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General introduction
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r 1The impact of the gut microbiota on host physiology

More than a decade of research on the interactions between the host and its intestinal 
microbiota has moved the field into the mainstream scientific arena. A stream of high impact 
publications has described how the microbiota can modulate the host’s immune system, 
metabolism, and influence host development and physiology. Considerable progress has 
been made in identifying, isolating and culturing members of the gut microbiota, but we are 
only beginning to understand the complex interplay between the microbiome, host genetics 
and host physiology. It is now clear that the microbial community has a beneficial role during 
normal homeostasis and that the beneficial relationship with the host microbiota is lost 
under inflammatory conditions leading to the emergence of opportunist pathobionts that 
can contribute to the pathophysiology of different diseases.
A disrupted microbial balance in the faecal microbiota often referred to as ‘dysbiosis’ is 
known to contribute to the pathophysiology of many human diseases, including inflammatory 
bowel disease (IBD)[1]. IBD is a chronic inflammation of the gut consisting of two readily 
distinguishable disease types; ulcerative colitis (UC) and Crohn’s disease (CD)[2-4]. In CD 
the inflammation can affect different parts of gastrointestinal tract, whereas in UC the 
inflammation occurs predominantly in the large intestine or colon[4]. Additionally UC only 
affects the inner most lining of the colon while Crohn's disease can occur in all anatomical 
layers of the gut. 

The number of IBD cases has steadily increased over the years, with more than 2.5 million 
people in Europe and 1 million people in the USA (up to 0.5% population) reported to suffer 
from IBD in 2015[2]. In the USA alone the IBD prevalence is estimated to increase by more 
than 0.6% over the next decade, which would result in around 2.2 million people suffering 
from IBD in 2025[5]. Additionally, the incidence of IBD in newly industrialized countries 
in Asia, the Middle East and South America has also increased notably over the last two 
centuries[2, 3].
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Figure 1.1. The global prevalence of IBD in 2015. Data from Molodecky et al. (2012)[6]. Adapted from 
an image provided by PresenterMedia. Adapted from Kaplan (2015)[2].

Several factors are known to contribute to IBD, such as the environment (including diet), 
microbiota composition, genetic predisposition and the host immune response[7]. Studies 
in monozygotic twins showed that the concordance of IBD in both individuals is between 
20 to 50% indicating that the environment plays a crucial role in triggering the disease in 
genetically susceptible individuals[8-11].

Sartor and Mazmanian (2012) reported that IBD patients have a distinctive gut microbiota 
composition compared to healthy people. Patients with IBD are characterized by depleted 
numbers of Firmicutes and Bacteroidetes, phyla which are associated with a healthy gut 
condition, as well as with increased numbers of the pathobiont Proteobacteria[12]. As this 
disrupted microbial balance (dysbiosis) is strongly linked to cause the majority of IBD cases, 
restoring this microbial balance could be the key to IBD treatment.
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Figure 1.2. The intestinal microbiota in patients with inflammatory bowel disease (IBD) is characterized 
by a reduction of Firmicutes and Bacteroidetes and an expansion of Proteobacteria. Reproduced with 
permission from Frank et al. (2007)[13]. Adapted From Sartor and Mazmanian (2012)[12].

Several previous studies have investigated the use of traditional probiotics[14-19] or colonic 
anaerobes such as Faecalibacterium prausnitzii as a prevention or treatment for IBD[20-
23]. Indeed, a protective effect of specific commensal bacteria or their components against 
colitis has been shown in different rodent models. For example, the human commensal 
Faecalibacterium prausnitzii (F. prausnitzii), which is reduced in CD patients, protects 
mice from 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis (a Th1-driven model 
for human (IBD)[21, 22]. Another example is Bacteroides fragilis that protects mice from 
Helicobacter hepaticus-induced colitis[24]. B. fragilis also induces Il-10 secretion in CD4+ T 
cells and prevents the expansion of inflammatory Th17 cells in mono-associated mice; these 
effects were reported to be mediated by bacterial polysaccharide A (PSA)[25]. Furthermore, 
colonization of young conventionally reared mice with a cocktail of 46 strains of commensal 
Clostridium spp. induced an accumulation of colonic regulatory T cells (cTregs) and reduced 
sensitivity to inflammatory disease in adult mice[26]. Taken together these findings suggest 
that not only the bacteria themselves but also specific factors (e.g. metabolites, molecules), 
play a role in the maintenance of homeostasis and can have beneficial effects. These studies 
support the concept of using microbial symbionts or their products for novel prophylactic or 
therapeutic applications in humans. 
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Next generation therapeutics based on microbial consortia

Previously available treatments for IBD consist of anti-inflammatory medication, such as anti-
TNF-α [27] and anti-IL-17 (Ixekizumab)[28], however many IBD patients do not respond, or 
lose responsiveness to such anti-inflammatory medication[29]. Another known alternative 
for IBD treatment, which focusses on restoring the microbial balance in the gut, is faecal 
microbiota transplantation (FMT). FMT is the process of transplantation of faecal bacteria 
from a healthy individual into a diseased recipient. It has been proven to be a highly effective 
treatment for patients suffering from Clostridium difficile infection, even for the most 
desperate cases, after failure of multiple courses of antibiotics. The approach addresses the 
imbalance in the composition and altered activity of the microbiota and represents a new 
class of therapeutics. For example, Khoruts et al. showed how transplanting the microbial 
community from a healthy donor to a patient suffering from Clostridium difficile-associated 
disease (CDAD) significantly modified the bacterial composition in the patient [30]. After 
2 weeks, the microbiota of the recipient had dramatically changed from a Firmicutes- and 
Bacteroidetes-deficient configuration to a community highly similar to that of the donor, 
dominated by Bacteroides spp. This radical shift in the composition of the microbiota was 
also accompanied by the disappearance of the symptoms associated with CDAD[30]. 

Several disease phenotypes induced by changes in host genetics cause dysbiosis of the 
intestinal microbiota, including IBD. Remarkably, these phenotypes can be transferred to 
germ-free wild-type hosts simply by inoculating them with the microbiota from the diseased 
donors[31-33]. These findings are raising interest in applying microbial consortia to treat 
non-C. difficile indications. For the past few years, some studies reported the efficacy of 
FMT treatment in various clinical trials focused on UC patients[34-37]. However, there are 
concerns about possible transfer of pathobionts and pathogens including viruses by use of 
faecal donors. Additionally, there are concerns involving the use of undefined faecal material 
and high donor variability related to the use of FMT in IBD treatment. A safer and more 
effective  option than FMT might be the administration of specific bacteria, a well-defined 
microbial consortia and/or bacterial metabolites that have a beneficial effect in modulating 
the host immune response.

Modulation of the immune system by probiotic bacteria

There are numerous studies on immune modulation by traditional probiotics based on 
lactic acid bacteria and Bifidobacteria, which are too numerous to detail in this chapter but 
have been discussed in several reviews[14-19].  Much of this work has focused on cytokine 
profiling of PBMC and/or dendritic cells (DCs) stimulated with bacterial strains in vitro as 
well as in vivo testing of strains in mouse disease models[14-19]. Dendritic cells have been 
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maintaining tolerance at mucosal surfaces[38]. For example Foligne et al. (2007) suggested 
that the IL-10 to IL-12 cytokine ratio measured in human peripheral blood mononuclear cells 
(PBMCs) as a result of stimulation with lactic acid bacteria could be used to predict their 
protective capacity in mice colitis models[39]. 

Another mechanism by which lactobacillus probiotics can modulate the immune system is 
via the induction of regulatory T cells (Tregs). Currently the exploration of gut commensal 
bacteria in search of novel probiotic candidates, known as next-generation of probiotics, 
is increasing due to their potential beneficial effects in modulating the intestinal immune 
response of the host[40-42]. Colonic bacteria that can directly attenuate inflammatory 
responses in immune cells or enhance host mechanisms to regulate inflammation are of 
considerable interest as new treatments for the management of IBD[43]. Atarashi et al. 
(2013) reported that oral inoculation of 17 selected spore-forming Clostridia strains in germ-
free mice lead to CD4+ FOXP3+ regulatory T (Treg) cell induction which plays an important 
role in maintaining both mucosal as well as systemic homeostasis. Oral administration of this 
strain mixture was shown to attenuate clinical symptoms of TNBS-induced colitis[44]. The 
Firmicutes phylum, includes species of butyrate-producing bacteria such as Faecalibacterium 
prausnitzii, which has shown potential as a novel treatment for IBD[21-23, 45]. In summary, 
probiotic bacteria have been reported to modulate the immune system by stimulating 
secretion of anti-inflammatory cytokines, and/or suppressing secretion of inflammatory 
cytokines or chemokines and inducing Tregs through DC and DC-independent mechanisms. 

Innate immune activation by bacteria 

Toll-like receptors (TLRs) and other pattern recognition receptors recognise different 
microbial components which not only leads to activation of the innate immune response, but 
also triggers the development of the antigen-specific response which is part of the adaptive 
immune system. Until now, 11 members of the TLR family have been identified in mammals, 
and each TLR can bind specific microbe-associated molecular patterns (MAMP). Activation of 
any of these TLRs induces an intracellular cascade resulting in NF-kB activation[46]. 

In our study we focussed on TLR2, since the majority of gut bacterial strains tested were 
known to be Gram-positive bacteria. TLR2 is a TLR family member which is able to recognize 
quite a wide range of molecular patterns including peptidoglycan and lipoteichoic acid, which 
make up the cell wall of Gram-positive bacteria[47, 48]. It has been suggested that TLR2 is the 
most ‘promiscuous’ among the TLR family members, referring to its peculiar capacity to form 
a heterodimer with TLRs 1 and 6 (forming TLR1/2 and TLR2/6), as well as its association with 
CD36 in response to diacylated lipoproteins. This enables TLR2 to recognize a wide range of 
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microbial-associated patterns[49]. When the TLR2 forms the TLR1/2 heterodimer, this TLR is 
able to recognize triacylated lipopeptides of mycoplasma or Gram-negative bacteria, whereas 
in the form of TLR2/6, it is able to recognize diacylated lipopeptides of mycoplasma and 
Gram-positive bacteria[50]. Stimulation of TLRs by their specific ligands leads to activation of 
NF-κB through the myeloid differentiation primary-response protein 88(MyD88)-and/or TIR-
domain-containing adapter-inducing interferon-β (TRIF)-dependent pathway. The activation 
of NF-kB signalling pathway itself will lead to inflammatory cytokine production, one of the 
most important mechanisms in the innate immune response, which can subsequently trigger 
activation of the adaptive immune response[46, 51]. 

Cytokines and chemokines in IBD

Cytokines are known as the key regulators of inflammation and are therefore of paramount 
importance in IBD management[43]. Previous studies showed that oral administration of 
Lactobacillus and Bifidobacterium strains was able to positively affect both the mucosal 
and systemic immune response through immunomodulation of cytokine secretion[14, 
16, 17]. Previous study by Foligne et al. (2007) proposed to measure the IL-10 to IL-12 
cytokine ratio in human PBMC, which could be used to predict protective capacity of lactic 
acid bacteria in mice colitis models[39]. Other cytokines, such as Tumour Necrosis Factor 
alpha (TNF-α), which is known as an inflammation mediator is of key importance to balance 
the regulation of cytokine secretion in IBD. Indeed, anti-TNF has been commonly used as 
a therapeutic agent for IBD treatment[52]. Other than TNF-α, Singh et al (2016) reported 
an increased concentration of inflammatory cytokines IL-16, IFN-γ and IL-1β in the blood 
serum of IBD patients when compared to healthy donors[53]. IL-8 chemokine also known to 
play important role in modulating the inflammation in IBD. IL-8 is responsible to attract and 
activate neutrophils. IL-8 concentration is correlated with MPO concentration in colon and is 
also responsible for an increased CD11b expression and ROS production by neutrophils[54].
Additionally, oxidative stress is also considered to be an important criterium for the 
assessment of therapeutic candidates for IBD. Oxidative stress itself has been proposed as 
a mechanism underlying the pathophysiology of IBD[55-57]. Therefore, bacteria that cause 
excessive production of either nitric oxide (NO) or reactive oxygen species (ROS), might be 
excluded as potential anti-inflammatory candidates. 

Short-chain fatty acids: a candidate microbiome-based metabolite 
treatment

The anaerobic fermentation of non-digestible dietary fibre by colonic microbiota produces 
short-chain fatty acids, the most abundant being acetate, butyrate and propionate. Depending 
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from 70 – 140 mM, and from 20 - 70 mM in the distal colon[58, 59]. Butyrate is mainly used 
by colonocytes as an energy source and scarce amounts are found in the portal vein[60]. 
Acetate and propionate are transported across the basolateral membrane of the colonocytes 
mediated by an unknown HCO3

− exchanger, most likely monocarboxylate transporter (MCT) 
4 or 5[61]. Transported SCFAs then reach the liver and blood circulation through the portal 
vein. Acetate concentrations in the plasma and serum are up to 250 µmol/L, whereas these 
are only 0.5 - 10 µmol/L for butyrate and propionate[59, 60]. The concentrations of acetate 
and propionate are anticipated to be much higher in the lamina propria, and the blood 
vessels leading up to the portal vein[62]. 

SCFAs are well-known to play an important role in maintaining barrier protection and regulating 
the inflammatory status in the gut[63]. In addition to local effects on the gastrointestinal 
mucosal immune function, SCFAs may reach remote organs and modulate immune responses. 
SCFAs are known to modulate several cellular process including gene expression, chemotaxis, 
differentiation and apoptosis. SCFAs may activate signalling pathways through activation of G 
protein-coupled receptors (GPCRs) for SCFAs. Additionally, butyrate and propionate can alter 
chromatin structure and gene expression through inhibition of histone deacetylases (HDACs), 
as well as affecting and stabilizing hypoxia-inducible factor (HIF)[64-67].

Several studies report anti-inflammatory activities of butyrate and studies in mice showed 
its crucial role in the induction of inducible regulatory T cells (Treg) in the colon[26, 68]. The 
SCFA receptor GPCR43, also known as free fatty acid receptor 2 (FFAR2), plays an important 
role in regulation of inflammation[69] and mice lacking this receptor exhibit more severe 
inflammatory responses in disease models[70]. Other SCFA receptors such as GPCR41 (FFAR3), 
GPCR109a (HCA2) and olfactory receptor-78 (Olfr-78) are known to mediate the effect of 
SCFAs on leukocyte and epithelial cells (IECs)[71, 72]. These findings support the concept of 
utilizing viable butyrate-producing bacteria like F. prausnitzii to maintain homeostasis and 
promote anti-inflammatory mechanisms in the host[22]. 

Besides the anti-inflammatory mechanisms of butyrate in the gut, it can also suppress 
proliferation of stem/progenitor cells by inhibiting HDAC and increase promotor activity for 
the negative cell-cycle regulator Foxo3[73]. Additionally, butyrate has been shown to induce 
apoptosis in colonic tumour cell lines[74]. Acetate, might be a better candidate as an anti-
inflammatory compound because it is present in higher concentrations in the large intestine 
and blood compared to butyrate or propionate. Besides, acetate is reported to suppress pro-
inflammatory  interleukin (IL-8) production in intra-epithelial cells (IECs) of colonic mucosa[75]. 
Furthermore, administration of acetate effectively attenuated inflammation in mouse models 
of trinitrobenzenesulfonic acid (TNBS)-induced colitis and dinitrofluorobenzene‐induced 
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dermatitis[76]. In another mouse model, Thornburn et al. (2015) showed that maternal 
acetate intake leads to protection against allergic airways disease (AAD) in the offspring[59]. 

Aim and outline of thesis

As IBD is characterized by a chronic inflammation in the gut, the overarching aim of this 
thesis was to try to find a novel colonic bacterial strains or bacterial metabolites that have 
an immunomodulatory (i.e. an anti-inflammatory) function and may therefore be used as 
a preventive therapy or treatment. To this end we tested 100 colonic anaerobic bacteria 
obtained from healthy subjects and investigated their immunomodulatory properties in 
various assays. 

In Chapter 2 we summarize the results of 68 different colonic anaerobic bacteria tested. 
Most importantly, we found that there is a large variation among the tested strains in their 
immunomodulatory properties. However, we could identify three different immune profiles, 
resulting from bacterial stimulation. The first ‘immunostimulatory’ profile was characterized 
by secretion of high levels of cytokines and NO and strong NF-κB signalling after TLR 
activation. The second ‘immunomodulatory’ profile was characterized by induction of only 
moderate amounts of cytokines and NO. The final ‘immuno suppressive’ or ‘silent’ profile 
was characterized by a low capacity to induce cytokine or NO secretion. 

As several studies showed the importance of relative abundance of F. prausnitzii for a 
healthy gut we examined the immunomodulatory activity of 28 F. prausnitzii strains in 
more detail in Chapter 3. After thorough in vitro investigation we have to conclude that 
the immunomodulatory properties are really strain specific, as the properties of the strains 
tested (cytokine and NO secretion and NF-κB signaling via TLR activation) do not correlate 
with phylogenetic clustering. We again could distinguish the three different immune profiles 
as described in Chapter 2. Moreover, the general assumption that all F. prausnitzii strains 
induce strong IL-10 secretion was disproven, as there were some ‘silent’ strains that hardly 
induced any IL-10 secretion. 

During the in vitro screening procedures, we observed that the culture supernatant of all 
strains tested had anti-inflammatory properties. Further investigations showed that the 
SCFAs in the bacterial growth medium elicited the same attenuation effect. We investigated 
this in more detail in Chapter 4 where we compared the effects of acetate and butyrate 
on the function of immune cells. We found that butyrate, but not acetate, decreased cell 
viability when administered at higher concentrations. Interestingly, although both acetate 
and butyrate were able to attenuate heat inactivated bacteria (HIB) induced secretion of pro-
inflammatory cytokines, only acetate was able to increase the anti-inflammatory cytokine 
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the molecular mechanisms by examining G protein-coupled receptors (GPCR) and histone 
acetylation.

As we found clear effects of both acetate and butyrate on cytokine secretion by PBMC and 
monocyte derived dendritic cells we investigated whether other biological pathways would 
be affected. We therefore investigated the effect of SCFA on the transcription profile of 
stimulated CD14+ monocytes in Chapter 5. SCFA also attenuated pro-inflammatory cytokine 
secretion in monocytes. Acetate did not cause major effects in the number of regulated 
genes, but butyrate significantly affected the regulation of many different (immune) 
pathways and genes. In Chapter 6 where we investigated the effect of SCFA on modulation of 
the epithelial gut function. A transcriptomic analysis was performed on an ex vivo 3D ileum 
porcine organoid model exposed to acetate and butyrate. Butyrate proved to elicited greater 
changes in gene expression compared to acetate. 

To conclude our studies, we tested examples of each of the three ‘immune profiles’ in 
an in vivo mouse DSS-induced colitis model in Chapter 7. Confirming our hypothesis that 
the bacterial strains which induced an ‘silent’ profile would be able to reduce the colonic 
inflammation, we indeed observed attenuation of the clinical symptoms after addition of 
these ‘silent’ strains. 

In the last chapter, Chapter 8, we summarize the combined results from this thesis. We 
discuss the findings of this thesis with respect to other studies and how these findings 
could contribute to a better understanding of the immunomodulatory properties of colonic 
anaerobic bacterial strains and their metabolites, acetate and butyrate. Furthermore we 
provide suggestions on future studies which could shed more light on the mechanisms by 
which the immune modulation could be effectuated.





Nuning Winaris1,2, Ellen Kranenbarg1, Eleni Tsompanidou3,6, Hermi J.M. Harmsen3, 
Paul O. Sheridan4, Alan W. Walker4, Sylvia H. Duncan4, Gemma Henderson5, Jerry 
M. Wells1

1 Host-Microbe Interactomics Group, Department of Animal Science, Wageningen University 
& Research, Wageningen, Netherlands

2 Master Program in Biomedical Sciences, Faculty of Medicine, Universitas Brawijaya, 
Malang, Indonesia

3 Department of Medical Microbiology, University of Groningen, University Medical Center 
Groningen, Groningen, Netherland

4 Gut Health Group, Rowett Institute, University of Aberdeen, Foresterhill, Aberdeen, 
Scotland, UK

5 Human Health Innovation, Chr. Hansen, Hørsholm, Denmark
6 Winclove Probiotics, Amsterdam, Netherland

Immunomodulatory properties of key 
anaerobic bacteria isolated from the 
human colon 

Chapter 2



22

Chapter 2

Abstract

The colonic microbiome has been recognized as a potential source of next-generation 
of probiotics to prevent and treat human disease, including inflammatory bowel disease 
(IBD). The aim of this study was to evaluate the anti-inflammatory potential of a large strain 
collection of human colonic anaerobic bacteria isolated from healthy human donors. We 
used human peripheral blood mononuclear cells (PBMCs) from different donors as a model 
for evaluating the immunomodulatory effects of the strains and measured the balance 
between pro-and anti-inflammatory cytokine secretion. Additionally, we devised an assay 
to test the potential of the strains to modulate cytokine responses by co-stimulation with 
heat-inactivated bacteria (HIB). We also assessed the capacity of bacterial strains to induce 
nuclear factor-kappaB (NF-κB) signalling via specific Toll-like receptors (TLRs) reporter cell 
assays. Moreover, murine macrophage RAW 264.7 cells were used to assess nitric oxide 
release caused by stimulation with these colonic bacteria. We found that the immune 
profile of colonic anaerobic bacteria is mostly strain specific and there appear to be no 
general trends associated with a specific species, although some species may show similar 
immune profiles. The bacterial strains could be categorised into one of three main immune 
profiles, namely immunostimulatory, immunomodulatory and immunosuppressive or 
‘silent’ profiles.  This research identified new immune phenotypes/profiles of gut bacteria 
that warrant further study in vivo. 
Keywords: Next-generation probiotic, colonic anaerobic bacteria, immunomodulation.
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INTRODUCTION

The gut microbiota is a complex ecosystem containing symbionts, commensals and sometimes 
opportunist pathogens, which is influenced both by the diet and human immune system[77]. 
In the 1990s, the research on gut microbiota was mainly focused on pathogen associated 
bacteria and how they caused intestinal diseases. However, for the past decade microbiota 
research has focused on understanding the consequences of the dramatic changes in the 
microbiota diversity and composition (aka dysbiosis) that occur in different disease states as 
well as the mechanisms contributing to intestinal homeostasis and health[77, 78].This has led 
to the concept that culturing and characterisation of abundant and well conserved species 
of colonic microbiota may lead to the generation of new probiotics to prevent and treat 
diseases. 

Previous studies, focused mainly on species of Lactobacillus and Bifidobacterium, showed 
that oral administration of gut bacteria can modulate systemic and mucosal immunity 
in the host[14-19]. Extracellular polysaccharides (EPS) produced by these Lactobacillus 
and Bifidobacterium species were shown to be protective against pathogen invasion in a 
murine Citrobacter rodentium infection model and to attenuate pro-inflammatory cytokine 
production in vitro[79-81]. Lactobacillus plantarum was also reported to produce an 
immunomodulatory serine-threonine rich peptide (STp), which mediates anti-inflammatory 
effects through modulation of intestinal dendritic cells (DC) function[82, 83].

