) 

Veillonellaceae 1.59 (0.81) 0.42 (0.16) 0.26 (0.12) 

Peptostreptococcaceae a,b 0.19 (0.10) 0.65 (0.21) 0.94 (0.56) 

Ruminococcaceae 0.35 (0.24) 0.08 (0.04) 0.64 (0.42) 

a Breast vs. Cow P<0.05       

b Breast vs. Goat P<0.05 
   Source: Tannock et al, 2013 
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4.2 Bacteroides thetaiotaomicron as positive control for bacterial  

modulation of IL-8 gene expression and protein synthesis  

Bacteroides thetaiotaomicron ATCC 29148T, was reported to decrease levels of IL-8 

induced by PMA, LPS, purified flagellin and enterohaemorrhagic Escherichia coli 

O157:H7 besides Salmonella enteritidis in a colorectal adenocarcinoma cell line (Caco-

2) (Kelly et al., 2003). Therefore, this strain was first tested in the present study for its 

ability to modulate poly(I:C) stimulated IL-8 gene induction. HT-29 cells were treated 

with freeze dried, non-heat treated (NHT) or heat-treated (HT) B. thetaiotaomicron at 

108, 107 and 106 cells/mL with or without poly(I:C) for 3 hours. NHT B. 

thetaiotaomicron significantly down-regulated the poly(I:C) induced IL-8 to basal 

levels in a dose dependent way (Figure 4-1A). HT B. thetaiotaomicron lacked this 

ability (Figure 4-1B), similar to observations by Kelly and co-researchers (2004).  

The modulation of IL-8 protein synthesis by this strain was investigated and found to 

be consistent with gene expression results. After 24 hours of stimulation, poly(I:C) 

induced 7594 ± 61.61 pg/mL IL-8 protein, while the presence of 108 cells/ mL  NHT 

Bacteroides thetaiotaomicron caused a significant reduction in IL-8 protein to 4962 ± 

66.63 pg/mL P<0.0001. On the other hand, although this strain did not cause any 

changes to the basal level IL-8 mRNA, it significantly up-regulated the basal level IL-8 

protein synthesised (P<0.0001) (Figure 4-2).  

NHT Bacteroides thetaiotaomicron at a concentration of 108 cells/ mL was included in 

all subsequent stimulation assays as a positive control. 
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Figure 4-1 Dose-dependent attenuation of poly (I:C) induced IL-8 mRNA by NHT 

(and not HT) Bacteroides thetaiotaomicron ATCC 29148T. HT-29 cells were treated 

with poly(I:C) and/ or (A) NHT and (B) HT B. thetaiotaomicron ATCC 29148T at 

varying doses i.e. at 1x106, 1x107 and 1x108 cells/ mL for 3 hours. Fold changes are 

defined as gene expression relative to GAPDH in treated cells compared to medium 

only control cells (fold change=1). N=3, **** P<0.0001. (One-way ANOVA and 

Tukey’s multiple comparisons test). 
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Figure 4-2 Effect of NHT Bacteroides thetaiotaomicron ATCC 29148T on basal 

level and poly(I:C) induced IL-8 protein synthesis (pg/mL) 24 hours after 

treatment. Error bars indicate SEM. N=3, ****P<0.0001 (One-way ANOVA and 

Tukey’s multiple comparisons test). 
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4.3 HT-29 cell viability assay 

Before studying the modulatory effects of the different commensal strains on HT-29 

cells, it was necessary to find out if the presence of these bacteria affected the viability 

of the cell line. The viability of HT-29 cells with bacteria at a concentration of 108 cells/ 

mL or 100g/mL poly(I:C) was therefore tested using the crystal violet cell viability 

assay (Figure 4-3). HT-29 cells treated with medium only were set as 100% viable. 

Cells treated with 10% SDS were used as negative control for the viability assay.  

None of the bacterial strains tested significantly decreased the viability of HT-29 cells 

after 24 hours of incubation when compared to the medium only control (P>0.05). 

However Bacteroides thetaiotaomicron was found to enhance the viability of HT-29 

cells (P<0.01). Poly(I:C) had no effect on HT-29 cell viability. These findings indicated 

that stimulation assays on HT-29 cells with bacteria or poly(I:C) could be performed at 

the concentrations stated above.  
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Figure 4-3 HT-29 cell viability when treated with 1: medium, 2: 100g/mL poly(I:C), 

3- 16: NHT bacteria (3: Bifidobacterium longum G12, 4: B. longum G14, 5: B. longum 

G17, 6: B. breve G7, 7: B. breve G9, 8: B. bifidum G19, 9: B. bifidum G21, 10: B. 

bifidum G36, 11: Ruminococcus gnavus ATCC 29149T, 12: Blautia producta ATCC 

2950T, 13: Bacteroides vulgatus ATCC 29327, 14: Bacteroides vulgatus ATCC 8482T, 

15: Bacteroides fragilis ATCC 25285T, 16: Bacteroides thetaiotaomicron ATCC 

29148T), 17- 29: HT bacteria (17: Bifidobacterium longum G12, 18: B. longum G14, 

19: B. longum G17, 20: B. breve G7, 21: B. breve G9, 22: B. bifidum G19, 23: B. 

bifidum G21, 24: B. bifidum G36, 25: Ruminococcus gnavus ATCC 29149T, 26: Blautia 

producta ATCC 2950T, 27: Bacteroides vulgatus ATCC 29327, 28: Bacteroides 

vulgatus ATCC 8482T, 29, Bacteroides fragilis ATCC 25285T) 30: 10% SDS. 

Concentration of bacteria was 108 cells/ mL. Cell viability (%) measured using crystal 

violet assay, expressed as percentage of absorbance at 595nm relative to the medium 

only control. N=3, **P<0.01, ****P<0.0001. (One-way ANOVA and Dunnett’s 

multiple comparisons test). 
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4.4 Gut bacterial modulation of IL-8 gene expression and protein 

synthesis  

The modulation of IL-8 gene expression and IL-8 protein synthesis in HT-29 cells by 

bacterial strains belonging to the families Bifidobacteriaceae, Lachnospiraceae and 

Bacteroidaceae was tested. This was done in two different conditions, 1: at basal level 

i.e. in the presence of bacteria only, compared to medium only control and 2: in the 

presence of poly(I:C) i.e. bacteria and poly(I:C) compared to poly(I:C) alone.  

 

4.4.1 Bifidobacteriaceae       

4.4.1.1 Initial screen (n=1) 

A total of 15 Bifidobacterium strains, NHT and HT, were tested for modulation of IL-8 

gene expression in HT-29 cells when treated with (i) bacteria only as compared to 

medium only and (ii) poly(I:C) only as compared to bacteria and poly(I:C). The strains 

included five each of the three Bifidobacterium species (B. longum, B. breve and B. 

bifidum). For this initial screen, stimulations were done on single wells with no 

replicates (n=1).  

The bifidobacterial strains tested showed little modulation in IL-8 gene expression (fold 

change between 1.49 to -1.72) when compared to medium-only control (fold change 

1.00) (Figure 4-4).  

Stimulation with poly(I:C) showed that, with the NHT samples, all B. breve strains 

(G3, G7, G9, G38 and ATCC 15700T) and four out of five B. longum strains (G12, 

G15, G17 and ATCC 15707T) up-regulated, while all five B. bifidum strains down-

regulated the poly(I:C) induced IL-8. HT strains that down-regulated were G14 (B. 

longum), G7 (B. breve), G19 and G36 (B. bifidum), while the others either up-regulated 

or made no changes to the poly(I:C) induced IL-8 gene expression (Figure 4-5).  

Based on this initial screen, eight strains belonging to the three different species were 

selected for further study. They were B. breve G7 & G9, B. longum G12, G14 & G17 

and B. bifidum G19, G21 & G36. These strains were re-tested on the HT-29/ poly(I:C) 
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system in triplicates. Both IL-8 gene expression at 3 hours and protein synthesis at 24 

hours were measured.    

 

 

Figure 4-4 Screening of NHT and HT Bifidobacteriaceae strains for their effects on 

basal level IL-8 mRNA in HT-29 cells 3 hours after treatment. A total of 15 

Bifidobacterium strains i.e. five each of B. longum, B. breve and B. bifidum were tested. 

Fold changes are defined as gene expression relative to GAPDH in treated cells 

compared to medium only control cells (fold change=1). N=1.  
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Figure 4-5 Screening of NHT and HT Bifidobacteriaceae strains for their effects on 

poly(I:C) induced IL-8 mRNA in HT-29 cells 3 hours after treatment. A total of 15 

Bifidobacterium strains i.e. five each of B. longum, B. breve and B. bifidum were tested. 

Fold changes are defined as gene expression relative to GAPDH in treated cells 

compared to medium only control cells (fold change=1). N=1. 
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4.4.1.2 Modulation of basal level IL-8 gene transcription and IL-8 protein by 

Bifidobacteriaceae. 

As expected from the initial screen, most of the strains tested did not significantly 

modulate basal level (medium only control) IL-8 gene expression. However, the B. 

longum strains G14 and G17 had 3.61 (P < 0.001) and 3.60 (P < 0.01) fold up-

regulation respectively compared to the medium only control (1 fold change) (Figure 4-

6).  

Interestingly, all of the eight NHT bifidobacterial preparations were observed to 

significantly modulate basal level IL-8 protein synthesis. All B. longum and B. breve 

strains as well as B. bifidum G19 down-regulated the IL-8 synthesized at basal level, 

while B. bifidum G21 and G36 up-regulated the basal level IL-8. The HT 

Bifidobacterium strains did not show any such modulation at basal level (Figure 4-7). 

 

4.4.1.3 Modulation of poly(I:C) induced IL-8 gene transcription and IL-8 protein 

by Bifidobacteriaceae. 

At the level of gene expression, NHT B. breve G7 and B. longum G14 showed up-

regulation of poly(I:C) induced IL-8. All other NHT strains did not show a significant 

change. HT B. longum G14 up-regulated while HT B. longum G17 down-regulated 

poly(I:C) induced IL-8 gene expression (Figure 4-8).  

At the level of protein synthesis, all B. longum strains (G12, G14, G17), B. breve G9 

and B. bifidum G19 significantly down-regulated poly(I:C) induced IL-8 secretion 

when not heat-treated. However, none of the strains except B. bifidum G36 showed 

significant modulation in poly(I:C) induced IL-8 protein synthesis when heat-treated 

(Figure 4-9). Interestingly, NHT B. bifidum strains G36 and G21 did not modulate poly 

(I:C)-induced IL-8 secretion, although they have up-regulated basal level IL-8 (Section 

4.4.1.2).  
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Figure 4-6 Effect of NHT and HT Bifidobacteriaceae on basal level IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold changes are 

defined as gene expression relative to GAPDH in treated cells compared to medium only control cells. Positive controls (a) and (b) are 

Bacteroides thetaiotaomicron included in two different 24-well plates. Fold change of IL-8 mRNA in medium only control cells is therefore set 

as 1. Error bars indicate SEM. N=3, **P<0.01, ***P<0.001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-7 Effect of NHT and HT Bifidobacteriaceae on basal level IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after 

treatment. Error bars indicate SEM. N=3, *P<0.05, **P<0.01, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-8 Effect of NHT and HT Bifidobacteriaceae on poly(I:C) induced IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold 

changes are defined as gene expression relative to GAPDH in treated cells compared to medium only control cells. Positive controls (a) and (b) 

are Bacteroides thetaiotaomicron included in two different 24-well plates. Error bars indicate SEM. N=3, *P<0.05, **P<0.01, 

***P<0.001,****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-9 Effect of NHT and HT Bifidobacteriaceae on poly(I:C) induced IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after 

treatment. Error bars indicate SEM. N=3, **P<0.01, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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4.4.2 Lachnospiraceae  

4.4.2.1 Modulation of basal level IL-8 gene transcription and protein synthesis by 

Lachnospiraceae  

Both Lachnospiraceae strains tested, Ruminococcus gnavus (ATCC 29149T) and 

Blautia producta (DSM 2950T) did not significantly modulate the basal level IL-8 gene 

expression (Figure 4-10) or protein synthesis (Figure 4-11), whether heat-treated or not.  

4.4.2.2 Modulation of poly(I:C) induced IL-8 gene transcription and protein 

synthesis by Lachnospiraceae 

Figures 4-12 and 4-13 show the modulation of poly(I:C) induced IL-8 gene expression 

and protein synthesis respectively. When HT-29 cells were treated with poly(I:C), NHT 

R. gnavus did not modulate the IL-8 gene expression level, but slightly down-regulated 

IL-8 synthesis (P< 0.05). HT R. gnavus did the opposite with slight down regulation of 

poly(I:C) induced IL-8 gene (P< 0.05) and no changes in the protein synthesis. On the 

other hand B. producta down regulated poly(I:C) induced IL-8 synthesis at the level of 

both gene expression (P<0.01) and protein synthesis (P<0.0001) whether heat-treated or 

not. 
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Figure 4-10 Effect of NHT and HT Lachnospiraceae on basal level IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold changes are 

defined as gene expression relative to the reference gene, GAPDH in treated cells compared to medium only control cells. Fold change of IL-8 

mRNA in medium only control cells is therefore set as 1. Error bars indicate SEM. N=3, (One-way ANOVA and Tukey’s multiple comparisons 

test). 
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Figure 4-11 Effect of NHT and HT Lachnospiraceae on basal level IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after 

treatment. Error bars indicate SEM. N=3, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-12 Effect of NHT and HT Lachnospiraceae on poly(I:C) induced IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold 

changes are defined as gene expression relative to the reference gene, GAPDH in treated cells compared to medium only control cells. Error bars 

indicate SEM. N=3, *P<0.05, **P<0.01, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-13 Effect of NHT and HT Lachnospiraceae on poly(I:C) induced IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after 

treatment. Error bars indicate SEM. N=3, *P<0.05, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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4.4.3 Bacteroidaceae  

4.4.3.1 Modulation of basal level IL-8 gene transcription and protein synthesis by 

Bacteroidaceae 

The Bacteroidaceae strains tested were Bacteroides vulgatus (ATCC 29327 and ATCC 

8482T) and Bacteroides fragilis (ATCC 25285T). None of these strains modulated basal 

level IL-8 gene expression (Figure 4-14). The modulation pattern of basal-level IL-8 

protein synthesis was however different. Both NHT and HT B. fragilis strains up-

regulated basal level IL-8 protein synthesis (P< 0.0001 and P< 0.001 respectively). On 

the other hand only the HT B. vulgatus strains up-regulated basal IL-8 synthesis (P< 

0.0001) (Figure 4-15). 

 

4.4.3.1 Modulation of poly(I:C) induced IL-8 gene transcription and protein 

synthesis by Bacteroidaceae 

All of the Bacteroidaceae tested showed significant down-regulation of poly(I:C) 

induced IL-8 with good co-relation observed between gene expression (P< 0.0001) 

(Figure 4-16) and protein synthesis (P< 0.0001) (Figure 4-17). 
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Figure 4-14 Effect of NHT and HT Bacteroidaceae on basal level IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold changes are 

defined as gene expression relative to the reference gene, GAPDH in treated cells compared to medium only control cells. Fold change of IL-8 

mRNA in medium only control cells is therefore set as 1. N=3. (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-15 Effect of NHT and HT Bacteroidaceae on basal level IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after treatment. 

Error bars indicate SEM. N=3, ***P<0.001, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-16 Effect of NHT and HT Bacteroidaceae on poly(I:C) induced IL-8 mRNA in HT-29 cells 3 hours after treatment. Fold changes 

are defined as gene expression relative to the reference gene, GAPDH in treated cells compared to medium only control cells. Error bars indicate 

SEM. N=3, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-17 Effect of NHT and HT Bacteroidaceae on poly(I:C) induced IL-8 protein synthesis (pg/mL) in HT-29 cells 24 hours after 

treatment. Error bars indicate SEM. N=3, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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4.4.4 Verification of IL-8 mRNA and protein correlation 

As demonstrated in the results above, stimulation assays performed with certain 

bacterial strains showed that IL-8 gene expression and protein production were not in 

correlation. For example, Bifidobacteria breve G9 and Ruminococcus gnavus ATCC 

29149T had no significant effect on poly(I:C) induced IL-8 mRNA at 3 hours, but 

caused a significant down-regulation in poly(I:C) induced IL-8 protein at 24 hours. It 

was felt that a 3-hour incubation was probably not sufficient to see a significant down 

regulation in mRNA. Therefore a time course was performed to see the changes in IL-8 

mRNA at 3, 6 and 9 hours. As shown in Figure 4-18, there were still no changes 

detected in IL-8 mRNA when HT-29 cells were stimulated with poly (I:C) alone or 

poly(I:C) and bacteria at both 6 hours and 9 hours. This could be partly due to the fact 

that poly I:C induced IL-8 mRNA was generally low at 6 and 9 hours. The positive 

control Bacteroides thetaiotaomicron however, continued to show down-regulation in 

IL-8 gene expression at these hours. 

 

4.4.5 Selection of strains for further tests 

In summary, the modulatory effects of the freeze- dried commensal bacteria on the 

basal level and poly(I:C)- induced IL-8 depended on the strain and whether or not they 

were heat treated. Based on the results observed, eight NHT bacterial preparations, 

representing each species, were selected for further tests. Selection of specific strains 

was random. When selecting Bifidobacterium strains, strains that showed 

inconsistencies in modulation of poly(I:C) induced IL-8 gene expression pattern 

between the initial screen and the second assay with three replicates, were omitted. The 

eight selected strains are listed in Table 4-6 with a summary of modulation in IL-8 gene 

expression and protein synthesis.  
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Figure 4-18 Effect of NHT Bifidobacterium breve G9 and Ruminococcus gnavus ATCC 29149T on (A) poly(I:C) induced and (B) basal 

level IL-8 in relation to time. Fold changes are defined as gene expression relative to the reference gene, GAPDH in treated cells compared to 

medium only control cells. Error bars indicate SEM. N=2, *P<0.05, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Table 4-6. Summary of modulation of IL-8 gene expression and protein synthesis.  

Selected strains Modulation in basal level IL-8 Modulation in poly(I:C) induced 

IL-8 

Gene 

expression 

Protein 

synthesis 

Gene 

expression 

Protein 

synthesis 

Bifidobacterium 

longum G12 

ns ↓-721 
ns ↓-2440 

Bifidobacterium 

breve G7 

ns ↓-372 ↑+7.72 ns 

Bifidobacterium 

bifidum G19 

ns ↓-824 ns ↓-5707 
Ruminococcus 

gnavus      

ATCC 29149T 

ns ns ns ↓-943 

Blautia producta 

DSM 2950T 

ns ns ↓-11.95 ↓-4008 
Bacteroides 

vulgatus     

ATCC 8482T 

ns ns ↓-7.72 ↓-3161 

Bacteroides 

fragilis      

ATCC 25285T 

ns ↑+972 ↓-11.47 ↓-907 

Bacteroides 

thetaiotaomicron 

ATCC 29148T 

ns  ↑+1732 ↓-21.72 ↓-3536 

*Green downward arrow indicates down-regulation, red upward arrow indicates up-

regulation of IL-8 gene expression or protein synthesis. When significant, the 

magnitude of modulation i.e. change in fold change or amount of protein synthesised is 

also indicated. 
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4.5 HT29-MTX cells  

4.5.1 HT29-MTX mucus secretion in relation to culture period 

Before testing the effects of the selected bacteria on mucus producing HT29-MTX 

cells, it was necessary to determine the day at which stimulation assays should be 

performed on these cells. HT29-MTX cells, grown on filters in culture inserts for up to 

21 days were observed to have produced mucus on the apical side of the cells indicating 

cell differentiation into goblet cells (Figure 4-19). PAS staining, which is specific for 

neutral mucopolysaccharides and alcian blue which is specific for acidic 

mucopolysaccharides stained the mucus purple and blue respectively. Mucus appeared 

to have been produced on day 9 and the production increased with the culture period of 

up to 21 days as more epithelial cells differentiate into goblet cells. 

Day 15 was chosen as suitable day for performing stimulation assays with this cell line 

for the present study because the epithelial cells were minimally covered with mucus 

therefore enabling sampling of poly(I:C)/ bacterial cells. Studies that analysed 

maturation and differentiation of epithelial cells in the mouse gut have in fact reported 

discontinuous mucus layer in the small intestine and that the number of goblet cells 

increased from ~4% in the duodenum to only ~16% in the descending colon (Cheng & 

Leblond, 1974; van der Flier & Clevers, 2009).  
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Figure 4-19 Mucus secretion in HT29-MTX cells in relation to culture period. HT29-MTX cells were grown on filter membranes in cell-

culture inserts for the respective number of days and stained with H & E, PAS and alcian blue to examine mucus secretion. Mucus, produced on 

the apical side, was distinctively coloured blue (alcian blue) and purplish (PAS) (arrows).
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4.5.2 HT29-MTX cell viability assay 

The viability of HT29-MTX cells in the presence of bacteria at a concentration of 108 

cells/ mL or 100g/mL poly(I:C) was tested using the crystal violet cell viability assay. 

HT29-MTX cells treated with medium only were set as 100% viable. Cells treated with 

10% SDS were used as negative control for the viability assay and showed a significant 

reduction in cell viability to 12.38% (P<0.0001). HT29-MTX cells were allowed to 

grow for 15 days, after which cells were treated with the selected eight NHT bacterial 

samples. Similar to the effects of the gut bacteria on viability of HT-29 cells observed 

previously (Section 4.3, Figure 4-3), none of the bacterial strains tested significantly 

decreased the viability of HT29-MTX cells after 24 hours of incubation when 

compared to the medium only control (Figure 4-20). Poly(I:C), also had no effect on 

HT29-MTX cell viability. Once again, Bacteroides thetaiotaomicron was found to 

enhance the viability of the cells (P<0.0001). Similarly, Bacteroides fragilis also 

increased the viability of HT29-MTX cells (P<0.001) although it was previously found 

to cause no changes in HT-29 cells. No decrease in viability of HT29-MTX cells was 

observed in the crystal violet assay. Therefore the above said concentration of bacteria 

and poly(I:C) was used in further stimulation assays.   
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Figure 4-20 HT29-MTX cell viability when treated with 1: medium, 2: poly(I:C), 3: 

Bifidobacterium longum G12, 4: B. breve G7, 5: B. bifidum G19, 6: Ruminococcus 

gnavus ATCC 29149T, 7: Blautia producta ATCC 2950T, 8: Bacteroides vulgatus 

ATCC 8482T, 9: Bacteroides fragilis ATCC 25285T, 10: Bacteroides thetaiotaomicron 

ATCC 29148T, 11: 10% SDS. Cell viability (%) was measured using crystal violet 

assay and expressed as percentage of absorbance at 595nm relative to the medium only 

control. N=3, ***P<0.001, ****P<0.0001 (One-way ANOVA and Dunnett’s multiple 

comparisons test). 
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4.5.3 Poly(I:C) induction of IL-8 protein synthesis in HT29-MTX cells  

A time course study of poly(I:C) induced IL-8 in HT29-MTX cells was carried out by 

stimulating the cells grown for 15 days with 100g/mL poly(I:C) (Figure 4-21). When 

compared to HT-29 cells (Figure 3-6; Section 3.3.5), IL-8 protein synthesis by HT29-

MTX cells was generally low, both at basal level and when stimulated with poly(I:C). 