Strict anaerobes inhabiting the large intestine have been much less studied than the lactic 
acid bacteria due to difficulties in isolation and growth in vitro. Presently, the exploration of 
gut commensal bacteria in search of novel probiotic candidates, known as next-generation 
probiotics, is increasing due to their potential beneficial effects in modulating the intestinal 
immune response of the host[40-42]. Colonic bacteria that can directly attenuate inflammatory 
responses in immune cells or enhance host mechanisms to regulate inflammation are of 
considerable interest as new treatments for the management of inflammatory bowel disease 
(IBD)[43]. Atarashi et al. (2013) reported that oral inoculation of 17 selected Clostridia strains 
in germ-free mice lead to CD4+ FOXP3+ regulatory T (Treg) cell induction, which plays an 
important role in maintaining mucosal and systemic homeostasis. This mixture also proved 
to attenuate clinical symptoms of TNBS-induced colitis[44]. The Firmicutes phylum, including 
species of butyrate-producing bacteria such as Faecalibacterium prausnitzii, has shown 
potential as a novel treatment in IBD[21-23, 45, 84]. 

There are a limited number of studies investigating screening approaches to identify candidate 
probiotics to treat inflammatory diseases. Foligne et al. (2007) found a strong correlation 
between anti -and pro-inflammatory cytokines (IL-10/IL-12 ratio) induced by lactic acid 
bacteria in vitro and their protective capacity in a mouse colitis model[39]. However, there 
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remains a need for other assays with a conclusive predictive outcome for the selection of 
immunomodulatory strains to be tested in vivo.

The aim of this study was to evaluate the anti-inflammatory potential of a large collection of 
human colonic anaerobic bacteria, which had been previously cultured from healthy human 
donors at the Rowett Institute, at the University of Aberdeen in Scotland and the Department 
of Medical Microbiology, at the University Medical Centre Groningen, the Netherlands. As a 
model for immune response, we used human peripheral blood mononuclear cells (PBMCs) 
and measured the balance between pro-and anti-inflammatory cytokine secretion after 
stimulation with the different strains. Additionally, we devised an assay to test the potential of 
the strains to modulate cytokine responses by co-stimulation with heat-inactivated bacteria 
(HIB). We also assessed the capacity of bacterial strains to induce nuclear factor-kappaB 
(NF-κB) signalling via specific Toll-like receptors (TLRs), using reporter cell assays. Moreover, 
as oxidative stress has been proposed as a mechanism underlying the pathophysiology of 
IBD[85], murine macrophage RAW 264.7 cells were used to assess nitric oxide release caused 
by stimulation with these colonic bacteria.

MATERIALS AND METHODS

Bacterial culture and harvesting
Various isolates of colonic anaerobic bacteria were grown in YCFAGSC, a modified YCFA 
(yeast, casitone, fatty acids) medium supplemented with additional carbon sources (glucose, 
soluble starch and cellobiose). The bacterial cultures were grown at 37°C inside an anaerobic 
chamber (Bactron 3000) containing 90% nitrogen (N2), 5% hydrogen (H2) and 5% carbon 
dioxide (CO2). The optical density of bacterial cultures was measured at 600 nm using a 
Spectramax M5 microplate reader (Molecular Devices) and bacteria harvested from 2 ml 
of culture by centrifugation at 4000 rpm for 10 minutes at RT. The supernatant was filtered 
through a 0.22 µm MF-Millipore Membrane (Sigma-Aldrich) to remove bacteria and stored 
at -80°C. Bacterial pellets were resuspended in Roswell Park Memorial Institute (RPMI) 1640 
Medium (Thermo Fisher Scientific) containing 15% glycerol and stored at -80°C. Prior to the 
experiment, the bacterial pellet and supernatant were thawed and diluted to OD 0.1 (600 
nm) (equivalent to about 5 x 107 bacteria).

Isolation and stimulation of human peripheral blood mononuclear cells (PBMC)
Human peripheral blood mononuclear cells (PBMC) were isolated from blood using Ficoll 
density centrifugation. The blood was diluted 1:1 with Roswell Park Memorial Institute 
(RPMI) 1640 Medium (Thermo Fisher Scientific). PBMCs were isolated by density gradient 
centrifugation on Ficoll-Plaque PLUS (GE healthcare). The diluted plasma was removed and 
the layer of white blood cells was recovered and washed four times with RPMI. Purified 
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PBMCs were seeded in 96 well plate (2 x 105 cells/well) and rested for one hour in RPMI 
supplemented with 10% FBS (Invitrogen) and 100 U/ml penicillin/100 µg streptomycin (Sigma-
Aldrich) at an atmosphere of 5% CO2 - 95% O2 at 37ºC. Subsequently, PBMCs were used for 
profiling secreted cytokine production in response to the stimulation of various anaerobic 
bacteria strains. PBMC were stimulated with a ratio of 1:2 cell to bacteria. In some assays 
heat-inactivated bacteria (HIB), were added as an additional stimulus with a cell to bacteria 
ratio of 1:20. Then PBMC were incubated for 24 hours at 37ºC in an atmosphere of 5% CO2, 
95% O2. After incubation, supernatants of PBMC cultures and the cells were harvested for 
cytokine and viability measurements respectively.

Annexin V/Propidium iodide (PI) viability staining
Annexin V/Propidium Iodide (PI) staining (BD Biosciences) was used to distinguish viable from 
early and late apoptotic or necrotic cells according to manufacturer’s protocol. The cells were 
analysed using CytoFlexTM Flow Cytometry (Beckman Coulter). 

Cytokine measurements
Cytokines were measure using the the Bioplex Pro™ Assay according to manufacturers’ 
recommended protocol. Briefly, magnetically coupled beads (containing the detection 
antibody) for the different cytokines were premixed in assay buffer and added to flat bottom 
96 well plates and washed twice using a magnetic handheld washer. Next, 25 µl of defrosted 
culture supernatant was mixed with 25 µl of sample buffer, or 50 µl of cytokine standard 
and incubated with gentle shaking at room temperature for 30 minutes. After incubation, 
the plate was washed three times and 25 µl of premixed detection antibodies were added 
and incubated for 30 minutes, with gentle shaking. After incubation, the plate was washed 
three times and 50 µl of streptavidin-PE was added and incubated at room temperature for 
10 minutes, with gentle shaking. After three final washes, the beads were taken up in 75 µl 
of drive fluid, briefly shaken (700 rpm) and analysed. Samples and standards were measured 
in the MagPix reader, and analysed using the MAGPIX xPONENT software,  Bio-Plex Manager 
version 5.0. Five cytokines were measured: interleukin 1 beta (IL-1β), interleukin-10 (IL-10), 
interleukin-12p70 (IL-12p70), interferon gamma (IFN-γ), and tumour necrosis factor alpha 
(TNF-α).

TLR reporter assay
Human embryonic kidney (HEK293) (Invivogen) were transformed with different human Toll-
like receptors (TLR1/2, TLR2 and 2/6) and a NF-κB luciferase reporter construct (Invivogen). 
These cells were seeded at 6 × 104 cells per well into black, clear bottom 96-well plates in DMEM 
medium (Invitrogen), supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin 
(Sigma-Aldrich) and 10% FBS (Invitrogen) and incubated overnight at an atmosphere of 5% 
CO2 - 95%, O2 at 37ºC. Cells were subsequently incubated for at least 3 hours with different 
bacterial pellets or TLR agonists as controls (20 ng/ml Pam2PCSK for TLR2 and 2/6; 200 ng/
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ml Pam3PCSK for TLR1/2; Invivogen). Medium alone was used as a negative control. After the 
incubation period half of the medium was aspirated and replaced with Bright glow (Promega), 
subsequently the plate was vortexed for 5 minutes and the luminescence was measured 
using a Spectramax M5 microplate reader (Molecular Devices) at 750 ms integration time. 
Human embryonic kidney HEK293 cells not expressing TLR receptors but harbouring the 
pNiFty, NF-κB luciferase reporter construct (Invivogen),  were used as negative controls in the 
TLR reporter assays.

Macrophage stimulation
The macrophage cell line RAW 264.7 (ATCC TIB-71) was maintained in Dulbecco's Modified 
Eagle Medium (DMEM) containing GlutaMAX (Thermo Fisher Scientific) with addition of 100 
U/ml penicillin and 100 μg/ml streptomycin (Sigma-Aldrich). Cells (1.5 x 105) were seeded 
in 96-well culture plates in 200 μl of culture medium without phenol red. Immediately, the 
different bacterial pellets or immunostimulant lipopolysaccharide (LPS; 1µg/ml) were added 
to the cells and then incubated for 24 hours at 37°C in 5% CO2. After incubation, 75 μl of 
supernatant was harvested and transferred to a new plate for measurement of nitric oxide 
(NO) using the Griess assay. The viability of the remaining cells was measured using Cell 
Proliferation Reagent WST-1(Sigma-Aldrich) according to manufacturer’s protocol.

Nitrite (Griess) assay
NO produced by activated macrophages was converted to nitrite and measured using the 
Griess assay. An aliquot of 75 μl culture supernatant from each well was transferred to a 
new flat-bottomed 96-well plate and combined with 100 μl of 1% sulphanilamide and 100 
μl of 0.1% naphthylenediamine (both were prepared in 2.5% phosphoric acid solution). 
After 5 minutes incubation at room temperature, the nitrite concentration was determined 
by measuring optical density (OD 540, reference filter 690 nm) using a Spectramax M5 
microplate reader (Molecular Devices). Sodium nitrite (Sigma-Aldrich) was used as a standard 
to calculate NO concentrations in the cell-free medium.

RESULTS

Bacterial pellets and supernatants harvested from the anaerobically grown cultures were 
tested in various immune assays to evaluate their immunomodulatory properties (Table 2.1). 
Initial results showed that the unconditioned culture medium had an immunomodulatory 
effect which we hypothesized might be due to presence of short chain fatty acids (SCFA). 
As SCFA are produced in different amounts by the strains we decided not to test the culture 
supernatants. The immunomodulatory effects of SCFAs will be further discussed in other 
chapters of this thesis (Chapter 3, 4 and 5).
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Table 2.1. List of colonic bacteria isolated from healthy donors

No. PHYLUM SPECIES ISOLATE ID

1 Firmicutes Anaerobutyricum soehngenii sp. nov.[86] L2-7

2 Firmicutes Anaerobutyricum sp. nov.[86] VPI B4-27 (DSM 3353)

3 Firmicutes Anaerostipes caccae L1-92

4 Firmicutes Anaerostipes hadrus HTF-920 (F. prau 10)

5 Firmicutes Anaerostipes hadrus HTF-146

6 Firmicutes Anaerostipes hadrus HTF-370

7 Firmicutes Anaerostipes hadrus HTF-412

8 Firmicutes Anaerostipes hadrus SS2/1

9 Firmicutes Anaerostipes hadrus HTF-463

10 Firmicutes Anaerostipes hadrus HTF-774

11 Firmicutes Anaerostipes hadrus SSC/2

12 Firmicutes Anaerostipes hadrus HTF-783

13 Bacteroidetes Bacteroides dorei HTF-641

14 Bacteroidetes Bacteroides fragilis HTF-786

15 Bacteroidetes Bacteroides thetaiotaomicron HTF-488

16 Bacteroidetes Bacteroides uniformis HTF-203

17 Actinobacteria Bifidobacterium adolescentis L2-32

18 Firmicutes Blautia luti SR1/5

19 Firmicutes Blautia obeum A2-162

20 Firmicutes Blautia wexlerae HTF-A34

21 Firmicutes Butyricicoccus-like HTF-141

22 Firmicutes Butyrivibrio fibrisolvens 16/4.

23 Firmicutes Butyrivibrio spp. HTF-01D grB

24 Firmicutes Clostridiales sp. GM2/1

25 Firmicutes Clostridiales sp. SS3/4

26 Firmicutes Clostridium scindens HTF-602

27 Firmicutes Coprococcus catus GD/7

28 Firmicutes Coprococcus comes HTF-92A

29 Firmicutes Coprococcus comes HTF-515

30 Firmicutes Coprococcus eutactus ART55/1

31 Firmicutes Coprococcus eutactus L2-50

32 Firmicutes Dorea longicatena HTF-113

33 Firmicutes Dorea longicatena HTF-28

34 Firmicutes Eubacterium hallii HTF-05 A

Continue
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Table 2.1. List of colonic bacteria isolated from healthy donors

No. PHYLUM SPECIES ISOLATE ID

35 Firmicutes Eubacterium hallii HTF-83 D

36 Firmicutes Eubacterium hallii SL6/1/1

37 Firmicutes Eubacterium hallii SM6/1

38 Firmicutes Eubacterium hallii HTF-385

39 Firmicutes Eubacterium rectale A1-86

40 Firmicutes [Eubacterium] rectale HTF-171

41 Firmicutes [Eubacterium] rectale HTF-777

42 Firmicutes Eubacterium siraeum 70/3

43 Firmicutes Flavonifractor plautii HTF-137

44 Firmicutes Flavonifractor plautii HTF-589

45 Firmicutes Flavonifractor plautii HTF-630

46 Firmicutes Hungatella hathewayi CB (L) FAA B

47 Firmicutes Intestinibacter bartlettii 80/4

48 Firmicutes Intestinibacter bartlettii 80/6

49 Firmicutes Intestinibacter bartlettii HTF-135 (F. prau 4)

50 Firmicutes Intestinibacter bartlettii HTF-136 (F. prau 8)

51 Firmicutes Lachnospira pectinoshiza HTF-314

52 Firmicutes Lachnospiraceae gen. nov. sp. nov HTF-03

53 Firmicutes Lachnospiraceae sp. nov. M62/1

54 Firmicutes Mitsuokella multiacidus HTF-51A gr G

55 Bacteroidetes Prevotella copri HTF-504

56 Bacteroidetes Prevotella copri HTF-155

57 Firmicutes Roseburia faecis HTF-01A gr F

58 Firmicutes Roseburia faecis HTF-78

59 Firmicutes Roseburia faecis M6/1

60 Firmicutes Roseburia faecis M72/1

61 Firmicutes Roseburia faecis M88/1

62 Firmicutes Roseburia hominis A2-183

63 Firmicutes Roseburia intestinalis L1-82

64 Firmicutes Roseburia inulinivorans A2-194

65 Firmicutes Ruminococcus bicirculans 80/3

66 Firmicutes Ruminococcus bromii ATCC 27255

67 Firmicutes Ruminococcus bromii L2-63

68 Firmicutes [Ruminococcus] torques L2-14
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None of the 68 strains belonging to the Firmicutes, Bacteriodetes and Actinobacteria phyla 
caused cell death when incubated with PBMC. The percentage of viable PBMC was about 
70 – 90% after 24 hours of stimulation with either bacterial pellet or bacterial supernatant, 
which was not significantly different to the unstimulated cells (data not shown). In contrast, 
bacterial supernatants of some E. hallii and F. plautii strains significantly reduced viability of 
PBMCs compared to the control (Figure 2.1). As it is known that SCFA production can lower 
the pH of the medium, we tested cell viability at different pH. The pH of the E. hallii and F. 
plautii supernatants was higher than that which reduces viability (data not shown) suggesting 
other bacterial metabolites or molecules are detrimental to the cells.
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Figure 2.1. Percentage of viable PBMC after stimulation with E. hallii and F. plautii supernatants for 24 
hours. Error bars represent SEM, n= 3 donors. Significant differences among the groups were analysed 
using non parametric test one-way ANOVA followed by a Tukey post-hoc analysis (*p<0.05, **p<0.01, 
***p<0.001). Letters above bars represent statistically significant differences between the groups.

The profile of cytokines secreted by PBMCs stimulated with different bacterial strains was 
highly strain dependent and not characteristic of a specific species. For example, A. hadrus 
strain HTF-920 (F. prau 10) induced relatively high amounts of IL-10 in PBMCs (162% relative 
to our positive control HIB) but A. hadrus strain SSC/2 induced a relatively low amount of 
IL-10 secretion (38% relative to HIB). Other strains of this species induced IL-10 secretion 
in the range 79 - 127 % of the HIB control. Similarly, the amounts of IL-10 induced by the 
E. halli strains ranged between 0.5 - 51% of HIB control. C. scindens strain HTF-602 induced 
the highest concentration of IL-10 (525% relative to HIB), which was equivalent to 12000 pg/
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ml and Anaerobutyricum sp. nov. strain VPI B4-27 (DSM 3353) the lowest amount of IL-10 
secretion (0.5% compared relative to HIB) which was equal to 20 pg/ml (Figure 2.2A). 

Like IL-10, the amount of IL-12 and TNF-α induced in our PBMC assay was also strain specific. 
The concentration of IL-12 in the PBMC culture supernatant ranged from 0.11 to 362% 
relative to the HIB control (0.6 - 4842 pg/ml). The strain which induced the largest amount 
of IL-12 was Clostridiales sp. strain GM2/1, and the strain B. wexlerae HTF-A34 induced the 
lowest amount of IL-12 (Figure 2.2B). B. obeum strain A2-162 elevated the concentration 
of TNF-α 8-fold compared relative to HIB, which was equal to 230000 pg/ml. Whereas, R. 
bicirculans strain 80/3 induced the lowest amount of TNF-α secretion of all 68 strains (0.4% 
of HIB control (262 pg/ml) (Figure 2.2C). The amounts of the pro-inflammatory cytokines IL-
1β and IFN-γ secreted by PBMCs stimulated with the 68 different bacterial pellets were also 
measured (Supplementary figure S2.1).

The ratio of IL-10 to IL-12 induced by each strain (Figure 2.3A) was used to predict the anti-
inflammatory capacity of the strain as previously described by Foligne et al. (2007)[39]. R. 
faecis strain M72/1 had the highest IL-10/IL-12 ratio among the 68 tested strains. This strain 
induced moderate amounts of IL-10 (112%) but very low amounts of IL-12 (0.3%) secretion 
relative to HIB. Clostridiales sp. strain GM2/1 which induced the highest amount of IL-12 
secretion, had the lowest IL-10/IL-12 ratio as it induced only a moderate amount of IL-10 
(56%). Additionally, the IL-10/TNF-α ratio was examined to make a better prediction of the 
anti-inflammatory properties of the strains. The ranking of strains according to the IL-10/
TNF-α ratio (Figure 2.3B) was different to that of the IL-10/IL-12 ratio. C. comes strain HTF-
515 ranked highest in the IL-10/TNF-α ratio, whereas A. hadrus strain HTF-146 had the lowest 
IL-10 /TNF-α ratio.

Furthermore, to investigate whether the different strains might attenuate an inflammatory 
response to a bacterial infection, we studied the capacity of the strains to modulate cytokine 
secretion induced by a bacterial stimulus. Heat-inactivated bacteria (HIB) are known to 
significantly increase the secretion of both pro- and anti-inflammatory cytokines in PBMCs. 
In general, the addition of HIB together with the strain hardly altered the cytokine rank order 
(Figure 2.4). We observed that C. scindens strain HTF-602, which was previously found to 
be the strongest inducer of IL-10 (Figure 2.2A), was still among the strongest inducers and 
further increased the IL-10 secretion induced by HIB up to 759% (18143 pg/ml). I. bartlettii 
strain HTF-135 (F. prau 4), one of the strains that induced the lowest amount of IL-10 
secretion (Figure 2.2A), still induced very low amounts of IL-10 when combined with HIB. 
Compared to stimulation with HIB alone, this strain attenuated HIB induced IL-10 secretion 
to 29% (274 pg/ml) (Figure 2.4A). The pro-inflammatory cytokines IL-12 and TNF- α were 
generally increased when the strains were combined with HIB. Concentrations of IL-12 as a 
result of strain stimulation in combination with HIB ranged between 7 to 266% (101- 3957 
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pg/ml) relative to HIB stimulation alone. The strongest inducer of IL-12 secretion was B. 
luti strain SR1/5, while R. faecis strain M88/1 induced the lowest amount of IL-12 secretion 
(Figure 2.4B). For TNF-α, the concentration measured after stimulation with the strains in 
combination with HIB ranged between (26 to 1453% (8540 - 855600 pg/ml). Clostridiales sp. 
strain GM2/1 induced the highest level of TNF-α secretion induced whereas B. fibrisolvens 
strain 16/4 showed the lowest induction of TNF-α secretion. Additionally, B. fibrisolvens strain 
16/4 attenuated the HIB induced TNF-α secretion to about 25% of that induced by HIB alone 
(Figure 2.4C).
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Immunomodulatory properties of key anaerobic bacteria isolated from the human colon 
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To investigate the capacity of colonic anaerobic bacteria to activate the NF-κB signalling 
pathway via different TLR receptors, a TLR reporter assay was used. The results showed that 
as with cytokine secretion, also TLR activation was strain specific rather than species specific. 
The majority of tested strains were able to activate NF-κB signalling pathway via TLR1/2, TLR 
2 and TLR2/6, to different extents (Figure 2.5). There was no positive correlation between 
capacity of a strain to active TLR signalling and the amounts of different cytokines secreted 
in PBMC stimulation assays. For example, strains strongly activating NF-κB signalling such as 
E. hallii HTF-05A and HTF-385, did not induce the largest amount of cytokine secretion in 
PBMCs. Conversely, some of the strains which had a low capacity to activate NF-κB signalling 
pathway via TLR receptors, such as D. longicatena strain HTF-28 and F. plautii strain HTF-137 
(Figure 2.5), induced significant amounts of cytokine secretion (Figure 2.2). Likewise, E. hallii 
strain HTF-83 D, which was one of the strongest NF-κB activators (Figure 2.5), induced only 
low amounts of cytokines (Figure 2.2). Additionally, there were some strains that showed 
a ‘silent’ profile in terms of cytokine secretion as well as NF-κB activation in TLR assays. For 
example, I. bartlettii strain HTF-135 (F. prau 4) was among the weakest inducers of cytokine 
secretion (Figure 2.2) and NF-κB activation (Figure 2.5). Interestingly, D. longicatena strain 
HTF-28 and I. bartlettii strain HTF-135 (F. prau 4), which both showed a low capacity to 
activate NF-κB via TLR signalling, aggregated when grown in culture, most likely as a result of 
extracellular polymeric substances (EPS) production (Figure 2.6).

Furthermore, the strains were tested in HEK239 cells that expressed TLR4 (natural ligand 
LPS) and TLR5 (natural ligand flagellin). Among the 68 tested strains, only one showed NF-
κB activation via TLR4. This strain was identified as M. multiacidus strain HTF-51A gr G, 
which is indeed known as a Gram-negative bacterium. In addition, R. faecis strain M72/1, 
R. inulinivorans strain A2-194 and R. faecis strain M6/1 highly activated NF-κB signalling 
pathway via TLR5, suggesting these strains harbour flagella (Supplementary Figure S2.2).