This was expected because there are fewer epithelial cells compared to HT-29 cells as 

they have differentiated into goblet cells. Nevertheless, the amount of IL-8 that 

accumulated in the supernatant at 24 hours (901.57pg/mL ± 0.38) and 48 hours 

(3524.86pg/mL ± 118.27) after stimulation with poly(I:C) was significantly higher 

(P<0.0001) than IL-8 produced at basal level  at these time points (216.28 ± 0.38 and 

302.98 ± 1.90 respectively). The 24 hour time point was selected for future assays 

because the HT29-MTX cell line was usually fed with fresh media every day and hence 

leaving the cells for 2 days was thought to be toxic to the cells.  

 

 

Figure 4-21 Time course of poly(I:C) induced IL-8 synthesis in HT29-MTX cells. 

IL-8 chemokine synthesis in HT29-MTX cells at various time points when treated with 

100µg/mL poly(I:C) as compared to a medium only control. Error bar indicates SEM. 

N=2. 
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4.5.4 Gut bacterial modulation of IL-8 protein synthesis in HT29-MTX cells           

The eight strains selected for further study were tested on HT29-MTX cells to 

investigate modulation of IL-8 protein synthesis by these strains on mucus producing 

epithelial cells. Among the bifidobacteria tested, B. breve G7 and B. bifidum G19 

significantly up-regulated IL-8 production both at basal level and when stimulated with 

poly(I:C) (P<0.0001), while B. longum G12 caused no effects (Figure 4-22 A & B).  

As for the Bacteroidaceae, B. fragilis ATCC 25285T significantly up-regulated basal 

level and poly(I:C) induced IL-8 (P<0.0001). B. thetaiotaomicron ATCC 29148T 

significantly up-regulated basal level IL-8 protein synthesis (P<0.0001), but did not 

affect poly(I:C) induced IL-8. On the other hand, B. vulgatus had no effect on either 

conditions (Figure 4-23 A & B).   

The two Lachnospiraceae strains tested also had varying effects between strains on the 

IL-8 protein produced by HT29-MTX cells. While R. gnavus ATCC 29149T 

significantly up-regulated both IL-8 synthesised at basal level and when stimulated with 

poly(I:C) (P<0.0001), Blautia producta DSM 2950T did not bring about any changes 

(Figure 4-24 A & B). 

As summarised in Table 4-7, it is evident that stimulation of the two different cell lines, 

HT-29 and HT29-MTX with the different commensal strains had varying effects on 

modulating the IL-8 secretion levels. 
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Figure 4-22 Effect of NHT Bifidobacteriaceae on IL-8 protein synthesis (pg/mL) in 

HT29-MTX cells at basal level, (A) and when stimulated with poly(I:C), (B). Error 

bars indicate SEM. N=3, ****P<0.0001 compared to medium (A) or poly(I:C) (B) 

(One-way ANOVA and Tukey’s multiple comparisons test).  
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Figure 4-23 Effect of NHT Bacteroidaceae on IL-8 protein synthesis (pg/mL) in 

HT29-MTX cells at basal level, (A) and when stimulated with poly(I:C), (B). Error 

bars indicate SEM. N=3, ****P<0.0001 compared to medium (A) or poly(I:C) (B) 

(One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-24 Effect of NHT Lachnospiraceae on IL-8 protein synthesis (pg/mL) in 

HT29-MTX cells at basal level, (A) and when stimulated with poly(I:C), (B). Error 

bars indicate SEM. N=3, ****P<0.0001 compared to medium (A) or compared to 

poly(I:C) (B) (One-way ANOVA and Tukey’s multiple comparisons test). 
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Table 4-7 Comparison of bacterial modulation of IL-8 protein synthesis in HT-29 

cells compared to HT29-MTX cells.  

 

Selected strains Modulation in basal level IL-8 Modulation of poly(I:C) 

induced IL-8 

HT-29 HT29-MTX HT-29 HT29-MTX 

Bifidobacterium 

longum G12 ↓-721 
ns ↓-2440 

ns 

Bifidobacterium 

breve G7 ↓-372 ↑+3531 ns ↑+2239 

Bifidobacterium 

bifidum G19 ↓-824 ↑+1848 ↓-5707 ↑+1690 
Ruminococcus 

gnavus      

ATCC 29149T 

ns ↑+2038 ↓-943 ↑+2789 

Blautia producta 

DSM 2950T 

ns ns ↓-4008 ns 

Bacteroides 

vulgatus     

ATCC 8482T 

ns ns ↓-3161 ns 

Bacteroides 

fragilis      

ATCC 25285T 

↑+972 ↑+6443 ↓-907 ↑+5024 

Bacteroides 

thetaiotaomicron 

ATCC 29148T 

↑+1732 ↑+1410 ↓-3536 ns 

*Green downward arrow indicates down-regulation, red upward arrow indicates up-

regulation of IL-8 protein synthesis. When significant, the magnitude of modulation i.e. 

change in amount of protein synthesised is also indicated.  
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4.6 Bacterial adherence to HT-29 and HT29-MTX cells 

The adherence of the freeze dried bacteria to HT-29 and HT29-MTX cells were next 

investigated. Comparatively, the Giemsa stain stained the HT-29 cells more clearly than 

the HT29-MTX cells (Appendix A and B respectively). The HT29-MTX cells looked 

blurry and unclear, probably due to the presence of mucus and densely packed cells 

after the longer period of growth (15 days) compared to HT-29 cells (2 days). The 

positive control strain E. coli 0111 (B) was adherent to both HT-29 and HT29-MTX 

cells. However, the commensal strains tested appeared to be non- or weakly-adherent. 

Although Bifidobacterium bifidum G19 (F), Ruminococcus gnavus ATCC 29149T (G) 

and Blautia producta DSM 2950T (H) appeared to be adherent on HT-29 cells, and 

showed a localised pattern of adherence, they could not be quantified as they were 

clumpy (Appendix A). Interestingly, in HT29-MTX cells, all the bifidobacterial strains 

(D, E and F) and the Ruminococcus gnavus ATCC 29149T (G) caused what appeared to 

be the mucus, to reduce in size when compared to the medium only control (A) 

(Appendix B). Generally, the staining procedure used was not able to evaluate bacterial 

adherence to the two cell lines used, although it gave an indication that some of the 

bacteria tested had an effect on the mucus produced by HT29-MTX cells.   
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4.7 TLR blocking and bacterial modulation of IL-8 protein synthesis 

TLR 2 and TLR4 blocking experiments were carried out using antibodies in order to 

investigate if the modulatory effects of the commensals tested required TLR signalling. 

To begin with, it was necessary to test if the antibodies were able to block the 

respective TLR ligands. Peptidoglycan (PDG) and LPS are ligands known to activate 

TLR 2 and TLR4 respectively. A dose response study was first performed to determine 

the optimal concentration of PDG and LPS needed to stimulate IL-8 gene expression in 

HT-29 cells (Figure 4-25). PDG dose dependently increased IL-8 secretion in HT-29 

cells. On the other hand, 0.1µg/mL LPS caused maximal induction in IL-8 synthesis 

and further increasing doses of LPS caused reduction in IL-8 synthesis. A 50µg/mL 

PDG and 0.1µg/mL LPS were selected as optimal concentrations for the TLR blocking 

experiments.  

Figure 4-26 shows PDG and LPS treatment of HT-29 cells treated with anti-TLR2 or 

anti-TLR4 antibody. The basal production of IL-8 was not affected by the incubation 

with the antibodies. Anti-TLR4 antibody significantly inhibited LPS-induced IL-8 

production in HT-29 cells. However anti-TLR2 antibody had no effect on PDG-induced 

IL-8 on HT-29 cells.  

The involvement of TLR4 in the down regulation of poly(I:C)- induced IL-8 by strains 

belonging to the genera Bacteroides was next tested. Other commensals in the present 

study were not included as they were all Gram positive bacteria and TLR4 is involved 

in detection of LPS present in Gram negative bacteria. All three Bacteroides strains 

down-regulated poly(I:C)-induced IL-8. However as depicted in Figure 4-27 this 

modulatory outcome was not affected by the blocking of TLR4. This indicated that 

TLR4 was not involved in Bacteroides modulation of poly(I:C)- induced IL-8 in HT-29 

cells.     
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Figure 4-25 Dose response of (A) PDG- and (B) LPS-induced IL-8 protein synthesis. Error bars indicate SEM. N=2. *P<0.05, **P<0.01 

(One-way ANOVA and Dunnett’s multiple comparisons test).  
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Figure 4-26 Effect of (A) TLR2- and (B) TLR4- blocking on (A) PDG- and (B) LPS- induced IL-8 protein synthesis in HT-29 cell. Error 

bars indicate SEM. N=2. ***P<0.001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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Figure 4-27 Effect of TLR4-blocking in the down regulation of poly(I:C)- induced IL-8 synthesis by strains belonging to the genera 

Bacteroides. Error bars indicate SEM. N=3. ***P<0.001 (One-way ANOVA and Tukey’s multiple comparisons test). 
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4.8 PCR array  

The RT2 Profiler PCR Array System was used to measure the level of mRNA of 84 

genes involved in the innate antiviral immune response and four additional related 

genes in eight sets of RNA samples corresponding to the eight selected strains above 

(Section 4.4.5). The innate antiviral immune response array was used because poly(I:C) 

is known to induce an antiviral immune response similar to the double-stranded RNA 

(dsRNA produced by viruses. This array was to serve as a screen to select genes in the 

HT-29 cells that were modulated by the bacteria tested with or without poly(I:C).  

4.8.1 Modulation of genes in the human antiviral response pathway 

The fold regulation of these 88 genes when cells were stimulated with poly(I:C), 

bacteria and poly(I:C) or bacteria only, compared to medium-only control cells using 

the PCR Array Data Analysis Web Portal 

(http://www.SABiosciences.com/pcrarraydataanalysis.php) is shown in Appendix C. 

Eight individual tables representing qPCR array performed in eight different 384-well 

plates for the eight selected bacteria respectively are provided. This web portal 

evaluated the quality of each fold regulation result according to the Ct value of the 

respective gene and indicated them as “OKAY”, “A”, “B” or “C” in the ‘comments’ 

column. The definition for these comments as outlined by the web portal are shown 

below: 

 A: This gene’s average Ct is relatively high (> 30) in either the control or the test 

sample, and is reasonably low in the other sample (< 30).    

These data mean that the gene’s expression is relatively low in one sample and 

reasonably detected in the other sample suggesting that the actual fold-change value is 

at least as large as the calculated and reported fold-change result.    

This fold-change result may also have greater variations if p value > 0.05; therefore, it 

is important to have a sufficient number of biological replicates to validate the result 

for this gene.       

B: This gene’s average Ct is relatively high (> 30), meaning that its relative expression 

level is low, in both control and test samples, and the p-value for the fold-change is 

either unavailable or relatively high (p > 0.05).    

http://www.sabiosciences.com/pcrarraydataanalysis.php
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This fold-change result may also have greater variations; therefore, it is important to 

have a sufficient number of biological replicates to validate the result for this gene. 

C: This gene’s average Ct is either not determined or greater than the defined cut-off 

value (default 35), in both samples meaning that its expression was undetected, making 

this fold-change result erroneous and un-interpretable.  

 

Briefly, the lower the Ct value, the greater the amount of mRNA transcribed from the 

specific gene in the starting template. The web portal identifies a fold regulation value 

as “OKAY” (acceptable) when Ct values of genes in both control and test samples are 

below 30. When the Ct value of a gene is relatively high (> 30) in either the control or 

test sample and reasonably low (< 30) in the other, the fold regulation was denoted as 

“A”. When the Ct value of a gene is relatively high (> 30) in both control and test 

samples, the fold regulation was denoted as “B”. Genes in the array were considered 

undetected when Ct values were > 35 in both control and test samples and categorized 

as “C”.  

Only fold regulation results of genes in the “OKAY” or “A” category for all eight 

plates were considered for further analysis. A total of 27 genes categorized as “B” or 

“C” were removed from the analysis (Table 4-8).  

 

Table 4-8. List of the 27 genes found to be either undetected in all array plates or 

present in very low amounts in at least one of the eight array plates and therefore 

eliminated from further analysis. 

Genes eliminated/ gene number as indicated in 

Appendix C 

AIM2/ 1 IFNA1/ 30 NOD2/ 63 

APOBEC3G/ 2 IFNA2/ 31 PSTPIP1/ 66 

CASP1/ 6 IL12A/ 35 PYDC1/ 68 

CCL3/ 9 IL12B/ 36 SPP1/ 71 

CD40/ 11 IL1B/ 39 TLR7/ 77 

CD80/ 12 IL6/ 40 TLR8/ 78 

CD86/ 13 JUN/ 47 TLR9/ 79 

CXCL9/ 20 MEFV/ 57 TRADD/ 81 

DHX58/ 24 NLRP3/ 62 IL10/ 86 
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The 61 genes included in the analysis and the fold regulation of each gene for every 

condition [1: poly(I:C), 2: bacteria + poly(I:C) and 3: bacteria] and every bacterial set 

are shown in Table 4-9. Genes that were up-regulated by > 1.5 fold compared to the 

medium only control were highlighted red; genes down-regulated by < -1.5 fold when 

compared to the medium only control were highlighted green.  

The up-regulation pattern of IL-8 gene expression in HT-29 cells stimulated with 

poly(I:C) in all eight sets of array plates was consistent with results previously obtained 

using individual IL-8 qPCR (Section 4.4). Modulation of poly(I:C) induced IL-8 by all 

the bacteria tested was generally consistent with previous findings although modulatory 

pattern by Bifidobacteriaceae cannot be concluded without further validation with 

biological replicates.  

Genes that were up-regulated by poly(I:C) and modulated by the presence of bacteria in 

addition to poly(I:C) were identified and a heat map-like figure was generated using the 

‘conditional formatting’ command in Microsoft Excel (Figure 4-28). Consistent with 

the up-regulation of IL-8 gene expression, a total of 26 other genes were found to be 

up-regulated by poly(I:C) alone in at least one of the eight array plates. These genes 

were up-regulated by at least 1.5 fold and are highlighted in red in the figure (Group 1). 

In order to indicate modulation of expression of these up-regulated genes by the 

bacteria (poly(I:C) + bacteria), genes were highlighted peach when down-regulated and 

maroon when further up-regulated (Group 2).  

CXCL10 and TNF were constantly up-regulated in all eight sets of array plates besides 

IL-8. Genes NFKBIA and CXCL11 were up-regulated by poly(I:C) in all except one 

set (Bacteroides fragilis and Blautia producta plates respectively). The gene DDX58 

was up-regulated by poly(I:C) in all except the Bacteroides vulgatus and B. fragilis 

plates. Gene IL1B was up-regulated by poly(I:C) in all except B. fragilis and B. 

producta plates. The rest of the 20 genes were observed to be only up-regulated by 

poly(I:C) in three or lesser number of array plates. 
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Table 4-9. Fold regulation of 61 genes of HT-29 cells treated with 1: poly(I:C), 

2:bacteria + poly(I:C) and 3: bacteria only. N=1. Genes that were up-regulated by 

>1.5 fold compared to the medium only control were highlighted red; genes down-

regulated by <1.5 fold when compared to the medium only control were highlighted 

green 

 

 

Bacteria

Group 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

ATG5 -1.22 -1.45 -2.47 -1.06 -1.05 -1.23 -1.05 -1.06 -1.17 1.14 1.06 1.16 1.41 1.24 1.16 -1.04 -1.11 -1.06 -1.08 -1.09 -1.05 1.14 1.18 1.66

AZI2 -1.09 -1.99 -2.19 -1.23 -1.37 -1.53 -1.06 -1.40 -1.24 1.08 1.20 1.19 1.10 -1.06 -1.03 -1.12 1.00 1.01 -2.14 -2.16 -2.24 1.01 1.01 1.28

CARD9 -1.23 -2.79 -7.09 -1.28 -2.28 -2.81 -1.19 -2.16 -2.09 1.09 -1.10 1.04 1.15 -1.72 -2.13 -1.15 -1.40 -1.51 -1.46 -1.27 -1.60 1.20 1.19 1.48

CASP10 -1.07 -1.12 -3.32 1.03 -1.16 -1.37 1.29 1.22 -1.07 1.32 1.39 1.34 1.78 -1.49 -1.69 -1.16 -1.41 -1.31 -2.10 -1.88 -1.41 1.35 1.22 1.57

CASP8 -1.15 -1.47 -3.03 -1.48 -1.33 -1.53 -1.24 -1.22 -1.36 1.15 1.19 1.29 -1.22 -1.48 -1.77 -1.07 -1.10 1.02 -1.58 -1.50 -1.75 1.08 1.12 1.51

CCL5 1.13 -1.39 -1.09 1.23 1.13 1.22 1.41 1.25 1.27 1.41 1.45 1.53 1.19 1.19 1.35 1.40 1.16 1.45 1.79 1.44 2.12 1.15 1.04 1.40

CHUK -1.01 -1.41 -3.48 -1.58 -1.25 -1.61 -1.32 -1.17 -1.28 1.05 1.02 1.02 1.20 -1.60 -2.01 -1.05 -1.07 -1.05 -1.14 -1.12 -1.24 -1.01 1.20 1.47

CTSB -1.13 -1.12 -1.58 1.05 -1.04 1.01 1.05 1.08 1.18 1.07 -1.06 1.10 1.35 -1.21 -1.04 1.11 -1.11 1.05 -1.03 -1.50 -1.33 1.09 1.05 -1.09

CTSL1 -1.13 -1.15 -1.85 -1.28 -1.20 -1.16 -1.22 -1.14 -1.13 -1.03 1.05 1.21 -1.21 -1.35 -1.72 -1.01 -1.05 -1.14 -2.69 -2.25 -2.46 -1.23 1.39 1.79

CTSS 1.01 -1.15 -1.82 -1.10 -1.12 -1.07 1.04 -1.04 1.23 1.16 1.18 1.60 1.02 -1.40 -1.44 -1.06 -1.15 1.08 -1.33 -1.38 -1.00 1.05 1.14 1.56

CXCL10 3.76 -1.05 1.02 3.75 1.44 -1.14 5.12 3.08 1.33 1.60 2.15 -1.25 2.56 2.58 1.78 1.88 1.41 1.16 2.15 1.81 1.71 3.26 -1.09 1.17

CXCL11 1.73 -1.31 1.19 2.18 1.36 1.18 2.50 2.22 1.40 1.72 1.91 1.29 1.43 1.98 2.18 1.51 1.21 1.02 1.82 2.36 2.00 1.80 1.22 1.16

CYLD 1.51 -1.04 -1.58 1.13 -1.18 -1.41 1.43 -1.05 -1.17 1.39 1.42 1.31 1.50 1.03 1.18 -1.08 1.05 -1.01 1.66 -1.17 -1.08 1.38 1.06 1.17

DAK -1.14 -1.31 -1.96 -1.16 -1.08 -1.19 -1.19 -1.08 -1.44 -1.00 -1.15 1.08 2.49 -1.07 1.18 1.03 -1.24 -1.10 -1.52 -1.54 -1.50 -1.02 -1.20 -1.24

DDX3X 1.08 -1.46 -2.50 -1.21 -1.11 -1.36 -1.21 -1.01 -1.17 1.06 1.09 1.03 1.33 -1.62 -1.53 -1.10 -1.20 -1.26 -1.26 -1.20 -1.56 1.08 1.09 1.22

DDX58 1.62 -1.30 -2.00 1.83 1.35 -1.15 1.78 1.41 -1.19 1.65 1.73 1.20 1.76 1.12 -1.03 1.17 1.03 -1.03 1.19 1.11 1.15 2.10 -1.25 1.05

FADD -1.05 -1.21 1.05 -1.22 -1.12 -1.18 -1.21 -1.29 -1.07 -1.11 -1.07 1.15 2.73 1.63 2.87 -1.03 -1.33 -1.45 -1.08 1.17 1.23 -1.12 -1.31 -1.38

FOS 1.04 -1.75 -3.62 -1.17 -1.77 -2.12 -1.34 1.24 1.04 1.51 1.25 1.30 2.32 4.44 -1.10 1.15 -1.55 -1.26 1.03 1.04 1.01 1.35 1.33 1.47

HSP90AA1 -1.05 -1.24 -1.89 -1.23 -1.12 -1.22 1.00 -1.15 -1.32 1.02 -1.02 1.04 1.21 -1.13 -1.30 -1.12 -1.31 -1.32 -1.01 1.03 -1.03 1.09 1.11 1.51

IFIH1 1.05 -1.42 -1.69 1.22 1.08 -1.05 1.45 1.35 1.11 -1.15 -1.02 -1.28 1.60 1.48 1.33 1.14 1.00 1.04 1.06 1.12 1.13 1.58 1.23 1.63

IFNAR1 1.06 -1.19 -2.95 -1.13 -1.04 -1.42 1.04 1.05 -1.15 1.22 1.15 1.25 1.18 -1.60 -1.81 1.04 -1.05 1.05 -1.48 -1.68 -1.67 1.27 1.22 1.54

IFNB1 -1.32 -1.35 -1.55 -1.32 -1.60 -1.45 1.35 1.07 1.70 1.43 2.30 1.47 -3.46 1.79 1.99 1.51 1.25 1.18 -1.84 -2.13 -1.04 1.23 -205.90 -1.22

IKBKB -1.14 -1.94 -3.81 -1.16 -1.42 -1.56 -1.22 -1.36 -1.20 1.33 1.23 1.29 1.45 -1.55 -1.33 -1.24 -1.27 -1.36 -1.69 -1.86 -1.69 1.12 1.04 1.31

IL15 -1.13 1.15 -1.41 -1.23 1.01 1.18 1.17 -1.05 1.18 1.11 1.36 1.35 1.09 -1.07 1.02 1.06 1.27 1.30 -1.63 -1.62 -1.13 -1.14 1.04 1.53

IL18 -1.02 1.18 -1.81 -1.23 1.14 1.02 1.04 -1.05 -1.13 1.12 1.07 1.09 1.07 -1.39 -1.44 1.05 -1.10 -1.05 -1.20 -1.45 -1.84 1.02 -1.16 1.13