Lastly, to assess oxidative stress caused by stimulation with the colonic bacterial strains, nitric 
oxide (NO) secreted from murine macrophage RAW 264.7 cells was measured (Figure 2.7). 
Similar to cytokine secretion and TLRs findings, the NO secretion level was also found to be 
strain specific. The highest NO secretion was induced by P. copri strain HTF-155, inducing 
almost the same level (97%) of NO secretion as LPS (100%). The lowest levels of NO secretion 
were measured after stimulation with I. bartlettii strain 80/6 (2%), which also induced low 
amounts of cytokine secretion (Figure 2.2) and weakly induced NF-κB activation via the 
different TLR reporter assays (Figure 2.5). 
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Figure 2.6(A-B). Bacterial culture of (A) D. longicatena strain HTF-28 (B) I. bartletti  i strain HTF-135 
(F. prau 4) grown in anaerobic conditi ons. These strains aggregate, most likely due to producti on of EPS.

A heat map table was generated to summarize the immunomodulatory capacity of the 
colonic anaerobic bacteria tested (Table 2.2). Except for IL-10 (marked with asterisk symbol), 
a gradient of green to red colour was used to mark low to high concentrati on of cytokine 
and NO secreti on and TLR acti vati on level. For cytokines and NO producti on, the red colour 
represents an infl ammatory profi le whereas the green colour indicates an anti -infl ammatory 
profi le. As can be observed from the table, the immunomodulatory capacity among the 
diff erent colonic anaerobic bacteria is highly diverse. There were no obvious similariti es in 
immune profi les observed among the strains belonging to the same phylogeneti c cluster 
(Table 2.2).
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NO secretion

0 50 100 150
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Figure 2.7. Percentages of NO secretion as a result of stimulation of mouse macrophages (RAW 264.7) 
with various colonic anaerobic bacteria. The concentration of NO is depicted relative to stimulation with 
1 μg/ml LPS (100%; depicted by red line). Error bars represent SEM, n = 3. 
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DISCUSSION

In our search for a potential therapeutic (probiotic) candidate for the treatment of 
IBD, we screened 68 colonic anaerobic strains, obtained from healthy volunteers. 
Most importantly, we found that that the immune profile resulting from PBMC stimulation 
and cytokine measurements, the NO secretion by macrophages, as well as the TLR activation 
was strain specific (Figures 2.2, 2.3, 2.4, 2.5 and 2.7). There were also no correlations 
observed between the induced cytokine production, TLR activation or NO secretion. Most of 
the tested strains were able to activate the NF-κB signalling pathway through TLR1/2, TLR2 
and TLR2/6 albeit to various degrees (Figure 2.5). Only one strain activated NF-κB signalling 
pathway via TLR4 (Supplementary figure S2.2), a TLR family member which recognizes 
lipopolysaccharide (LPS), a microbial component belonging to Gram-negative bacteria[87]. 
This particular strain, M. multiacidus strain HTF-51A gr G, was indeed identified as a Gram-
negative bacterium[88]. A few Roseburia strains showed strong NF-κB activation via TLR5 
(Supplementary figure 2) which indicated flagellin recognition[89, 90]. Roseburia hominis 
(A2-183) is indeed a flagellated gut anaerobic bacterium, and a significant decrease of R. 
hominis colonization in the gut of ulcerative colitis patients has recently been reported[91]. 
Moreover, a recent study of Tamanai-Shacoori showed that Roseburia might be used as a 
biomarker for intestinal health[92]. 

As most of the strains tested in this study were Gram-positive, their cell wall would consist of 
peptidoglycan and lipoteichoic acid and therefore we expected all strains to strongly trigger 
NF-κB signalling. Some strains however, hardly activated NF-κB signalling. This could be a result 
from extracellular polymeric matrix substances (EPS), which might ‘shield’ the bacterium and 
prevent recognition of their molecular patterns[23]. We found that D. longicatena strain 
HTF-28 and I. bartlettii strain HTF-135 (F. prau 4), form particular aggregates when cultured, 
most likely as a result of extracellular polymeric matrix substances (Figure 2.6). These strains 
induced hardly any NF-κB activation via TLR activation. Unexpectedly, even though NF-κB 
activation is known to trigger cytokine secretion, the capacity of certain bacterial strains to 
activate NF-κB signalling pathway through TLRs did not positively correlate with cytokine 
secretion. The above-mentioned D. longicatena strain HTF-28 hardly activated NF-κB signalling 
pathway through TLR activation but nevertheless induced significant amounts of cytokine 
secretion. A possible explanation for the capacity of HTF-28 to induce cytokine secretion 
independently from TLR activation could be its ability to activate other receptors that play an 
important role in activating the innate immune response, such as the nucleotide-binding and 
oligomerization domain (NOD)-like receptors (NLRs) and/or C-type lectin receptors. Similar 
to TLRs, NLRs are also known as pattern-recognition receptors. TLRs are transmembrane 
receptors, while NLRs are cytoplasmic receptors that play a crucial role in the innate immune 
response by recognizing both microbe-associated molecular patterns (MAMPs) as well as 
damage-associated molecular patterns (DAMPs)[93]. C-type lectin receptors recognize 



41

Immunomodulatory properties of key anaerobic bacteria isolated from the human colon 

Ch
ap

te
r 2

carbohydrates, through one or more carbohydrate recognition domains (CRDs). Besides, they 
can recognize structurally similar C-type lectin-like domains (CTLDs) which do not necessarily 
have to be carbohydrate ligands[94]. EPS produced by HTF-28 could be recognized by a 
C-type lectin receptor and thereby activate NF-κB signalling pathway which would lead to 
inflammatory cytokine production[95]. Bacterial MAMPs can be modified to avoid pattern 
recognition receptor (PRR) activation. Modified structures of LPS produced by Bacteroides 
dorei (B. dorei) avoid detection by TLR4 and NOD receptors[96]. Moreover, modification of 
bacterial peptidoglycan to escape NOD receptors[97, 98] has been reported as a strategy to 
avoid PRR activation. It remains to be investigated if strain HTF-28 also expresses modified 
MAMPs to avoid TLRs or other PRRs activation, however HTF-28 still triggers cytokine 
secretion, therefore some mechanism of recognition is activated by this strain.

Based on the result of our immune assays, the 68 tested strains were grouped into three 
different immune profiles. Firstly, the immunostimulatory profile; the strains belonging to this 
profile, (e.g. C. scindens strain HTF-602) showed an immuno-stimulatory capacity by strongly 
inducing cytokine secretion. These strains were also characterized by induction of relatively 
high NO secretion, and/or high NF-κB signalling after TLR activation. Although increased IL-
10 secretion after stimulation with some of these strains is observed, in general stimulation 
with these strains is more likely to increase inflammation, rather than to attenuate it. These 
immunostimulatory strains would therefore not be the first choice for future probiotics.

Secondly, the immunomodulatory profile; some strains, (e.g. R. faecis strain M88/1) only 
induced moderate amounts of cytokine secretion in our PBMCs assay. However, when they 
were combined together with HIB, to mimic an inflammatory situation, these strains were 
able to modulate this HIB induced cytokine secretion. HIB is a bacterial stimulus which 
principally triggers inflammation due to its ability to increase secretion of both anti- and 
pro-inflammatory cytokines. The immunomodulatory strains were able to reduce the pro-
inflammatory cytokines IL-12 and TNF-α, but could at the same time increase secretion of the 
anti-inflammatory cytokine IL-10. These strains also induced only moderate amounts of NO 
secretion. Combined, the generally anti-inflammatory cytokine profile and the attenuated NO 
secretion would likely be beneficial in situations of (excessive) inflammation. These strains 
therefore could be considered as potential candidates for future probiotics. 

Lastly, we observed the immunosuppressive or ‘silent’ profile (e.g. F. plautii strain HTF-137); 
this profile was characterized by a low capacity to induce cytokine secretion, in combination 
with low NO secretion and/or TLR NF-κB signalling after TLR activation. More importantly, 
when HIB was added as an immune/inflammatory stimulus, these strains attenuated the 
resulting pro-inflammatory cytokine response. These strains could be very interesting 
as probiotic candidates as they would not stimulate inflammatory responses and would 
attenuate inflammation.
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The most desirable immune profile of strains to be used as a therapy for a chronic inflammatory 
disease in the gut, such as IBD, must include a combination of some criteria such as an 
induction of a moderate to high IL-10 versus low IL-12 secretions (moderate-high IL-10 to IL-
12 ratio) accompanied with induction of a moderate to low TNF-α secretion. Moreover, when 
there is inflammation, the ideal probiotic strain should have a moderate to high modulatory 
capacity to increase IL-10 and decrease IL-12 and TNF-α secretion, as well as a low capacity 
to induce oxidative stress (low NO induction). Some strains, such as P. copri strain HTF-504 
and A. hadrus strain SSC/2, indeed fit the criteria mentioned. However, this does not mean 
that other unique immune profiles might not be desirable for therapeutic application. For 
example, the strains that showed an immunosuppressive or ‘silent’ profile, such as F. plautii 
strain HTF-137, may be interesting to explore further as new therapeutic candidates for 
chronic inflammatory disease such as IBD. Such strains could maintain an anti-inflammatory 
status in the gut by allowing low secretion of cytokines and NO during remission, and decrease 
the inflammation by attenuating pro-inflammatory cytokine secretion during the ‘flare-up’ 
state of IBD. As we observed from the heat map (Table 2.2), most of tested strains within a 
certain species showed different immune profiles. However, some species showed similar 
pattern of immune profile, for all the strains tested, for example the E. hallii and I. bartlettii 
species. These species showed similar ranges of cytokine and NO secretion, as well as NF-κB 
signaling via TLR activation, with only one or two exceptions. It therefore remains paramount 
to investigate each strain individually to determine its immunomodulatory capacities, as 
phylogenetic similarities do not predict phenotypic properties.

CONCLUDING REMARKS

To conclude, in this study we found that the immune profile of colonic anaerobic bacteria 
is mostly strain specific and there appear to be no general trends associated with a 
specific species, although some species may show similar immune profiles. We identified 
three different types of immune profiles which could theoretically be used to select anti-
inflammatory probiotics. The three types were immunostimulatory, immunomodulatory 
and immunosuppressive or ‘silent’ profiles. We also found some strains meet the criteria 
for a potential therapeutic candidate for IBD treatment. This work identified new immune 
phenotypes/profiles of gut bacteria warrant further study in vivo. In the future we aim to test 
these immunomodulatory predictions in an in vivo mouse model of IBD.
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Supplementary figure S2.1. Percentages of IFN-γ and IL-1β cytokines secretion measured in PBMC 
cultures after 24 hours incubation with different strains of colonic anaerobic bacteria, with or withouth 
HIB stimulation. Concentrations of IFN-γ and IL-1β are shown relative to positive control HIB (%). Error 
bars represent SEM, n = 3 donors. Red line indicates the amount of secreted cytokine induced by the 
positive control (100%).
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TLR4 activation

0 50 100 150

M. multiacidus_HTF-51A gr G
C. scindens_HTF-602

B. thetaiotaomicron_HTF-488
F. plautii_HTF-630
F. plautii_HTF-589

R. bicirculans_80/3
R. bromii_ATCC 27255

A. hadrus_SS2/1
P. copri_HTF-155
B. dorei_HTF-641
E. hallii_HTF-385

L. pectinoshiza_HTF-314
C. eutactus_L2-50

Butyricicoccus-like_HTF-141
B. fragilis_HTF-786

I. bartlettii_HTF-136 (F. prau
B. adolescentis_L2-32

B. �brisolvens_16/4
R. inulinivorans_A2-194

R. faecis_M88/1
A. caccae_L1-92
R. faecis_M72/1

R. faecis_M6/1
H. hathewayi_CB (L) FAA B

A. hadrus_HTF-920 (F. prau 10)
R. faecis_HTF-78

R. intestinalis_L1-82
Clostridiales_SS3/4

R. faecis_HTF-01A gr F
Clostridiales_GM2/1

R. bromii _L2-63
P. copri_HTF-504

B. uniformis_HTF-203
I. bartlettii_80/6

C. catus_GD/7
Butyrivibrio_HTF-01D grB

A. hadrus_SSC/2
C. eutactus_ART55/1

I. bartlettii_HTF-135 (F. prau
B. obeum_A2-162

A. hadrus_HTF-783
C. comes_HTF-515

Lachnospiraceae_M62/1
[R.] torques_L2-14

Lachnospiraceae_HTF-03
C. comes_HTF-92A
A. hadrus_HTF-774
A. hadrus_HTF-412
A. hadrus_HTF-463

I. bartlettii_80/4
B. wexlerae_HTF-A34

A. hadrus_HTF-370
A. hadrus_HTF-146

E. rectale_A1-86
R. hominis_A2-183

B. luti_SR1/5
E. siraeum_70/3

[E.] rectale_HTF-171
[E.] rectale_HTF-777

E. hallii_HTF-83 D
D. longicatena_HTF-28

D. longicatena_HTF-113
E. hallii_HTF-05 A

Anaerobutyricum sp. nov._DSM 3
A. soehngenii sp. nov._L2-7

E. hallii_SL6/1/1
F. plautii_HTF-137

E. hallii_SM6/1

Luminescence unit (% relative to LPS)

TLR5 activation

0 100 200 300

R. faecis_M72/1
R. inulinivorans_A2-194

R. faecis_M6/1
R. faecis_HTF-78
R. faecis_M88/1

Clostridiales_SS3/4
R. faecis_HTF-01A gr F

Butyrivibrio_HTF-01D grB
E. siraeum_70/3

R. hominis_A2-183
E. rectale_A1-86

R. intestinalis_L1-82
M. multiacidus_HTF-51A gr G

A. hadrus_HTF-774
A. hadrus_HTF-463

P. copri_HTF-504
C. comes_HTF-515

B. uniformis_HTF-203
A. hadrus_HTF-412

A. hadrus_HTF-920 (F. prau 10)
R. bromii _L2-63

B. �brisolvens_16/4
B. wexlerae_HTF-A34

I. bartlettii_HTF-135 (F. prau
C. comes_HTF-92A
A. hadrus_HTF-370

I. bartlettii_80/6
C. eutactus_ART55/1

A. hadrus_HTF-146
B. obeum_A2-162
[R.] torques_L2-14

A. hadrus_SSC/2
H. hathewayi_CB (L) FAA B

A. caccae_L1-92
I. bartlettii_HTF-136 (F. prau

E. hallii_HTF-05 A
C. eutactus_L2-50

Clostridiales_GM2/1
A. hadrus_SS2/1

F. plautii_HTF-630
L. pectinoshiza_HTF-314
Lachnospiraceae_M62/1

B. adolescentis_L2-32
B. luti_SR1/5

C. catus_GD/7
P. copri_HTF-155

A. hadrus_HTF-783
Lachnospiraceae_HTF-03

I. bartlettii_80/4
B. dorei_HTF-641

R. bromii_ATCC 27255
R. bicirculans_80/3

E. hallii_HTF-385
B. fragilis_HTF-786

Butyricicoccus-like_HTF-141
F. plautii_HTF-589

B. thetaiotaomicron_HTF-488
C. scindens_HTF-602

D. longicatena_HTF-113
Anaerobutyricum sp. nov._DSM 3

[E.] rectale_HTF-171
[E.] rectale_HTF-777

D. longicatena_HTF-28
F. plautii_HTF-137
E. hallii_HTF-83 D

A. soehngenii sp. nov._L2-7
E. hallii_SM6/1

E. hallii_SL6/1/1

Luminescence unit (% relative to �agellin)

Supplementary figure S2.2. Percentages of TLR4 and TLR5 activation level measured in TLR receptor 
cell lines after stimulation with different strains of colonic anaerobic bacteria. Activation levels of TLR4 
and TLR5 are depicted relative to their respective ligands (%). Error bars represent SEM, n = 3. Red line 
indicates the activation level induced by the cognate TLR ligands (100%).
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Abstract

Faecalibacterium prausnitzii has been reported as a promising probiotic for the treatment 
and prevention of inflammatory bowel disease. However, it is not known whether 
different strains or phylogenetic clades of F. prausnitzii have different immunomodulatory 
properties linked to evolutionary differences in the genome. Here we describe the 
immunomodulatory properties of a unique collection of 26 novel and two previously 
described strains of F. prausnitzii using various immune assays in vitro. Comparison of the 
sequenced genomes of the 28 strains revealed distinct phylogenetic clusters. F. prausnitzii 
strains were incubated with isolated human peripheral blood mononuclear cells (PBMC) 
with and without an additional stimulus and the amounts of secreted cytokines measured 
in the culture supernatant after 24 hours. We also measured the capacity of each strain 
to signal through Toll-like receptors (TLR) using luciferase reporter assays. Additionally, 
nitric oxide (NO) was measured after incubation of the strains with murine macrophage 
RAW 264.7 cells as an indicator of macrophage activation. The strains fell into one of three 
immunomodulatory categories:  immue-stimulatory, immunomodulatory and ‘silent’ 
(inhibitory) response profiles. The immune profiles of the strains were not correlated with 
a distinct phylogenetic cluster. Future research will be aimed at establishing the potential 
anti-inflammatory effects of selected strains in a mouse colitis model.
Keywords: Faecalibacterium prausnitzii, immune profiles, anti-inflammatory
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INTRODUCTION

Faecalibacterium prausnitzii (F. prausnitzii) is one of the most abundant species found the 
human faecal microbiota[99]. Reduced abundance has been linked to as Crohn’s disease (CD) 
and ulcerative colitis (UC), two forms of human inflammatory bowel disease (IBD)[20, 45, 
100]. F. prausnitzii produces butyrate which is an important energy source for enterocytes, 
linked to the induction of regulatory T cells in the colon[26, 44, 68] and anti-inflammatory 
effects in the intestine[20, 22]. Other anti-inflammatory mechanisms of F. prausnitzii have 
also been reported in the literature. F. prausnitzii strains have a high capacity to induce IL-10 
in human and murine dendritic cells in vitro and modulate T cell responses in vivo[21]. The 
culture supernatant of F. prausnitzii strain A2-165 was also reported to attenuate severity of 
colitis in mouse models of relapsing colitis[22, 84]. Recently several peptides present in F. 
prausnitzii culture supernatants were shown to attenuate IL-1β induced production of IL-8 
in Caco-2 epithelial cells in vitro. The peptides were derived from a single a 15 kDa protein, 
which attenuated activation of the nuclear factor (NF)-κB pathway when transfected into 
mammalian cells[100]. 

Recently F. prausnitzii strain HTF-F was shown to produce an extracellular polymeric matrix 
(EPM), that may play a role in biofilm formation and colonization[23]. The EPM was shown to 
modulate IL-12 and IL-10 cytokine production in antigen presenting cells, suggesting that it 
contributes to anti-inflammatory effects. Oral administration of strain HTF-F and to a lesser 
extent even the EPM alone attenuated the severity of disease in a mouse dextran sodium 
sulphate (DSS)-induced colitis model[23]. Overall, these findings suggest that F. prausnitzii 
strains can differ in their capacity to attenuate colitis and might possess different properties 
influencing gut colonization and survival, as well as different mechanisms to attenuate 
inflammation. 

F. prausnitzii are generally regarded as extremely oxygen sensitive (EOS) bacteria with death 
occurring within minutes after exposure to atmospheric levels of oxygen. F. prausnitzii has 
been shown to shuttle electrons to oxygen through an extracellular electron transport chain 
utilizing riboflavin[101], which may allow F. prausnitzii to survive under low oxygen tension. 
This could be important for survival in an inflamed gut where oxygen tension may increase 
due to epithelial damage and production of reactive oxygen species by inflammatory cells. 
Riboflavin is not secreted by F. prausnitzii so it depends on its production by other members 
of the microbiota. Therefore, oral administration of riboflavin or other antioxidants may help 
promote survival of F. prausnitzii in therapeutic applications[101].

Given the interest and potential of using F. prausnitzii strains as next generation probiotics 
we investigated the immunomodulatory properties of a unique collection of 28 different 
strains from healthy human donors. Comparison of the sequenced genomes of the 28 
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strains revealed distinct phylogenetic clusters. The aim was to investigate whether strains of 
different phylogenetic clades possessed distinct immunomodulatory characteristics, linked 
to evolutionary differences in the genome. F. prausnitzii strains were incubated with isolated 
human peripheral blood mononuclear cells (PBMC) with and without an additional stimulus 
and the amounts of secreted cytokines measured in the culture supernatant after 24 hours. 
We also measured the capacity of each strain to signal through Toll-like receptors (TLR) using 
luciferase reporter assays. Additionally, nitric oxide (NO) was measured after incubation of the 
strains with murine macrophage RAW 264.7 cells as an indicator of macrophage activation. 

MATERIALS AND METHODS

Bacterial culture and harvesting
Various isolates of F. prausnitzii strains were grown in YCFAGSC, a modified YCFA (yeast, 
casitone, fatty acids) medium supplemented with additional carbon sources (glucose, 
soluble starch and cellobiose). The bacterial cultures were grown at 37°C inside an anaerobic 
chamber (Bactron 3000) containing 90% nitrogen (N2), 5% hydrogen (H2) and 5% carbon 
dioxide (CO2). The optical density of bacterial cultures was measured at 600 nm using a 
Spectramax M5 microplate reader (Molecular Devices) and bacteria harvested from 2 ml 
of culture by centrifugation at 4000 rpm for 10 minutes at RT. The supernatant was filtered 
through a 0.22 µm MF-Millipore Membrane (Sigma-Aldrich) to remove bacteria and stored 
at -80°C. Bacterial pellets were resuspended in Roswell Park Memorial Institute (RPMI) 1640 
Medium (Thermo Fisher Scientific) containing 15% glycerol and stored at -80°C. Prior to the 
experiment, the bacterial pellet and supernatant were thawed and diluted to OD 0.1 (600 
nm) (equivalent to about 5 x 107 bacteria).

Isolation and stimulation of human peripheral blood mononuclear cells (PBMC)
Human peripheral blood mononuclear cells (PBMC) were isolated from blood using Ficoll 
density centrifugation. The blood was diluted 1:1 with Roswell Park Memorial Institute 
(RPMI) 1640 Medium (Thermo Fisher Scientific). PBMCs were isolated by density gradient 
centrifugation on Ficoll-Plaque PLUS (GE healthcare). The diluted plasma was removed and 
the layer of white blood cells was recovered and washed four times with RPMI. Purified 
PBMCs were seeded in 96 well plate (2 x 105 cells/well) and rested for one hour in RPMI 
supplemented with 10% FBS (Invitrogen) and 100 U/ml penicillin/100 µg streptomycin 
(Sigma-Aldrich) at an atmosphere of 5% CO2 - 95% O2 at 37ºC. Subsequently, PBMCs were 
used for profiling secreted cytokine production in response to the stimulation of various F. 
prausnitzii strains. PBMC were stimulated with a ratio of 1:2 cell to bacteria. In some assays 
heat-inactivated bacteria (HIB), were added as an additional stimulus with a cell to bacteria 
ratio of 1:20. Then PBMC were incubated for 24 hours at 37ºC in an atmosphere of 5% CO2, 
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95% O2. After incubation, supernatants of PBMC cultures and the cells were harvested for 
cytokine and viability measurements respectively.

Annexin V/Propidium iodide (PI) viability staining
Annexin V/Propidium Iodide (PI) staining (BD Biosciences) was used to distinguish viable from 
early and late apoptotic or necrotic cells according to manufacturer’s protocol. The cells were 
analysed using CytoFlexTM Flow Cytometry (Beckman Coulter). 