IL8 10.75 11.95 -1.95 11.37 11.37 -1.50 10.62 11.47 1.20 21.23 16.57 1.25 20.97 10.92 -1.30 18.49 8.18 -1.16 12.47 8.45 1.53 15.93 1.42 2.34

IRAK1 1.11 -1.00 2.82 -1.24 1.09 1.63 1.25 1.04 1.07 -3.28 -3.42 -3.51 1.01 1.52 1.66 -2.14 -2.32 -2.75 1.04 -1.31 -10.94 1.01 -1.34 -1.64

IRF3 1.05 -1.09 -1.12 1.12 1.20 1.13 1.21 1.18 1.10 -1.04 -1.26 -1.26 1.07 1.31 -1.06 1.22 1.05 -1.07 -1.10 1.07 1.19 -1.00 -1.25 -1.01

IRF5 -1.05 -1.03 -1.19 -1.31 1.12 -1.03 1.00 1.14 1.28 1.02 -1.00 1.21 1.51 -1.19 1.19 1.04 -1.20 -1.28 -2.93 -2.68 -15.22 -1.03 -1.10 -1.35

IRF7 -1.14 -1.17 -1.75 -1.15 1.05 -1.35 -1.30 -1.07 -1.31 -1.17 -1.52 -1.51 1.54 -1.89 -1.45 -1.29 -1.63 -1.72 -1.18 -1.65 -1.81 -1.17 -1.59 -1.49

ISG15 1.71 1.55 1.34 -1.03 -1.13 -1.15 1.69 1.14 1.03 1.28 1.23 1.19 2.33 3.33 2.97 1.30 -1.19 1.04 -1.50 -1.58 -1.92 -1.07 -1.40 -1.31

MAP2K1 -2.75 -1.18 -2.74 -1.25 -1.20 -1.51 -1.34 -1.03 -1.12 1.07 1.02 1.05 1.24 -1.71 -1.63 1.01 -1.16 -1.10 -1.47 -1.63 -2.53 -1.01 1.10 -1.03

MAP2K3 1.20 1.40 -1.32 1.28 1.69 1.25 1.13 1.38 1.05 1.17 1.10 -1.01 -1.43 -1.94 -2.26 1.09 -1.17 -1.00 -1.06 1.07 1.10 1.17 -1.07 1.01

MAP3K1 -1.03 -1.38 -2.60 -1.37 -1.72 -1.76 -1.08 -1.32 -1.24 -1.03 -1.11 1.10 1.60 -1.21 -1.09 1.16 -1.21 1.06 -1.43 -1.82 -2.29 -1.12 -1.13 -1.24

MAP3K7 1.01 -1.33 -1.14 -1.20 -1.59 -1.15 -1.05 -1.01 1.01 1.02 1.01 1.20 1.21 1.23 1.08 -1.33 -1.13 -1.12 -1.28 -1.19 -1.29 1.12 1.26 1.67

MAPK1 -1.10 -1.15 -2.20 -1.30 -1.16 -1.51 -1.27 -1.09 -1.56 1.08 1.02 1.03 1.19 -1.11 -1.13 -1.04 -1.20 -1.38 -1.42 -1.29 -1.78 1.05 1.17 1.06

MAPK14 -1.37 -1.12 -2.34 -1.27 -1.26 -1.60 -1.12 -1.01 -1.09 -1.03 -1.05 1.04 1.27 -1.39 -1.27 1.12 1.07 1.19 -1.96 -1.67 -1.94 1.02 1.15 1.21

MAPK3 -1.10 -1.10 -1.89 -1.03 1.01 -1.23 1.05 1.08 -1.06 1.18 1.02 1.07 1.00 -1.63 -1.46 1.04 -1.11 -1.04 -1.60 -2.06 -2.29 1.11 -1.10 -1.05

MAPK8 -1.21 -1.36 -2.30 -1.26 -1.06 -1.26 -1.08 -1.07 -1.14 -1.03 -1.30 -1.16 -1.01 -1.17 -1.15 -1.12 -1.25 -1.07 -1.77 -1.49 -1.59 -1.08 -1.06 1.15

MAVS -1.02 -1.35 -1.72 -1.26 -1.08 -1.23 1.06 -1.10 -1.09 -1.03 1.02 -1.09 -1.08 -1.11 -1.29 -1.01 -1.11 -1.17 -1.68 -1.46 -1.52 -1.17 -1.06 -1.19

MX1 -1.03 -1.63 1.16 -1.28 -1.22 -1.06 -1.11 -1.10 1.05 1.14 1.03 1.23 1.07 -1.10 1.01 1.22 1.00 1.04 -1.11 -1.06 -1.47 1.05 -1.09 -1.07

MYD88 -1.01 -1.33 -1.86 -1.07 -1.05 -1.11 -1.03 -1.07 -1.05 -1.03 1.07 -1.06 1.15 -1.17 -1.13 1.13 -1.19 -1.20 1.00 1.13 1.07 -1.03 1.03 1.13

NFKB1 1.45 -1.29 -2.29 1.33 1.17 -1.72 1.29 1.15 -1.53 1.08 1.12 -1.11 1.61 -1.07 -1.32 1.11 -1.02 -1.09 -1.37 -1.37 -2.24 2.07 1.62 1.41

NFKBIA 2.23 2.46 -1.05 2.39 2.14 -1.07 2.03 2.25 1.04 2.73 2.31 1.18 2.64 1.94 -1.09 2.32 1.39 -1.22 1.28 1.08 -2.04 2.40 1.08 -1.38

OAS2 -1.13 -1.62 -1.48 -1.19 -1.16 -1.42 1.15 1.17 1.03 1.03 -1.00 1.27 1.05 1.13 1.21 -1.28 -1.14 -1.05 -1.98 -2.19 -2.43 -1.04 -1.01 -1.23

PIN1 -1.02 -1.43 -2.30 -1.32 -1.32 -1.67 1.05 -1.25 -1.24 -1.47 -1.27 -1.37 1.15 -1.71 -1.48 -1.03 -1.16 -1.14 -2.47 -2.80 -3.55 -1.26 -1.37 -1.62

PYCARD -1.02 -1.02 2.17 -1.09 1.13 1.28 1.21 -1.02 1.08 1.56 -1.03 1.11 -1.15 2.27 1.67 1.04 1.03 -1.00 1.45 1.56 1.73 1.35 1.25 1.14

RELA 1.17 1.07 -2.46 1.02 1.14 -1.41 -1.07 1.11 -1.14 1.29 1.08 -1.04 1.28 -1.72 -1.82 1.07 -1.14 -1.06 -1.21 -1.38 -1.93 1.28 1.14 1.12

RIPK1 -1.05 -2.00 -2.56 -1.04 -1.09 -1.33 1.02 -1.21 -1.31 1.03 -1.04 1.04 1.35 -1.21 -1.25 1.08 -1.08 -1.06 -1.63 -1.12 -2.34 1.04 -1.09 -1.16

STAT1 -1.27 -1.60 -1.91 -1.39 -1.25 -1.38 -1.20 -1.19 -1.05 1.04 1.04 1.07 1.41 -1.38 -1.37 -1.01 -1.11 -1.05 -1.21 -1.59 -1.52 -1.02 -1.00 1.05

SUGT1 -1.06 -1.51 -1.29 -1.14 -1.12 -1.18 1.25 1.05 1.14 1.27 1.23 1.40 -1.67 -1.56 -1.36 1.14 1.02 1.24 -1.02 1.02 1.81 1.06 1.13 1.63

TBK1 1.04 -1.21 1.06 -1.19 1.17 1.22 1.14 1.21 1.29 1.16 1.39 1.21 1.28 1.51 1.64 1.00 1.07 1.07 1.11 1.10 1.77 -1.41 -1.01 1.39

TICAM1 1.17 1.86 1.92 1.09 1.58 1.31 1.39 1.87 1.79 1.39 1.05 1.06 1.53 1.44 1.72 1.24 -1.15 -1.07 1.80 1.36 -1.02 1.36 -1.05 -1.12

TLR3 -2.57 -2.36 -3.82 -1.59 -1.50 -1.50 -1.58 -1.38 -1.46 1.07 -1.31 1.04 1.30 -1.56 -2.57 1.08 1.26 1.33 -2.42 -1.68 -2.93 -1.13 1.60 2.53

TNF 5.40 7.05 -1.01 3.38 3.42 -1.16 1.96 2.49 -1.05 7.77 5.54 1.21 5.46 3.22 -2.88 5.63 3.11 1.15 15.94 12.84 5.83 3.01 -1.13 -1.10

TRAF3 1.10 -1.13 -2.09 1.06 1.06 -1.54 -1.02 -1.02 -1.18 1.08 1.24 1.16 1.23 -1.39 -1.56 -1.05 -1.16 -1.36 -1.30 -1.56 -1.77 1.34 1.31 1.32

TRAF6 -1.12 -1.04 -1.91 -1.11 -1.07 -1.15 -1.08 -1.20 -1.24 1.41 -1.02 -1.01 1.48 -1.80 -1.57 1.06 -1.19 1.04 1.19 1.11 1.10 -1.01 1.19 1.10

TRIM25 1.02 -1.03 -1.17 -1.05 1.21 -1.15 -1.05 1.03 -1.11 1.20 1.03 1.04 1.73 -1.24 -1.12 1.07 -1.09 -1.12 -1.34 -1.27 -1.80 1.07 1.04 1.08

TGFB1 1.11 1.02 -1.50 1.26 1.26 -1.04 -1.00 1.06 -1.08 1.18 -1.04 1.05 1.11 -1.75 -1.22 1.17 -1.14 -1.17 -1.59 -1.86 -2.14 1.18 -1.13 -1.50

PPARG -1.12 1.02 -1.54 1.02 1.30 1.08 1.01 1.05 1.02 1.22 1.02 1.05 1.33 -1.16 -1.24 1.19 -1.13 -1.09 1.09 1.20 1.35 1.22 1.44 1.68

EIF2AK2 -1.14 -1.29 -2.32 -1.46 -1.23 -1.38 -1.22 -1.29 -1.12 1.10 1.10 1.24 1.13 -1.58 -1.53 1.01 -1.04 -1.03 -1.38 -1.19 -1.30 1.13 1.32 1.78
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Figure 4-28 Heat map-like plot showing genes up-regulated by poly(I:C) (Group 

1) and modulation by the respective bacteria tested (Group 2). Bl, Bifidobacterium 

longum; Bbr, Bifidobacterium breve; Bbi, Bifidobacterium bifidum; Rg, Ruminococcus 

gnavus; Bp, Blautia producta; Bv, Bacteroides vulgatus; Bf, Bacteroides fragilis; Bt, 

Bacteroides thetaiotaomicron.  

 

 

 

 

Bacteria

Group 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2

IL8 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

CXCL10 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

TNF ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

NFKBIA ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

CXCL11 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

DDX58 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

ISG15 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

CYLD ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

FOS ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

IFIH1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

NFKB1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

TICAM1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

CCL5 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

DAK ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

FADD ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

IRF5 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

IRF7 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

MAP3K1 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

PYCARD ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

TRIM25 ## ## ## ## ## ## ## ## ## ## ## ## ## ## ## ##

group 1 > 1.5 

group 2 = group 1 AND group 1 > 1.5

group 2 < group 1 AND group 1 > 1.5

group 2 > group 1 AND group 1 > 1.5

Bf BtBl Bbr Bbi Rg Bp Bv
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All of these 27 genes whose expression was increased by poly(I:C), were either down-

regulated or further up-regulated by the bacteria tested (statistical significance not 

obtained, n=1). Overall, Bacteroides thetaiotaomicron served as a good positive 

control, down-regulating all 11 genes up-regulated by poly(I:C) in the corresponding 

set. Six genes most consistently up-regulated by poly(I:C) across the eight array plates 

were selected for further validation by qPCR using the same primers with three 

replicates. They were IL-8, CXCL10, TNF, NFKBIA, CXCL11 and DDX58. Another 

four genes observed to have been down-regulated by some of the bacteria tested were 

also selected. They were CARD 9, NFKB1, MAP2K1 and MAP3K1. The nine selected 

genes besides IL-8 and their functions are listed in Table 4-10. 

 

Table 4-10. Genes selected for validation of PCR array results.  

Genes Function of protein encoded  

(summarised from http://www.genecards.org/) 

CARD9 Activates NF-kappa-B via BCL10, a positive regulator of apoptosis and 

NF-kappaB activation. 

CXCL10 Chemotactic for monocytes and T-lymphocytes. 

CXCL11 Chemotactic for interleukin-activated T-lymphocytes. 

DDX58 Innate immune receptor which acts as a cytoplasmic sensor of viral nucleic 

acids.  

MAP2K1 Dual specificity protein kinase which acts as an essential component of the 

mitogen-activated protein (MAP) kinase signal transduction pathway. 

MAP3K1 Activates multiple key modulators in intracellular signalling including the 

MAP kinase and NF-κB pathways. 

NFKB1 Rapidly acting primary transcription factor found in all cell types and plays 

a key role in regulating the immune response to infection. 

NFKBIA Inhibits the activity of dimeric NF-κB complexes.  

TNF Cytokine mainly secreted by macrophages. Potent pyrogen causing fever by 

direct action or by stimulation of interleukin-1 secretion. 
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4.8.2 Validation of PCR array results with replicates 

The expression of the 10 selected genes in the eight sets of RNA samples 

corresponding to the eight selected strains was re-confirmed with three replicates using 

RT-qPCR. The RNA samples were obtained from previous stimulation assays (Section 

4.4). The expression profiles of these 10 genes differentially expressed in the four 

groups of treatments for each of the eight sets are shown in Appendix D. As expected, 

in the Bacteroides thetaiotaomicron set, genes in groups bacteria + poly(I:C), bacteria 

only and medium only clustered together, separate from the poly(I:C) treatment group. 

In all other bacterial sets there were generally two clusters, (groups bacteria + poly(I:C) 

and poly(I:C)) and (groups bacteria and medium only).  

Tables 4-11 A-H below show the fold regulation of these genes in each condition and 

list the P values when fold regulation was compared between 1. bacteria and medium, 

2. poly(I:C) and medium and 3. poly(I:C) and bacteria + poly(I:C) in the respective 

bacterial set. A change in fold regulation with a P value of < 0.05 was considered 

significant.   

A total of five genes (DDX58, NFKBIA, IL8, CXCL10 and CXCL11) were 

significantly up-regulated by poly(I:C) in all eight sets tested. The gene TNF was 

significantly up-regulated by poly(I:C) in all except one (Table 4-11 A) of the sets 

tested. Consistent with individual qPCR results obtained in Section 4.4, there was 

significant down-regulation of poly(I:C) induced IL-8 gene expression by Blautia 

producta DSM 2950T, Bacteroides vulgatus ATCC 8482T, Bacteroides fragilis ATCC 

25285T and Bacteroides thetaiotaomicron ATCC 29148T; and no significant changes in 

IL-8 gene expression was caused by Bifidobacterium longum G12, Bifidobacterium 

bifidum G19 and Ruminococcus gnavus ATCC 29149T. However, for reasons not well 

understood, although Bifidobacterium breve G7 previously showed significant up-

regulation of poly(I:C) induced IL-8, it showed no significant changes with the RT2 

profiler PCR system.    

Although the three Bifidobacteriaceae (Table 4-11 A, B and C) strains tested did not 

cause any modulation in the IL8 gene, they down-regulated expression of genes 

DDX58, CXCL10 and CARD9. Bifidobacterium longum G12 also down-regulated 

genes CXCL11 and NFKB1. Furthermore, Bifidobacterium longum G12 and 

Bifidobacterium bifidum G19 caused significant up-regulation in the expression of 
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TNF. Besides that, all the three strains caused down-regulation of CARD9 at basal level 

(bacteria vs medium only). 

Among the two Lachnospiraceae strains tested, Blautia producta DSM 2950T 

significantly down-regulated poly(I:C) induced expression of DDX58, NFKBIA, TNF, 

CXCL10 and CXCL11 besides IL8 (Table 4-11 D). Blautia producta DSM 2950T also 

significantly down-regulated CARD9 in the presence of poly(I:C) although this gene 

was not significantly up-regulated by poly(I:C) (when compared to medium only 

control). The strain did not cause any modulation in gene expression at basal level. 

Ruminococcus gnavus ATCC 29149T caused no significant changes in the expression 

of all genes tested both at basal level and in the presence of poly(I:C) (Table 4-11 E).  

As for the Bacteroidaceae strains tested, besides down-regulating IL8 gene expression, 

Bacteroides fragilis also down-regulated poly(I:C) induced TNF, CXCL10 and 

MAP3K1 while Bacteroides vulgatus down-regulated poly(I:C) induced NFKBIA, 

TNF and CXCL11. Bacteroides fragilis also caused down-regulation of MAP3K1 at 

basal level (Table 4-11 F & G). The positive control strain Bacteroides 

thetaiotaomicron ATCC 29149T on the other hand down-regulated all the genes that 

were up-regulated by poly(I:C) i.e. DDX58, NFKBIA, TNF, CXCL10 and CXCL11 

besides IL8. No significant changes in all 10 genes tested were induced by the presence 

of the bacteria alone except MAP3K1 which was significantly down-regulated by 

Bacteroides fragilis (bacteria alone). 
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Table 4-11 (A-H). Fold regulation in expression of the 10 selected genes in HT-29 cells when treated with bacteria, poly(I:C) or bacteria 

+ poly(I:C) compared to medium only control relative to reference genes GAPDH and HPRT1. Each table (A-H) corresponds to each of 

the bacteria tested. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (One-way ANOVA and Tukey’s multiple comparisons test). 

A. Bifidobacterium longum G12 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 -1.50  0.03  1.89  0.15 -1.01  0.10 0.1303 0.0007 
*** 

0.0007 
*** 

NFKBIA 1.23  0.05 2.56  0.10  3.23  0.42 0.8863 0.0047 
** 

0.2119 

IL8 -1.32  0.04  12.37  0.68 14.62  0.88 0.9894 <0.0001 
**** 

0.0826 

TNF 1.25  0.06  2.89  0.09 6.34  0.94 0.9823 0.0851 0.0035 
** 

CXCL10 -1.28  0.02 4.40  0.17 1.37  0.12 0.4985 <0.0001 
**** 

<0.0001 
**** 

CXCL11 -1.40  0.03 2.26  0.06 -1.02  0.03 0.0044 
** 

<0.0001 
**** 

<0.0001 
**** 

NFKB1 -1.42  0.02 1.70  0.04 1.22  0.08 0.0099 
** 

<0.0001 
**** 

0.0005 
*** 

CARD9 -2.50  0.03 -1.03  0.05 -2.27  0.04 <0.0001 
**** 

0.9130 <0.0001 
**** 

MAP2K1 -1.06  0.06 1.02  0.04 1.09  0.04 0.8161 0.9870 0.7553 
 

MAP3K1 -1.04  0.05 1.132  0.08 1.00  0.02 0.9564 0.4505 0.4385 
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B. Bifidobacterium breve G7 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 -1.39  0.04 1.74  0.19 1.23   0.07 0.3037 0.0049 
** 

0.0375 
* 

NFKBIA 1.14  0.09 2.44  0.22 2.70  0.07 0.9076 0.0003 
*** 

0.5508 

IL8 -1.19  0.01 10.98  0.78 12.61  0.17 0.9916 <0.0001 
**** 

0.0799 

TNF 1.15  0.16 3.24  0.14 3.90  0.50 0.9821 0.0020 
** 

0.3805 

CXCL10 -1.27  0.03 3.50  0.16 1.87  0.05 0.3598 <0.0001 
**** 

<0.0001 
**** 

CXCL11 -1.04  0.04 1.70  0.10 1.51  0.08 0.9752 0.0004 
*** 

0.2771 

NFKB1  -1.28  0.02 1.40  0.02 1.38  0.04 0.0136 
* 

0.0004 
*** 

0.9963 

CARD9 -1.99  0.05 -1.05  0.01 -2.13  0.02 <0.0001 
**** 

0.8075 <0.0001 
**** 

MAP2K1 1.02  0.04 -1.10  0.01 -1.02  0.09 0.9987 0.6508 0.8076 
 

MAP3K1 -1.15  0.03 -1.06  0.03 -1.12  0.07 0.2793 0.8428 0.8141 
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C. Bifidobacterium bifidum G19 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 -1.18  0.04  1.77  0.08 1.44  0.09 0.4585 0.0003 
*** 

0.0458 
* 

NFKBIA 1.20  0.11  2.03  0.34 2.14  0.08 0.9097 0.0259 
* 

0.9726 

IL8 1.01  0.06 10.30  1.13 10.04  0.53 >0.9999 <0.0001 
**** 

0.9904 

TNF 1.49  0.20  2.77  0.36 4.08  0.35 0.6316 0.0084 
** 

0.0403 
* 

CXCL10 1.04  0.09 4.15  0.24 3.15  0.08 0.9981 <0.0001 
**** 

0.0035 
** 

CXCL11 -1.00  0.03 1.69  0.13 1.72  0.03 0.9998 0.0013 
** 

0.9857 

NFKB1 -1.20  0.05 1.56  0.09 1.26  0.06 0.3251 0.0019 
** 

0.0638 

CARD9 -1.57  0.04  -1.07  0.10 -1.77  0.04 0.0322 
* 

0.9095 0.0315 
* 

MAP2K1 1.08  0.09 -1.13  0.09 1.02  0.06 0.8850 0.6788 0.5759 
 

MAP3K1 -1.15  0.04 -1.02  0.14 -1.21  0.04 0.6690 0.9983 0.5289 
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D. Blautia producta DSM 2950T 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 -1.01  0.02 2.23  0.47 1.29  0.04 >0.9998 0.0071 
** 

0.0270 
* 

NFKBIA -1.03  0.11 2.77  0.34 1.89  0.09 0.9980 0.0004 
*** 

0.0191 
* 

IL8 -1.20  0.09 18.46  1.94 10.99  0.50 0.9993 <0.0001 
**** 

0.0034 
** 

TNF 1.02  0.09 10.59  0.53 5.78  0.39 >0.9999 <0.0001 
**** 

<0.0001 
**** 

CXCL10 -1.11  0.08 2.40  0.13 1.62  0.16 0.9138 0.0004 
*** 

0.0136 
* 

CXCL11 -1.09  0.09 2.31  0.51 1.23  0.03 0.9797 0.0095 
** 

0.0236 
* 

NFKB1 -1.14  0.09 1.49  0.05 1.21  0.11 0.7392 0.0255 
* 

0.2104 

CARD9 -1.24  0.06 1.21  0.09 -1.26  0.04 0.3383 0.3506 0.0250 
* 

MAP2K1 -1.38  0.08 -1.24  0.09 -1.57  0.03 0.5194 0.6880 0.9178 
 

MAP3K1 -1.40  0.06 -1.19  0.09 -1.58  0.02 0.4025 0.6880 0.7651 
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E. Ruminococcus gnavus ATCC 29149T 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 1.34 ± 0.13 2.08 ± 0.17 2.28 ± 0.16 0.3878 0.0031 
** 

0.7650 

NFKBIA 1.05 ± 0.11 2.63 ± 0.15 2.46 ± 0.17 0.9977 0.0002 
*** 

0.8341 

IL8 1.12 ± 0.12 18.59 ± 1.74 15.95 ± 1.84 >0.9999 <0.0001 
**** 

0.4964 

TNF 1.60 ± 0.20 8.24 ± 0.69 8.12 ± 0.61 0.8040 <0.0001 
**** 

0.9979 

CXCL10 1.26 ± 0.14 2.99 ± 0.44 3.05 ± 0.09 0.8719 0.0016 
** 

0.9981 

CXCL11 1.34 ± 0.14 1.87 ± 0.22 1.91 ± 0.12 0.4776 0.0172 
* 

0.9984 

NFKB1 -1.02 ± 0.06 1.20 ± 0.09 1.12 ± 0.01 0.9966 0.2051 0.7818 
 

CARD9 1.01 1.03 ± 
0.05 

1.02 0.05 -1.05 ± 0.02 0.9969 >0.9999 0.9072 
 

MAP2K1 -1.07 ± 0.03 -1.01 ± 0.04 -1.08 ± 0.05 0.8622 0.9952 0.9085 
 

MAP3K1 1.01 1.03 ± 
0.04 

1.02 0.05 1.04 ± 0.05 0.9530 0.9969 0.9757 
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F. Bacteroides fragilis ATCC 25285T 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 -1.01 ± 0.08 1.56 ± 0.10 1.35 ± 0.12 0.9989 0.0188 
* 

0.4786 

NFKBIA 1.11 ± 0.10 2.32 ± 0.14 1.93 ± 0.06 0.8504 <0.0001 
**** 

0.0840 

IL8 2.47 ± 0.03 19.30 ± 0.82 12.37 ± 0.38 0.1836 <0.0001 
**** 

<0.0001 
**** 

TNF 1.31 ± 0.05 4.96 ± 0.50 3.51 ± 0.17 0.8712 <0.0001 
**** 

0.0239 
* 

CXCL10 -1.05 ± 0.06 2.24 ± 0.24 1.62 ± 0.04 0.9905 0.0005 
*** 

0.0332 
* 

CXCL11 1.19 ± 0.06 1.58 ± 0.03 1.50 ± 0.05 0.0985 0.0002 
*** 

0.6482 

NFKB1 1.08 ± 0.06 1.16 ± 0.03 1.18 ± 0.04   0.8170 0.3381 0.9925 
 

CARD9 1.06 ± 0.06 -1.00 ± 0.06 1.07 ± 0.05 0.9498 0.9992 0.9063 
 

MAP2K1 1.01 ± 0.02 1.05 ± 0.02 1.03 ± 0.02 0.9924 0.4610 0.9821 
 

MAP3K1 -1.47 ± 0.01 1.03 ± 0.02 -1.51 ± 0.02  <0.0001 
**** 

0.6740 <0.0001 
**** 
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G. Bacteroides vulgatus ATCC 8482T 

Gene Bacteria Poly(I:C) Bacteria +  
Poly(I:C) 

P value 
Bacteria  
vs Medium 

Poly(I:C)  
vs Medium 

Bacteria + Poly(I:C)  
vs Poly(I:C) 
 

DDX58 1.23 ± 0.04 1.36 ± 0.03 1.26 ± 0.06 0.0522 0.0049 
** 

0.5588 

NFKBIA 1.09 ± 0.06 2.44 ± 0.14 1.93 ± 0.01 0.8969 <0.0001 
**** 

0.0104 
* 

IL8 0.83 ± 0.07 20.01 ± 1.37 9.31 ± 0.64 0.9985 <0.0001 
**** 

<0.0001 
**** 

TNF -1.12 ± 0.16 6.33 ± 0.16 3.67 ± 0.43 0.9836 <0.0001 
**** 

0.0003 
*** 

CXCL10 -1.01 ± 0.04 1.64 ± 0.22 1.17 ± 0.03 0.9998 0.0237 
* 

0.0931 

CXCL11 1.01 ± 0.03 1.55 ± 0.02 1.04 ± 0.03 0.9999 0.0001 
*** 

0.0002 
*** 

NFKB1 -1.03 ± 0.07 1.09 ± 0.05 1.13 ± 0.04 0.9658 0.7152 0.9622 
 

CARD9 -1.24 ± 0.06 1.00 ± 0.04 -1.16 ± 0.03 0.1895 0.9995 0.4718 
 

MAP2K1 -1.06 ± 0.03 1.07 ± 0.02 1.03 ± 0.06 0.7467 0.7579 0.9506 
 

MAP3K1 -1.03 ± 0.03 -1.03 ± 0.03 -1.05 ± 0.06 0.9390 0.9598 0.9899 
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H. Bacteroides thetaiotaomicron ATCC 29148T 

Gene Bacteria Poly(I:C) Bacteria +  

Poly(I:C) 

P value 

Bacteria  

vs Medium 

Poly(I:C)  

vs Medium 

Bacteria + Poly(I:C)  

vs Poly(I:C) 

 

DDX58 -1.19  0.06 2.58  0.23 -1.04  0.04 0.7787 <0.0001 

**** 

<0.0001 

**** 

NFKBIA 1.11  0.12 2.54  0.41 1.03  0.03 0.9844 0.0040 

** 

0.0050 

** 

IL8 1.89  0.17 15.62  2.65 1.540  0.11 0.9633 0.0002 

** 

0.0003 

*** 

TNF 1.47  0.05 6.06  0.64 1.40  0.09 0.7978 <0.0001 

**** 

<0.0001 

**** 

CXCL10 1.05  0.07 4.468  0.46 1.05  0.08 0.9988 <0.0001 

**** 

<0.0001 

**** 

CXCL11 1.08  0.10 2.44  0.13 1.03  0.01 0.9565 <0.0001 

**** 

<0.0001 

**** 

NFKB1 -1.01  0.06 1.34  0.12 1.11  0.07 0.9986 0.0807 0.2820 

 

CARD9 1.26  0.06 1.20  0.15 1.19  0.08 0.2644 0.4573 0.9996 

 

MAP2K1 1.07  0.10 -1.03  0.07 1.02  0.07 0.9485 0.9817 0.9299 

 

MAP3K1 -1.38  0.05 -1.08  0.09 -1.29  0.04 0.3446 0.7994 0.0443 

* 
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Poly(I:C) which is a viral dsRNA analogue, is known to be recognized by either TLR3 

(Alexopoulou et al, 2001), dsRNA-dependent protein kinase (PKR) (Vijay-Kumar et al, 

2005) or the RIG-I-like receptor (RLR) family members, MDA5 (Kang et al, 2002) and 

RIG-I (Yoneyama et al, 2004) which in turn stimulates an antiviral immune response. 

According to the gene expression results in the present study, when HT-29 cells were 

stimulated with poly(I:C) for 3 hours, the gene DDX58 (RIG-I) and not the genes TLR3 

or ELF2AK2 (PKR) were up-regulated. Hence it is evident that under conditions 

administered in the present study, poly(I:C) was recognized by RIG-I and not by the 

other two receptors. This recognition, has in turn activated the NF-κB signalling 

pathway that induced transcription of cytokines IL-8, TNF, CXCL10 and CXCL11. 

The proposed signalling pathway induced by poly(I:C) is shown in Figures 2-29 A-H 

with indication of modulation by the respective commensals.   
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Figure 4-29 (continued) A-H The proposed poly(I:C) induced signalling pathway modulated by the presence of bacteria. Each diagram 

corresponds to each bacteria tested i.e. A, Bifidobacterium breve G7; B, Bifidobacterium longum G12; C. Bifidobacterium bifidum G19; D, 

Blautia producta DSM 2950T; E, Ruminococcus gnavus ATCC 29149T; F, Bacteroides fragilis ATCC 25285T; G, Bacteroides vulgatus ATCC 

8482T and H, Bacteroides thetaiotaomicron ATCC 29148T 
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5 DISCUSSION                                                                                                                                                                                                                                                                                                                                                                                                                                      

 

As indicated in the Introduction, the following aims and objectives were developed to 

test the hypothesis of the study, “Bacteria predominant in the infant gut contribute 

to innate immunological tolerance and homeostasis by regulating signalling 

cascades in epithelial cells.”   

Aim 1: develop a model system to study the immuno-modulatory mechanisms of 

gut bacterial strains predominant in the infant gut. 

Objective 1: optimize the use of poly(I:C) to induce an inflammatory response in the 

HT-29 cell line by performing dose response and time course experiments and 

measuring IL-8 gene expression levels using reverse transcription quantitative PCR 

(RT-qPCR). 

Objective 2: treat HT-29 cells with freeze-dried preparations of heat-treated or non-

heat-treated Bacteroides thetaiotaomicron ATCC 29148T and/ or poly(I:C) to examine 

the ability of this strain in modulating inflammatory response by measuring the fold 

changes in IL-8 gene expression levels using RT-qPCR. 

Aim 2: screen several bacterial strains predominant in the infant gut to assess 

their ability in modulating inflammatory response in intestinal epithelial cells. 

Objective 1: treat HT-29 cells with freeze-dried preparations of heat-treated or non-

heat-treated bacterial strains and/ or poly(I:C) to examine the ability of each strain to 

modulate inflammatory response by measuring the fold changes in IL-8 gene 

expression levels using RT-qPCR. 

Objective 2: correlate the IL-8 gene expression pattern to IL-8 protein synthesis using 

ELISA. 

Objective 3: compare the modulatory effects of selected bacterial strains in mucus 

producing intestinal epithelial (HT29-MTX) cells with non-mucus producing (HT-29) 

cells. 
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Objective 4: assess and compare bacterial adherence to the two different variants of 

intestinal epithelial cells by treating HT-29 and HT29-MTX cells with selected strains 

of bacteria and staining with Giemsa stain. 

Objective 5: determine if the bacterial modulation of poly(I:C) induced IL-8 was 

dependent on TLR recognition of the bacterial MAMPs by blocking TLR 2/ TLR 4 in 

HT-29 cells prior to treating with the respective bacteria 

 

Aim 3: identify the signalling pathway modulated by the selected bacterial strains 

and describe changes occurring in the signalling cascades. 

Objective 1: quantify and analyse fold changes of other genes involved in the anti-viral/ 

pro-inflammatory response in HT-29 cells treated with selected bacterial strains and/ or 

poly(I:C) using the RT2 Profiler PCR array. 

Objective 2: illustrate the signalling cascades of genes in the identified signalling 

pathway to describe the bacterial modulation of poly(I:C) induced inflammatory 

response. 

 

If progress permitted, two further aspects would be researched upon accomplishment of 

Aims 1-3 above:  

1. to treat HT-29 cells with mixtures of bifidobacterial strains to assess their 

modulatory effects on IL-8 in intestinal epithelial cells when present in proportions 

detected in faeces.   

2. to investigate associations between PPAR-γ and the NF-κB subunit RELA to find out 

if the bacterial strains tested in the present study modulated IL-8 gene expression 

through similar mechanisms as did the Bacteroides thetaiotaomicron strain in the 

works of Kelly and co-researchers (2004).  

Aims 1-3 of the research were accomplished and the main outcomes are summarized 

and discussed as follows. The two additional aims were not accomplished due to the 

technical aspects involved in the present study. These aims would have been more 

achievable if a lesser number of bacterial strains in total were included in the study. 
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However given the hypothesis of the study, the inclusion of the various predominant 

bacteria in the infant gut including the less commonly researched (eg. Ruminococcus 

gnavus, Blautia producta and Bacteroides vulgatus) was absolutely necessary to obtain 

a good understanding on their regulation of signalling cascades in intestinal epithelial 

cells.    

5.1 Development of the model system to study the immuno-modulatory 

mechanisms of gut bacterial strains predominant in the infant gut. 

The viral dsRNA analogue, poly(I:C) was used to initiate signalling cascades that 

trigger an inflammatory response in HT-29 cells. The IL-8 gene and protein served as 

pro-inflammatory indicators. Bacteroides thetaiotaomicron, was tested for its ability to 

down-regulate poly(I:C) induced IL-8 to find out if previous findings by Kelly et al 

(2004) could be reproduced under conditions used in the present study.  

Kelly and co-researchers (2004) noted that Bacteroides thetaiotaomicron had a specific 

antagonistic effect in that it down-regulated only IL-8 induced by certain stimulants i.e. 

PMA, LPS, purified flagellin and enterohaemorrhagic Escherichia coli 0157:H7 

besides Salmonella enteritidis. On the other hand, activation induced by IL1-α and IL1-

β remained unaffected. In the present study, Bacteroides thetaiotaomicron was shown, 

for the first time, to down-regulate IL-8 gene expression and secretion induced by 

poly(I:C). This modulatory effect was only triggered by NHT Bacteroides 

thetaiotaomicron. HT Bacteroides thetaiotaomicron lacked this ability; an observation 

also reported by Kelly and co-researchers (2004). This indicates that heat denatures the 

bacterial component, therefore most likely a protein, responsible for the modulatory 

effect. Because 108 B. thetaiotaomicron cells/ ml caused maximal attenuation of 

poly(I:C) induced IL-8, this concentration of bacteria was selected for all subsequent 

stimulation assays with all other bacteria tested. This is equivalent to adding 100 

bacterial cell per HT-29 cell, a bacteria to cell ratio also used in other studies (Otte & 

Podolsky, 2004; Macpherson et al, 2009).    

During the initial experimental stages of the present study, unexpected changes were 

observed in IL-8 gene expression relative to the passage number of the HT-29 cell line 

(as shown in Chapter 3). IL-8 mRNA fold change levels were found to increase as the 

passage number increased; hence low passage number cells were avoided for use in all 
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subsequent experiments. The use of NHT Bacteroides thetaiotaomicron ATCC 29148T 

as a positive control in every stimulation assay performed (depicting consistent down-

regulation of IL-8 gene expression) proved that the variation in poly(I:C) induced IL-8 

gene expression relative to passage number did not affect the modulatory activity of the 

bacterial strains tested. 

Bacteroides thetaiotaomicron was found to enhance the viability of HT-29 cells, while 

Bacteroides thetaiotaomicron and Bacteroides fragilis enhanced the viability of HT29-

MTX cells. Such improvement in the viability of intestinal epithelial cells upon 

treatment with bacteria has been previously noted (O'Hara et al, 2006), however the 

mechanism behind this was not understood. None of the bacteria, nor poly(I:C), 

decreased the viability of the cell lines. 

Overall, the model proved to be convenient and appropriate for the study in terms of 

ease of handling as well as obtaining comparable results between stimulation assays.   

 

5.2 Screening of bacterial strains predominant in the infant gut in 

modulating intestinal epithelial IL-8 gene transcription and protein 

production 

Bacterial strains predominant in the infant gut were screened for their modulatory 

effects on IL-8 gene expression and protein synthesis. A total of 21 strains (of which 15 

were Bifidobacterium) belonging to four bacterial genera and eight bacterial species 

were tested. Bifidobacterium is the predominant bacterial genera found in the infant 

faeces, and more so in the breast-fed infants (Harmsen et al, 2000; Favier et al, 2002; 

Tannock et al, 2013) for which reason, more bifidobacterial strains were tested in the 

present study. As the predominant bacteria in the microbiota during early life, 

bifidobacteria play a significant role in the development of host mucosal immune 

system. This is apparent through findings that suggest association of bifidobacterial 

colonization during infancy and early childhood with protection against allergy. Babies 

who developed allergy were less often colonized with bifidobacteria during the first 

year of life and this was evident even before development of any clinical manifestations 

of atopy (Björkstén et al, 2001; Kalliomäki et al, 2001). Besides reduction in 
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bifidobacterial numbers, differences at species level were also noted in the microbiota 

of allergic as compared to healthy children (Štšepetova et al, 2007; Gore et al, 2008). 

Several studies have investigated the mechanisms of bifidobacteria-mediated 

development of the immune system. Conditioning of human dendritic cells with 

Bifidobacterium bifidum-derived membrane vesicles was shown to induce 

differentiation of naive CD4+ lymphocytes into functional regulatory T (Treg) cells 

(López et al, 2012). Another group of researchers (Sudo et al, 1997) demonstrated that 

while germ-free mice were deficient in oral immune tolerance, this Th1/Th2 imbalance 

could be corrected through reconstitution with a single bacterial species, 

Bifidobacterium infantis (presently known as Bifidobacterium longum subsp infantis). 

This restoration of immune tolerance was only successful in neonatal (3-weeks-old) but 

not in older mice, thus revealing the importance of early colonization with this genus. 

Indeed, early bifidobacterial colonization in humans i.e. during the first two months of 

life has also been associated with enhanced production of salivary secretory IgA (SIgA) 

later at 6 and 12 months (Sjögren et al, 2009).   

IL-8 is constitutively secreted in the normal colonic mucosa and significantly more so 

in IBD patients (Mitsuyama et al, 1994; Gibson & Rosella, 1995). In the present study, 

the intestinal epithelial HT-29 cells were found to produce IL-8 constitutively during 

growth even without an exogenous stimulus. The down-regulation of this basal level 

IL-8 by two species, Bifidobacterium bifidum and Lactobacillus salivarius, has been 

reported in a previous study (O'Hara et al, 2006). Interestingly in the present study, all 

the NHT bifidobacterial strains but not the HT ones significantly modulated (six out of 

eight strains down-regulated while the other two up-regulated) the basal level of IL-8 

protein secretion in HT-29 cells. This modulation was not seen with the 

Lachnospiraceae strains i.e. Ruminococcus gnavus and Blautia producta. The HT 

Bacteroides vulgatus but not the NHT Bacteroides vulgatus up-regulated the basal level 

IL-8 secretion, perhaps indicating exposure of an initially hidden IL-8-inducing 

bacterial component through heat-treatment. The other two Bacteroidaceae, 

Bacteroides fragilis and Bacteroides thetaiotaomicron displayed a unique manner of 

modulating basal level IL-8 protein synthesis.  Although these two strains significantly 

decreased poly(I:C) induced IL-8 secretion, they significantly increased basal level IL-

8 secretion. Taken together, this suggests the ability of these two strains to maintain an 
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increased level of IL-8, priming the system even in health, while in a pro-inflammatory 

environment, they initiate an anti-inflammatory mechanism to maintain homeostasis.    

When HT-29 cells were stimulated with poly(I:C), heat-treatment of bacterial strains 

generally did not alter the attenuation pattern of IL-8 mRNA and protein by Blautia 

producta, Bacteroides vulgatus and Bacteroides fragilis; whereas bifidobacterial and 

Ruminococcus gnavus modulation of poly(I:C)-induced IL-8 varied between heat-

treated and non-heat treated strains. These observations suggest that for the former 

strains, the main component(s) responsible for their IL-8 inhibitory effect are heat-

resistant and vice versa for the latter.      

It can therefore be concluded that the effect of heat-treatment on bacterial modulatory 

effects differed depending on the strain and whether or not there was a stimulant.  

Although poly(I:C) induced up-regulation of IL-8 and the modulation by the 

Lachnospiraceae, Blautia producta and all Bacteroidaceae strains showed good 

correlation between IL-8 gene expression and protein synthesis, there were some 

inconsistencies between mRNA and protein levels of IL-8 modulated by bifidobacterial 

strains. While most strains down-regulated IL-8 protein levels when not heat-treated, 

this was not reflected in the gene expression pattern observed. Similar observations 

were made in a previous study (McCracken et al, 2002) in which the potential for the 

commensal strain tested, Lactobacillus plantarum 299v, to absorb or degrade the 

secreted IL-8 protein was studied in order to find out if this resulted in the decrease in 

IL-8 concentration levels. Adhesion test medium containing IL-8 was incubated for 

three hours in the presence or absence of the lactobacilli, however the presence of the 

bacteria did not alter the IL-8 concentrations. Since such a test was not performed in the 

present study, the possibility of degradation of IL-8 by bifidobacterial strains tested 

remains. The discrepancy between gene and protein levels could have also been caused 

by post-transcriptional regulatory effects.  

Stimulation of HT29-MTX cells with selected bacterial strains revealed variable 

patterns of IL-8 protein modulation as compared to in non-mucus producing HT-29 

epithelial cells. This indicates that bacteria may show different modulatory pattern 

along the gastrointestinal tract. The relatively lesser number of goblet cells and mucus 

layer in the small intestine gradually increases from the duodenum to the jejunum to the 

ileum and colon. Bacterial modulation may also vary along the epithelial layer within 
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the small intestine from every crypt base where undifferentiated epithelial cells reside 

and along the villi where they differentiate into specialised epithelial cells i.e. the 

absorptive enterocytes, mucous-secreting goblet cells or hormone-secreting 

enteroendocrine cells (van der Flier & Clevers, 2009). Thus, using monolayers of a 

single epithelial cell line to determine bacterial immune modulation, as in the present 

study will not allow one to assess the collective response of the different epithelial cell 

types. A lack of understanding on the combined effects of the intestinal epithelial cell 

and the underlying gut associated lymphoid tissue (GALT) is also recognized. The use 

of simple in vitro cell culture models thus has its limitations and therefore development 

of the study through a series of tests utilising more sophisticated in vitro models could 

be useful. Several alternatives to one-dimensional in vitro intestinal models have been 

developed. These include models that co-culture epithelial cells with same-species 

derived immune cells such as macrophages (Westendorf et al, 2010) and models 

simulating the intestinal tract environment that allow co-culture of live obligate 

anaerobes with oxygen-requiring human cells (Bahrami et al, 2011a; Marzorati et al, 

2014; Ulluwishewa et al, 2015). One such model (Ulluwishewa et al, 2015) is the 

recently developed apical anaerobic co-culture chamber which is placed in an anaerobic 

work station. Caco-2 cells were grown on microporous membrane inserts placed in 

wells (basal compartment) containing aerobic cell culture medium sealed off from the 

anaerobic environment. The upper (apical) compartment of the inserts contained 

anaerobic cell culture medium to determine the effect of anaerobes on intestinal barrier 

function as the chamber contains electrodes to monitor trans-epithelial electrical 

resistance across cell monolayers. The Caco-2 cells were reported to be viable and 

maintained an intact barrier for at least 12 hours. Such models often utilise Caco-2 cells 

as they are known to differentiate into a polarized monolayer of mature enterocyte-like 

cells. According to Furrie and co-researchers, 2005 (as summarised in Table 1-3), HT-

29 cells were more responsive to bacterial challenge compared to Caco-2 cells 

suggesting that this is due to the fact that HT-29 cells represented crypt cells while 

Caco-2 cells represented the mature columnar epithelium, which are more highly 

colonised by the commensal flora. However, more recent findings have proven that 

some populations of bacteria exist in intimate association with intestinal crypts (Round 

et al, 2011; Lee et al, 2013). Caco-2 cells were not utilised in the present study because 

they have been previously reported to not to respond to poly(I:C) (Vijay-Kumar et al, 

2005). As such, a dual-environment model as stated above, utilising HT-29 cells in 
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place of Caco-2 cells can be developed and optimised for confirmation and further 

development of the present study.   