Cytokine measurements
Cytokines were measure using the the Bioplex Pro™ Assay according to manufacturers’ 
recommended protocol. Briefly, magnetically coupled beads (containing the detection 
antibody) for the different cytokines were premixed in assay buffer and added to flat bottom 
96 well plates and washed twice using a magnetic handheld washer. Next, 25 µl of defrosted 
culture supernatant was mixed with 25 µl of sample buffer, or 50 µl of cytokine standard 
and incubated with gentle shaking at room temperature for 30 minutes. After incubation, 
the plate was washed three times and 25 µl of premixed detection antibodies were added 
and incubated for 30 minutes, with gentle shaking. After incubation, the plate was washed 
three times and 50 µl of streptavidin-PE was added and incubated at room temperature for 
10 minutes, with gentle shaking. After three final washes, the beads were taken up in 75 µl 
of drive fluid, briefly shaken (700 rpm) and analysed. Samples and standards were measured 
in the MagPix reader, and analysed using the MAGPIX xPONENT software,  Bio-Plex Manager 
version 5.0. Five cytokines were measured: interleukin 1 beta (IL-1β), interleukin-10 (IL-10), 
interleukin-12p70 (IL-12p70), interferon gamma (IFN-γ), and tumour necrosis factor alpha 
(TNF-α).

TLR reporter assay
Human embryonic kidney (HEK293) (Invivogen) were transformed with different human Toll-
like receptors (TLR1/2, TLR2 and 2/6) and a NF-κB luciferase reporter construct (Invivogen). 
These cells were seeded at 6 × 104 cells per well into black, clear bottom 96-well plates in DMEM 
medium (Invitrogen), supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin 
(Sigma-Aldrich) and 10% FBS (Invitrogen) and incubated overnight at an atmosphere of 5% 
CO2 - 95%, O2 at 37ºC. Cells were subsequently incubated for at least 3 hours with different 
bacterial pellets or TLR agonists as controls (20 ng/ml Pam2PCSK for TLR2 and 2/6; 200 ng/
ml Pam3PCSK for TLR1/2; Invivogen). Medium alone was used as a negative control. After the 
incubation period half of the medium was aspirated and replaced with Bright glow (Promega), 
subsequently the plate was vortexed for 5 minutes and the luminescence was measured 
using a Spectramax M5 microplate reader (Molecular Devices) at 750 ms integration time. 
Human embryonic kidney HEK293 cells not expressing TLR receptors but harbouring the 
pNiFty, NF-κB luciferase reporter construct (Invivogen),  were used as negative controls in the 
TLR reporter assays.



52

Chapter 3

Macrophage stimulation
The macrophage cell line RAW 264.7 (ATCC TIB-71) was maintained in Dulbecco's Modified 
Eagle Medium (DMEM) containing GlutaMAX (Thermo Fisher Scientific) with addition of 100 
U/ml penicillin and 100 μg/ml streptomycin (Sigma-Aldrich). Cells (1.5 x 105) were seeded 
in 96-well culture plates in 200 μl of culture medium without phenol red. Immediately, the 
different bacterial pellets or immunostimulant lipopolysaccharide (LPS; 1µg/ml) were added 
to the cells and then incubated for 24 hours at 37°C in 5% CO2. After incubation, 75 μl of 
supernatant was harvested and transferred to a new plate for measurement of nitric oxide 
(NO) using the Griess assay. The viability of the remaining cells was measured using Cell 
Proliferation Reagent WST-1(Sigma-Aldrich) according to manufacturer’s protocol.

Nitrite (Griess) assay
NO produced by activated macrophages was converted to nitrite and measured using the 
Griess assay. An aliquot of 75 μl culture supernatant from each well was transferred to a 
new flat-bottomed 96-well plate and combined with 100 μl of 1% sulphanilamide and 100 
μl of 0.1% naphthylenediamine (both were prepared in 2.5% phosphoric acid solution). 
After 5 minutes incubation at room temperature, the nitrite concentration was determined 
by measuring optical density (OD 540, reference filter 690 nm) using a Spectramax M5 
microplate reader (Molecular Devices). Sodium nitrite (Sigma-Aldrich) was used as a standard 
to calculate NO concentrations in the cell-free medium.

RESULTS

Phylogenetic clustering
Phylogenetic clustering of 72 F. prausnitzii strains was created based on their genome 
sequences (Figure 3.1.) [Collaborative F. prausnitzii manuscript in preparation]. The colour 
code in this phylogenetic tree reflects the different phylogenetic clusters of F. prausnitzii 
and was used in other graphs in this chapter to identify the clusters (A to L). In this study 
we investigated the immunomodulatory properties of 28 strains, representing 8 of the 12 
different phylogenetic clusters (Figure 3.1).
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Figure 3.1. Genomic diversity of F. prausnitzii strains. Phylogenetic clustering of 72 F. prausnitzii strains 
based their genomic sequences. Different colours represent different clusters which are indicated by 
alphabetic order (A-L).
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Cytokine profiling in PBMC
Similar CFUs of each F. prausnitzii strain, suspended in RPMI were incubated with human 
PBMCs from three separate donors. After 24 hours incubation the secreted cytokines in the 
supernatant were measured by multiplex bead-capture assays (Magpix Luminex). As the 
amount of secreted cytokine can vary considerably between donors we included stimulation 
with a standard frozen inoculum of heat-inactivated bacterium (HIB) to facilitate normalisation 
between assays. 

There were considerable differences in amounts of secreted cytokine induced by the bacterial 
pellets of the different F. prausnitzii strains. For example, some strains induced less than 
5 pg/ml IL-10 secretion, whereas other strains induced up to 4362 pg/ml suggesting that 
the capacity to induce high amounts of IL-10 in PBMCs is strain dependent and high IL-10 
production is not a conserved feature of the species (Figure 3.2A). Most (27 out of 28) of 
the F. prausnitzii strains tested elicited small amounts of IL-12 (depending on donor) in the 
range of (1 - 12 pg/ml), which was less than 4% of the levels elicited by the control stimulus 
(Figure 3.2B). The exception was strain S3L/3, which produced relatively high amounts of  
IL-12 (337 pg/ml), which was comparable to the positive control (HIB). 
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Figure 3.2A & B. Percentages of IL-10 (A) and IL-12 (B) secretion measured from PBMCs after 24 hours 
incubation with different strains of F. prausnitzii. Concentrations of IL-10 and IL-12 are shown relative to the 
positive control HIB (%). Error bars represent SEM, n = 3 donors. Red line indicates the amount of secreted 
cytokine induced by the positive control (100%). Bar colours indicate the phylogenetic cluster of each strain. 
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As the induction of high IL-10/IL-12 cytokine ratios has been suggested to correlate with 
protective effects of probiotics in a mouse colitis model[39], we calculated the ratio between 
the anti-inflammatory IL-10 and the pro-inflammatory IL-12 with the lowest value of IL-12 
being nominally 1.06 pg/ml (Figure 3.2C). IL-10 is known to have a suppressive effect on IL-
12 production so it was surprising to find the highest inducer of IL-10, strain HTF-05B, also 
induced high amounts of secreted IL-12, resulting in a low ratio for IL-10/IL-12. Strain S3L/3, 
which induced moderate amounts of IL-10 but the highest amount of IL-12, ranked last. 
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Figure 3.2C. Ratio of secreted IL-10 to IL-12 in PBMCs assays. The ratios were obtained from percentage 
of IL-10 vs. IL-12 secretions relative to HIB. Error bars represent SEM, n = 3 donors. Bar colours indicate 
phylogenetic clusters of the strain.

The 28 strains varied considerably in their capacity to induce TNF-α ranging from 88 - 185286 
pg/ml (Figure 3.2D), but there was no correlation between capacity of a strain to elicit 
high amounts of IL-10 and high amounts of TNF-α. Strain HTF-05B had a unique immune 
profile, inducing the highest amounts of IL-10 and TNF-α and the second highest amounts 
of IL-12. This strain was also a strong inducer of IL-1β and IFN-γ (Supplementary Figure 3.1). 
Interestingly, a few strains, in particular HTF-112, L2-39, HTF-238 and HTF-111, induced low 
or undetectable amounts of all cytokines. 

As the amount of secreted IL-12 was low (1 - 12 pg/ml), the IL-10 to IL-12 ratio reflected more 
on the amount of IL-10. Therefore, we also calculated the IL-10/TNF-α ratio. The ranking 
of strains according to the IL-10/TNF-α ratio was different to that of the IL-10/IL-12 ratio 
(Figure 3.2C). Neither of these ratios correlated with the F. pausnitzii phylogenetic cluster 
(Figure 3.2E).



56

Chapter 3

TNFa (pellet stimulation)
re

la
tiv

e 
to

 H
IB

 (%
)

HTF-05
B

A2-1
65

HTF-23
3

S3L
/3

HTF-F

HTF-12
2

HTF-22
1

HTF-16
2

HTF-70
9

HTF-21
7

L2-6
1

HTF-38
3

L2-6
HTF-A

HTF-12
8

HTF-49
5

HTF-13
2

HTF-76
H

HTF-12
0

S4L
/4

HTF-89
6

HTF-12
1

HTF-11
1

HTF-60
C2

HTF-23
8

L2-1
5

L2-3
9

HTF-11
2

0

50

100

150

Figure 3.2D. Percentages of TNFα secretion as a result of stimulation of PBMCs with various  
F. prausnitzii strains. Concentration of TNF-α is shown relative to positive control HIB. Error bars 
represent SEM, n = 3 donors. Red line indicates the positive control (100%). Bar colours indicate 
phylogenetic clusters of the strains.
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phylogenetic clusters of the strains.

TLR signalling 
All 28 F. prausnitzii strains activated NF-κB-mediated reporter gene expression in the TLR2/6 
and TLR2 reporter assays, but their capacity to induce expression of luciferase (an arbitrary 
measure of NF-kB activation) was highly strain dependent (Figure 3.3A and 3B). However, 
as expected, none of the strains activated TLR5 (flagellin) or TLR4 (LPS) signalling (data not 
shown). Several strains did not induce NF-κB activation in control cells containing only the 
pNIFTY reporter construct (data not shown). Interestingly, the amounts of cytokines induced in 
PBMCs by a particular strain did not correlate with the capacity of the same strain to activate 
the NF-κB pathway through TLR signalling pathways, suggesting that other MAMPs and/or 
strain properties influence the cell’s inflammatory response. Indeed, even though HTF-112 was 
the strongest activator of the NF-κB inflammatory pathway in HEK reporter cells, stimulation 
of PBMCs with this particular strain hardly induced any cytokine secretion (Figure 3.2). 
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Figure 3.3A & B. Percentages of (A) TLR 2 and (B) TLR 2/6 activation level as a result of stimulation 
of TLR receptor cell lines with different F. prausnitzii strains. Activation levels of TLR 2 and 2/6 are 
depicted relative to the TLR2/6 agonist PAM2 (%). Error bars represent SEM, n = 3. Bar colours indicate 
phylogenetic cluster of the strains. 

Immunomodulatory activity 
To investigate the potential of the F. prausnitzii strains to modulate immune responses in PBMC 
we included heat-inactivated bacteria (HIB) as an innate stimulus. HIB induced secretion of all 
cytokines measured in our PBMC culture supernatant. For example, IL-10 increased from 5 
pg/ml in supernatant of unstimulated PBMCs to 2000 pg/ml after addition of HIB (depending 
on the donor). Most F. prausnitzii strains either increased or had no significant effect on 
levels of secreted IL-10 by HIB stimulated PBMCs. A few strains, including HTF-112, HTF-60C2 
and L2-39 decreased HIB induced IL-10 secretion (Figure 3.4A). Interestingly, all F. prausnitzii 
strains attenuated HIB induced IL-12 secretion (Figure 3.4B), whereas about half the strains 
were able to attenuate HIB induced TNFα secretion (Figure 3.4C). 
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Figure 3.4A-C. Percentages of IL-10 (A), IL-12 (B) and TNF-α (C) secretion as a result of PBMC stimulation 
with HIB and different F. prausnitzii strains relative to HIB stimulation alone (red line 100%). Error bars 
represent SEM, n - 3 donors. Bar colours indicate phylogenetic clusters of the strains. 
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Nitric oxide production by RAW 264.7 cells stimulated with different F. 
prausnitzii strains
The levels of NO secretion after bacterial stimulation were compared to NO secretion 
as a result of (1 µg/ml) LPS stimulus. Addition of various F. prausnitzii strains, resulted in 
different levels of NO production by RAW 264.7 cells (range between 3 to 85 µM) (Figure 
3.5.). Interestingly, there was no correlation observed between strains that induced high 
levels of cytokine secretion (Figure 3.2.) and strains that strongly induced NO (Figure 3.5.). 
Although there were some exceptions, for example strain HTF-05B, which strongly induced 
IL-10 and TNF-α secretion, also induced the highest levels of NO. Conversely, HTF-111, which 
only induced low amounts of IL-10 and TNF-α secretion, also induced the lowest amount 
of NO. To investigate if strains would be capable of attenuating LPS induced NO secretion, a 
combination of LPS with bacterial pellet was added to the macrophages. However, none of 
the investigated strains attenuated LPS induced NO secretion (data not shown).
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Figure 3.5. Percentages of NO secretion as a result mouse macrophage (RAW 264.7) stimulation with 
various F. prausnitzii strains. Concentration of NO is depicted relative to stimulation with LPS (100%) 
shown by red line. Error bars represent SEM, n = 3. Bar colours indicate phylogenetic clusters of the 
strains.

A heat map table was used to summarize the immunomodulatory capacity of each F. 
prausnitzii strain (Table 3.1). Except for IL-10 (marked with asterisk symbol), a gradient of 
green to red colour was used to mark low to high concentration or activation level measured 
in cytokines, NO and TLR. For cytokines and NO production, the red colour represents an 
inflammatory profile whereas the green indicates an anti-inflammatory profile. As can be 
observed from the table, the immunomodulatory capacity among F. prausnitzii strains is 
highly diverse. There were no similarities of immune profile observed among the strains 
belonging to the same phylogenetic cluster (Table 3.1). 
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DISCUSSION

Previously, F. prausnitzii strains were reported to have a high capacity to induce IL-10 and 
little or no IL-12 in human and murine dendritic cells[21-23]. By using a large collection 
of human strains from different phylogenetic clusters we showed that induction of IL-10 
secretion in PBMCs in fact varies considerably (5 - 4362 pg/ml) depending on the strain 
although strains A2-165 and HTF-F, which were previously studied in mouse models of colitis 
do indeed have high IL-10/IL-12 ratios (Figure 3.2A). In agreement with previous literature, 
all 28 strains (with the exception of strain S3L/3) induced very low IL-12 secretion (1 - 12 pg/
ml). Therefore, the IL-10/IL-12 ratios mostly reflect the induction of IL-10 secretion by the 
strains (Figure 3.2B). In a previous study, high IL-10 to IL-12 ratios measured in PBMC assays 
correlated with a better protective capacity of lactic acid bacteria in mice colitis model[39]. 
IL-12 has a pivotal role in the generation of the Th1-dominant immune responses which are 
associated with Crohn’s disease[102]. IL-12 generates a positive feedback by inducing IFN-γ 
secretion from natural killer (NK) and T cells which in turn leads to IFN-γ enhancement of IL-
12 secretion by monocytes and polymorphonuclear cells[103]. In an in vivo model of mucosal 
tolerance induction to ovalbumin, intranasal administration of F. prausnitzii strain A2-165 
with ovalbumin induced an approximately three-fold reduction in the percentage of ova-
specific IFN-γ secreting cells which is consistent with the high IL-10 to IL-12 ratio elicited by 
this strain and its predicted influence on Th1 immune responses[21]. Furthermore, strain 
A2-165 was previously shown to protect against colitis in a TNBS/DNBS model of chronic 
relapsing colitis, where Th1 responses to haptenized host proteins drives inflammation and 
damage to the mucosa[21]. 

In this in vitro study we demonstrated that the immunomodulatory capacity among F. 
prausnitzii strains is highly diverse. There were no correlations observed between the 
phylogenetic cluster of the strains and their immune phenotype (Table 3.1). This interesting 
finding suggested that the immuno-phenotypes of F. praunitzii strains are strain specific and 
not linked to evolutionary differences in the genome. 

Strain HTF-F is still among the strains that induced the highest IL-10/IL-12 ratios, but strains 
HTF-76H, HTF-383 and HTF-709 are quite comparable. Strain HTF-162 is even capable of 
inducing higher IL-10/IL-12 ratios and might therefore be an interesting candidate for further 
investigations (Figure 3.2C).

However, IBD is also characterized by high levels of pro-inflammatory cytokines other than 
IL-12. We found TNF-α to be induced in higher amounts than IL-12 and therefore a potentially 
more useful predictor of immunomodulatory capacity  than IL-12. Interestingly, although A2-
165 and HTF-F both have been shown to have positive effects in animal colitis models, they 
both triggered quite high levels of the pro-inflammatory TNF-α. Both A2-165 and HTF-F are 
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among the 5 highest TNF-α inducers, with A2-165 only to be surpassed by HTF-05B (Figure 
3.2D). In fact, HTF-05B appeared to have a quite unique immuno-stimulatory profile, as it 
induced very high or the highest level of each cytokine we measured. We would therefore 
assume that this strain would probably exacerbate any inflammatory disease. However, it 
would be interesting to test this hypothesis to see if in vitro results are predictive of in vivo 
outcomes.

Besides the immuno-stimulatory profile, some F. prausnitzii strains seem to have ‘silent’ or 
inhibitory immune profiles. Strains HTF-111 and HTF-112 consistently induced low amounts 
of IL-10, IL-12 and TNF-α in our PBMC assay. They were also among the strains that induced 
the lowest amounts of IFN-γ and IL-1β (Supplementary Figure S3.1).

Interestingly, the rank order among the strains based on the IL-10/TNF-α ratio is quite different 
compared to IL-10/IL-12 ratio. Strain L2-15 for example, which secreted low amounts of IL-
10 and TNF-α had the highest IL-10/TNF-α ratio (Figure 3.2E), whereas the IL-10/IL-12 ratio 
was only moderate (Figure 3.2C). Interestingly, the immunomodulatory strain A2-165, which 
secreted moderate amounts of IL-10 but high amounts of TNF-α, came in last in the IL-10/
TNF-α ratio ranking order. However, the immuno-stimulatory strain HTF-05B, which secreted 
high amount of IL-10 and TNF-α, also had a very low IL-10/TNF-α ratio. Surprisingly however, 
for both the IL-10/IL-12 and the IL-10-/TNF-α ratios no correlation can be found between the 
immune phenotype and the strain phylogenetic clusters. Therefore it remains paramount to 
investigate the anti-inflammatory potential of each candidate probiotic strain.

Although it is informative to investigate the cytokine profiles each strain induces, the effect they 
elicit in an ongoing ‘inflamed’ situation is perhaps far more important. As IBD is characterized 
by a high bacterial load and a leaky gut we also investigated the immunomodulatory 
properties of the F. prausnitzii strains in combination with a heat inactivated bacterium (HIB), 
which strongly induced both pro- and anti-inflammatory cytokine secretion by PBMCs.

When we combined HIB with our immuno-stimulatory strain HTF-05B, we found that this 
strain further increased IL-10 secretion (Figure 3.4A), whereas the TNF-α secretion remained 
comparable to the levels induced by HIB only (Figure 3.4C). This higher level of IL-10 secretion 
might have beneficial effects, but as it is still accompanied by secretion of high levels of pro-
inflammatory cytokines, the overall effect might not be optimal. Strain HTF-F also further 
increased the HIB induced IL-10 secretion, but was accompanied by a concomitant decrease 
of the HIB induced TNF-α secretion. This attenuated pro-inflammatory cytokine secretion 
combined with an increased anti-inflammatory cytokine secretion, might therefore account 
for the beneficial effects seen in mouse colitis models[23].
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However, the ‘silent’ or inhibitory strains might also prove to have therapeutic potential. 
Although they do not affect the HIB induced IL-10 secretion levels, they are able to reduce 
the HIB induced TNF-α secretion. This unique signature of immune profile is a new finding for 
F. prausnitzii strains and might lead to new therapeutic strains. As these strains do not induce 
much cytokine secretion without additional stimuli present, they would not have an effect 
when a patient is in remission. However, when the inflammation flares up, strains with this 
unique signature are expected to dampen the inflammation by lowering pro-inflammatory 
cytokine secretion while maintaining a sufficient level of the anti-inflammatory cytokine IL-
10, promoting immune homeostasis. 

F. prausnitzii strains are Gram-positive bacteria and were therefore expected to activate NF-
κB signaling pathway mainly via the TLR2 receptor which will result, among others, in cytokine 
production. Indeed all strains tested triggered TLR2 activation (Figure 3.3). Interestingly, the 
capacity to induce TLR activation was highly variable among the different strains. Moreover, 
there was no correlation between the level of cytokine secretion induced by the strains 
and their capacity to induce TLR2 activation. This result suggested that immune responses 
elicited by F. prausnitzii strains were affected by other unknown factors and not based solely 
on their capacity to activate TLR signalling. Strain HTF-112 was the strongest activator of 
the NF-κB inflammatory pathway in HEK reporter cells, whereas stimulation of PBMCs with 
this particular strain hardly induced any cytokine secretion (Figure 3.2). This suggests that 
strain HTF-112 has a specific mechanism to prevent cytokine secretion, even after the NF-κB 
pathway is activated.

Intestinal inflammation is intimately related to formation of reactive intermediates, including 
reactive oxygen and nitrogen species (ROS/RNS). Excessive production of either NO or ROS 
is detrimental to the host because of collateral damage to neighbouring cells. Oxidative 
stress has been proposed as a mechanism underlying the pathophysiology of IBD[55-57]. 
In this study we found that the novel F. prausnitzii strains induced different amount of NO 
in RAW 264.7 cell lines (Figure 3.5). Again we found that there was no correlation observed 
between the NO response in the tested macrophage cell lines and strain phylogenetic cluster, 
suggesting once more that the immunomodulatory properties of the novel strains are strain-
specific. 

Overall, the NO response as a result from stimulation with pellet of the F. prausnitzii strains 
was lower than the LPS (1 µg/ml) stimulation. This would suggest that these bacteria 
themselves do not induce high levels of oxidative stress response in host cells. Phagocytosis 
may involve in low induction of NO due to the presence of these bacteria, as this mechanism 
does not activate the signal for the induction of NO synthase activity in macrophages[104]. 
We also tested whether the F. prausnitzii strains would be capable of attenuating LPS 
induced NO production, and as such attenuate the effects of inflammation which are seen 
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in IBD. However, the tested strains were not able to reduce the inflammatory status of the 
macrophages as measured by their NO secretion (data not shown). 

IL-10 is known to antagonise the function of IFN-γ by modulating the mechanism of NO 
synthesis in the murine macrophage cell line J774[104]. Further studies are therefore needed 
to investigate whether the strains that secreted high amount of IL-10 in our human PBMC 
assay were indeed among the lowest producers of NO and IFN-γ in murine macrophages. 
Only then, we can propose that IL-10 does indeed suppresses NO production which may lead 
to attenuation of IFN-γ in macrophages. 

CONCLUDING REMARKS

The effort on exploiting the immuno-modulatory capacity of F. prausnitzii strains has steadily 
progressed over the past decade. However, the anti-inflammatory mechanisms have not 
been completely elucidated. In this study of 26 novel and two previously described strains, 
we conclude that each F. prausnitzii strain has specific immuno-modulatory properties. 
Based on our in vitro study, their capacities to induce immune responses, via activation 
of TLR signalling, or induction of cytokine or NO secretion, are not correlated with the 
phylogenetic clustering of the strains. In depth genomic analysis is warranted to discover 
putative signature genes linked to their immunomodulatory properties. The most interesting 
finding in this study is the discovery of three different signature immune profiles. The first 
is an immuno-stimulatory profile, as represented by HTF-05B, which is characterized by a 
strong induction of all cytokines investigated. The second is an immunomodulatory profile 
(for example HTF-F and HTF-162) which induced the secretion of the anti-inflammatory IL-10, 
but not of pro-inflammatory IL-12, and is suggested to be beneficial to treat inflammatory 
bowel diseases. The third and newly discovered ‘silent’ or inhibitory profile as represented 
by HTF-111 and HTF-112, which hardly induced any cytokine secretion in PBMCs. However, 
when inflammation is triggered, these strains are capable to attenuate the resulting pro-
inflammatory cytokine secretion. This might prove valuable for IBD treatment, as these strains 
would not interfere during remission, but only during the inflammatory state of the disease. 
The new immune phenotypes of F. prausnitzii identified here, warrant further study in vivo.
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Supplementary Figure S3.1. Percentages of IFN-γ and IL-1β cytokines secretion measured in PBMC 
cultures after 24 hours incubation with different strains of F. prausnitzii strains, with or withouth HIB 
stimulation. Concentrations of IFN-γ and IL-1β are shown relative to positive control HIB (%). Error bars 
represent SEM, n = 3 donors. Red line indicates the amount of secreted cytokine induced by the positive 
control (100%) 
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Abstract 

Intestinal delivery of short-chain fatty acids (SCFAs) has been proposed as new approach 
for the management of inflammatory bowel disease (IBD). Butyrate has long been 
considered an anti-inflammatory molecule and was shown to induce regulatory T cells 
in the colon of mice, which are important for the regulation of inflammation. Acetate, 
which is present at highest concentration in the intestinal lumen and blood circulation, 
was shown to protect mice against colitis induced by 2,4,6-trinitrobenzene sulphonic acid 
(TNBS). The mechanisms by which different SCFA contribute to immune homeostasis in 
the gut are not fully understood but are important for future strategies to prevent or 
treat IBD. The aim of this study was to investigate the effects of acetate and butyrate on 
immune cell function and gain a better understanding of their mechanisms in vitro. Butyric 
and acetic acids were incubated with peripheral blood mononuclear cells (PBMCs) and 
CD14+ monocytes in the presence or absence of aheat-inactivated bacterial stimulus for 
24 hours to determine the effect on production of pro and anti-inflammatory cytokines. 
Concentrations of 1 to 5 mM of butyrate or acetate did not induce cytokine production 
in cultured PBMCs. However, butyrate strongly decreased pro-inflammatory cytokine 
secretion that was induced by a bacterial stimulus. Surprisingly, in our study we showed 
that butyrate also decreased secretion of the anti-inflammatory cytokine interleukin-10 
(IL-10) and reduced the viability of PBMCs in a dose dependent manner. Acetate also 
decreased pro-inflammatory cytokine secretion in PBMCs in a concentration-dependent 
fashion but had not effect on production of anti-inflammatory IL-10 or cell viability. The 
anti-inflammatory effects of SCFA were independent of SCFA G protein-coupled receptor 
signalling. We conclude that SCFA produced by colonic bacteria play an important role 
in maintaining an anti-inflammatory tone in the intestinal mucosa. Acetate appears to 
mediate anti-inflammatory effects via a different mechanism to butyrate, a known inhibitor 
of class 1 histone deacetylases. 
Keywords: short-chain fatty acids, anti-inflammatory, gut health.
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INTRODUCTION

The anaerobic fermentation of non-digestible dietary fibre by colonic microbiota produces 
short-chain fatty acids, the most abundant being acetate, butyrate and propionate. Depending 
on the nature of fibers consumed, the concentration of SCFAs in the proximal colon ranges 
from 70 to 140 mM, and from 20 to 70 mM in the distal colon[58, 59]. Butyrate is used 
by colonocytes as an energy source and small amounts are found in the portal vein[60]. 
Acetate and propionate are transported across the basolateral membrane of the colonocytes 
mediated by an unknown HCO3

− exchanger, most likely monocarboxylate transporter (MCT) 
4 or 5[105]. Transported SCFAs then reach the liver and blood circulation through the portal 
vein. Acetate concentrations in the plasma and serum are around 50 to 100 µmol/L, whereas 
these are only 0.5 to 10 µmol/L for butyrate and propionate[59, 60]. The concentrations are 
anticipated to be much higher in the lamina propria and portal vein. 

SCFAs are well-known to play an important role in maintaining barrier protection and regulate 
the inflammation status in the gut[63]. In addition to local effects on the gastrointestinal 
mucosal immune function, SCFAs may reach remote organs and modulate immune responses. 
SCFA are known to modulate several cellular process including gene expression, chemotaxis, 
differentiation and apoptosis. SCFA may activate signalling pathways through activation of G 
protein-coupled receptors (GPCRs) for SCFA. Additionally, butyrate and propionate can alter 
chromatin structure and gene expression through inhibition of histone deacetylases (HDACs), 
as well as affecting and stabilization of hypoxia-inducible factor (HIF)[64-67].

Several studies report anti-inflammatory activities of butyrate and studies in mice showed 
its crucial role in the induction of inducible regulatory T cells (Treg) in the colon[26, 68]. The 
SCFA receptor GPCR43, also known as free fatty acid receptor 2 (FFAR2), plays an important 
role in regulation of inflammation[69] and mice lacking this receptor exhibit more severe 
inflammatory responses in disease models[70]. Other SCFA receptors such as GPCR41 
(FFAR3), GPCR109a (HCA2) and olfactory receptor-78 (Olfr-78) are known to mediate the 
effect of SCFAs on leukocyte and epithelial cells (IECs)[72, 106]. These findings support the 
concept of utilizing viable butyrate-producing bacteria like Faecalibacterium prausnitzii (F. 
prausnitzii) to maintain homeostasis and promote anti-inflammatory mechanisms in the 
host[22]. 

Besides the anti-inflammatory mechanisms of butyrate in the gut, it can also suppress 
proliferation of stem/progenitor cells by inhibiting HDAC and increase promotor activity for 
the negative cell-cycle regulator Foxo3[73]. Moreover, butyrate induced apoptosis in a colonic 
tumour cell line[74]. In contrast, acetate, which is present in higher concentrations in the large 
intestine and blood compared to butyrate or propionate, might be a better candidate as an 
anti-inflammatory compound. Acetate is reported to suppress interleukin (IL-8) production 
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in IECs of colonic mucosa, suggesting its capacity to protect the intestinal barrier[75]. 
Furthermore, administration of acetate effectively attenuated inflammation in mouse models 
of trinitrobenzenesulfonic acid (TNBS)-induced colitis and dinitrofluorobenzene‐induced 
dermatitis[76]. In another mouse model, Thornburn et al. (2015) proved that maternal 
intake of acetate attenuates induced allergic airways disease (AAD) in the offspring[59]. This 
evidence suggests that there appears to be a significant role for SCFAs other than butyrate in 
mediating anti-inflammatory effects in the gut.

The aim of this study was to investigate the mechanism of the SCFAs acetate and butyrate in 
mediating anti-inflammatory effects on immune cells in the lamina propia. For this, we tested 
and compared the immune-modulating capacity of both butyrate and acetate on PBMCs, 
by measuring their cytokine responses as a model for leukocytes in the intestinal mucosa. 
Monocyte-derived dendritic cell (MDDCs) which are known to express GPCRs were also used 
to study the intracellular mechanisms of the SCFAs butyrate and acetate in mediating the 
immune response. In addition, detection of histone acetylation as a result of acetate and 
butyrate stimulation of PBMCs was performed in order gain insights into the potential role of 
epigenetic effects in immunomodulation. 

MATERIAL AND METHODS

Isolation of peripheral blood mononuclear cells (PBMC) and SCFA stimulation
PBMCs were isolated from human blood donors from Sanquin blood Bank in Nijmegen, The 
Netherlands. Human blood was diluted 1:1 with Roswell Park Memorial Institute (RPMI) 1640 
media (Thermo Fisher Scientific), then 25 ml of diluted blood loaded carefully on top of a 12.5 
ml of Ficoll-paque (17-1440-02, Amersham). The leukocytes were isolated by centrifugation 
at 200 x g, 5 minutes (without brake) room temperature (RT), and then immediately 500 x g 
for 15 minutes without brake at RT. After centrifugation, the buffy coat (PBMCs /leukocyte 
layer) was collected and washed by centrifugation 200 x g for 7 minutes in RPMI. PBMCs were 
then plated in RPMI 1640 containing 10% foetal calf serum (Thermo Fisher Scientific) and 1% 
v/v penicillin, streptomycin (Invitrogen) in 96 well plate (2x105 cells/well) and stimulated with 
different SCFAs, with or without heat-inactivated bacteria as co-stimulation, followed by 24 
hours incubation at 37oC, 5% CO2. After incubation, PBMC and culture supernatants were 
collected for viability and cytokine measurements respectively. 

Annexin V/Propidium iodide (PI) viability staining
Annexin V/Propidium Iodide (PI) staining (BD Biosciences) was used to distinguish viable from 
early and late apoptotic or necrotic cells according to manufacturer’s protocol. The cells were 
analysed using CytoFlexTM Flow Cytometry (Beckman Coulter).
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Measurement of secreted cytokines from stimulated PBMCs
Major human inflammatory markers including the anti-inflammatory cytokine interleukin-10 
(IL-10), and some pro-inflammatory cytokines such as interleukin-1 beta (IL-1B), interleukin-
12p70 (IL-12p70), interleukin-6 (IL-6), interferon gamma (IFN-γ) and tumour necrosis factor 
(TNF-α) were measured to investigate the immunomodulatory effect of SCFAs on PBMCs. 
Cytokines were detected according to Bio-Plex ProTM Human Cytokine Standard 27-Plex, 
Group I (BIO-RAD) kit, and their concentration was measured by using MAGPIX system 
(LuminexTM) according to the manufacturer’s recommended protocol.

Extraction and detection of histone H3 from Human PBMCs
Extraction and detection of histone H3 from human PBMCs was performed by using Histone 
Extraction Kit (Abcam, ab113476) followed by Histone H3 Total Acetylation Detection Fast Kit 
(Abcam, ab131561). These assays were performed according to the manufacturer’s protocol.

Differentiation and maturation of monocyte-derived dendritic cells (MDDCs)
Human PBMCs were isolated according to our protocol mentioned above. CD14+ monocytes 
were then isolated using magnetic cell sorting with BD iMag CD14+ magnetic particle 
microbeads according to the manufacturer’s protocol (Becton Dickinson). To generate 
MDDCs approximately 106 CD14+ cells/ml were cultivated in 96 well plates. The cells were 
cultured in RPMI 1640 containing 10% v/v foetal calf serum (Thermo Fisher Scientific) and 
1% v/v penicillin, streptomycin (Invitrogen), 50 ng/mL IL-4 (R&D System) and 50 ng/mL 
granulocyte macrophage-colony stimulating factor (GM-CSF) (R&D System). At day 3 and 6, 
half of medium was refreshed.

GPCR inhibitor assay 
On day 6 monocyte-derived dendritic cells (MDDCs) were stimulated with pharmacological 
inhibitors of G protein receptors (GPCRs) recognising SCFA. One hour after adding the GPCR 
inhibitors, heat-inactivated bacteria (HIB) together with/without SCFAs were added to 
MDDCs in culture and incubated for 48 hours to stimulate cytokine secretion. MDDCs culture 
supernatant was harvested after 48 hours to measure secreted cytokines IL-10, IL-12p70, 
TNF-α, IL-6 and IFN-γ using Bio-Plex ProTM Human Cytokine Standard 27-Plex, Group I (BIO-
RAD) kit, and MAGPIX system (LuminexTM).

TLR reporter assay
Human embryonic kidney (HEK293) (Invivogen) were transformed with different human Toll-
like receptors (TLR1/2, TLR2 and 2/6, TLR4 and TLR5) and a NF-κB luciferase reporter construct 
(Invivogen). These cells were seeded at 6 × 104 cells per well into black, clear bottom 96-well 
plates in DMEM medium (Invitrogen), supplemented with 100 U/ml penicillin and 100 μg/ml 
streptomycin (Sigma Aldrich) and 10% FBS (Invitrogen) and incubated overnight at 37°C and 
5% CO2. Cells were stimulated with SCFAs or Trichostatin A (TSA; a class I and II HDAC inhibitor; 
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Sigma) for 1 hour and then stimulated with specific TLR ligands; 2.5 ng/ml Pam2PCSK (Pam2) 
(Invivogen), 200 ng/ml Pam3PCSK (Pam3) (Invivogen), 1 µg/ml lipopolysaccharides (LPS)
(Sigma Aldrich), 50 ng/ml Flagellin (Invivogen) or with medium alone (negative control). The 
stimulated cells were then incubated for at least 3 hours. After this incubation period half of 
the medium was replaced with Bright glow (Promega), the plate was vortexed for 5 minutes 
and the luminescence was measured using a Spectramax M5 microplate reader (Molecular 
Devices) at 750 ms integration time. Human embryonic kidney HEK293 cells not expressing 
TLR receptors but harbouring pNIFTY, a NF-κB luciferase reporter construct (Invivogen) were 
used as a negative control in the TLR reporter assays. 

Statistical analysis
The statistical analyses were performed by using GraphPad Prism® software (version 5, 
GraphPad Software, Inc). Results are shown as mean (± SEM). Significant differences among 
the treatment groups were analysed using non parametric test one-way ANOVA followed by 
a Tukey post hoc analysis (*p<0.05, **p<0.01, ***p<0.001). Letters above bars represent 
statistically significant differences between the treatment groups. Each graph bar with the 
same letter is not statistically different. Hashtag symbol (#) represent statistically significant 
differences between the treatment groups which have the same symbol. 

RESULTS

Increasing concentrations of butyrate induce death of PBMC
PBMCs were incubated with different concentrations of acetate and butyrate to test their 
potential toxicity. In our study, PBMC preparations typically had between 70 - 90% of viable 
cells. Butyrate decreased PBMC viability in a concentration dependent manner, with some 
variability between PBMCs of different donors (Figure 4.1). In a separate experiment 5 mM 
butyrate decreased cell viability by up to 50% (data not shown). As acetate and butyrate are 
known to decrease the pH of cell culture medium, we also tested the effect of pH on cell 
viability and found that pH values above 6.8, which was the case for the concentration of 
SCFAs used for our stimulations, did not induce cell death (data not shown). 
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Figure 4.1. Cell Viability measured from stimulated PBMC. Percentage of cell viability measured in 3 
different donors as a result of PBMC stimulation for 24 hours with various concentrations of butyrate 
and acetate. Error bars represent SEM.

Butyrate and acetate 
We investigated the potential of butyrate and acetate to induce cytokine secretion in 
PBMCs or modulate cytokine responses to bacterial stimulation. Neither acetate or butyrate 
alone at a concentration of 1 mM induced pro- or anti-inflammatory cytokine secretion in 
PBMCs compared to controls (Figure 4.2A-E). However, when SCFAs are combined with 
heat-inactivated bacteria (HIB), we could clearly observe altered secretion of the pro- and 
anti-inflammatory cytokines. Butyrate significantly attenuated pro-inflammatory cytokine 
secretion stimulated by HIB (Figure 4.3B-E). Addition of 1 mM butyrate decreased secretion 
of pro-inflammatory and the anti-inflammatory cytokine IL-10 secretion (Figure 4.2A). In 
contrast, IL-10 secretion was unaffected by addition of 1 mM acetate. Although 1 mM acetate 
was less potent in attenuating pro-inflammatory cytokine secretion stimulated by HIB, we 
observed a trend towards decreased IL-12 and IFN-γ secretion (Figure 4.3B&E). 
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Figure 4.2(A-E). Butyrate and acetate do not induce pro & anti-inflammatory cytokines secretion on 
PBMC.Secretion of (A) IL-10, (B) IL-12, (C) TNF-α, (D) IL-1β and (E) IFN-γ by PBMCs as a result of 1 mM 
acetate or butyrate stimulation for 24 hours. Error bars represent SEM, n = 3 donors.
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Figure 4.3(A-E). SCFAs modulate pro- and anti-inflammatory cytokines secretion induced by bacterial 
stimulus (HIB). Secretion of (A) IL-10, (B) IL-12, (C) TNF-α, (D) IL-1β and (E) IFN-γ by PBMCs as a result 
of HIB and 1 mM acetate/butyrate stimulation for 24 hours. Error bars represent SEM, n = 3 donors.
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Butyrate attenuates secretion of IL-10 in a dose-dependent manner
In order to verify the effect of butyrate on mitigating HIB induced IL-10 secretion, a titration 
experiment was performed on PBMCs. The results showed that butyrate attenuated HIB 
induced IL-10 and pro-inflammatory cytokine secretion in dose-dependent manner. In contrast, 
increasing concentrations of acetate did not affect HIB induced IL-10 secretion, whereas they 
were able to reduce pro-inflammatory cytokine secretion (Figure 4.4A-D). As in previous 
experiments, acetate and butyrate alone did not induce cytokine secretion (data not shown). 
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Figure 4.4(A-D). Butyrate is reducing IL-10 induced by bacterial stimulus (HIB) in dose dependent 
manner. Secretion of (A) IL-10, (B) IL-12, (C) TNF-α and (D) IFN-γ by PBMCs as a result of stimulation 
with HIB and various concentrations of acetate/butyrate stimulations for 24 hours. Error bars represent 
SEM, n = 3 donors.

Effects of acetate and butyrate on secretion of IL-10 and IL-12 in human CD14+ 
Monocytes
As monocytes are known as important target of SCFA, we investigated the effect of acetate 
and butyrate on CD14+ monocytes. Compared to PBMCs, which was a mixed cell population, 
the immune modulatory effects of acetate and butyrate were more strongly demonstrated 
by CD14+ monocytes, which was ≥95% pure (data not shown). As was seen with the PBMCs, 
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1 mM of butyrate was able to significantly reduce HIB induced IL-10 secretion. In contrast, 
2.5 mM acetate did not affect IL-10 secretion by monocytes. Our results also showed a trend 
in attenuated HIB induced IL-12 secretion by acetate and butyrate, though the results were 
statistically not significant due to high variation among the donors. As expected, monocytes 
secreted only low levels of IFN-γ (Figure 4.5A-F). Importantly, viability of the cells did not 
differ among the treatments, suggesting the concentration of SCFAs used was not toxic for 
the monocytes (data not shown).
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Figure 4.5(A-F). Cytokines modulation induced by acetate and butyrate on human CD14+ Monocyte 
Secretion of (A) IFN-γ, (B) IL-10, (C) IL-12, (D) IL-1β, (E) IL-6 and (F) TNF-α measured in CD14+ monocytes 
after stimulation with acetate and butyrate with and without the presence of HIB for 24 hours. Error 
bars represent SEM, n = 3 donors.

Butyrate and acetate modulate immune responses in monocyte-derived dendritic 
cells (MDDCs) through a G protein-coupled receptor (GPCR) independent 
mechanism
To investigate the mechanism of the immune modulatory responses induced by butyrate 
and acetate, we focused on the GPCRs as these are known receptors of SCFAs. MDDCs were 
used to study butyrate and acetate effects on GPCR signalling pathways. GPCR signaling in 
MDDCs was inhibited using Pertussis toxin (PTX) or specific inhibitors of G proteins Gi, Go and 
Gt and U73122 (Gq inhibitor). We showed that the effect of butyrate in attenuating pro and 
anti-inflammatory cytokine secretion elicited by HIB was not blocked by specific inhibitors 
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PTX and U73122, suggesting that the immunomodulatory capacity of butyrate was GPCR-
independent (Figure 4.6A-E). 
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Figure 4.6. Butyrate modulates immune responses in MDDCs through GPR-independent mechanism. 
Cytokine secretion (A) IL-10, (B) IL-12, (C) IL-6, (D) TNF-α and (E) IFN-γ measured in MDDCs as a result 
of HIB stimulation in combination with butyrate/acetate and GPCR inhibitors for 24 hours. Other donors 
were tested and results were similar (data not shown).

Butyrate increased histone H3 acetylation of PBMCs and monocytes
To study the effect of butyrate and acetate on histone acetylation activity PBMCs were 
stimulated with butyrate and acetate for 5 hours, and after isolation of the histone proteins, 
total histone H3 acetylation was detected by using a histone acetylation detection kit. In this 
experiment Trichostatin A (TSA), a prototypical pan-histone deacetylase enzyme (pan-HDAC) 
inhibitor was used as positive control. Indeed, TSA at a concentration of 200 nM was able to 
increase histone H3 acetylation (see Figure 4.7A), confirming its reported inhibition of HDAC. 
The results showed that higher concentrations of butyrate increased histone H3 acetylation, 
while no significant affects were observed with acetate(Figure 4.7A). 

To see if these acetylation effects were indicative of a more general mechanism of SFCA 
induced immune regulation, we also tested freshly isolated monocytes. Western blotting was 
used to detect the total amount of histone acetylation present in the monocyte samples. 
Our results showed that the amount of histone acetylation increased after 24 hours of 1 
mM butyrate stimulation. Stimulation with 2.5 mM of acetate slightly increased total histone 
acetylation in monocytes. When acetate was combined with HIB, the total histone acetylation 
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increased noticeably. However, the effect became less visible when HIB was combined with 
butyrate(Figure 4.7B). 

Total Histone H3 Acetylation

Pe
rc

en
ta

ge
s 

(%
)

Med
ium

TSA

Butyr
ate

 1 
mM

Butyr
ate

 2.
5 m

M

Ace
tat

e 1
 m

M

Ace
tat

e 2
.5 

mM
0

100

200

300

* *
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Figure 4.7(A-B). (A) Percentages of total histone H3 acetylation in PBMCs detected 5 hours after 
butyrate and acetate stimulation. Error bars represent SEM, n = 3 donors (B) Western-blot of total 
histone acetylation detected from monocyte samples 24 hours after stimulation with 2.5 mM acetate 
and 1 mM butyrate, with or without HIB. 