Having demonstrated the bacterial effects on IL-8 gene transcription and IL-8 protein 

production, the regulation pattern of other genes involved in the molecular signalling 

pathway was investigated.      

 

5.3 Modulation of signalling cascades in the anti-viral signalling pathway 

by selected bacterial strains 

HT-29 RNA purified from cells subjected to stimulation assays with selected strains of 

bacteria were further subjected to PCR array for identification of transcriptional effects 

on other genes involved in the anti-viral signalling pathway. The anti-viral signalling 

pathway was chosen because poly(I:C), being a viral dsRNA analogue is known to 

stimulate an anti-viral immune response. Modulation of selected genes noted in the 

array results was confirmed using RT-qPCR with individual primers and three 

biological replicates.  

 

5.3.1 The signalling cascades induced by poly(I:C)  

Possible pattern recognition receptors (PRRs) that are able to sense poly(I:C) are TLR3, 

PKR, MDA5 and RIG-I. Although simultaneous recognition of dsRNA by more than 

one receptor is possible, the consistent up-regulation of DDX58 (the gene that codes for 

the RIG-I receptor) and none of the other possible PRRs indicates that the 

inflammatory signalling pathway in the present study was activated upon recognition of 

poly(I:C) by RIG-I. One of the factors that determine the type of PRRs that would 

recognize dsRNA is the length of the dsRNA encountered. As summarized by DeWitte-

Orr and co-researchers (DeWitte-Orr et al, 2009), while TLR3 and PKR activation 

requires a minimal length of dsRNA (45 bp and 30 bp respectively), members of the 

RIG-I like receptor family (RLRs), MDA5 and RIG-I preferentially bind long and short 

dsRNA respectively. A ~ 4-8 kbp long poly(I:C) which was initially sensed by MDA5, 

was demonstrated to be recognised by RIG-I and not MDA5 after shortening of the 

dsRNA length to ~300 bp through RNase digestion (Kato et al, 2006). This is in 
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agreement with the length of the poly(I:C) (Sigma-Aldrich) used in the present study, 

i.e. ~125-250 bp as reported by the manufacturer.  

RIG-I is a DEAD box-containing RNA helicase that senses viral dsRNA present within 

the cytoplasm (Yoneyama et al, 2004; Yoneyama et al, 2005). DEAD box RNA 

helicases (named according to one of the conserved motifs Asp-Glu-Ala-Asp) form a 

large superfamily of proteins conserved from bacteria and viruses to humans. They 

have the ability to unwind dsRNA through their ATPase activity for a variety of 

biological processes involving RNA molecules (Tanner & Linder, 2001). RIG-I 

contains two N-terminal caspase recruitment domains (CARDs) and a C-terminal 

potential ATP-dependent RNA helicase activity domain (Gack et al, 2007). In resting 

cells, RIG-I is maintained as a monomer in an auto-inhibited state. But during virus 

infection or poly(I:C) stimulation, it recognizes dsRNA and undergoes a 

conformational change that promotes self-association and CARD interactions with the 

mitochondrial antiviral signalling protein (MAVS) (also commonly known as IPS-1/ 

CARDIF/ VISA) to signal interferon (IFN) regulatory factor (IRF) and NF-κB-

responsive genes (Saito et al, 2007; Nakhaei et al, 2009).  

In the present study this recognition of poly(I:C) by RIG-I initiated an NF-κB-

activating signalling cascade in HT-29 intestinal epithelial cells. This was demonstrated 

by consistent up-regulation of the NFKBIA mRNA by poly(I:C) in all eight sets of 

stimulation assays performed. NFKBIA codes for the protein product IκBα, one of the 

inhibitors of NF-κB. The inhibitor IκB proteins are bound to the NF-κB dimers causing 

them to be sequestered in the cytoplasm and blocking their nuclear translocation and 

transcriptional activity, until a specific stimulus causes the IκB kinases (IKK) to 

phosphorylate the IκB proteins, thereby freeing the NF-κB to translocate to the nucleus 

and regulate transcriptional activity of target genes. Although NFKBIA is inhibitory 

towards NF-κB, it is well documented that one of the target genes transcribed upon 

activation of NF-κB is NFKBIA itself (Brown et al, 1993; Sun et al, 1993; Nelson et al, 

2004; Ferreiro & Komives, 2010), hence an up-regulation of NFKBIA can be regarded 

as an indicator of NF-κB activation.  

However, similar to observations by another group of researchers (Macpherson et al, 

2014), the up-regulation of the complete NF-κB signalling pathway was not detected 

upon stimulation with poly(I:C). For example, important genes in the signalling 
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cascade between RIG-I recognition and NF-κB activation such as MAVS, TRADD, 

TRAF6, FADD, CHUK and IKBKB were not up-regulated. According to Macpherson 

et al (2014), two possible reasons that could explain this observation are i) activation of 

the canonical NF-κB pathway occurs within minutes and therefore induction of 

important mediators upstream of NF-κB activation may have gone undetected at the set 

time point; or ii) these genes may be constitutively expressed and it is simply the post-

translational events of phosphorylation/ dephosphorylation that causes activation or 

deactivation of the proteins. The former justification may explain why the NFKB1 gene 

(that encodes for the p50 subunit of the NF-κB complex) was up-regulated in four of 

the eight stimulation sets, while no changes were noted in the other four sets. 

Overexpression of the RIG-I receptor gene upon recognition of viral dsRNA or 

poly(I:C) typically leads to activation of Interferon regulatory factor 3/7 (IRF3/7) and 

NF-κB resulting in the induction of type I interferons and pro-inflammatory cytokines 

(Yoneyama et al, 2005; Bowie & Unterholzner, 2008; Wilkins & Gale Jr, 2010). 

However in the present study, the activation of the IRF transcription factors and their 

target IFN genes was generally not observed to be induced by poly(I:C). The cytokine 

and chemokine genes that were up-regulated by poly(I:C) i.e. IL-8, TNF, CXCL10 and 

CXCL11 are all NF-κB target genes (Collart et al, 1990; Kunsch et al, 1994; Tensen et 

al, 1999; Shultz et al, 2007; Yeruva et al, 2008). Although CXCL10 and CXCL11 are 

IFN-inducible genes themselves, IFN induction of these chemokines may be of a more 

delayed response when compared to the present NF-κB- mediated activation. IFN-γ for 

instance was demonstrated to cause a delayed induction of CXCL10 mRNA in Caco-2 

cells between two hours to eight hours for maximum induction compared to IL-1β or 

TNF induced CXCL10 within 40 minutes to 4 hours for maximum expression (Yeruva 

et al, 2008). In the present study, gene expression patterns were analysed early i.e. at 

three hours after stimulation with poly(I:C) because the IL-8 gene, known to be an 

initial signal in inflammatory responses (Eckmann 1993) was maximally induced at this 

time point. Indeed, a previous study has noted that poly(I:C) potently up-regulated 

genes associated with antiviral/IFN responses only at 48 hours in the colonic epithelial 

cell line T84 (Vijay-Kumar et al, 2005). A three hour time-point was therefore 

probably too early for detection of genes related to type I interferon signalling and 

hence up-regulation of these genes were not observed.     
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5.3.2 Modulation of the signalling cascades by gut commensals 

When HT-29 cells were treated with poly(I:C) and a commensal strain, all strains 

except Ruminococcus gnavus demonstrated some form of modulation in the pro-

inflammatory signalling cascade by causing an up- or down-regulation in gene 

expression when compared to cells treated with poly(I:C) only. Blautia producta in 

particular showed down-regulation of seven of the ten selected genes, namely genes 

encoding the RIG-I receptor, the inhibitor of NF-κB, IKBα, the adaptor protein CARD9 

(caspase recruitment domain- containing protein 9), and the cytokines IL8, TNF, 

CXCL10 and CXCL11.  

Further experiments are needed to confirm down-regulation of the RIG-I receptor gene 

observed to be induced by Blautia producta and most of the strains tested. This can be 

confirmed by transfecting the HT-29 cell line with small interfering RNA (siRNA) to 

knock down RIG-I before treating the cells with poly(I:C) and/ or the commensal 

strain. A failure in the previously observed down-regulation of IL-8 mRNA by the 

commensal would indicate that the attenuation was originally RIG-I- mediated.  

Recent findings have suggested recognition of commensal bacteria-derived dsRNA by 

RIG-I, which induced production of multiple cytokines and antimicrobial peptides. This 

unveils new evidence that RIG-I is also capable of detecting bacterial RNA, besides 

viral, and may play an important role in maintaining intestinal homeostasis by 

monitoring commensal bacteria (Li et al, 2011). This observation of RIG-I-mediated 

up-regulation of cytokines by commensals suggests the possibility of RIG-I-mediated 

down-regulation of pro-inflammatory cytokines by gut commensals seen here. In other 

words recognition of gut commensal-derived dsRNA by RIG-I may have been 

responsible for the down-regulation of IL-8 caused by the bacterial strains. This 

speculation of a possible mechanism of the PRR RIG-I to both induce IL-8 through 

poly(I:C) detection and down-regulate IL-8 through commensal recognition is 

comparable to the findings by Round and Mazmanian (2010). The PRR TLR 2 

enhances pro-inflammatory IL-17 producing T helper cells (Th17) upon recognition of 

peptidoglycan (PGN) (Wei et al, 2014). On the contrary, Round and Mazmanian (2010) 

found that recognition of Bacteroides fragilis-derived polysaccharide A (PSA) also by 

TLR2, caused suppression of the pro-inflammatory cytokine IL-17 and differentiation 

of Treg cells. Another possible mechanism is the binding of bacterial protein to RIG-I 
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thereby preventing its activation, similar to the Influenza virus non-structural protein 1 

(NS1)-mediated inhibition of RIG-1 in order to prevent anti-viral signalling by the host 

(Leung et al, 2012).  

The down-regulation of NF-κB (as indicated by down-regulation of NFKBIA gene 

expression) by Blautia producta was associated with the down-regulation of the 

proinflammatory cytokine TNF and chemokines CXCL10 and CXCL11 as well as IL-

8.  

Chemokines are chemotactic cytokines secreted to recruit immune cells to the site of 

inflammation. Chemokines CXCL10 and CXCL11 that are involved in recruiting T 

cells and monocytes, are constitutively expressed in normal human colon and in many 

cultured human intestinal epithelial cell lines. The receptor for these chemokines, 

CXCR3, is mainly expressed by activated CD4+ T-cells. However CXCR3 was also 

found to be constitutively expressed in numerous mononuclear cells in the lamina 

propria but not epithelial cells lining the crypt of human colon mucosa. This suggests 

that these chemokines may assist involvement of the intestinal epithelium in the 

regulation of adaptive T-cell mediated mucosal inflammation. (Dwinell et al, 2001). 

CXCL10 chemokine levels were found to be elevated in serum of patients affected by 

several endocrinological autoimmune diseases, such as Hashimoto’s thyroiditis and 

Graves’ disease (both autoimmune thyroid disorders) (GarcÍa-López et al, 2001; 

Antonelli et al, 2006), Addison’s disease (an adrenal disorder) (Rotondi et al, 2005) 

and type 1 diabetes mellitus (Shimada et al, 1996; Nicoletti et al, 2002), whereas 

neutralization or blocking of CXCL10 has been proven to suppress the occurrence of 

autoimmune diabetes (Christen et al, 2003; Morimoto et al, 2004; Shigihara et al, 

2005). It has also become evident recently that normal gut bacteria play a crucial role in 

alleviating progression of autoimmune diabetes (Wen et al, 2008). Based on these 

findings and the outcome noted from the present study, that most of the gut bacteria 

tested down regulated CXCL10 gene expression, it is tempting to speculate possible gut 

bacterial aid in therapeutic approaches of such autoimmune diseases. 

Similar to IL-8, the pro-inflammatory cytokine TNF has been described as both crucial 

in host defence against a variety of pathogens yet unfavourable in the pathogenesis of 

autoimmune diseases such as inflammatory bowel diseases and rheumatoid arthritis 

when in excess (Pfeffer, 2003). Blautia producta down-regulation of poly(I:C) induced 
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TNF gene expression was highly significant, similar to that of Bacteroides 

thetaiotaomicron. Down-regulation of TNF mRNA by Bacteroides thetaiotaomicron 

was also noted by Kelly and co-researchers (2004). On the contrary, the bifidobacterial 

species B. longum and B. bifidum were found to up-regulate the poly(I:C)-induced TNF 

gene expression although they down-regulated expression of the pro-inflammatory 

chemokine, CXCL10. This may indicate the possibility of targeted modulation by these 

bacteria probably through more than one signalling pathway. Because poly(I:C) is a 

viral dsRNA mimic, total attenuation of inflammation provoked by the host cell as 

defence against a ‘viral attack’ may be regarded as unsafe. As such, up-regulation of 

pro-inflammatory cytokine TNF by some of the more dominant members of the infant 

gut might be considered to be favourable.  

CARD9 has been recently identified to be a key transducer for several pathogen 

induced antimicrobial signalling pathways, including Dectin-1 (major PRR for the 

fungal component zymosan) activated signalling pathway required in innate anti-fungal 

immunity (Gross et al, 2006), Nod2- mediated activation of innate immune responses 

to intracellular bacteria and viruses (Hsu et al, 2006) and RIG-I associated antiviral 

inflammatory responses (Poeck et al, 2010). While it operates as a multifunctional 

signalling adaptor that transmits various signals to stimulate activation of NF-κB for 

protection against pathogens, overexpression of CARD9 has been associated with 

development and progression of gastric B-cell lymphoma (Nakamura et al, 2005). 

Furthermore, CARD9 polymorphisms have been associated with susceptibility to 

inflammatory bowel diseases (IBD) (Zhernakova et al, 2008; McGovern et al, 2010) 

besides other related inflammatory diseases such as primary sclerosing cholangitis 

(Janse et al, 2011) and ankylosing spondylitis (Reveille, 2012). It has hence been 

suggested that therapeutic targeting and inhibition of CARD9 pathways may contribute 

to the treatment of aberrant inflammation (Roth & Ruland, 2013). In the present study 

CARD9 gene expression was not up-regulated by poly(I:C). However, this gene was 

down-regulated in the presence of Blautia producta and poly(I:C) when compared to 

poly(I:C) only [bacteria + poly(I:C) vs poly(I:C)]. More interestingly all the three 

bifidobacterial species tested (Bifidobacterium longum, Bifidobacterium breve and 

Bifidobacterium bifidum) down-regulated CARD9 when compared to medium only 

control (bacteria vs medium only) as well as in the presence of poly(I:C) when 

compared to poly(I:C) only treatment [bacteria + poly(I:C) vs poly(I:C)]. This small yet 
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significant down-regulation of CARD9 by bifidobacteria, in the presence or absence of 

a stimulus, suggests for the first time, the capability of gut microbiota in regulating this 

important upstream activator of the NF-κB pathway in gut homeostasis.  

One important aspect that may influence the modulation of gene expression pattern by 

gut commensals is the method of stimulating inflammation in the epithelial cells. 

Studies in the past, as summarized in Table 1-3, (Vizoso Pinto et al, 2009; Carey & 

Kostrzynska, 2013) have noted more effective bacterial immunomodulation when 

epithelial cells were pre-stimulated with the commensal strain prior to addition of the 

inflammatory stimulant or co-stimulated with the commensal strain and the 

inflammatory stimulant as  compared to when cells were first induced for inflammation 

using a stimulant before addition of a commensal strain. These studies suggested that 

early addition of the commensals was needed to sensitise the epithelial cells and to 

prevent an inflammatory response, rather than ‘treat’ an existing inflammatory 

response. In the present study, cells were co-stimulated with poly (I:C) and bacteria at 

the same time point. It would have been interesting to also compare these findings with 

bacterial modulatory patterns when cells were pre- or post- stimulated with poly (I:C). 

The stimulant poly(I:C), being a dsRNA analogue, is often used in in vitro model 

systems to understand interaction of the dsRNA virus, rotavirus with gut epithelia. 

Recent studies have found that rotavirus is sensed by both cytoplasmic PRRs, RIG-I 

and MDA5, alone and in combination, followed by signalling through the common 

downstream adaptor molecule MAVS and not through the TLR3/TRIF pathway or the 

PKR pathway (Broquet et al, 2011). The ability of several commensals tested herein in 

regulating a RIG-I mediated inflammatory response indicates the possible use of this 

model system for understanding the mechanisms behind successful use of probiotic 

supplements in reducing the severity of rotavirus infections (Saavedra et al, 1994; 

Dubey et al, 2008). 

Unfortunately, the molecular aspects resulting from immuno-modulatory effects of gut 

commensals on HT-29 cells could not be further investigated. These important aspects 

should be studied in the future.  

1. to investigate associations between PPAR-γ and the NF-κB subunit RELA to find out 

if the bacterial strains modulated IL-8 gene expression through similar mechanisms as 
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did the Bacteroides thetaiotaomicron strain in the works of Kelly and co-researchers 

(2004).  

Kelly et al (2004) showed that Bacteroides thetaiotaomicron attenuated the NF-κB 

mediated IL-8 gene expression by re-translocating the nuclear NF-κB complexes 

induced by Salmonella typhimurium back to the cytoplasm. This mechanism involved a 

Bacteroides thetaiotaomicron-induced nuclear association between the NF-κB subunit 

RelA and the nuclear hormone receptor PPAR-γ. There is a possibility that the 

commensal species tested in the present study may have inhibited induction of the NF-

κB-mediated IL-8 in a similar way. This could be determined as described by Kelly and 

co-researchers (2004). Briefly, after the experimental treatments with bacteria and or/ 

poly(I:C), HT-29 cells could be fixed and probed for the NF-κB subunit RelA and 

PPAR-γ using antibodies and visualized for the nuclear export/ import of these two 

molecules using immunofluorescence microscopy. This could be further confirmed 

through siRNA inhibition of PPAR-γ expression in HT-29 cells to demonstrate the 

requirement for PPAR-γ in RelA nuclear export in attenuating pro-inflammatory gene 

expressions.  

2. to treat HT-29 cells with mixtures of bifidobacterial strains to assess their 

modulatory effects on IL-8 in intestinal epithelial cells when present in proportions 

detected in faeces.   

The analysis performed on the proportions of bifidobacterial species present in the 

faeces of breast-fed infants showed that when bifidobacteria were present in an infant 

faecal sample, they most often existed in mixtures of at least two species. Treating   

HT-29 epithelial cells with such bifidobacterial species mixtures may have initiated an 

altogether different modulatory mechanism than what was observed individually.  

Indeed, adult humans harbour a gut microbiota comprising at least 160 species per 

individual (Qin et al, 2010). In the present study, while most of the infant gut-

associated commensals down-regulated pro-inflammatory genes, the more predominant 

members i.e. the bifidobacterial species also induced expression of the pro-

inflammatory cytokine TNF gene. Therefore, the proportion of these bacteria when 

present in their natural environment as infant gut microbiota could well determine the 

equilibrium between inflammation and homeostasis in a healthy gut. Future studies 

addressing bacterial immuno-modulatory patterns in relation to their known 
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composition in the healthy versus diseased host would be able to shed some light upon 

this notion. In vitro cell culture systems can be optimized and manipulated with more 

ease as compared to animal studies or human trials for testing multiple conditions in 

this regard. The use of such simplified models, despite their limitations, are valid 

choices to obtain a preliminary idea on specific changes occurring in the host cell prior 

to validation using ex vivo or in vivo tools.  

Organoids are small crypt-villus structures grown from murine ileal intestinal stem 

cells.  Besides being able to self-renew, organoids consist of both stem cells and 

differentiated functional epithelial cells i.e. enterocytes, goblet cells, enteroendocrine 

cells and even Paneth cells (Sato et al, 2009), thereby making them attractive ex vivo 

models. Recently, organoids have been successfully used to study the interaction of 

specific bacterial species with the intestinal wall, detected through gene expression 

modulation and pathway analysis (Lukovac et al, 2014).      

In vivo mice models, on the other hand have a limitation of harbouring a majority of gut 

microbial genera that are not found in humans (Ley et al, 2005). Hence the successful 

engraftment of human gut microbiota into germ-free mice promises a more useful 

means of investigating the human microbiome (Turnbaugh et al, 2009). Such 

humanised mice models would also be useful to investigate effects of the evolving 

infant microbiota to the host including immunomodulatory effects such that are 

explored in the present study. This could be achieved through periodic transplantation 

of the age-dependent infant faecal samples into germ-free mice without altering the 

naturally present bacterial proportions.  

The immuno-modulatory effects of Blautia producta have not previously been 

investigated. In the present study, experiments conducted with this organism provided 

the best evidence of a transcriptional cascade occurring in the intestinal epithelial cells 

that is regulated by a gut commensal. Inflammatory signals activated by poly(I:C) 

through NF-κB activation were attenuated by Blautia producta, thus demonstrating for 

the first time contribution of this organism to immune homeostasis. A member of the 

family Lachnospiraceae, Blautia producta was originally described as 

Peptostreptococcus productus when it was classified together with other anaerobic 

Gram positive cocci in the family Peptococcaceae (Rogosa, 1974). It was later 

reclassified as Ruminococcus productus based on 16S rRNA sequence alignments 
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(Ezaki et al, 1994). More recently it was reassigned into a novel genus Blautia, based 

on DNA-DNA re-association values (Liu et al, 2008), along with other strains 

previously considered members of the genus Ruminococcus. Members of the genus 

Blautia are described as Gram positive, non-motile and coccoid or oval-shaped often 

with pointed ends. They are chemo-organotrophic and obligately anaerobic having a 

fermentative type of catabolism (Liu et al, 2008). The organism has been isolated from 

various mammalian gastrointestinal tracts and sewage sludge (Drake et al, 2006) and is 

known as an acetogen i.e. an anaerobe that can use the acetyl-CoA pathway for 

reductive synthesis of acetyl-CoA from CO2. It produces acetate as the major reduced 

end product of fermentation, but also forms lactate, succinate and formate under CO2–

limited conditions (Misoph & Drake, 1996). More recently oligotypes within the genus 

Blautia have been identified to be able to distinguish between human and animal 

sources of faecal pollution. These findings suggest the use of Blautia to serve as an 

alternative to traditional faecal indicator bacteria such as E. coli and enterococci which 

are found in the faeces of humans and animals alike, for tracking sources of faecal 

pollution (McLellan et al, 2013; Eren et al, 2014; Koskey et al, 2014).  

Except for CARD9 down-regulation, the modulatory pattern of Blautia producta was 

closest to that of the positive control Bacteroides thetaiotaomicron. In the recent study 

comparing faecal microbiota composition in infants fed cow milk formula, goat milk 

formula or breast milk, Lachnospiraceae (mainly Ruminococcus gnavus and Blautia 

producta) were present in greater abundance in formula-fed (especially cow milk 

formula-fed) as compared to breast milk-fed infants. However, they were found to be 

present in greater proportions in all dietary groups when the usually predominant 

Bifidobacteriaceae abundance was low or absent, suggesting a possible metabolically 

competitive interaction between these two families (Tannock et al 2013).  

The contribution of Blautia producta in the development of the mucosal immune 

system in early life is not known. The present study demonstrated the involvement of 

this bacterium in regulating immune homeostasis, hence suggesting the possibility that 

it plays an important role in the mucosa of babies that it selectively colonizes i.e. in the 

formula-fed and in a Bifidobacteriaceae-reduced environment. This suggests a need for 

future studies to address its role in the developing immune system.  
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The present study attempted to integrate data obtained from a microbiota composition 

analysis of the infant gut with the quest for understanding immunological tolerance 

mechanisms induced by these organisms using a simplified cell culture model. Past 

studies often focused on the most prevailing genera i.e. Bifidobacterium. It is evident 

herein, that several of these infant gut-predominant bacteria regulate signalling 

cascades in the epithelial cells. This leaves the scope to better understand detailed 

means of host-bacterial interactions concerning intestinal immune homeostasis in early 

life greater than before.  
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APPENDICES 

Appendix A. Bacterial adherence to HT-29 cells 

 

 

 

A. Medium only control 
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C. C. freundii VIII (negative control) 

B. E. coli 0111 (positive  control) 
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D. Bifidobacterium longum G12 

E. Bifidobacterium breve G7 
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G. Ruminococcus gnavus ATCC 29149 

F. Bifidobacterium bifidum G19 
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I. Bacteroides vulgatus ATCC 8482 

H. Blautia producta DSM 2950 
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J. Bacteroides fragilis ATCC 25285 

K. Bacteroides thetaiotaomicron ATCC 29148 
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Appendix B. Bacterial adherence to HT29-MTX cells  

 

 

 

 

 

 

 

 

 

 

 

A (i) Medium only control 
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B (i) E. coli 0111 (positive  control) 

B (ii) E. coli 0111 (positive  control)  
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C. C. freundii VIII (negative control) 

D. Bifidobacterium longum G12 
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E. Bifidobacterium breve G7 

F. Bifidobacterium bifidum G19 
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G. Ruminococcus gnavus ATCC 29149 

H (i) Blautia producta DSM 2950 
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H (ii) Blautia producta DSM 2950 

I. Bacteroides vulgatus ATCC 8482 
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J (i) Bacteroides fragilis ATCC 25285 

J (ii) Bacteroides fragilis ATCC 25285 
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K. Bacteroides thetaiotaomicron ATCC 29148 
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Appendix C. RT2 Profiler PCR Array gene expression results  

*Table details explained at the end of the eight tables. 

 

Bifidobacterium longum G12 

    

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold Regulation Comments Fold Regulation Comments Fold Regulation Comments 

1 AIM2 4.3766 B 2.2044 B 1.2225 B 

2 APOBEC3G -2.5126 B -2.5786 B -2.382 B 

3 ATG5 -1.2245 OKAY -1.4546 OKAY -2.4677 OKAY 

4 AZI2 -1.0922 OKAY -1.9884 OKAY -2.1873 OKAY 

5 CARD9 -1.2305 OKAY -2.7925 OKAY -7.087 OKAY 

6 CASP1 -1.5413 A -1.8145 A -3.2902 OKAY 

7 CASP10 -1.066 OKAY -1.1224 OKAY -3.3223 OKAY 

8 CASP8 -1.1512 OKAY -1.4667 OKAY -3.0318 OKAY 

9 CCL3 -3.0848 B -2.0259 B -2.0593 B 

10 CCL5 1.1343 OKAY -1.3943 OKAY -1.0854 OKAY 

11 CD40 -1.0268 C -1.0386 C -3.3016 C 

12 CD80 -2.8922 B -2.9253 B -9.2997 B 

13 CD86 -2.3903 B -2.5714 B -8.1748 B 

14 CHUK -1.005 OKAY -1.4089 OKAY -3.4826 OKAY 

15 CTSB -1.1299 OKAY -1.124 OKAY -1.5759 OKAY 

16 CTSL1 -1.1283 OKAY -1.1508 OKAY -1.847 OKAY 

17 CTSS 1.0075 OKAY -1.1476 OKAY -1.8241 OKAY 

18 CXCL10 3.7628 OKAY -1.0545 OKAY 1.0209 OKAY 

19 CXCL11 1.7288 OKAY -1.3146 OKAY 1.1882 OKAY 

20 CXCL9 -1.2305 OKAY -1.7095 OKAY -3.1847 OKAY 

21 CYLD 1.5071 OKAY -1.0364 OKAY -1.5814 OKAY 

22 DAK -1.1441 OKAY -1.31 OKAY -1.9645 OKAY 

23 DDX3X 1.0761 OKAY -1.4586 OKAY -2.5022 OKAY 

24 DDX58 1.6232 OKAY -1.3028 OKAY -2.003 OKAY 

25 DHX58 2.0192 OKAY -1.1412 OKAY 4.7661 OKAY 

26 FADD -1.0535 OKAY -1.2096 OKAY 1.0532 OKAY 

27 FOS 1.0358 OKAY -1.7479 OKAY -3.6205 OKAY 

28 HSP90AA1 -1.0469 OKAY -1.2359 OKAY -1.8858 OKAY 

29 IFIH1 1.0525 OKAY -1.4236 OKAY -1.6902 OKAY 

30 IFNA1 1.1589 B 1.2264 B -4.0817 B 

31 IFNA2 -1.0268 C -1.0386 C -3.3016 C 

32 IFNAR1 1.0628 OKAY -1.1864 OKAY -2.9489 OKAY 

33 IFNB1 -1.3197 OKAY -1.3496 OKAY -1.5478 OKAY 

34 IKBKB -1.1425 OKAY -1.9394 OKAY -3.811 OKAY 

35 IL12A -3.0026 B -2.1474 B -1.3605 B 

36 IL12B -1.0268 C -1.0386 C -3.3016 C 

37 IL15 -1.1299 OKAY 1.153 OKAY -1.4115 OKAY 

38 IL18 -1.0233 OKAY 1.1789 OKAY -1.8065 OKAY 

39 IL1B 9.937 B 18.4739 B 2.5506 B 

40 IL6 4.2158 B -1.0386 C 1.6367 B 

41 IL8 10.7541 OKAY 11.954 OKAY -1.9523 OKAY 

42 IRAK1 1.1056 OKAY -1.0018 OKAY 2.8183 OKAY 
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43 IRF3 1.054 OKAY -1.0864 OKAY -1.1221 OKAY 

44 IRF5 -1.0506 OKAY -1.0307 OKAY -1.1885 OKAY 

45 IRF7 -1.1441 OKAY -1.1701 OKAY -1.7546 OKAY 

46 ISG15 1.7122 OKAY 1.5469 OKAY 1.3405 OKAY 

47 JUN 1.3313 OKAY 1.7476 OKAY 2.6132 OKAY 

48 MAP2K1 -2.7514 OKAY -1.179 OKAY -2.7381 OKAY 

49 MAP2K3 1.2015 OKAY 1.4019 OKAY -1.3178 OKAY 

50 MAP3K1 -1.0347 OKAY -1.3847 OKAY -2.6012 OKAY 

51 MAP3K7 1.0138 OKAY -1.3348 OKAY -1.1354 OKAY 

52 MAPK1 -1.1021 OKAY -1.1484 OKAY -2.201 OKAY 

53 MAPK14 -1.3662 OKAY -1.1185 OKAY -2.3378 OKAY 

54 MAPK3 -1.1028 OKAY -1.1039 OKAY -1.8924 OKAY 

55 MAPK8 -1.2118 OKAY -1.3638 OKAY -2.2977 OKAY 

56 MAVS -1.0211 OKAY -1.3468 OKAY -1.7185 OKAY 

57 MEFV 3.3538 B 3.8864 B -3.3016 C 

58 MX1 -1.034 OKAY -1.6342 OKAY 1.1638 OKAY 

59 MYD88 -1.0141 OKAY -1.3311 OKAY -1.8624 OKAY 

60 NFKB1 1.4538 OKAY -1.2893 OKAY -2.2929 OKAY 

61 NFKBIA 2.225 OKAY 2.4579 OKAY -1.0506 OKAY 

62 NLRP3 -10.6752 B -1.743 B -1.4971 B 

63 NOD2 -1.0268 C 1.6788 B -3.3016 C 

64 OAS2 -1.1338 OKAY -1.6195 OKAY -1.4826 OKAY 

65 PIN1 -1.024 OKAY -1.4286 OKAY -2.3041 OKAY 

66 PSTPIP1 -1.1338 OKAY -1.5195 OKAY -2.2866 OKAY 

67 PYCARD -1.0233 OKAY -1.02 OKAY 2.1702 OKAY 

68 PYDC1 -1.0268 C -1.0386 C -1.9108 B 

69 RELA 1.1702 OKAY 1.0728 OKAY -2.4609 OKAY 

70 RIPK1 -1.0506 OKAY -1.9967 OKAY -2.5601 OKAY 

71 SPP1 -1.126 B 4.7582 B 1.9037 B 

72 STAT1 -1.265 OKAY -1.6017 OKAY -1.9055 OKAY 

73 SUGT1 -1.0572 OKAY -1.5079 OKAY -1.2898 OKAY 

74 TBK1 1.0445 OKAY -1.2055 OKAY 1.0613 OKAY 

75 TICAM1 1.1702 OKAY 1.8627 OKAY 1.917 OKAY 

76 TLR3 -2.5725 OKAY -2.358 OKAY -3.8163 OKAY 

77 TLR7 -1.0268 C -1.0386 C -3.3016 C 

78 TLR8 -1.0268 C -1.0386 C -3.3016 C 

79 TLR9 -1.0268 C -1.0386 C 1.2183 B 

80 TNF 5.3957 OKAY 7.049 OKAY -1.012 OKAY 

81 TRADD -1.4401 OKAY -1.4698 OKAY -2.2364 OKAY 

82 TRAF3 1.1041 OKAY -1.1294 OKAY -2.0939 OKAY 

83 TRAF6 -1.1174 OKAY -1.0357 OKAY -1.9108 OKAY 

84 TRIM25 1.0202 OKAY -1.0307 OKAY -1.1746 OKAY 

85 TGFB1 1.1133 OKAY 1.0249 OKAY -1.4971 OKAY 

86 IL10 -1.0268 C -1.0386 C -3.3016 C 

87 PPARG -1.1182 OKAY 1.0171 OKAY -1.5445 OKAY 

88 EIF2AK2 -1.1417 OKAY -1.292 OKAY -2.3169 OKAY 
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Bifidobacterium breve G7 

 
  

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

1 AIM2 9.8976 B 4.3607 B 1.5184 B 

2 APOBEC3G -3.0566 B -1.6295 B -2.3644 B 

3 ATG5 -1.0628 OKAY -1.0515 OKAY -1.2324 OKAY 

4 AZI2 -1.2345 OKAY -1.3674 OKAY -1.5257 OKAY 

5 CARD9 -1.2807 OKAY -2.2791 OKAY -2.8117 OKAY 

6 CASP1 -1.3094 A -1.3903 A -1.2188 OKAY 

7 CASP10 1.0267 OKAY -1.1594 OKAY -1.3722 OKAY 

8 CASP8 -1.4803 OKAY -1.3309 OKAY -1.5299 OKAY 

9 CCL3 -1.365 B -2.0271 B -1.1871 B 

10 CCL5 1.227 OKAY 1.1318 OKAY 1.218 OKAY 

11 CD40 1.0974 C 1.0422 B 2.5589 B 

12 CD80 -2.1095 B -2.2743 B -2.6693 B 

13 CD86 1.2791 B 1.5818 B -1.153 C 

14 CHUK -1.5789 OKAY -1.2513 OKAY -1.6071 OKAY 

15 CTSB 1.0498 OKAY -1.0406 OKAY 1.0101 OKAY 

16 CTSL1 -1.2798 OKAY -1.1995 OKAY -1.1643 OKAY 

17 CTSS -1.1049 OKAY -1.1223 OKAY -1.0691 OKAY 

18 CXCL10 3.7453 OKAY 1.4425 OKAY -1.1427 OKAY 

19 CXCL11 2.1842 OKAY 1.3581 OKAY 1.1839 OKAY 

20 CXCL9 -2.1961 OKAY -3.9325 OKAY -3.1854 OKAY 

21 CYLD 1.1345 OKAY -1.1781 OKAY -1.4078 OKAY 

22 DAK -1.1598 OKAY -1.0796 OKAY -1.1945 OKAY 

23 DDX3X -1.2099 OKAY -1.1114 OKAY -1.3617 OKAY 

24 DDX58 1.8341 OKAY 1.3524 OKAY -1.1451 OKAY 

25 DHX58 1.2372 OKAY 1.2189 OKAY 1.5173 OKAY 

26 FADD -1.2234 OKAY -1.1215 OKAY -1.1814 OKAY 

27 FOS -1.1695 OKAY -1.7696 OKAY -2.1206 OKAY 

28 HSP90AA1 -1.2319 OKAY -1.1153 OKAY -1.2154 OKAY 

29 IFIH1 1.2151 OKAY 1.0767 OKAY -1.0537 OKAY 

30 IFNA1 -1.1631 A -1.6637 A -1.9513 A 

31 IFNA2 1.0974 C 1.0179 C -1.153 C 

32 IFNAR1 -1.1266 OKAY -1.0421 OKAY -1.4215 OKAY 

33 IFNB1 -1.3222 OKAY -1.6004 OKAY -1.4474 OKAY 

34 IKBKB -1.1582 OKAY -1.4235 OKAY -1.5577 OKAY 

35 IL12A 1.0696 B -1.008 B 2.04 B 

36 IL12B 1.0974 C 1.0179 C -1.153 C 

37 IL15 -1.2328 OKAY 1.0087 OKAY 1.1823 OKAY 

38 IL18 -1.2328 OKAY 1.142 OKAY 1.015 OKAY 

39 IL1B 3.8293 B 5.1822 B 3.9739 B 

40 IL6 1.0974 C 3.3977 B -1.153 C 

41 IL8 11.3694 OKAY 11.3653 OKAY -1.5026 OKAY 

42 IRAK1 -1.2448 OKAY 1.0932 OKAY 1.633 OKAY 

43 IRF3 1.1236 OKAY 1.1979 OKAY 1.1317 OKAY 

44 IRF5 -1.3094 OKAY 1.1239 OKAY -1.0284 OKAY 

45 IRF7 -1.147 OKAY 1.0458 OKAY -1.3542 OKAY 

46 ISG15 -1.0338 OKAY -1.1301 OKAY -1.1467 OKAY 

47 JUN 1.2467 OKAY 1.3866 OKAY 1.2601 OKAY 

48 MAP2K1 -1.2457 OKAY -1.1987 OKAY -1.5099 OKAY 

49 MAP2K3 1.2782 OKAY 1.6906 OKAY 1.254 OKAY 

50 MAP3K1 -1.3745 OKAY -1.7248 OKAY -1.7623 OKAY 

51 MAP3K7 -1.2007 OKAY -1.586 OKAY -1.1522 OKAY 

52 MAPK1 -1.2959 OKAY -1.1611 OKAY -1.5057 OKAY 

53 MAPK14 -1.2701 OKAY -1.2574 OKAY -1.5971 OKAY 
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54 MAPK3 -1.0281 OKAY 1.0115 OKAY -1.2256 OKAY 

55 MAPK8 -1.2648 OKAY -1.0625 OKAY -1.2574 OKAY 

56 MAVS -1.2604 OKAY -1.0833 OKAY -1.2281 OKAY 

57 MEFV 5.2021 B 4.1802 B -1.153 C 

58 MX1 -1.278 OKAY -1.223 OKAY -1.0618 OKAY 

59 MYD88 -1.0732 OKAY -1.0471 OKAY -1.1053 OKAY 

60 NFKB1 1.3315 OKAY 1.1749 OKAY -1.7153 OKAY 

61 NFKBIA 2.3852 OKAY 2.137 OKAY -1.0736 OKAY 

62 NLRP3 -1.78 B -1.7452 B -1.6149 B 

63 NOD2 1.0974 C 1.0179 C -1.153 C 

64 OAS2 -1.185 OKAY -1.1578 OKAY -1.4245 OKAY 

65 PIN1 -1.3249 OKAY -1.3163 OKAY -1.6707 OKAY 

66 PSTPIP1 -1.4865 OKAY -1.4205 OKAY -1.5109 OKAY 

67 PYCARD -1.0942 OKAY 1.1271 OKAY 1.2821 OKAY 

68 PYDC1 -1.2526 B -1.3504 B -1.585 B 

69 RELA 1.0154 OKAY 1.1412 OKAY -1.4059 OKAY 

70 RIPK1 -1.0431 OKAY -1.0901 OKAY -1.3346 OKAY 

71 SPP1 -3.1644 B -3.1371 B -1.625 B 

72 STAT1 -1.3918 OKAY -1.2548 OKAY -1.3846 OKAY 

73 SUGT1 -1.1391 OKAY -1.1161 OKAY -1.1765 OKAY 

74 TBK1 -1.1933 OKAY 1.17 OKAY 1.2155 OKAY 

75 TICAM1 1.0906 OKAY 1.5752 OKAY 1.3082 OKAY 

76 TLR3 -1.591 OKAY -1.5036 OKAY -1.5016 OKAY 

77 TLR7 1.0974 C 1.0179 C -1.153 C 

78 TLR8 1.0974 C 1.0179 C -1.153 C 

79 TLR9 1.0974 C 1.0179 C -1.153 C 

80 TNF 3.3778 OKAY 3.4213 OKAY -1.1611 OKAY 

81 TRADD -1.7714 OKAY -1.9058 OKAY -2.3061 OKAY 

82 TRAF3 1.0615 OKAY 1.064 OKAY -1.5352 OKAY 

83 TRAF6 -1.1057 OKAY -1.0736 OKAY -1.1467 OKAY 

84 TRIM25 -1.0526 OKAY 1.2138 OKAY -1.1546 OKAY 

85 TGFB1 1.2632 OKAY 1.2593 OKAY -1.0377 OKAY 

86 IL10 1.0974 C 1.0179 C 1.4646 B 

87 PPARG 1.0232 OKAY 1.2965 OKAY 1.0811 OKAY 

88 EIF2AK2 -1.4559 OKAY -1.2298 OKAY -1.3798 OKAY 
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Bifidobacterium bifidum G19 

    

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold Regulation Comments Fold Regulation Comments Fold Regulation Comments 

1 AIM2 -1.1495 B -2.0304 B -13.7952 B 

2 APOBEC3G -1.3651 B -1.4081 B -1.0035 B 

3 ATG5 -1.0541 OKAY -1.062 OKAY -1.1729 OKAY 

4 AZI2 -1.0577 OKAY -1.4004 OKAY -1.2441 OKAY 

5 CARD9 -1.1933 OKAY -2.1626 OKAY -2.0923 OKAY 

6 CASP1 -2.175 B -1.1719 B 1.8061 A 

7 CASP10 1.2861 OKAY 1.2194 OKAY -1.0659 OKAY 

8 CASP8 -1.2449 OKAY -1.2182 OKAY -1.3558 OKAY 

9 CCL3 -2.5775 B -1.0082 B -1.4241 B 

10 CCL5 1.4123 OKAY 1.2459 OKAY 1.2666 OKAY 

11 CD40 1.1818 C -1.0145 C -1.0389 C 

12 CD80 9.3827 B -1.0145 C 2.4553 B 

13 CD86 1.1818 C -1.0145 C -1.0389 C 

14 CHUK -1.3204 OKAY -1.1686 OKAY -1.2791 OKAY 

15 CTSB 1.0526 OKAY 1.0809 OKAY 1.1801 OKAY 

16 CTSL1 -1.215 OKAY -1.1398 OKAY -1.1337 OKAY 

17 CTSS 1.0403 OKAY -1.0366 OKAY 1.2311 OKAY 

18 CXCL10 5.116 OKAY 3.0827 OKAY 1.3341 OKAY 

19 CXCL11 2.4967 OKAY 2.2195 OKAY 1.3966 OKAY 

20 CXCL9 2.0209 OKAY 1.2161 OKAY -1.3642 OKAY 

21 CYLD 1.434 OKAY -1.0467 OKAY -1.1689 OKAY 

22 DAK -1.1942 OKAY -1.0836 OKAY -1.439 OKAY 

23 DDX3X -1.2108 OKAY -1.0054 OKAY -1.1705 OKAY 

24 DDX58 1.7802 OKAY 1.4095 OKAY -1.1901 OKAY 

25 DHX58 1.1065 OKAY -1.0701 OKAY -1.5148 OKAY 

26 FADD -1.2133 OKAY -1.2886 OKAY -1.0748 OKAY 

27 FOS -1.3388 OKAY 1.2416 OKAY 1.041 OKAY 

28 HSP90AA1 1.0007 OKAY -1.1454 OKAY -1.3169 OKAY 

29 IFIH1 1.4479 OKAY 1.3465 OKAY 1.1095 OKAY 

30 IFNA1 -1.2977 A -1.6492 A -3.84 A 

31 IFNA2 1.8201 B -1.0145 C -1.0389 C 

32 IFNAR1 1.0446 OKAY 1.0513 OKAY -1.148 OKAY 

33 IFNB1 1.3538 OKAY 1.0697 OKAY 1.7004 OKAY 

34 IKBKB -1.2209 OKAY -1.363 OKAY -1.1959 OKAY 

35 IL12A 7.7168 B -1.0145 C 4.7996 B 

36 IL12B 1.1818 C -1.0145 C -1.0389 C 

37 IL15 1.1655 OKAY -1.0503 OKAY 1.1785 OKAY 

38 IL18 1.0381 OKAY -1.0488 OKAY -1.1314 OKAY 

39 IL1B 5.7518 B 7.2061 B 2.648 B 

40 IL6 -1.4459 B -1.7336 B -1.7753 B 

41 IL8 10.6222 OKAY 11.4733 OKAY 1.2032 OKAY 

42 IRAK1 1.2501 OKAY 1.0412 OKAY 1.0732 OKAY 

43 IRF3 1.2117 OKAY 1.1779 OKAY 1.0957 OKAY 

44 IRF5 1.0014 OKAY 1.1417 OKAY 1.2762 OKAY 

45 IRF7 -1.2968 OKAY -1.0679 OKAY -1.3096 OKAY 

46 ISG15 1.6876 OKAY 1.1378 OKAY 1.0259 OKAY 

47 JUN 1.1298 OKAY 1.3815 OKAY -1.0239 OKAY 
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48 MAP2K1 -1.3361 OKAY -1.0287 OKAY -1.1166 OKAY 