Different mechanisms of NF-κB activation are mediated by acetate and butyrate
Activation of NF-κB is key in initiating cytokine secretion by immune cells. In this study 
we performed SCFA stimulation of HEK293 which expressed various kind of TLRs in order 
to investigate the effect of SCFA on NF-κB activation mediated by TLRs. We observed that 
acetate and butyrate, as well as TSA, suppressed NF-κB activation induced by respective 
ligands of TLR1/2, TLR2 and TLR2/6 or TNF-α stimulant. Conversely, the opposite response 
was observed in TLR4 and TLR 5 cells, where butyrate and TSA, but not acetate, enhanced NF-
κB activation induced by respective ligands and TNF-α stimulant (Figure 4.8). These effects of 
the SCFAs were seen if we added the SCFA simultaneously with the ligands or TNF-α, as well 
as if we stimulated the cells with SCFAs one hour before addition of ligands or TNF-α (data not 
shown). Additionally, we used both the Na-acetate and Na-butyrate salts to obtain the same 
acetate and butyrate concentrations in our assay and found similar results (data not shown).



7979

Butyrate and acetate maintain an anti-inflammatory status in the gut through distinct mechanisms 

Ch
ap

te
r 4

TLR1/2

Contro
l

 1 
ng/m

l

a
TNF-

M TSA

m1 
M TSA

m
 + 

1 
a

TNF- 1 m
M B

utyr
ate

 + 
1 m

M B
utyr

ate

a
TNF-

2.5
 m

M A
ce

tat
e

 + 
2.5

 m
M A

ce
tat

e

a
TNF-

0

20000

40000

60000

80000

100000

A

a

b
bb

c c c c
N

F-
k B

 a
ct

iv
at

io
n

(L
um

in
es

ce
nc

e 
un

its
)

TLR1/2

Contro
l

Pam
3 2

00
 ng/m

l

M TSA

m1 
M TSA

m

Pam
3 +

 1 

1 m
M B

utyr
ate

Pam
3 +

 1m
M B

utyr
ate

2.5
 m

M A
ce

tat
e

Pam
3 +

 2.
5 m

M A
ce

tat
e

0

2000

4000

6000

8000

10000 a

bbb

c c
c c

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR2

Contro
l

 1 
ng/m

l

a
TNF-

M TSA

m1 
M TSA

m
 + 

1 
a

TNF- 1 m
M B

utyr
ate

 + 
1 m

M B
utyr

ate

a
TNF-

2.5
 m

M A
ce

tat
e

 + 
2.5

 m
M A

ce
tat

e

a
TNF-

0

20000

40000

60000

80000

B

a

b#b

d d
d

d

#bc

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR2

Contro
l

Pam
2 2

.5 
ng/m

l

M TSA

m1 
M TSA

m

Pam
2 +

 1 

1 m
M B

utyr
ate

Pam
2 +

 1m
M B

utyr
ate

2.5
 m

M A
ce

tat
e

Pam
2 +

 2.
5 m

M A
ce

tat
e

0

20000

40000

60000

80000 a
a

c c

d d
d

d

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR2/6

Contro
l

 1 
ng/m

l

a
TNF-

M TSA

m1 
M TSA

m
 + 

1 
a

TNF- 1 m
M B

utyr
ate

 + 
1 m

M B
utyr

ate

a
TNF-

2.5
 m

M A
ce

tat
e

 + 
2.5

 m
M A

ce
tat

e

a
TNF-

0

20000

40000

60000

80000

100000

C

a a

b
c

d d d d

N
F-

kB
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR2/6

Contro
l

Pam
2 2

.5 
ng/m

l

M TSA

m1 
M TSA

m

Pam
2 +

 1 

1 m
M B

utyr
ate

Pam
2 +

 1m
M B

utyr
ate

2.5
 m

M A
ce

tat
e

Pam
2 +

 2.
5 m

M A
ce

tat
e

0

20000

40000

60000

80000

100000
a

b

d d d d

#b
#bc

N
F-

kB
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR4

Contro
l

 1 
ng/m

l

a
TNF-

M TSA

m1 
M TSA

m
 + 

1 
a

TNF- 1 m
M B

utyr
ate

 + 
1 m

M B
utyr

ate

a
TNF-

2.5
 m

M A
ce

tat
e

 + 
2.5

 m
M A

ce
tat

e

a
TNF-

0

20000

40000

60000

80000

D

a a

b
c

d d d d

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR4

Contro
l

LPS 1 
µg

/m
l

M TSA

m1 
M TSA

m

LPS + 
1 

1 m
M B

utyr
ate

LPS + 
1 m

M B
utyr

ate

2.5
 m

M A
ce

tat
e

LPS + 
2.5

 m
M A

ce
tat

e
0

20000

40000

60000

80000

100000
a

b

c c

d d d d

N
F-

kB
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR5

Contro
l

 1 
ng/m

l

a
TNF-

M TSA

m1 
M TSA

m
 + 

1 
a

TNF- 1 m
M B

utyr
ate

 + 
1 m

M B
utyr

ate

a
TNF-

2.5
 m

M A
ce

tat
e

 + 
2.5

 m
M A

ce
tat

e

a
TNF-

0

20000

40000

60000

80000

100000

E

a

b

cc

d d d d

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

TLR5

Contro
l

Flag
ell

in

M TSA

m1 
M TSA

m

Flag
ell

in + 
1 

1 m
M B

utyr
ate

Flag
ell

in + 
1m

M B
utyr

ate

2.5
 m

M A
ce

tat
e

Flag
ell

in + 
2.5

 m
M A

ce
tat

e
0

20000

40000

60000 a

b

cc

d d d d

N
F-

k B
 a

ct
iv

at
io

n
(L

um
in

es
ce

nc
e 

un
its

)

Figure 4.8(A-E). NF-κB activation mediated by (A) TLR1/2, (B) TLR2, (C) TLR2/6, (D) TLR4 and (E) TLR5. 
Activation level measured as a result of stimulation with TNF-α (left) or respective ligands (right), with or 
without additional SCFA/TSA. Red line indicates activation level induced by ligands or TNF-α stimulant.
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DISCUSSION

Modulation of the immune response by SCFAs has been known to play an important 
role in maintaining an anti-inflammatory status in the gut. However, the mechanisms of 
immunomodulation by SCFA are not yet fully understood. Correa et al., (2016) stated 
that there are several factors that contribute to the immunomodulatory effects of SCFAs. 
Depending on the type of cell used, conditions, environment and also the type of stimulation; 
SCFAs can act both as pro- or anti-inflammatory compounds[58]. 

Butyrate is mostly taken up and metabolised by intestinal epithelial cells (IECs), whereas 
acetate is transported through IECs and finally enters the blood circulation via the portal vein 
to reach concentrations up to 250 uM in humans and mice[105]. Therefore the concentration 
of acetate may be sufficiently high in the lamina propria and venous serum to have effects on 
immune and tissue cells as suggested by recent studies in mice[59]. In this study we focused 
on acetate, a SCFA that is present in higher concentrations in the blood compared to butyrate. 

One of the most interesting findings in our study is that acetate and butyrate (as well as 
other SCFAs) do not trigger an immune response when using concentrations that are even 
higher than normally observed in serum[107]. However, when immune homeostasis is 
disrupted by inflammation, SCFAs will modulate cytokine secretion in activated immune cells 
e.g. PBMCs, monocytes and DCs. In this study we used HIB, heat inactivated bacteria which 
trigger a strong immune response, resulting in secretion of both anti and pro-inflammatory 
cytokines in our immune assays. The capability of acetate in maintaining secretion of high 
levels of anti-inflammatory cytokine IL-10, as well as gradually dampening secretion of pro-
inflammatory cytokines, is the key finding, that sets its beneficial effects apart from butyrate. 
High concentrations of acetate do not affect IL-10 secretion, yet effectively reduce pro-
inflammatory cytokine secretion, particularly IL-12. 

The IL-10/IL-12 ratio has been used to predict anti-inflammatory properties of probiotics 
in vitro and in vivo and an high IL-10/IL-12 ratio in vitro profile is predictive of a positive 
outcome in inflammatory diseases in vivo[39, 108]. The fact that acetate does not decrease 
IL-10 secretion, whereas butyrate does, could be paramount. IL-10 plays important role in 
maintaining an anti-inflammatory status by inhibition of IL-12 produced by activated DCs and 
macrophages. IL-12 is a critical stimulus for IFN-γ, the key player in innate and adaptive cell-
mediated immune reactions against intracellular microbes, and IL-10 functions to suppress 
those reactions. IL-10 is also known to inhibit T cell activation and terminate cell-mediated 
immune reactions by downregulating the expression of co-stimulators and class II MHC 
molecules on DCs and macrophages[109]. To emphasise the important role of IL-10, Kuhn et 
al. (1993) conducted a study using knockout mice with an IL-10 gene deletion which led to 
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high susceptibility to spontaneous colitis[110-113]. Similarly, a mutation in the IL-10 receptor 
is known to result in severe colitis that develops in early life[114]. 

It is generally known that SCFAs activate GPCRs signalling pathways in order to modify several 
cellular processes such as gene expression, differentiation, proliferation and apoptosis[Correa 
et al., 2015]. GPR109a for example, is known to be involved in maintaining the balance 
between pro- and anti-inflammatory CD4+ T cells. Singh et al. (2014) reported that incubation 
of macrophages and DCs with butyrate or niacin (agonist of GPR109a) lead to an increased 
expression of Il-10 and Aldh1a1 genes which contributed to differentiation of naive T cells 
to T regulatory (Treg) lymphocytes[115]. However, in our study we proved that butyrate 
modulated the immune response independent of SCFA induced GPCR signaling, as inhibitors 
used to block GPCRs expressed in MDDCs failed to block the SCFA induced effects on cytokines 
production. This result suggests that butyrate might activate other receptors expressed in 
MDDC which also lead to NF-κβ activation. Other receptors, such as Olfr-78, which is known 
to be expressed on leukocytes and IECs, are also reported to mediate the effect of SCFA in 
modification of several cellular process[106]. However, it remains to be investigated whether 
this receptor is also expressed on DCs and is thereby able to modulate cytokine production. 
Inhibition of histone deacetylases (HDACs) which leads to enhancement of histone acetylation 
is often used to explain epigenetic effects of the SCFA butyrate on immune and epithelial cells, 
suggesting its role in regulating gene transcription[116, 117]. Indeed we found that butyrate 
increased the histone acetylation, most likely as a result of its inhibition of HDACs (Figure 4.7). 
In contrast, acetate showed less potent effects on inhibition of histone deacetylases (HDACs). 
This could suggest that acetate utilizes other molecular mechanisms to modulate anti -and 
pro-inflammatory cytokine secretion from immune cells. Inhibition of HDACs has been 
previously proposed as a molecular mechanism responsible for NF-κB activation mediated by 
TLRs[117]. In their study, Lin et al. (2015) suggested that butyrate and propionate suppressed 
HDAC leading to increased histone acetylation of NF-κB subunit p65 and increased NF-κB 
transcriptional activity. They demonstrated that butyrate and propionate enhanced NF-κB 
activation induced by respective ligands of TLR 2/1, TLR4, TLR5 and TLR9[117]. In contrast, 
our study showed that butyrate and TSA (inhibitor of HDAC), suppressed ligand induced NF-
κB activation in TLR1/2, TLR 2 and TLR2/6 expressing HEK293 cells as well as the response 
to TNF-α. However, TLR4 and TLR5-mediated NF-κB signaling was induced by both butyrate 
and TSA. Interestingly, this increase of NF-κB signalling via TLR4 and TLR5 activation was not 
observed after stimulation with acetate, which might reflect another immuno-modulatory 
effect of acetate. Above mentioned findings indicate that NF-κB signalling mediated by TLR 
activation is complex. This is also reflected by the fact that the mechanism of NF-κB signalling 
activated by TLR1/2, TLR2 and TLR2/6 uses different adapter proteins compared to TLR4 and 
TLR5[46].
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CONCLUDING REMARKS

The concept of bacterial-based metabolite treatment has been developing rapidly over the 
past few years. SCFAs have been some of the “well-known, yet still hard to explain” bacterial 
metabolites that have been studied for years. Many studies demonstrated the beneficial 
effect of SCFAs, yet inconsistency of the results and as of yet undiscovered mechanisms of 
function are often limiting their therapeutic application. Based on our study we conclude that 
acetate has a concentration-dependent immunomodulatory effect on cytokine secretion by 
immune cells. It can selectively inhibit inflammation induced pro-inflammatory IL-12, while 
not affecting the beneficial anti-inflammatory IL-10. This would lead to a more favourable 
IL-10/IL-12 ratio and a skewing of the immune response into a more regulatory and ‘damage 
repair’ mode which would be beneficial in inflammatory diseases. Future research should 
focus on the effect on histone acetylation, a mechanism that is often used to explain 
epigenetic effect of SCFAs. 
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Abstract 

Short-chain fatty acids (SCFA) are reported to influence several cellular processes, including 
differentiation, proliferation and apoptosis, although the mechanisms have yet to be fully 
explained. A previous study demonstrated an effect of SCFA on the transcriptome of 
monocyte-derived dendritic cells. However, that study gave little attention to the effects of 
acetate on the immune response. Here we investigated the mechanism by which acetate 
and butyrate modulate cytokine secretion in CD14+ monocytes using transcriptomics in 
absence and presence of heat-activated bacteria (HIB). The anti-inflammatory mechanisms 
of acetate and butyrate were associated with distinct transcriptomic signatures. Acetate 
had less effect than butyrate on gene expression and canonical pathway activation.  When 
combined with HIB, acetate was able to modulate cytokine production, particularly IL-
10, mainly via the interferon signalling pathway and TLR signalling pathway. On the other 
hand, butyrate suppressed HIB-induced IL-10 secretion, mediated through the IL-10, NF-
κB and TLR signalling pathways. Moreover, 1 mM butyrate decreased cell viability of the 
monocytes and regulated stress related-responses of the cells as well as many disease-
related pathways. Our findings highlight the differential molecular mechanisms of acetate 
and butyrate in modulating the immune response of the host and support our hypothesis 
that acetate might be a better candidate for future anti-inflammatory treatments.
Keywords: SCFA, transcriptomic, CD14+ monocytes, anti-inflammatory
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INTRODUCTION

Short-chain fatty acids such as butyrate, propionate and acetate are produced by microbial 
fermentation in the intestine and have been reported to affect many cellular processes 
including chemotaxis, differentiation, proliferation and apoptosis. SCFA have been proposed 
to modulate host responses via G protein coupled receptors (GPCRs) for SCFA and via 
epigenetic mechanisms[64, 66, 67] which contribute to intestinal homeostasis[118-120]. 

Previous studies on the anti-inflammatory effects of SCFA[70, 121, 122], have focused mainly 
on butyrate, and to a lesser extent on propionate[123, 124] and acetate[59, 76]. Butyrate, 
and propionate have immunosuppressive effects on chemokine and cytokine secretion in 
vitro[67, 125-127], with butyrate often having stronger suppressive effects than propionate. 
One study on acetate described it less potent than butyrate in supressing cytokine and 
chemokine secretion induced by lipopolysaccharides (LPS) in human monocytes[125]. In vivo 
butyrate induced regulatory T cells in the colon of mice, which is important for the regulation 
of inflammation[26, 68, 128]. Butyrate has also been shown to attenuate colitis in mouse 
models[129].

Ishiguro et al., (2007) demonstrated that acetate inhibits nuclear factor of activated T-cells 
(NFAT), a transcription factor other than NF-κB which plays an important role in regulating 
the activation of T cells, by interfering with the interaction between NFAT and importin β1 in 
T cells. NFAT plays an important role in the pathogenesis of inflammatory disorders such as 
inflammatory bowel disease (IBD). Therefore investigating the effect of acetate on regulating 
the molecular mechanism of NFAT in T cells may lead us to novel therapeutic applications 
of acetate against IBD or other inflammatory diseases. Additionally, they also showed that 
intraperitoneal administration of acetate attenuated disease symptoms in a TNBS-induced 
mouse model of colitis[76]. Recently, Thornburn et al. (2015) showed that maternal intake of 
acetate in the drinking water protected the offspring against allergic airways disease (AAD)
[59]. Together these studies provide evidence that acetate plays an important role preventing 
immune-related diseases. 

Nastasi et al. (2015) investigated the effect of acetate, butyrate and propionate exposure on 
the transcriptome of monocyte-derived dendritic cells (MDDC) and showed that butyrate 
and propionate had a much larger effect on gene expression than acetate. Butyrate and 
propionate were suggested to regulate leukocyte trafficking by suppressing expression of 
several chemokines. Additionally butyrate and propionate inhibited expression of LPS-
induced cytokines IL-6 and IL-12[130]. However, this paper offered little attention to the 
effects of acetate on the immune response. 
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In this study, we demonstrate that acetate (2.5 mM) did not reduce secretion of IL-10 
secretion in CD14+ monocytes stimulated with heat-inactivated bacteria (HIB), but significantly 
decreased pro-inflammatory IL-12 cytokine secretion. However, butyrate decreased 
secretion of all cytokines induced by HIB in a dose dependent manner. We investigated the 
mechanism by which acetate and butyrate modulate cytokine secretion in CD14+ monocytes 
using transcriptomics to gain an insight into pathway regulation in absence and presence of 
immune stimulation with heat-activated bacteria (HIB). 

MATERIALS AND METHODS

Isolation and purification of CD14+ monocytes
Peripheral blood mononuclear cells (PBMCs) were isolated from human blood donors 
obtained from Sanquin blood Bank in Nijmegen, The Netherlands. Human blood was diluted 
1:1 with Roswell Park Memorial Institute (RPMI) 1640 media (Thermo Fisher Scientific) and 
25 ml dripped carefully onto 12.5 ml Ficoll-paque (17-1440-02, Amersham). Leukocytes 
were isolated by centrifugation at 200 x g, 5 minutes (without braking) room temperature 
(RT), followed immediately by centrifugation at 500 x g 15 minutes (without braking) at RT. 
After centrifugation, the buffy coat layer, containing the PBMCs was collected and washed 
by centrifugation 200 x g for 7 minutes in RPMI. CD14+ monocytes were then isolated using 
magnetic cell sorting with BD iMag CD14+ magnetic particle microbeads according to the 
manufacturer’s protocol (Becton Dickinson). The CD14+ purified monocytes were plated in 
RPMI 1640 containing 10% foetal calf serum (Thermo Fisher Scientific), 1% v/v penicillin, 
streptomycin (Invitrogen) in a 96 well plate (2x105 cells/well) and rested overnight prior to 
carrying out the experiments with SCFA. The CD14+ purified monocytes were stimulated with 
different SCFAs, with or without heat-inactivated bacteria as co-stimulation and incubated 
37oC, 5% CO2 for 5 or 24 hours. Supernatant from stimulated cells was harvested for 
measurement of cytokines and stored at -20oC until analysis. The remaining cells were used 
for a viability assay.

Harvesting and RNA isolation protocol
The CD14+ monocytes were incubated with non-toxic concentrations of acetate (2.5 mM) 
and butyrate (1 mM) for 1 hour, followed by addition of heat-inactivated bacteria (HIB), or 
medium control and incubated for 5 h at 37°C, 5% CO2. After incubation, the monocytes 
were centrifuged for 10 min at 300 x g at RT and then washed in PBS using the centrifugation 
protocol described above. The supernatant was then carefully removed and lysis buffer 
(Qiagen) added to lyse the monocytes. Total RNA was immediately extracted according to the 
manufacturer’s protocol (RNEasy mini-kit, Qiagen). Total RNA concentrations were measured 
using Qubit 4 Fluorometer (Invitrogen) and RNA quality (230/260 and 260/280 ratios) was 
checked with a DeNovix spectrophotometer. 
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mRNA sequencing and transcriptomic analysis
Total RNA samples from acetate, butyrate, or medium-treated monocytes were sequenced 
on an Illumina sequencing system by Novogene. Quality checks were then performed for the 
output reads (sequences) using a CLC Genomic Workbench (QIAGEN). Reads were mapped 
to the human genome reference (GRCh38.p13, Gene bank), and subsequently processed for 
further downstream analysis. Differential analysis was performed using the CLC Genomic 
Workbench (QIAGEN) with P < 0.05 and FDR < 0.05 for determination of significant differences. 
Gene ontology and pathway integration were performed by ingenuity pathway analysis (IPA). 

Annexin V/Propidium iodide (PI) staining for cell viability
Annexin V/Propidium Iodide (PI) staining (BD Biosciences) was used to distinguish viable from 
early and late apoptotic or necrotic cells according to manufacturer’s protocol. The cells were 
analysed using CytoFlexTM Flow Cytometry (Beckman Coulter). 

Measurement of secreted cytokines from stimulated CD14+ monocytes
Human anti-inflammatory cytokine interleukin-10 (IL-10), and pro-inflammatory cytokines 
interleukin-1 beta (IL-1B), interleukin-12p70 (IL-12p70), interleukin-6 (IL-6), interferon 
gamma (IFN-γ) and tumour necrosis factor (TNF-α) were measured in culture supernatants to 
investigate the immunomodulatory effect of SCFAs on CD14+ monocytes. Culture supernatant 
from stimulated CD14+ monocytes was harvested after 5 and 24 hours incubation to measure 
the secreted amount of each cytokine. Cytokines were detected using multiplex ELISA; a Bio-
Plex ProTM Human Cytokine Standard 27-Plex, Group I (BIO-RAD) kit, and their concentration 
was measured by using a MAGPIX system (LuminexTM) according to the manufacturer’s 
recommended protocol.

RESULTS

CD14+ monocytes were pre-treated with 1 mM butyrate or 2.5 mM acetate and after 1 
hour, an additional HIB stimulus was added and RNA was isolated after 5 hours for RNAseq. 
Principle component analysis (PCA) of gene expression data was used to examine the 
variability between the samples (Figure 5.1A). We observed that samples from the same 
treatment group clustered closely together with exception of one HIB stimulated sample. 
Monocytes exposed to acetate clustered closer to the control samples (RPMI medium) than 
the butyrate-treated samples indicating a stronger treatment effect for butyrate treated cells. 
Similarly, butyrate had a much stronger treatment effect than acetate when combined with 
the HIB stimulus. 

A clustered heat map (double dendrogram) showing similarity of differentially expressed 
genes among the different treatments was generated (Figure 5.1B). This clustered heat map 
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dendrogram, also showed the differences between control and SCFA treated groups and 
revealed that butyrate had a stronger treatment effect than acetate with or without the HIB 
stimulus (Figure 5.1B).
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Figure 5.1. (A) Principle component analysis (PCA) plot showing the clustering of samples based on the 
diff erent treatments; (B) The overall results of RPKM cluster analysis, clustered using the log10(RPKM+1) 
value. Red denotes genes with high expression levels, and blue denotes genes with low expression 
levels. The colour ranges from red to blue representi ng the log10(RPKM+1) value from high to low.
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The number of genes significantly up- or down regulated due to the different treatments 
and the number of regulated genes in common between treatments are shown in Venn 
diagrams (Figure 5.2A). Butyrate alone elicited a larger number of upregulated (3522 vs. 71) 
and downregulated (3551 vs. 62) genes compared to acetate (FDR p < 0.05). The number 
of differentially expressed genes (up and downregulation) in acetate and butyrate treated 
groups was further increased by addition of HIB. Samples treated with HIB only, resulted in 
a large number of upregulated (2251) and downregulated (2461) genes compared to the 
medium control, although this number was considerably smaller compared to the effect of 
butyrate exposure (Figure 5.2A left & right) as observed in the Volcano plots (Figure 5.2B-C).
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Figure 5.2. (A) Venn diagram representi ng the number of upregulated genes (left ) and downregulated 
(right) genes; (B) Volcano plot of diff erenti ally expressed genes compared to medium control (left ), HIB 
(right) and control vs. HIB (left -below). Red colour indicates genes with a false discovery rate (FDR) p< 0.05.
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Further downstream analysis was performed on the list of differentially expressed genes due 
to treatment with acetate or butyrate. Based on FDR p < 0.05 or p < 0.05 for differential 
expression approximately 800 differentially expressed genes were selected from each 
treatment group and analysed by IPA. Acetate treatment regulated 120 canonical pathways, 
whereas butyrate regulated 211 canonical pathways (cut-off –log(p-value) 1.3) (data not 
shown). For butyrate not only was a larger number of canonical pathways differentially 
regulated, but also the probability of this regulation was larger (–log(p-value) up to 6.88). 
The top 40 canonical pathways induced by acetate and butyrate treatments with and without 
addition of HIB are shown in Figure 5.3. Interestingly, the addition of HIB to monocytes treated 
with either acetate or butyrate resulted in a smaller number of activated canonical pathways 
than stimulation with either butyrate or acetate alone. For example, the combination of 
acetate and HIB led to activation of 69 canonical pathways, while the combination of butyrate 
and HIB resulted in activation of 184 canonical pathways. The rank order of the top canonical 
pathways also changed due to HIB stimulation.
Among the top 40 canonical pathways differentially regulated by acetate or butyrate, we 
observed that acetate altered more cellular metabolic processes than butyrate (Figure 5.3). 
There were several immune-related pathways regulated due to acetate treatment. Some 
pathways, for example interferon signalling was more strongly regulated by addition of HIB to 
acetate treated monocytes. This pathway, which was only slightly activated in acetate treated 
monocytes, increased more than 3-fold in the presence of HIB (Figure 5.3). On the other 
hand, butyrate treatment alone induced a larger number of immune -related pathways (18 
vs. 12, including NF-κB signalling) compared to acetate (Figure 5.3), as well as some stress 
response-related pathways, such as the NRF2 mediated oxidative stress response pathway. 
We observed that combination of butyrate with HIB affected expression of other pathways 
altering the rank order of canonical pathways compared to butyrate treated monocytes 
(Figure 5.3). Several G protein-coupled receptors (GPCRs) signalling pathways were induced 
both in acetate and butyrate treatment groups (Figure 5.3A & C), but none of these were 
cognate receptors for SCFA. Butyrate treatment changed the expression of several important 
genes encoding kinases (PI3K, PKC) and regulators involved in GPCR signalling (Table 5.5).
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F igure 5.3. Ingenuity pathway analysis (IPA). The top 40 canonical pathways acti vated by diff erent 
treatments (A) 2.5 mM acetate; (B) 2 mM acetate in combinati on with HIB; (C) 1 mM butyrate and (D) 
1 mM butyrate in combinati on with HIB. The -log (p-value) is indicated for each signifi cantly regulated 
pathway.

Immune response-related pathways, which might contribute to the acetate and butyrate 
modulati on of cytokine secreti on induced by HIB sti mulati on were examined in more detail 
(Tables 5.1 - 5). Many of the genes in the interferon-signalling pathway were downregulated 
aft er sti mulati on with acetate and HIB (Table 5.1). Genes in the IL-10 and NF-κB signalling 
pathways were regulated by butyrate and HIB (Table 5.2 & 3). In the NF-κB pathway the RELB 
subunit of NF-kB was strongly downregulated (-5.35) by butyrate in the presence of HIB, as 
was TLR2 (-3.219). However, TLR5,7 and 8 were upregulated as were genes for MAPK kinases. 
Some of these genes are also present in the IL-10 signalling pathway. In additi on we found that 
chemokine receptors CCR1 and CCR5, which are positi vely regulated by IL-10, were strongly 
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downregulated (-3.2 and -20.7) (Table 5.2). In the TLR signalling pathway, butyrate and HIB 
regulate the same genes as mentioned above, but in addition IL-12B, IL-36G and its receptor 
antagonist IL-36RA were strongly downregulated (-14.5 and -87.6 respectively). In this 
pathway acetate downregulated MAPK11 but upregulated MAPK14 expression (Table 5.3). 

Table 5.1. Regulation of interferon signalling pathway (acetate + HIB vs. HIB)

Symbol Entrez Gene Name Type(s) Expr Fold Change
IFI6 interferon alpha inducible protein 6 other -3.196
IFI35 interferon induced protein 35 other -3.25
IFIT1 interferon induced protein with tetratricopeptide repeats 1 other -3.024
IFIT3 interferon induced protein with tetratricopeptide repeats 3 other -2.672
IFITM3 interferon induced transmembrane protein 3 other -2.393
IFNAR2 interferon alpha and beta receptor subunit 2 transmembrane receptor 1.602
IRF9 interferon regulatory factor 9 transcription regulator -1.658
ISG15 ISG15 ubiquitin-like modifier other -5.883
MX1 MX dynamin like GTPase 1 enzyme -2.219
OAS1 2'-5'-oligoadenylate synthetase 1 enzyme -2.655
SOCS1 suppressor of cytokine signaling 1 other -1.914

Table 5.2. Regulation of the IL-10 signalling pathway (butyrate + HIB vs. HIB)

Symbol Entrez Gene Name Type(s) Expr Fold Change
CCR1 C-C motif chemokine receptor 1 G-protein coupled receptor -3.188
CCR5 C-C motif chemokine receptor 5 (genepseudogene) G-protein coupled receptor -20.719
CD14 CD14 molecule transmembrane receptor -7.182
FOS Fos proto-oncogene, AP-1 transcription factor subunit transcription regulator 8.54
IL36G interleukin 36 gamma cytokine -14.542
IL36RN interleukin 36 receptor antagonist cytokine -87.578
JUN Jun proto-oncogene, AP-1 transcription factor subunit transcription regulator -2.898
MAP3K14 mitogen-activated protein kinase kinase kinase 14 kinase 4.048
MAPK14 mitogen-activated protein kinase 14 kinase 2.976
NFKBIB NFKB inhibitor beta transcription regulator -3.825

 

Table 5.3. Regulation of NF-κB signalling pathway (butyrate + HIB vs. HIB)

Symbol Entrez Gene Name Type(s) Expr Fold Change
EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 kinase -4.836
IGF1R insulin like growth factor 1 receptor transmembrane receptor 3.62
IL36G interleukin 36 gamma cytokine -14.542
IL36RN interleukin 36 receptor antagonist cytokine -87.578
INSR insulin receptor kinase 3.393
MAP3K3 mitogen-activated protein kinase kinase kinase 3 kinase 3.238
MAP3K14 mitogen-activated protein kinase kinase kinase 14 kinase 4.048
NFKBIB NFKB inhibitor beta transcription regulator -3.825
NRAS NRAS proto-oncogene, GTPase enzyme -3.164
PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta kinase 8.469
PIK3CG phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma kinase 4.919
PIK3R2 phosphoinositide-3-kinase regulatory subunit 2 kinase 10.482
PRKACA protein kinase cAMP-activated catalytic subunit alpha kinase 3.256
RELB RELB proto-oncogene, NF-kB subunit transcription regulator -5.35
TDP2 tyrosyl-DNA phosphodiesterase 2 transcription regulator -8.773
TLR2 toll like receptor 2 transmembrane receptor -3.219
TLR5 toll like receptor 5 transmembrane receptor 7.643
TLR7 toll like receptor 7 transmembrane receptor 23.872
TLR8 toll like receptor 8 transmembrane receptor 6.727
TNFRSF11A TNF receptor superfamily member 11a transmembrane receptor 8.542
TNFRSF1B TNF receptor superfamily member 1B transmembrane receptor 3.176
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Table 5.4. Regulation of TLR signalling pathway (acetate + HIB vs. butyrate + HIB)

Symbol Entrez Gene Name Type(s) Expr Fold Change Expr Fold Change2
Acetate + HIB Butyrate + HIB

ELK1 ETS transcription factor ELK1 transcription regulator 1.599
MAPK11 mitogen-activated protein kinase 11 kinase -3.152
MAPK14 mitogen-activated protein kinase 14 kinase 1.839
PPARA peroxisome proliferator activated receptor alpha ligand-dependent nuclear receptor 1.913
TLR5 toll like receptor 5 transmembrane receptor 1.735 7.643
TLR8 toll like receptor 8 transmembrane receptor 1.676 6.727
CD14 CD14 molecule transmembrane receptor -7.182
EIF2AK2 eukaryotic translation initiation factor 2 alpha kinase 2 kinase -4.836
FOS Fos proto-oncogene, AP-1 transcription factor subunit transcription regulator 8.54
IL12B interleukin 12B cytokine -47.307
IL36G interleukin 36 gamma cytokine -14.542
IL36RN interleukin 36 receptor antagonist cytokine -87.578
JUN Jun proto-oncogene, AP-1 transcription factor subunit transcription regulator -2.898
MAP3K14 mitogen-activated protein kinase kinase kinase 14 kinase 4.048
MAPK14 mitogen-activated protein kinase 14 kinase 2.976
TLR2 toll like receptor 2 transmembrane receptor -3.219
TLR7 toll like receptor 7 transmembrane receptor 23.872
TRAF4 TNF receptor associated factor 4 other 4.458

Table 5.5. Regulation of GPCR signalling pathway (all treatments)

Symbol Entrez Gene Name Type(s) Expr Fold Change Expr Fold Change2 Expr Fold Change3 Expr Fold Change4
Acetate Acetate + HIB Butyrate Butyrate + HIB

ADCY9 adenylate cyclase 9 enzyme -3.252
ADORA2A adenosine A2a receptor G-protein coupled receptor -4.16
AVPR2 arginine vasopressin receptor 2 G-protein coupled receptor 3.169
ADRB2 adrenoceptor beta 2 G-protein coupled receptor 23.084 11.26
APEX1 apurinicapyrimidinic endodeoxyribonuclease 1 enzyme 3.016
CAMK2G calciumcalmodulin dependent protein kinase II gamma kinase 1.38 10.022 11.373
CREB5 cAMP responsive element binding protein 5 transcription regulator -1.675
CREBBP CREB binding protein transcription regulator -4.019
DUSP4 dual specificity phosphatase 4 phosphatase -5.101
FPR1 formyl peptide receptor 1 G-protein coupled receptor 1.404 5.872 3.16
FPR2 formyl peptide receptor 2 G-protein coupled receptor 1.538 9.161 5.908
GDE1 glycerophosphodiester phosphodiesterase 1 enzyme 1.395 3.101 5.028
GNA11 G protein subunit alpha 11 enzyme 1.475 4.822 10.716
HCAR2 hydroxycarboxylic acid receptor 2 G-protein coupled receptor 3.665 3.569
HCAR3 hydroxycarboxylic acid receptor 3 other 4.051 4.063
HRH1 histamine receptor H1 G-protein coupled receptor 1.666
HRH2 histamine receptor H2 G-protein coupled receptor 6.708 10.596
LPAR1 lysophosphatidic acid receptor 1 G-protein coupled receptor -1.399 -13.496 -15.306
MAPK3 mitogen-activated protein kinase 3 kinase 1.557
MRAS muscle RAS oncogene homolog enzyme -2.788
NAPEPLD N-acyl phosphatidylethanolamine phospholipase D enzyme -1.766
NFKBIB NFKB inhibitor beta transcription regulator -3.825
NRAS NRAS proto-oncogene, GTPase enzyme -3.387 -3.164
PDE7A phosphodiesterase 7A enzyme -3.838 -3.881
PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta kinase 1.402 8.107 8.469
PIK3CG phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit gamma kinase 3.956 4.919
PIK3R2 phosphoinositide-3-kinase regulatory subunit 2 kinase 1.616 5.453 10.482
PLCB1 phospholipase C beta 1 enzyme -2.055
PLCB3 phospholipase C beta 3 enzyme 1.604 2.941
PRKACA protein kinase cAMP-activated catalytic subunit alpha kinase 1.352 2.721 3.256
PRKCA protein kinase C alpha kinase 4.404 4.296
PTGER4 prostaglandin E receptor 4 G-protein coupled receptor 2.822
PTK2B protein tyrosine kinase 2 beta kinase 1.376 3.807 3.592
RASGRP1 RAS guanyl releasing protein 1 other -6.209
RGS2 regulator of G protein signaling 2 other 4.554 8.704
RGS10 regulator of G protein signaling 10 other -5.076
RGS14 regulator of G protein signaling 14 other 3.262 6.289
RGS18 regulator of G protein signaling 18 other 5.055
S1PR3 sphingosine-1-phosphate receptor 3 G-protein coupled receptor 1.483 7.938 4.914
SRC SRC proto-oncogene, non-receptor tyrosine kinase kinase -3.325
TDP2 tyrosyl-DNA phosphodiesterase 2 transcription regulator -8.142 -8.773
XCR1 X-C motif chemokine receptor 1 G-protein coupled receptor -6.343

To investigate the immunomodulatory effect of SCFA on monocytes, we measured secreted 
cytokines after 5 and 24 hours. Stimulation with SCFA alone did not result in cytokine 
secretion at either 5 or 24 hours, whereas stimulation with heat-inactivated bacteria (HIB) 
strongly induced both pro-and anti-inflammatory cytokines. Cytokines accumulated in the 
supernatant over time, which is reflected by the lower levels of IL-10, IL-12 and IFN-γ secretion 
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after 5 hours of stimulation compared to the levels detected after 24 hours (Figure 5.4 & 5). 
As described in Chapter 4, acetate increased HIB-induced IL-10 production after 24 hours, 
whereas butyrate had the opposite effect and decreased IL-10 secretion. After 24 hours, both 
acetate and butyrate decreased HIB induced secretion of pro-inflammatory cytokines IL-12 
and IL-1β, although acetate to a lesser extent. Butyrate was also able to decrease HIB induced 
TNF-α secretion (Figure 5. 5).

There were no significant differences observed in the viability of monocytes stimulated with 
HIB or HIB together with acetate or butyrate after 24 hours (data not shown). 
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Figure 5.4(A-F). Cytokine secretion profile of CD14+ monocytes exposed to 2.5 mM acetate or 1 mM 
butyrate with or without co-stimulation with HIB for 5 hours. Error bars represent SEM, n = 2 technical 
duplicates from 1 donor; One-way ANOVA with Tukey post hoc test; * p < 0.05, ** p < 0.01, *** p< 0.001.
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Figure 5.5(A-F). Cytokine secretion profile of CD14+ monocytes exposed to 2.5 mM acetate or 1 mM 
butyrate with or without co-stimulation with HIB for 24 hours. Error bars represent SEM, n = 2 technical 
duplicates from 1 donor; One-way ANOVA with Tukey post hoc test; * p < 0.05, ** p < 0.01, *** p< 0.001.

DISCUSSION

The role of SCFA in modulation of cytokine secretion of monocyte has been reported 
previously by Cox et al., (2009). They reported that individual SCFA (acetate, butyrate, 
formate and propionate) exposure for 22 hours led to attenuation of IL-10 and C-C Motif 
Chemokine Ligand 2 or monocyte chemoattractant protein-1(CCL2/MCP-1) cytokine/
chemokine production induced by LPS (100 ng/ml) in a dose dependent manner (0.2 – 20 
mmol/L SCFA concentration). In contrast to our own results with butyrate, there was no 
attenuation of LPS-induced pro-inflammatory cytokines IL-1β, IL-2, IL-6, IL-8, IL-12, IFN-γ, 
TNF-α[125]. This may be due to the different stimulus. Butyrate downregulated TLR2, which 
is the key receptor for recognition of HIB, a Gram-positive bacterium. As this was the only 
TLR which was downregulated (in fact others were upregulated) we predict that it will have 
a strong effect on HIB stimulation, but not on LPS stimulation which was used by Cox et al. 
(2009)[125]. Cox et al., (2009) reported decreased secretion of IL-10 after acetate stimulation 
which contradicts our own findings[125]. However, this was only observed when acetate was 
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used in much higher concentrations (20 mM), which is not physiological and might have 
reduced cell viability. 

Acetate and butyrate alone did not induce cytokine secretion by CD14+ monocytes. This 
result was reflected by the acetate transcriptomic analysis, as we observed that in acetate 
treated monocytes, the number of differentially expressed genes was low compared to 
medium control. This finding suggested that acetate induced few changes in gene expression. 
Indeed only cellular metabolism and a few immune response-related pathways were induced 
by acetate. However, when HIB was added, many more genes were differentially regulated 
as a result of acetate exposure. The monocytes also responded differently, modulating 
cytokine secretion, mainly via the interferon signalling pathway (Table 5.1). Hu et al., (2006) 
reported that IFN-γ ameliorates induction of TNF-α by TLR ligands, immune complexes, 
and zymosan by suppressing IL-10 production and thereby interrupting STAT3-mediated 
feedback inhibition[131]. In our study, the presence of acetate in combination with HIB led 
to downregulation of many genes, and interferon-induced factors suggesting suppression of 
IFN-γ signalling, which would indirectly increase production of IL-10. 

On the other hand, exposure of CD14+ monocytes to butyrate alone altered gene expression 
dramatically and activated more canonical pathways compared to acetate. Interestingly, this 
dramatic change did not affect cytokine secretion, samples exposed to butyrate alone had 
low cytokine secretion. A possible explanation is that butyrate mainly evoked stress response-
related pathways, such as the NRF2 mediated oxidative stress response. Even though some 
immune response-related pathways, such as the NF-κB signalling pathway, were also activated 
by butyrate alone, those pathways did not lead to cytokine secretion (Figure 5.5). Although 
we observed that 1 mM concentration of butyrate reduced cell viability after 24 hours, which 
might result in lower cytokine secretion as there would be fewer cells, this was not seen for 
acetate. Acetate did not affect viability, but still no detectable cytokine levels were measured. 
More importantly, cell viability was not affected after simultaneous stimulation with HIB and 
butyrate, so the decreased cytokine secretion compared to samples stimulated with HIB only 
cannot be a result of decreased cell viability. Furthermore, treatment with a combination of 
HIB and butyrate induced the activation of many immune-response related pathways such as 
the IL-10 and NF-κB signalling pathways (Table 5.2 & 3). These pathways are known to play 
an important role in modulation of cytokine production[132, 133]. 

Similar to the combined acetate and HIB treatment, the butyrate and HIB combination also 
regulated the TLR signalling pathway, but more significantly log(p-value) 4.13, compared to 
acetate and HIB (log(p-value) 1.49) (Figure 5.3D; Table 5.4). The TLR signalling pathway leads 
to activation of the NF-κB transcription factor and cytokine secretion[46, 134]. Although 
both acetate and butyrate regulated the TLR signalling pathway, we observed that they had 
different effects. Acetate only regulated a small number of genes in the TLR signalling pathway. 
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Whereas butyrate regulating a larger set of genes involved in TLR signalling compared to 
acetate. Only two differentially expressed genes (TLR 5 & TLR8), were shared between acetate 
and butyrate in the TLR signalling pathway. This was also observed in the GPCR signalling 
pathway, although the number of genes shared among the treatments (except for acetate 
and HIB treatment) are greater compared to the TLR signalling pathway.

CONCLUDING REMARKS

To conclude, acetate and butyrate modulate the host’s immune response through distinct 
mechanisms. Butyrate, which is well known as an anti-inflammatory molecule, suppressed 
secretion of both anti- and pro-inflammatory cytokines by CD14+ monocytes. In contrast, 
acetate elevated secretion of the anti-inflammatory cytokine IL-10 while it attenuated pro-
inflammatory cytokine IL-12 and IL-1β secretion. The effect elicited by acetate could be more 
favourable compared to butyrate in case of combating a chronic inflammatory disease in the 
gut. The result of transcriptomic analysis revealed that acetate evoked only small changes 
in gene expression levels as well as canonical pathway activation compared to butyrate. 
However, when combined with HIB, acetate was able to modulate cytokine production, 
particularly IL-10, mainly via the interferon signalling pathway and TLR signalling pathway. 
On the other hand butyrate suppressed HIB-induced IL-10 secretion, mediated through the 
IL-10, NF-κB and TLR signalling pathways. Moreover, 1 mM butyrate decreased cell viability 
of the monocytes and regulated stress related-responses of the cells as well as many disease-
related pathways. Our findings highlight the differential molecular mechanisms of acetate 
and butyrate in modulating the immune response of the host and support our hypothesis 
that acetate might be a better candidate for future anti-inflammatory treatments.
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Abstract 

Short-chain fatty acids (SCFA), such as butyrate, acetate, and propionate, have been 
reported to reduce the risk of gastrointestinal disorders. A previous study reported 
that incubation of ileum organoids with bacterial culture supernatant of Akkermansia 
muciniphila and Faecalibacterium prausnitzii (which contained different SCFA), as well 
as individual SCFA affected the expression of metabolic cellular growth and cell survival 
pathways. However, these results are difficult to interpret because of the mixture of SCFA 
and other metabolites present in the bacterial culture supernatants. Furthermore, the 
combined concentration of SCFAs used was high and possible toxicity was not assessed. 
In this study we aimed to investigate the effects of non-toxic concentrations of acetate 
and butyrate on gene expression in 3D organoid cultures in order to gain more insight 
into their transcriptional effects on epithelial functions. Porcine 3D ileal organoids were 
exposed to non-toxic concentration of butyrate and acetate for 5 hours or buffer control 
and RNA was purified for RNA sequencing. Differentially expressed genes and pathways 
were identified using various bioinformatics software. Butyrate treatment induced the 
largest set of differentially expressed genes (DEG) compared to acetate. The top canonical 
pathways activated by acetate treatment mostly related to cellular processes-related 
pathways, whereas butyrate evoked many cell-cycle related pathways. Moreover, butyrate 
was predicted to reduce cell proliferation through inhibition of histone deacetylase 3 
(HDAC3). In contrast, the effect of acetate on histone 3 acetylation is still unclear. These 
results reveal that acetate and butyrate regulate different intestinal epithelial functions. 
Keywords: porcine ileal organoids, transcriptomic, epithelial function
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INTRODUCTION

Commensal bacteria in the gut produce short-chain fatty acids (SCFA), such as butyrate, 
acetate, and propionate, which have been demonstrated to reduce the risk of gastrointestinal 
disorders[135, 136]. Total SCFA concentrations in the terminal ileum are estimated to be 
13 ± 6 mmol/kg content but much higher in the caecum (131 ± 9 mmol/kg content) and 
descending colon (80 ± 11 mmol/kg content)[62, 137]. In all parts of the colon acetate was 
found to be at least 2-fold higher in concentration than propionate or butyrate. A study 
on individuals in sudden death cases revealed that in the ascending colon, where most 
saccharolytic fermentation occurs, the concentrations of acetate, propionate and butyrate 
in mmol/kg content were found to be 63.4 ± 6.8, 26.7 ± 4.0 and 24.5± 4.2 respectively[137]. 