49 MAP2K3 1.1313 OKAY 1.3786 OKAY 1.0518 OKAY 

50 MAP3K1 -1.0815 OKAY -1.3175 OKAY -1.2372 OKAY 

51 MAP3K7 -1.0504 OKAY -1.0096 OKAY 1.009 OKAY 

52 MAPK1 -1.2675 OKAY -1.0866 OKAY -1.5595 OKAY 

53 MAPK14 -1.115 OKAY -1.0054 OKAY -1.0883 OKAY 

54 MAPK3 1.0461 OKAY 1.0809 OKAY -1.0593 OKAY 

55 MAPK8 -1.0815 OKAY -1.0694 OKAY -1.1424 OKAY 

56 MAVS 1.0614 OKAY -1.104 OKAY -1.0944 OKAY 

57 MEFV 1.1818 C 2.623 B 2.4064 B 

58 MX1 -1.1065 OKAY -1.0957 OKAY 1.0518 OKAY 

59 MYD88 -1.031 OKAY -1.0672 OKAY -1.052 OKAY 

60 NFKB1 1.287 OKAY 1.1513 OKAY -1.5274 OKAY 

61 NFKBIA 2.0265 OKAY 2.252 OKAY 1.0402 OKAY 

62 NLRP3 4.9554 B 9.5679 B 5.3514 B 

63 NOD2 1.1818 C -1.0145 C -1.0389 C 

64 OAS2 1.1543 OKAY 1.1714 OKAY 1.0323 OKAY 

65 PIN1 1.0512 OKAY -1.2542 OKAY -1.2389 OKAY 

66 PSTPIP1 1.3417 OKAY 1.0586 OKAY 1.2243 OKAY 

67 PYCARD 1.2058 OKAY -1.0223 OKAY 1.0829 OKAY 

68 PYDC1 -3.7973 B -4.5529 B -4.6625 B 

69 RELA -1.0718 OKAY 1.1074 OKAY -1.1424 OKAY 

70 RIPK1 1.0182 OKAY -1.2073 OKAY -1.3068 OKAY 

71 SPP1 -2.8759 B -2.0631 B -2.7742 B 

72 STAT1 -1.1975 OKAY -1.1915 OKAY -1.052 OKAY 

73 SUGT1 1.2535 OKAY 1.0535 OKAY 1.1367 OKAY 

74 TBK1 1.1392 OKAY 1.2118 OKAY 1.2905 OKAY 

75 TICAM1 1.3851 OKAY 1.8741 OKAY 1.7912 OKAY 

76 TLR3 -1.579 OKAY -1.383 OKAY -1.4642 OKAY 

77 TLR7 1.1818 C -1.0145 C -1.0389 C 

78 TLR8 1.1818 C -1.0145 C -1.0389 C 

79 TLR9 1.1818 C -1.0145 C -1.0389 C 

80 TNF 1.9643 OKAY 2.4936 OKAY -1.0454 OKAY 

81 TRADD -1.3259 OKAY -1.4052 OKAY -1.4991 OKAY 

82 TRAF3 -1.0245 OKAY -1.0152 OKAY -1.1811 OKAY 

83 TRAF6 -1.083 OKAY -1.1998 OKAY -1.2381 OKAY 

84 TRIM25 -1.0548 OKAY 1.0275 OKAY -1.1104 OKAY 

85 TGFB1 -1.0014 OKAY 1.0608 OKAY -1.0793 OKAY 

86 IL10 1.1818 C -1.0145 C -1.0389 C 

87 PPARG 1.0126 OKAY 1.0484 OKAY 1.0238 OKAY 

88 EIF2AK2 -1.215 OKAY -1.2931 OKAY -1.1244 OKAY 
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Ruminococcus gnavus 

  

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

1 AIM2 -3.4647 B 1.9443 B 1.0184 B 

2 APOBEC3G 4.0146 B 2.2489 B -1.1588 B 

3 ATG5 1.1355 OKAY 1.0623 OKAY 1.1553 OKAY 

4 AZI2 1.0824 OKAY 1.201 OKAY 1.1928 OKAY 

5 CARD9 1.0862 OKAY -1.101 OKAY 1.0362 OKAY 

6 CASP1 -2.8734 A -1.3066 A 1.356 OKAY 

7 CASP10 1.3161 OKAY 1.3901 OKAY 1.3373 OKAY 

8 CASP8 1.1489 OKAY 1.1911 OKAY 1.29 OKAY 

9 CCL3 6.4186 B 1.3531 B 1.8092 B 

10 CCL5 1.4057 OKAY 1.4532 OKAY 1.5298 OKAY 

11 CD40 1.7044 C 1.3969 C 2.8056 B 

12 CD80 -2.5451 B -3.1054 B -2.6421 B 

13 CD86 1.7044 C 6.5126 B 5.0362 B 

14 CHUK 1.0536 OKAY 1.0176 OKAY 1.0184 OKAY 

15 CTSB 1.069 OKAY -1.0627 OKAY 1.0976 OKAY 

16 CTSL1 -1.0251 OKAY 1.0484 OKAY 1.2094 OKAY 

17 CTSS 1.1553 OKAY 1.1771 OKAY 1.5981 OKAY 

18 CXCL10 1.6013 OKAY 2.1528 OKAY -1.2533 OKAY 

19 CXCL11 1.721 OKAY 1.9135 OKAY 1.2926 OKAY 

20 CXCL9 1.6475 OKAY -1.6734 A 1.2374 OKAY 

21 CYLD 1.3931 OKAY 1.4203 OKAY 1.3125 OKAY 

22 DAK -1.0005 OKAY -1.1533 OKAY 1.078 OKAY 

23 DDX3X 1.0579 OKAY 1.0892 OKAY 1.0291 OKAY 

24 DDX58 1.6509 OKAY 1.733 OKAY 1.2011 OKAY 

25 DHX58 1.2382 OKAY 1.1497 OKAY 1.1183 OKAY 

26 FADD -1.1078 OKAY -1.0731 OKAY 1.1466 OKAY 

27 FOS 1.5066 OKAY 1.2494 OKAY 1.2953 OKAY 

28 HSP90AA1 1.0177 OKAY -1.0201 OKAY 1.0434 OKAY 

29 IFIH1 -1.1517 OKAY -1.0173 OKAY -1.276 OKAY 

30 IFNA1 1.6647 OKAY 1.0162 A 1.2837 A 

31 IFNA2 1.7044 C 1.3969 C 1.6418 C 

32 IFNAR1 1.2178 OKAY 1.1537 OKAY 1.2503 OKAY 

33 IFNB1 1.4263 OKAY 2.2978 OKAY 1.4675 OKAY 

34 IKBKB 1.3317 OKAY 1.2305 OKAY 1.2891 OKAY 

35 IL12A -1.2966 B -4.1924 B -3.5669 B 

36 IL12B 1.7044 C 1.3969 C 1.6418 C 

37 IL15 1.1075 OKAY 1.3596 OKAY 1.3466 OKAY 

38 IL18 1.1183 OKAY 1.0749 OKAY 1.09 OKAY 

39 IL1B 3.7797 B 3.5683 B -1.2885 B 

40 IL6 -2.0121 B -2.4551 B 1.2917 B 

41 IL8 21.2334 OKAY 16.5669 OKAY 1.2503 OKAY 

42 IRAK1 -3.2778 OKAY -3.4242 OKAY -3.5081 OKAY 

43 IRF3 -1.043 OKAY -1.2577 OKAY -1.2628 OKAY 

44 IRF5 1.0177 OKAY -1.0026 OKAY 1.2103 OKAY 

45 IRF7 -1.1694 OKAY -1.5186 OKAY -1.5122 OKAY 

46 ISG15 1.281 OKAY 1.2322 OKAY 1.1911 OKAY 
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47 JUN 1.4164 OKAY 1.1902 OKAY -1.0067 OKAY 

48 MAP2K1 1.0675 OKAY 1.0233 OKAY 1.0529 OKAY 

49 MAP2K3 1.1739 OKAY 1.1028 OKAY -1.0088 OKAY 

50 MAP3K1 -1.0286 OKAY -1.1063 OKAY 1.0976 OKAY 

51 MAP3K7 1.0247 OKAY 1.0057 OKAY 1.1977 OKAY 

52 MAPK1 1.0794 OKAY 1.0247 OKAY 1.0262 OKAY 

53 MAPK14 -1.0322 OKAY -1.0466 OKAY 1.0377 OKAY 

54 MAPK3 1.1796 OKAY 1.0219 OKAY 1.072 OKAY 

55 MAPK8 -1.0344 OKAY -1.2993 OKAY -1.1629 OKAY 

56 MAVS -1.0336 OKAY 1.0212 OKAY -1.085 OKAY 

57 MEFV -1.1832 B -1.4437 B -1.2283 B 

58 MX1 1.1441 OKAY 1.0283 OKAY 1.234 OKAY 

59 MYD88 -1.0329 OKAY 1.0668 OKAY -1.0649 OKAY 

60 NFKB1 1.0787 OKAY 1.1167 OKAY -1.107 OKAY 

61 NFKBIA 2.7307 OKAY 2.3105 OKAY 1.178 OKAY 

62 NLRP3 1.6024 B 1.6395 A -4.1115 B 

63 NOD2 1.7044 C 1.3969 C 1.6418 C 

64 OAS2 1.0297 OKAY -1.0019 OKAY 1.2748 OKAY 

65 PIN1 -1.4689 OKAY -1.2717 OKAY -1.3743 OKAY 

66 PSTPIP1 -1.2472 OKAY -1.2115 OKAY -1.1124 OKAY 

67 PYCARD 1.564 OKAY -1.0251 OKAY 1.1083 OKAY 

68 PYDC1 2.9614 B -2.0731 B 2.4407 B 

69 RELA 1.2881 OKAY 1.0757 OKAY -1.0365 OKAY 

70 RIPK1 1.034 OKAY -1.0351 OKAY 1.0449 OKAY 

71 SPP1 1.3152 B -1.2516 B -2.1312 B 

72 STAT1 1.0362 OKAY 1.0412 OKAY 1.0683 OKAY 

73 SUGT1 1.266 OKAY 1.2348 OKAY 1.4048 OKAY 

74 TBK1 1.1601 OKAY 1.3892 OKAY 1.2128 OKAY 

75 TICAM1 1.3882 OKAY 1.0499 OKAY 1.0587 OKAY 

76 TLR3 1.0742 OKAY -1.3129 OKAY 1.0362 OKAY 

77 TLR7 1.7044 C 1.3969 C 1.6418 C 

78 TLR8 1.7044 C 1.3969 C 1.6418 C 

79 TLR9 1.2503 B 1.0247 B 1.2044 B 

80 TNF 7.7665 OKAY 5.5413 OKAY 1.2145 OKAY 

81 TRADD -1.3056 OKAY -1.2682 OKAY -1.3686 OKAY 

82 TRAF3 1.0757 OKAY 1.2434 OKAY 1.1586 OKAY 

83 TRAF6 1.4086 OKAY -1.0223 OKAY -1.0081 OKAY 

84 TRIM25 1.2027 OKAY 1.0319 OKAY 1.0369 OKAY 

85 TGFB1 1.1804 OKAY -1.043 OKAY 1.0529 OKAY 

86 IL10 1.7044 C 1.3969 C 1.6418 C 

87 PPARG 1.2237 OKAY 1.0212 OKAY 1.05 OKAY 

88 EIF2AK2 1.1036 OKAY 1.099 OKAY 1.2408 OKAY 
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Blautia producta 

  

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

1 AIM2 1.197 C -1.5571 C -1.2795 C 

2 APOBEC3G 1.197 C -1.5571 C -1.1499 B 

3 ATG5 1.4146 OKAY 1.2364 OKAY 1.1611 OKAY 

4 AZI2 1.103 OKAY -1.0621 OKAY -1.0342 OKAY 

5 CARD9 1.1538 OKAY -1.7218 OKAY -2.1281 OKAY 

6 CASP1 -1.2463 B -1.5209 B -3.5469 B 

7 CASP10 1.7831 OKAY -1.4906 OKAY -1.6894 OKAY 

8 CASP8 -1.224 OKAY -1.4834 OKAY -1.7734 OKAY 

9 CCL3 1.197 C -1.5571 C -1.2795 C 

10 CCL5 1.1903 OKAY 1.1926 OKAY 1.3523 OKAY 

11 CD40 1.197 C -1.5571 C -1.2795 C 

12 CD80 1.197 C -1.5571 C -1.2795 C 

13 CD86 1.197 C -1.5571 C -1.2795 C 

14 CHUK 1.1953 OKAY -1.6031 OKAY -2.0147 OKAY 

15 CTSB 1.3485 OKAY -1.2091 OKAY -1.0436 OKAY 

16 CTSL1 -1.2097 OKAY -1.3481 OKAY -1.7202 OKAY 

17 CTSS 1.0241 OKAY -1.3995 OKAY -1.4415 OKAY 

18 CXCL10 2.5569 OKAY 2.5831 OKAY 1.7795 OKAY 

19 CXCL11 1.4254 OKAY 1.9795 OKAY 2.1847 OKAY 

20 CXCL9 -2.0586 B -1.8711 B -1.241 B 

21 CYLD 1.4983 OKAY 1.0332 OKAY 1.1781 OKAY 

22 DAK 2.4869 OKAY -1.0709 OKAY 1.1814 OKAY 

23 DDX3X 1.3281 OKAY -1.6154 OKAY -1.5311 OKAY 

24 DDX58 1.7634 OKAY 1.1228 OKAY -1.0342 OKAY 

25 DHX58 -20.3595 B -3.8023 B -2.3433 B 

26 FADD 2.7347 A 1.6348 A 2.8748 A 

27 FOS 2.322 OKAY 4.4356 OKAY -1.1031 OKAY 

28 HSP90AA1 1.2061 OKAY -1.1281 OKAY -1.2973 OKAY 

29 IFIH1 1.5992 OKAY 1.4785 OKAY 1.3337 OKAY 

30 IFNA1 1.3788 B -1.8972 B -1.4933 B 

31 IFNA2 1.197 C -1.5571 C -1.2795 C 

32 IFNAR1 1.1805 OKAY -1.6031 OKAY -1.8132 OKAY 

33 IFNB1 -3.4621 B 1.7902 A 1.9896 A 

34 IKBKB 1.4503 OKAY -1.5464 OKAY -1.3292 OKAY 

35 IL12A 1.197 C 1.3069 B -1.2795 C 

36 IL12B 1.197 C -1.5571 C -1.2795 C 

37 IL15 1.0878 OKAY -1.0687 OKAY 1.0213 OKAY 

38 IL18 1.0691 OKAY -1.3946 OKAY -1.4375 OKAY 

39 IL1B 1.197 C 1.3187 B -1.2795 C 

40 IL6 1.197 C -1.5571 C -1.2795 C 

41 IL8 20.9717 OKAY 10.9216 OKAY -1.3018 OKAY 

42 IRAK1 1.0135 A 1.5232 OKAY 1.6557 OKAY 

43 IRF3 1.0661 OKAY 1.3087 OKAY -1.056 OKAY 

44 IRF5 1.5109 B -1.1941 B 1.1888 B 

45 IRF7 1.5447 OKAY -1.892 OKAY -1.4455 OKAY 

46 ISG15 2.3284 OKAY 3.3268 OKAY 2.9679 OKAY 

47 JUN 1.8743 B 1.7497 A 1.4605 B 
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48 MAP2K1 1.2366 OKAY -1.7122 OKAY -1.6342 OKAY 

49 MAP2K3 -1.4336 OKAY -1.9411 OKAY -2.2557 OKAY 

50 MAP3K1 1.5959 OKAY -1.2091 OKAY -1.0894 OKAY 

51 MAP3K7 1.2103 OKAY 1.2312 OKAY 1.0841 OKAY 

52 MAPK1 1.1854 OKAY -1.1087 OKAY -1.1294 OKAY 

53 MAPK14 1.267 OKAY -1.385 OKAY -1.2742 OKAY 

54 MAPK3 1.0037 OKAY -1.6334 OKAY -1.4626 OKAY 

55 MAPK8 -1.006 OKAY -1.1703 OKAY -1.1491 OKAY 

56 MAVS -1.0827 OKAY -1.1079 OKAY -1.2866 OKAY 

57 MEFV 1.197 C -1.5571 C -1.2795 C 

58 MX1 1.0691 OKAY -1.1003 OKAY 1.0129 OKAY 

59 MYD88 1.1538 OKAY -1.1679 OKAY -1.131 OKAY 

60 NFKB1 1.6103 OKAY -1.0702 OKAY -1.3182 OKAY 

61 NFKBIA 2.6397 OKAY 1.936 OKAY -1.0947 OKAY 

62 NLRP3 -4.2771 B -1.5041 B -2.4259 B 

63 NOD2 1.197 C -1.5571 C -1.2795 C 

64 OAS2 1.0485 OKAY 1.1298 OKAY 1.2121 OKAY 

65 PIN1 1.1514 OKAY -1.7146 OKAY -1.481 OKAY 

66 PSTPIP1 1.1222 B 1.0176 B -1.053 B 

67 PYCARD -1.1548 OKAY 2.2675 OKAY 1.6707 OKAY 

68 PYDC1 1.197 C -1.5571 C -1.2795 C 

69 RELA 1.2802 OKAY -1.7206 OKAY -1.822 OKAY 

70 RIPK1 1.3513 OKAY -1.2091 OKAY -1.2488 OKAY 

71 SPP1 -3.7364 B -3.5159 B -3.1944 B 

72 STAT1 1.4107 OKAY -1.3802 OKAY -1.3666 OKAY 

73 SUGT1 -1.6709 OKAY -1.5571 OKAY -1.359 OKAY 

74 TBK1 1.2829 OKAY 1.5085 OKAY 1.6443 OKAY 

75 TICAM1 1.5256 OKAY 1.443 OKAY 1.7236 OKAY 

76 TLR3 1.299 OKAY -1.556 OKAY -2.5678 A 

77 TLR7 1.197 C -1.5571 C -1.2795 C 

78 TLR8 1.197 C -1.5571 C -1.2795 C 

79 TLR9 1.197 C -1.5571 C 3.4449 B 

80 TNF 5.4618 A 3.2224 A -2.875 B 

81 TRADD -1.4002 B -2.6097 B -2.1444 B 

82 TRAF3 1.2272 OKAY -1.3898 OKAY -1.5632 OKAY 

83 TRAF6 1.4757 OKAY -1.7974 OKAY -1.5676 OKAY 

84 TRIM25 1.7319 OKAY -1.2422 OKAY -1.1162 OKAY 

85 TGFB1 1.1083 OKAY -1.7506 OKAY -1.2206 OKAY 

86 IL10 1.197 C -1.5571 C -1.2795 C 

87 PPARG 1.3299 OKAY -1.1606 OKAY -1.2359 OKAY 

88 EIF2AK2 1.1347 OKAY -1.5767 OKAY -1.5343 OKAY 
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Bacteroides vulgatus 

  

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

1 AIM2 6.5561 B -1.0061 C 4.3731 B 

2 APOBEC3G -1.4992 B -2.9036 B -3.2747 B 

3 ATG5 -1.0383 OKAY -1.111 OKAY -1.0639 OKAY 

4 AZI2 -1.119 OKAY 1.0008 OKAY 1.006 OKAY 

5 CARD9 -1.148 OKAY -1.4033 OKAY -1.514 OKAY 

6 CASP1 1.2149 B -1.6042 B -1.8421 B 

7 CASP10 -1.1616 OKAY -1.4062 OKAY -1.3062 OKAY 

8 CASP8 -1.0734 OKAY -1.1041 OKAY 1.0236 OKAY 

9 CCL3 1.167 B -2.6737 B -1.0832 B 

10 CCL5 1.4033 OKAY 1.1632 OKAY 1.4516 OKAY 

11 CD40 1.2149 C 2.5283 B 1.4446 C 

12 CD80 1.2149 C -1.0061 C 1.4446 C 

13 CD86 -3.5165 B 1.0899 B -2.9574 B 

14 CHUK -1.0549 OKAY -1.0665 OKAY -1.0463 OKAY 

15 CTSB 1.1102 OKAY -1.1056 OKAY 1.0466 OKAY 

16 CTSL1 -1.0057 OKAY -1.046 OKAY -1.1379 OKAY 

17 CTSS -1.0645 OKAY -1.151 OKAY 1.0797 OKAY 

18 CXCL10 1.8775 OKAY 1.4075 OKAY 1.1556 OKAY 

19 CXCL11 1.5072 OKAY 1.2118 OKAY 1.0179 OKAY 

20 CXCL9 1.4957 OKAY 1.0779 OKAY -1.084 OKAY 

21 CYLD -1.0831 OKAY 1.0542 OKAY -1.0051 OKAY 

22 DAK 1.0287 OKAY -1.2379 OKAY -1.0999 OKAY 

23 DDX3X -1.0967 OKAY -1.1973 OKAY -1.2634 OKAY 

24 DDX58 1.1695 OKAY 1.0347 OKAY -1.0312 OKAY 

25 DHX58 -1.066 OKAY -1.2994 OKAY 1.0208 OKAY 

26 FADD -1.0311 OKAY -1.3304 OKAY -1.4533 OKAY 

27 FOS 1.1502 OKAY -1.5463 OKAY -1.2599 OKAY 

28 HSP90AA1 -1.1166 OKAY -1.3084 OKAY -1.3198 OKAY 

29 IFIH1 1.1359 OKAY 1.0043 OKAY 1.0379 OKAY 

30 IFNA1 -1.819 A -1.9051 A -1.5663 A 

31 IFNA2 1.2149 C -1.0061 C 1.4446 C 

32 IFNAR1 1.0395 OKAY -1.0525 OKAY 1.0509 OKAY 

33 IFNB1 1.5135 OKAY 1.2485 OKAY 1.1799 OKAY 

34 IKBKB -1.2373 OKAY -1.2744 OKAY -1.3598 OKAY 

35 IL12A -1.0183 B 3.5632 B 4.562 B 

36 IL12B 1.2149 C -1.0061 C 1.4446 C 

37 IL15 1.0562 OKAY 1.2668 OKAY 1.3019 OKAY 

38 IL18 1.0503 OKAY -1.1048 OKAY -1.0463 OKAY 

39 IL1B 33.286 B 10.0991 B 1.4446 C 

40 IL6 1.2149 C -1.0061 C 1.4446 C 

41 IL8 18.4922 OKAY 8.1803 OKAY -1.1618 OKAY 

42 IRAK1 -2.1438 OKAY -2.3244 OKAY -2.746 OKAY 

43 IRF3 1.2208 OKAY 1.0542 OKAY -1.0676 OKAY 

44 IRF5 1.0438 OKAY -1.2015 OKAY -1.2775 OKAY 

45 IRF7 -1.2889 OKAY -1.63 OKAY -1.7223 OKAY 

46 ISG15 1.303 OKAY -1.1932 OKAY 1.0379 OKAY 

47 JUN 1.1662 OKAY -1.1172 OKAY -1.4126 OKAY 
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48 MAP2K1 1.0075 OKAY -1.1638 OKAY -1.1045 OKAY 

49 MAP2K3 1.0919 OKAY -1.1654 OKAY -1.0002 OKAY 

50 MAP3K1 1.155 OKAY -1.2141 OKAY 1.0553 OKAY 

51 MAP3K7 -1.327 OKAY -1.1304 OKAY -1.1176 OKAY 

52 MAPK1 -1.0397 OKAY -1.1957 OKAY -1.3768 OKAY 

53 MAPK14 1.1187 OKAY 1.0652 OKAY 1.1897 OKAY 

54 MAPK3 1.038 OKAY -1.1125 OKAY -1.0427 OKAY 

55 MAPK8 -1.1166 OKAY -1.2499 OKAY -1.0698 OKAY 

56 MAVS -1.0064 OKAY -1.1064 OKAY -1.1674 OKAY 

57 MEFV 1.2149 C -1.0061 C 1.4446 C 

58 MX1 1.2208 OKAY 1.0008 OKAY 1.035 OKAY 

59 MYD88 1.1304 OKAY -1.1916 OKAY -1.1994 OKAY 

60 NFKB1 1.1087 OKAY -1.0202 OKAY -1.093 OKAY 

61 NFKBIA 2.3163 OKAY 1.391 OKAY -1.2246 OKAY 

62 NLRP3 -1.1819 B -1.6109 B 1.2215 B 

63 NOD2 1.2149 C -1.0061 C 1.4446 C 

64 OAS2 -1.2782 OKAY -1.1383 OKAY -1.0463 OKAY 

65 PIN1 -1.0339 OKAY -1.1638 OKAY -1.1387 OKAY 

66 PSTPIP1 -1.0211 OKAY -1.7445 OKAY -1.3494 OKAY 

67 PYCARD 1.0424 OKAY 1.0282 OKAY -1.003 OKAY 

68 PYDC1 -3.4826 B -4.257 B 1.1032 B 

69 RELA 1.0709 OKAY -1.1391 OKAY -1.0602 OKAY 

70 RIPK1 1.0784 OKAY -1.0806 OKAY -1.0632 OKAY 

71 SPP1 1.929 B -1.0576 B -1.2323 B 

72 STAT1 -1.0127 OKAY -1.1141 OKAY -1.0536 OKAY 

73 SUGT1 1.1351 OKAY 1.0211 OKAY 1.2385 OKAY 

74 TBK1 1.0027 OKAY 1.0734 OKAY 1.0671 OKAY 

75 TICAM1 1.2353 OKAY -1.1454 OKAY -1.0713 OKAY 

76 TLR3 1.0806 OKAY 1.2554 OKAY 1.3311 OKAY 

77 TLR7 1.2149 C -1.0061 C 1.4446 C 

78 TLR8 1.2149 C -1.0061 C 1.4446 C 

79 TLR9 1.2149 C -1.0061 C 1.4446 C 

80 TNF 5.6328 OKAY 3.1127 OKAY 1.1524 OKAY 

81 TRADD -1.2818 OKAY -1.525 OKAY -1.5362 OKAY 

82 TRAF3 -1.0469 OKAY -1.1646 OKAY -1.3645 OKAY 

83 TRAF6 1.0643 OKAY -1.1858 OKAY 1.0386 OKAY 

84 TRIM25 1.065 OKAY -1.0874 OKAY -1.1183 OKAY 

85 TGFB1 1.1687 OKAY -1.1414 OKAY -1.1715 OKAY 

86 IL10 1.2149 C -1.0061 C 1.4446 C 

87 PPARG 1.1866 OKAY -1.1288 OKAY -1.087 OKAY 

88 EIF2AK2 1.0124 OKAY -1.0438 OKAY -1.0341 OKAY 
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Bacteroides fragilis 

    

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 
 Fold 

Regulation Comments 
Fold 
Regulation Comments 

Fold 
Regulation Comments 

 
1 AIM2 -1.3885 C 1.572 B 1.0952 C 

 
2 APOBEC3G -1.3885 C -1.6893 C 1.0952 C 

 
3 ATG5 -1.0826 OKAY -1.0946 OKAY -1.0547 OKAY 

 
4 AZI2 -2.1443 OKAY -2.1606 OKAY -2.2358 OKAY 

 
5 CARD9 -1.4596 OKAY -1.2653 OKAY -1.6041 OKAY 

 
6 CASP1 1.3384 B 1.1596 B 1.5118 B 

 
7 CASP10 -2.1002 OKAY -1.8848 OKAY -1.411 OKAY 

 
8 CASP8 -1.5807 OKAY -1.4963 OKAY -1.7541 OKAY 

 
9 CCL3 -1.3885 C -1.6893 C 1.0952 C 

 
10 CCL5 1.7894 OKAY 1.4355 OKAY 2.1188 OKAY 

 
11 CD40 -1.3885 C -1.6893 C 1.0952 C 

 
12 CD80 -6.7717 B -8.2388 B -4.453 B 

 
13 CD86 -4.5806 B -5.5729 B -3.0121 B 

 
14 CHUK -1.142 OKAY -1.1246 OKAY -1.2369 OKAY 

 
15 CTSB -1.0313 OKAY -1.4953 OKAY -1.3257 OKAY 

 
16 CTSL1 -2.6861 OKAY -2.2508 OKAY -2.4585 OKAY 

 
17 CTSS -1.3273 OKAY -1.3817 OKAY -1.0012 OKAY 

 
18 CXCL10 2.1457 OKAY 1.8095 OKAY 1.7127 OKAY 

 
19 CXCL11 1.8232 OKAY 2.3613 OKAY 2.0017 OKAY 

 
20 CXCL9 -1.5236 B -1.0384 B -3.4648 B 

 
21 CYLD 1.6649 OKAY -1.1659 OKAY -1.0768 OKAY 

 
22 DAK -1.5194 OKAY -1.5437 OKAY -1.5008 OKAY 

 
23 DDX3X -1.2557 OKAY -1.1987 OKAY -1.5559 OKAY 

 
24 DDX58 1.1896 OKAY 1.1139 OKAY 1.1505 OKAY 

 
25 DHX58 -2.2354 B 1.1069 B 2.2693 B 

 
26 FADD -1.0774 OKAY 1.1717 OKAY 1.2348 OKAY 

 
27 FOS 1.027 OKAY 1.0378 OKAY 1.0064 OKAY 

 
28 HSP90AA1 -1.0066 OKAY 1.0271 OKAY -1.0251 OKAY 

 
29 IFIH1 1.0647 OKAY 1.1154 OKAY 1.1276 OKAY 

 
30 IFNA1 3.938 B 2.6918 B 1.517 B 

 
31 IFNA2 -1.3885 C -1.6893 C 1.0952 C 

 
32 IFNAR1 -1.482 OKAY -1.6788 OKAY -1.6699 OKAY 

 
33 IFNB1 -1.8423 OKAY -2.1323 OKAY -1.0401 OKAY 

 
34 IKBKB -1.6906 OKAY -1.8602 OKAY -1.6885 OKAY 

 
35 IL12A -1.3885 C 1.5247 B 6.2257 B 

 
36 IL12B -1.3885 C -1.6893 C 1.0952 C 

 
37 IL15 -1.6307 OKAY -1.6239 OKAY -1.1272 OKAY 

 
38 IL18 -1.1996 OKAY -1.4474 OKAY -1.8414 OKAY 

 
39 IL1B -3.7673 B 1.0618 B -2.4773 B 

 
40 IL6 -4.6188 B -1.7477 B 1.1804 B 

 
41 IL8 12.4707 OKAY 8.4536 OKAY 1.5265 OKAY 

 
42 IRAK1 1.037 A -1.3053 A -10.9417 B 

 
43 IRF3 -1.0962 OKAY 1.067 OKAY 1.1927 OKAY 

 
44 IRF5 -2.9313 A -2.6841 A -15.2186 A 

 
45 IRF7 -1.1773 OKAY -1.6488 OKAY -1.811 OKAY 

 
46 ISG15 -1.5027 OKAY -1.5773 OKAY -1.9235 OKAY 

 
47 JUN 1.3036 B 1.7358 B 1.7354 B 
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48 MAP2K1 -1.4697 OKAY -1.6306 OKAY -2.5311 OKAY 
 

49 MAP2K3 -1.0567 OKAY 1.0677 OKAY 1.0998 OKAY 
 

50 MAP3K1 -1.4275 OKAY -1.8194 OKAY -2.2875 OKAY 
 

51 MAP3K7 -1.2768 OKAY -1.1854 OKAY -1.2859 OKAY 
 

52 MAPK1 -1.4177 OKAY -1.2865 OKAY -1.7786 OKAY 
 

53 MAPK14 -1.9568 OKAY -1.6718 OKAY -1.9356 OKAY 
 

54 MAPK3 -1.595 OKAY -2.0597 OKAY -2.2875 OKAY 
 

55 MAPK8 -1.7661 OKAY -1.4943 OKAY -1.5897 OKAY 
 

56 MAVS -1.6754 OKAY -1.4635 OKAY -1.5207 OKAY 
 

57 MEFV -1.3885 C -1.6893 C 1.0952 C 
 

58 MX1 -1.1061 OKAY -1.0581 OKAY -1.473 OKAY 
 

59 MYD88 1.0024 OKAY 1.1294 OKAY 1.0705 OKAY 
 

60 NFKB1 -1.3741 OKAY -1.3721 OKAY -2.242 OKAY 
 

61 NFKBIA 1.2794 OKAY 1.0797 OKAY -2.0403 OKAY 
 

62 NLRP3 -2.0077 B -5.0681 B -1.3331 B 
 

63 NOD2 -1.3885 C -1.6893 C 1.0952 C 
 

64 OAS2 -1.9759 OKAY -2.1923 OKAY -2.4314 OKAY 
 

65 PIN1 -2.4735 OKAY -2.8039 OKAY -3.5499 A 
 

66 PSTPIP1 1.0256 B 1.1373 B 1.3625 B 
 

67 PYCARD 1.4484 OKAY 1.5622 OKAY 1.7318 OKAY 
 

68 PYDC1 -1.3885 C -1.6893 C 1.0952 C 
 

69 RELA -1.2096 OKAY -1.3798 OKAY -1.9289 OKAY 
 

70 RIPK1 -1.6262 OKAY -1.1184 OKAY -2.3388 OKAY 
 

71 SPP1 -2.7388 B -15.2045 B -1.6874 B 
 

72 STAT1 -1.2062 OKAY -1.5915 OKAY -1.5165 OKAY 
 

73 SUGT1 -1.0179 OKAY 1.0151 OKAY 1.8078 OKAY 
 

74 TBK1 1.1092 OKAY 1.0993 OKAY 1.7731 OKAY 
 

75 TICAM1 1.8031 OKAY 1.3562 OKAY -1.0159 OKAY 
 

76 TLR3 -2.4158 OKAY -1.6753 OKAY -2.9297 A 
 

77 TLR7 -1.3885 C -1.6893 C 1.0952 C 
 

78 TLR8 -1.3885 C -1.6893 C 1.0952 C 
 

79 TLR9 -1.3885 C -1.6893 C 1.0952 C 
 

80 TNF 15.9388 A 12.84 A 5.833 B 
 

81 TRADD -4.752 B -5.7815 B -3.1248 B 
 

82 TRAF3 -1.3036 OKAY -1.562 OKAY -1.7651 OKAY 
 

83 TRAF6 1.1904 OKAY 1.1062 OKAY 1.0975 OKAY 
 

84 TRIM25 -1.3403 OKAY -1.2714 OKAY -1.796 OKAY 
 

85 TGFB1 -1.5895 OKAY -1.8627 OKAY -2.1432 OKAY 
 

86 IL10 -1.3885 C -1.6893 C 1.0952 C 
 

87 PPARG 1.0931 OKAY 1.2004 OKAY 1.3493 OKAY 
 

88 EIF2AK2 -1.377 OKAY -1.1929 OKAY -1.302 OKAY 
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Bacteroides thetaiotaomicron 

    

Up-Down Regulation (comparing to control group) 

Group 1 Group 2 Group 3 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

Fold 
Regulation Comments 

1 AIM2 1.0852 B 1.3911 B -2.2936 B 

2 APOBEC3G 1.0935 B 2.0565 B -1.1001 B 

3 ATG5 1.1384 OKAY 1.1754 OKAY 1.6602 OKAY 

4 AZI2 1.0069 OKAY 1.0148 OKAY 1.282 OKAY 

5 CARD9 1.1966 OKAY 1.1869 OKAY 1.4767 OKAY 

6 CASP1 1.2008 B 2.01 B 1.72 B 

7 CASP10 1.3491 OKAY 1.216 OKAY 1.5696 OKAY 

8 CASP8 1.0844 OKAY 1.1205 OKAY 1.5057 OKAY 

9 CCL3 1.095 B -1.4823 C 1.0522 C 

10 CCL5 1.1463 OKAY 1.0426 OKAY 1.4029 OKAY 

11 CD40 -1.1306 C -1.4823 C 1.0522 C 

12 CD80 -2.0294 B -1.3148 B -1.706 B 

13 CD86 -1.1306 C -1.4823 C 1.8627 B 

14 CHUK -1.0084 OKAY 1.1968 OKAY 1.4696 OKAY 

15 CTSB 1.0859 OKAY 1.0513 OKAY -1.0902 OKAY 

16 CTSL1 -1.2346 OKAY 1.3853 OKAY 1.7918 OKAY 

17 CTSS 1.0533 OKAY 1.1449 OKAY 1.5598 OKAY 

18 CXCL10 3.2647 OKAY -1.0904 OKAY 1.1715 OKAY 

19 CXCL11 1.8037 OKAY 1.2203 OKAY 1.1618 OKAY 

20 CXCL9 2.385 A 1.3757 A -2.2109 B 

21 CYLD 1.3765 OKAY 1.0601 OKAY 1.1667 OKAY 

22 DAK -1.0189 OKAY -1.1965 OKAY -1.2402 OKAY 

23 DDX3X 1.0784 OKAY 1.0944 OKAY 1.2238 OKAY 

24 DDX58 2.1008 OKAY -1.2499 OKAY 1.0507 OKAY 

25 DHX58 -1.2346 OKAY -2.2671 A -1.6354 A 

26 FADD -1.1243 OKAY -1.3084 OKAY -1.3809 OKAY 

27 FOS 1.3537 OKAY 1.3298 OKAY 1.4726 OKAY 

28 HSP90AA1 1.092 OKAY 1.1143 OKAY 1.5077 OKAY 

29 IFIH1 1.58 OKAY 1.2322 OKAY 1.6283 OKAY 

30 IFNA1 1.2414 B 2.1798 B 1.3826 B 

31 IFNA2 -1.1306 C -1.4823 C 1.0522 C 

32 IFNAR1 1.2692 OKAY 1.2177 OKAY 1.5352 OKAY 

33 IFNB1 1.2251 OKAY -205.9023 A -1.2189 OKAY 

34 IKBKB 1.1165 OKAY 1.0412 OKAY 1.3135 OKAY 

35 IL12A 1.5691 B 2.5743 B 2.6507 B 

36 IL12B -1.1306 C -1.4823 C 1.0522 C 

37 IL15 -1.14 OKAY 1.0433 OKAY 1.532 OKAY 

38 IL18 1.0217 OKAY -1.1614 OKAY 1.1293 OKAY 

39 IL1B 3.3658 B 2.1904 B 1.223 B 

40 IL6 -1.1306 C -1.4823 C 3.626 B 

41 IL8 15.9331 OKAY 1.4154 OKAY 2.3447 OKAY 

42 IRAK1 1.0146 OKAY -1.3415 OKAY -1.6365 OKAY 

43 IRF3 -1.0035 OKAY -1.2542 OKAY -1.0102 OKAY 

44 IRF5 -1.0274 OKAY -1.1041 OKAY -1.3515 OKAY 

45 IRF7 -1.168 OKAY -1.5931 OKAY -1.4862 OKAY 

46 ISG15 -1.0733 OKAY -1.3975 OKAY -1.3082 OKAY 
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47 JUN 1.2371 OKAY -1.0957 OKAY -1.6151 OKAY 

48 MAP2K1 -1.0147 OKAY 1.0952 OKAY -1.0257 OKAY 

49 MAP2K3 1.1671 OKAY -1.0664 OKAY 1.0128 OKAY 

50 MAP3K1 -1.1165 OKAY -1.1327 OKAY -1.2385 OKAY 

51 MAP3K7 1.1188 OKAY 1.2563 OKAY 1.6729 OKAY 

52 MAPK1 1.0468 OKAY 1.1673 OKAY 1.0588 OKAY 

53 MAPK14 1.0238 OKAY 1.1473 OKAY 1.2112 OKAY 

54 MAPK3 1.1118 OKAY -1.1025 OKAY -1.0516 OKAY 

55 MAPK8 -1.0793 OKAY -1.0628 OKAY 1.1482 OKAY 

56 MAVS -1.1656 OKAY -1.0576 OKAY -1.1889 OKAY 

57 MEFV -1.1306 C -1.4823 C 1.0522 C 

58 MX1 1.0497 OKAY -1.0889 OKAY -1.0715 OKAY 

59 MYD88 -1.0253 OKAY 1.0304 OKAY 1.1308 OKAY 

60 NFKB1 2.0705 OKAY 1.6191 OKAY 1.4078 OKAY 

61 NFKBIA 2.4015 OKAY 1.0771 OKAY -1.3771 OKAY 

62 NLRP3 -2.4795 B -4.3585 B -1.2983 B 

63 NOD2 -1.1306 C -1.4823 C 1.0522 C 

64 OAS2 -1.0425 OKAY -1.0061 OKAY -1.2291 OKAY 

65 PIN1 -1.2553 OKAY -1.3697 OKAY -1.6218 OKAY 

66 PSTPIP1 1.5988 OKAY 1.2642 OKAY -1.0379 OKAY 

67 PYCARD 1.3528 OKAY 1.2476 OKAY 1.1403 OKAY 

68 PYDC1 3.8316 B 1.1013 B 1.0522 C 

69 RELA 1.2816 OKAY 1.1362 OKAY 1.1215 OKAY 

70 RIPK1 1.0381 OKAY -1.0889 OKAY -1.1596 OKAY 

71 SPP1 2.1316 B 2.2117 B 1.0406 B 

72 STAT1 -1.0196 OKAY -1.0026 OKAY 1.0464 OKAY 

73 SUGT1 1.0555 OKAY 1.1299 OKAY 1.6295 OKAY 

74 TBK1 -1.4113 OKAY -1.0082 OKAY 1.3913 OKAY 

75 TICAM1 1.3584 OKAY -1.0518 OKAY -1.1193 OKAY 

76 TLR3 -1.129 OKAY 1.6012 OKAY 2.5252 OKAY 

77 TLR7 -1.1306 C -1.4823 C 1.0522 C 

78 TLR8 -1.1306 C -1.4823 C 1.0522 C 

79 TLR9 -1.1306 C -1.4823 C 1.0522 C 

80 TNF 3.0125 OKAY -1.1265 OKAY -1.0963 A 

81 TRADD -1.3269 B -1.5166 B -2.3877 B 

82 TRAF3 1.3388 OKAY 1.3069 OKAY 1.3171 OKAY 

83 TRAF6 -1.0063 OKAY 1.1902 OKAY 1.0976 OKAY 

84 TRIM25 1.0695 OKAY 1.0354 OKAY 1.081 OKAY 

85 TGFB1 1.181 OKAY -1.1288 OKAY -1.5038 OKAY 

86 IL10 -1.1306 C -1.4823 C 1.0522 C 

87 PPARG 1.2158 OKAY 1.4411 OKAY 1.6764 OKAY 

88 EIF2AK2 1.125 OKAY 1.3151 OKAY 1.7843 OKAY 

 

Group 1: poly (I:C) 

Group 2: bacteria + poly (I:C) 

Group 3: bacteria 

Control group: medium only 
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Fold regulation were indicated in red when up-regulated by > 1.5 fold and blue when 

down-regulated by < -1.5 fold. 

Comments:        

A: This gene’s average threshold cycle is relatively high (> 30) in either the control or 

the test sample, and is reasonably low in the other sample (< 30).   

    

These data mean that the gene’s expression is relatively low in one sample and 

reasonably detected in the other sample suggesting that the actual fold-change value is 

at least as large as the calculated and reported fold-change result.   

    

This fold-change result may also have greater variations if p value > 0.05; therefore, it 

is important to have a sufficient number of biological replicates to validate the result for 

this gene.       

B: This gene’s average threshold cycle is relatively high (> 30), meaning that its 

relative expression level is low, in both control and test samples, and the p-value for the 

fold-change is either unavailable or relatively high (p > 0.05).   

    

This fold-change result may also have greater variations; therefore, it is important to 

have a sufficient number of biological replicates to validate the result for this gene.

       

C: This gene’s average threshold cycle is either not determined or greater than the 

defined cut-off value (default 35), in both samples meaning that its expression was 

undetected, making this fold-change result erroneous and un-interpretable.  
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Appendix D. Clustergram of expression profiles for the 10 selected genes 

Bifidobacterium longum G12 

 

 

Bifidobacterium breve G7 

 

 

Bifidobacterium bifidum G19 
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Ruminococcus gnavus ATCC 29149 

 

 

Blautia producta DSM 2950 
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Bacteroides vulgatus ATCC 8482 

 

 

Bacteroides fragilis 25685 

 

 

Bacteroides thetaiotaomicron ATCC 29148 

 

 

a, b and c refer to the three biological replicates; PIC, poly (I:C); B, bacteria only.  
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