SCFA can be passively taken up by epithelial cells but in greater amounts by active transport via 
monocarboxylate transporter 1 (MCT-1) and SMCT-1[61]. Most butyrate is oxidized and used 
as fuel for colonocytes, deriving 60–70% of their energy supply from SCFA oxidation[138]. 
The remaining SCFA are transported out of the cell across the basolateral membrane via an 
unknown HCO3

− exchanger, most likely monocarboxylate transporter (MCT) 4 or 5[61, 139]. 
Here SCFA can enter the blood vessels and circulation via the portal vein[138]. The liver clears 
the major part of propionate and butyrate from the portal circulation but acetate can reach 
200 µM in venous serum of humans and pigs[140]. 

SCFA can also interact with G-protein-couple receptors GPR41 and GPR43 on intestinal 
epithelial cells, which is important for immune homeostasis in the intestine[141]. SCFA have 
been reported to induce the expression of vitamin A–converting enzyme RALDH1 in intestinal 
epithelial cells in vivo and in vitro, which has been linked to increased numbers of intestinal 
regulatory T cells and a higher production of luminal IgA[142, 143]. SCFA have also been 
reported to down-regulate LPS-stimulated IL-8 secretion in different intestinal cancer cell 
lines[142]. Butyrate has been reported to maintain and/or increase transepithelial electrical 
resistance (TEER) in human intestinal cell lines Caco-2 and T84, through induction of genes 
encoding tight-junctions (TJ) components and protein reassembly regulated by transcription 
factors Signal Transducer and Activator of Transcription 3 (STAT3) and Specificity Protein 1 
(SP1)[144-147]. 

Lukovac et al. (2014) reported that 3 hours incubation of ileum organoids with bacterial 
culture supernatant of Akkermansia muciniphila (containing 3.65 mM acetate and 7.14 mM 
propionate), Faecalibacterium prausnitzii (1.51 mM acetate, 5.51 mM formate, 7.06 mM 
propionate, and 8.03 mM butyrate), as well as 5 mM concentration of individual SCFA led to 
altered expression of metabolic cellular growth and cell survival pathways[135]. These results 
are difficult to interpret because of the mixture of SCFA and other metabolites present in the 
bacterial culture supernatants. Furthermore, the combined concentration of SCFA is high and 
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possible toxicity was not assessed. Recently, Kaiko et al., showed that 1mM butyrate inhibits 
proliferation of intestinal stem cells and that higher concentrations 1-3 mM cause stem cell 
apoptosis[73]. 

The aim of this paper was to investigate the effects of non-toxic concentrations of acetate 
and butyrate on gene expression in 3D organoid cultures in order to gain more insight into 
their transcriptional effects on epithelial functions. Porcine 3D ileal organoids were exposed 
to non-toxic concentration of butyrate and acetate for 5 hours or buffer control and RNA was 
purified for RNA sequencing. Differentially expressed genes and pathways were identified 
using bioinformatics tools. 

MATERIALS AND METHODS

Porcine Ileum 3D organoids culture 
Ileum organoids were generated from intestinal tissue of two 5-month-old slaughter pigs, 
according to the procedure described by Sato and colleagues[148, 149]. Porcine ileal 
organoids were grown in basal culture medium that was refreshed every two days (BCM: 
DMEM/F12 (Gibco), supplemented with 100 μg/ml primocin (Invivogen), 10 mM HEPES 
(HyClone), 1 × B-27 (Gibco), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 50 ng/ml human 
epidermal growth factor (R&D systems), 15 nM gastrin, 10 mM nicotinamide, 10 μM p38 
MAPK inhibitor (Sigma-Aldrich), 600 nM TGFβ receptor inhibitor A83-01, and conditioned 
media for recombinant Noggin (15% v/v), Spondin (15% v/v), and Wnt3A (30% v/v) (provided 
by Dr Kuo and the Hubrecht Institute). Organoids were passaged by enzymatic dissociation at 
a 1 : 5 ratio every 5 days using TrypLE Express (Thermo Fisher) and plating in fresh Matrigel 
matrix droplets (Basement Membrane, Growth factor reduced, REF 356231, Corning).

Viability test different concentration of SCFA
The 3-dimensional organoids were cultured in single 5 µl Matrigel droplets in 24-well plates 
(9 replicates per treatment) for 5 days. Organoids were stimulated for 5 hours with non-
toxic concentrations of butyrate (1 mM) and acetate (2.5 mM). The Cell Proliferation Reagent 
WST-1 (Sigma-aldrich) was added to the well after 5 hours incubation. Absorbance was then 
measured using a Spectramax M5 microplate reader (Molecular Devices) at 450/690 nm.

SCFA exposure and RNA isolation from 3D organoids
Initially the potential toxicity of acetate and butyrate exposure to 3D organoids was tested 
using Cell Proliferation Reagent WST-1 (Sigma-aldrich) to determine which concentrations to 
use for the transcriptomics study. Triplicate wells containing 3D ileum organoids in Matrigel 
were incubated with 2.5 mM acetate, 1 mM butyrate or medium control for 5 hours at 37°C. 
After incubation, the medium was removed and 1 ml ice-cold DMEM/F12 was added to each 
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well, the organoid suspension transferred to 15 ml tubes on ice (Falcon) and then centrifuged 
5 min at 300 x g at 4°C to recover the organoids. The supernatant was then carefully removed 
and lysis buffer (Qiagen) was added to lyse the organoids. Total RNA was extracted immediately 
according to the manufacturer’s recommended protocol (RNEasy mini-kit, Qiagen). Total RNA 
concentrations were measured using a Qubit 4 Fluorometer (Invitrogen) and RNA quality 
(230/260 and 260/280 ratios) was checked with a DeNovix spectrophotometer. 

mRNA sequencing and transcriptomic analysis
Library preparations were performed using total RNA extracted from acetate, butyrate, 
or medium-treated organoids and then sequenced on an Illumina sequencing system by 
Novogene (Hong Kong). The sequencing reads were checked for quality using CLC Genomic 
Workbench (QIAGEN) and FastQC[150] and mapped to the Sus scrofa 11.1 reference genome 
(Ensembl, [151], see Supplementary Table S6.1), and processed as previously described[152] 
for further downstream analysis. 

Figure 6.1. Schematic diagram of experimental setup. Ileum organoids were incubated with acetate, 
butyrate or medium control for 5 hours, followed by RNA extraction and library preparation. RNA 
sequencing was then performed, and the results were analysed using various bioinformatics tools. 
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Differentially expressed genes (DEG) were identified using CLC with a probability (P) value < 
0.05 and false discovery rate (FDR) < 0.05 for determination of significant differences. Gene 
ontology and pathway integration of DEG were analysed using Ingenuity pathway analysis 
(IPA). To utilise the IPA database, unknown Sus scrofa identifiers were re-annotated to their 
human homologues using g:profiler[153]. Schematic diagram of this experimental setup is 
shown in Figure 6.1.

Extraction and detection of histone H3 total acetylation 
The same batch of 3D ileum organoid culture were also used for extraction and detection of 
histone H3 acetylation. Histones were extracted from organoids using a Histone Extraction 
Kit (ab113476, Abcam) according to manufacturer’s protocol. Extracted histones were then 
aliquoted and stored at -80 °C for further use. Total concentrations of histone proteins were 
determined using the Bradford protein assay with Coomassie Protein Assay Reagent (Thermo 
Scientific). 2 µg protein was used for histone H3 acetylation detection with a fluorometric-
based assay using Histone H3 Total Acetylation Detection Fast Kit (ab131581, Abcam). 

RESULTS AND DISCUSSION

Viability of organoids exposed to acetate and butyrate
Organoids were incubated with acetate (2.5 mM) or butyrate (1 mM) or buffer alone as a 
control to evaluate their potential toxicity. The viability assay measures conversion of the 
WST-1 dye into a coloured product by mitochondrial dehydrogenase enzymes. Microscopic 
examination suggested the large variability in WST-1 conversion between replicates was due 
to different numbers of organoids per well and thus total cell numbers. Stimulating organoids 
with non-toxic concentrations of SCFA did not show profound effects on the ability to convert 
WST-1 to formazan compared to the medium control (Figure 6.2).
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Figure 6.2. WST-1 assay for cell viability of 3D organoids incubated for 5 hours with 2.5 mM acetate, 1 
mM butyrate or buffer control. Error bars represent Min to Max, n = 9 per group.

Differentially expressed genes induced by SCFAs acetate and butyrate
A projection scatter plot of principal component analysis (PCA) showed that organoid samples 
treated with acetate mainly clustered together, one of which was close to the untreated 
(control) samples, indicating low variation between the two groups. Moreover, the close 
scatter of this acetate sample was also not due to large differences in the number of reads 
or mapping efficiency. In contrast, organoids treated with butyrate were clustered furthest 
away from the control and acetate group (Figure 6.3A). An expression correlation matrix 
showed good correlation between replicates of the butyrate-treated organoids and replicates 
of the untreated organoid samples. Higher variation was evident in expression profiles of 
the acetate-treated organoid samples (Figure 6.3B). The differentially expressed genes 
(DEG) (log2 cut off 1.5-fold change and p < 0.05) induced by butyrate or acetate exposure 
of organoids compared to untreated organoid controls are shown in Volcano plots (Figure 
6.3C). Butyrate-treatment induced the largest set of DEG when p < 0.05 (9776 genes, 4841 
up/4935 down), whereas acetate had significantly less DEG (1492 genes, 661 up/831 down). 
Differentially expressed gene expression values are visualized for acetate (Figure 6.3D) and 
butyrate (Figure 6.3E). Both treatments had a substantial amount of DEG in common (1173, 
Figure 6.3F-left), but heatmap clustering shows the same sample variability observed in the 
projection scatter plot for acetate (Figure 6.3F-right). Moreover, when the data was adjusted 
for FDR < 0.05, the amount of DEG by butyrate slightly decreased (8989 genes, 4400 up/4589 
down), whereas DEG numbers in acetate-treated organoids dropped substantially (17 genes, 
13 up, down). 



110110

Chapter 6

Figure 6.3 (A-F). (A) Projection scatter plot of principal component analysis clustering organoids treated 
with acetate, butyrate, or medium control. (B) Expression correlation matrix for organoids treated with 
acetate, butyrate, or medium control shows strong separation of butyrate, and variable expression 
patterns in acetate treated samples. (C) Volcano plots showing the comparison of differentially expressed 
genes induced by acetate and butyrate (red: p < 0.05). Heat map showing clustering dendrogram of 
differentially expressed genes when treated with Acetate (D) or Butyrate (E) when p-value < 0.05. (F) All 
DEG from control were compared between acetate and butyrate and showed 1173 overlapping genes 
and were visualized in a heatmap to show actual expression values (right). 
 

Ingenuity Pathway Analysis (IPA) of differentially expressed genes
IPA analysis was used to generate a list of the top canonical pathways (Figure 6.4), predicted 
upstream regulators, and biological functions. This is a tool which categorises genes with 
significantly altered expression according to their molecular and cellular functions (Table 
6.1). For both acetate and butyrate, the top regulated molecular and cellular functions 
were Cell Death and Survival, Cellular Assembly and Organization, and Cellular Function and 
Maintenance (Table 6.1). Functions regulated only by butyrate were Gene Expression and 
Cell Cycle and only by acetate were Cellular Movement and Cellular Development.
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Table 6.1. IPA analysis of Molecular and Cellular Functions affected by SCFA exposure.

Comparison Molecular and Cellular Functions

Acetate vs. control Cell Death and Survival, Cellular Movement, Cellular Assembly and 
Organization, Cellular Function and Maintenance, Cellular Development

Butyrate vs. control Gene Expression, Cell Death and Survival, Cell Cycle, Cellular Assembly and 
Organization, Cellular Function and Maintenance

IPA listed 57 significantly regulated canonical pathways (p < 0.05, threshold of 1.3) as a result 
of butyrate exposure and 51 as a result of acetate treatment. The top pathways regulated by 
acetate were Sirtuin Signaling Pathway, a complex pathway involved in many cellular processes 
including apoptosis and inflammation, and Signaling by Rho Family GTPases, a pathway related 
to cell to cell movement (Figure 6.4A). The top canonical pathway regulated by butyrate 
was High Mobility Group Box 1 (HMGB1) Signalling Pathway. The high-mobility group box-1 
(HMGB1) protein is a DNA-binding nuclear protein, present in almost all eukaryotic cells that 
can activate a series of signaling components, including mitogen-activated protein kinases 
(MAPKs) and AKT, which play an important role in proliferation and inflammation[154]. 
This top pathway may be linked to many other cell cycle and cancer pathways regulated by 
butyrate (Figure 6.4B). Cell stress related pathways such as the unfolded protein response, 
autophagy and Nuclear Factor Erythroid 2-related Factor 2 (NRF2)-mediated oxidative stress 
pathway were regulated by butyrate but not acetate. 
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F igure 6.4 (A-B). Ingenuity Pathway Analysis (IPA). The top canonical pathways expressed in ileum 
organoids as a result of acetate and butyrate exposure for 5 hours. (A) Top canonical pathways acti vated 
by 2.5 mM acetate exposure. (B) Top canonical pathways acti vated by 1 mM butyrate exposure.

Some of the top canonical pathways were examined in more detail to give more insights into 
the genes induced by acetate and butyrate treatment (Table 6.2-6). Acetate was predicted 
to upregulate the Sirtuin signalling pathway, including 3 genes which could have epigeneti c 
eff ects, namely H1F0, SIRT6 and KAT2A. Histone H1F0 is one of the main chromati n proteins 
which plays an important role in organizing eukaryoti c DNA into a compact structure 
(Table 6.2 and Supplementary Figure S6.1). Histone H1F0, is devoid of enzymati c acti vity 
and binds nucleosomes without apparent DNA sequence specifi city leading to changes in 
the architecture of chromati n[155]. SIRT6, which was upregulated, is an NAD+-dependent 
deacetylase of histones and regulati ng multi ple processes including DNA stability and 
repair[156]. KAT2A, a lysine acetyltransferase with demonstrated acti vity on histone 
variant H2A.Z, was downregulated. Postt ranslati onal modifi cati ons such as acetylati on and 
ubiquiti nati on of H2A.Z, as well as its specifi c binding partners, is a central player in the 
control of gene expression[157]. These fi ndings could explain why acetate has such a broad 
eff ect on many diff erent types of pathways. 
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The second top canonical pathway, predicted to be upregulated by acetate, was the Rho 
Family GTPases signalling pathway in which ACTA1 and ACTC1, were highly upregulated (Table 
6.3). The reasons for this are not clear but may indicate remodelling of the actin cytoskeleton. 

Butyrate was predicted to regulate cell cycle-related pathways e.g. by down regulating cyclin 
genes CCNB2 in the G2/M DNA Damage Checkpoint pathway and CCND1 (Table 6.5) as 
well as CCNE2 in the G1/S Checkpoint pathway which control the cell cycle. Additionally, 
HDAC3 which is inhibited by butyrate was upregulated. Histone deacetylase 3 (HDAC3) 
directly interacts with and deacetylates cyclin A in the G1/S Checkpoint pathway (Table 6.6). 
Given that deacetylated cyclin A promotes cell proliferation butyrate inhibition of HDAC3 
deacetylation activity is predicted to reduce cell proliferation. 

Several genes involved in the regulation of HMGB1 Signaling Pathway were downregulated 
by butyrate including TLR4 (-2.744) an innate receptor to which HMGB1 released from cells 
has been reported to bind and the RELA subunit of NF-κB (-1.531). (Table 6.5). However, 
expression of SERPINE1 a protein regulated by nuclear HMGB1 was increased more than 
16-fold. Like the histones, HMGB1 is an important chromatin protein. In the nucleus HMGB1 
interacts with nucleosomes, transcription factors, and histones, thereby organising DNA and 
regulating transcription[158, 159]. The presence of HMGB1 in the nucleus depends on post-
translational acetylation[159]. It is therefore possible that butyrate inhibits deacetylation of 
HMGB1 possibly through HDAC3, increasing the concentration of HMGB1 in the nucleus and 
upregulating SERPINE1. 

Table 6.2. Regulation of sirtuin signalling pathway (acetate vs. control) 

Symbol Entrez Gene Name Type(s) Expr Fold Change
ATG3 autophagy related 3 enzyme 1.122
ATG12 autophagy related 12 other 1.119
BAX BCL2 associated X, apoptosis regulator transporter 1.133
EPAS1 endothelial PAS domain protein 1 transcription regulator 1.263
GABARAPL1 GABA type A receptor associated protein like 1 other 1.259
H1F0 H1 histone family member 0 other 1.24
HIF1A hypoxia inducible factor 1 subunit alpha transcription regulator 1.164
KAT2A lysine acetyltransferase 2A enzyme -1.19
MT-ND1 NADH dehydrogenase, subunit 1 (complex I) enzyme -1.232
MT-ND2 MTND2 enzyme -1.201
MYC MYC proto-oncogene, bHLH transcription factor transcription regulator -1.192
NAMPT nicotinamide phosphoribosyltransferase cytokine 1.412
NDUFB7 NADH:ubiquinone oxidoreductase subunit B7 enzyme -1.124
NDUFS4 NADH:ubiquinone oxidoreductase subunit S4 enzyme 1.28
NEDD4 neural precursor cell expressed, developmentally down-regulated 4, E3 ubiquitin protein ligase enzyme 1.27
NQO1 NAD(P)H quinone dehydrogenase 1 enzyme 1.318
PCK1 phosphoenolpyruvate carboxykinase 1 kinase 1.534
PFKFB3 6-phosphofructo-2-kinasefructose-2,6-biphosphatase 3 kinase 1.378
PPARG peroxisome proliferator activated receptor gamma ligand-dependent nuclear receptor 1.185
SIRT6 sirtuin 6 enzyme 1.226
TIMM10 translocase of inner mitochondrial membrane 10 transporter -1.145
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Table 6.3. Regulation of signalling by Rho Family GTPases (acetate vs. control)

Symbol Entrez Gene Name Type(s) Expr Fold Change
ACTA1 actin alpha 1, skeletal muscle other 3.855
ACTC1 actin alpha cardiac muscle 1 enzyme 19.68
ARHGEF4 Rho guanine nucleotide exchange factor 4 other 1.506
CDC42EP1 CDC42 effector protein 1 other -1.196
CDC42EP5 CDC42 effector protein 5 other -2.151
CDH17 cadherin 17 transporter 1.296
GNAI1 G protein subunit alpha i1 enzyme 1.122
GNG7 G protein subunit gamma 7 enzyme 1.433
LIMK2 LIM domain kinase 2 kinase -1.133
MAPK10 mitogen-activated protein kinase 10 kinase -3.067
MSN moesin other 1.147
NEDD4 neural precursor cell expressed, developmentally down-regulated 4, E3 ubiquitin protein ligase enzyme 1.27
PKN1 protein kinase N1 kinase 1.118
RHOQ ras homolog family member Q enzyme 1.21
RHOV ras homolog family member V enzyme 1.202
ROCK2 Rho associated coiled-coil containing protein kinase 2 kinase 1.145
SEPT10 septin 10 transcription regulator 1.131
VIM vimentin other -1.306

Table 6.4. Regulation of HMGB1 Signalling pathway (butyrate vs. control)

Symbol Entrez Gene Name Type(s) Expr Fold Change
CD70 CD70 molecule cytokine -2.279
CLCF1 cardiotrophin like cytokine factor 1 cytokine -2.372
CSF2 colony stimulating factor 2 cytokine -4.834
ICAM1 intercellular adhesion molecule 1 transmembrane receptor -2.054
IFNGR1 interferon gamma receptor 1 transmembrane receptor 1.549
IL1R1 interleukin 1 receptor type 1 transmembrane receptor -1.928
MAP2K7 mitogen-activated protein kinase kinase 7 kinase -2.703
PIK3C2A phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha kinase 2.078
RELA RELA proto-oncogene, NF-kB subunit transcription regulator -1.531
RHOD ras homolog family member D enzyme 2.021
RHOV ras homolog family member V enzyme 1.556
SERPINE1 serpin family E member 1 other 16.558
TLR4 toll like receptor 4 transmembrane receptor -2.744
TNFSF9 TNF superfamily member 9 cytokine -1.738

Table 6.5. Regulation of Cell Cycle: G2/M DNA Damage Checkpoint pathway (butyrate vs. control)

Symbol Entrez Gene Name Type(s) Expr Fold Change
ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase kinase -1.595
CCNB2 cyclin B2 other -1.586
CKS1B CDC28 protein kinase regulatory subunit 1B kinase 1.852
PLK1 polo like kinase 1 kinase -2.035
PTPMT1 protein tyrosine phosphatase, mitochondrial 1 phosphatase -1.675
YWHAG tyrosine 3-monooxygenasetryptophan 5-monooxygenase activation protein gamma other 2.531

Table 6.6. Regulation of Cell Cycle: G1/S Checkpoint pathway (butyrate vs. control)

Symbol Entrez Gene Name Type(s) Expr Fold Change
ABL1 ABL proto-oncogene 1, non-receptor tyrosine kinase kinase -1.595
CCND1 cyclin D1 transcription regulator -2.265
CCNE2 cyclin E2 other -3.382
CDKN2D cyclin dependent kinase inhibitor 2D transcription regulator 2.533
E2F8 E2F transcription factor 8 transcription regulator -2.433
HDAC3 histone deacetylase 3 transcription regulator 1.644
MYC MYC proto-oncogene, bHLH transcription factor transcription regulator -7.166

Expression2Kinases (X2K) was used to identify upstream regulators likely responsible for 
observed patterns in genome-wide gene expression induced by acetate and butyrate. The 
inferred networks of transcription factors, proteins and kinases predicted to regulate the 
expression of the inputted gene lists are indicated in Figure 6.5. 
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Figure 6.5 (A-D). X2K network analysis based on diff erenti ally expressed gene lists. Genes with a 
minimal fold change of log2 (1.5) and p-value < 0.05 were analysed for transcripti on factor (TFEA) and 
kinase (KEA) enrichment using X2K. Sho wn are interacti on between transcripti on factors, intermediate 
proteins and kinases when organoids were sti mulated with acetate or butyrate.

The top 10 predicted transcripti on factors and kinases (log2 cut off  1.5 and p-value < 0.05) 
that were up- or downregulated as a result of acetate and butyrate exposure are shown in 
Table 6.9. Implicated in the transcriptomic response to butyrate were transcripti on factors 
GATA1 and RELA which are known substrates for HDAC3. Some of the other transcripti on 
factors listed in Table 6.9 may be unidenti fi ed substrates for post-translati onal modifi cati on 
enzymes identi fi ed in the acetate or butyrate induced transcriptome (such as KAT2A, SIRT6
or HDAC3). 
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Table 6.7. Transcription factor and kinase enrichment analysis based on differentially expressed gene 
lists. Genes with a minimal fold change of log2 (1.5) and p-value < 0.05 were analyzed for transcription 
factor (TFEA) and kinase (KEA) enrichment using X2K. Shown are the top 10 regulated factors when 
organoids were stimulated with acetate or butyrate. Red colour indicates p-value > 0.05.

Acetate (2.5 mM) Butyrate (1 mM)

Down in acetate   Down in acetate Down in Butyrate   Down in Butyrate

TFEA p-value KEA p-value TFEA p-value KEA p-value

REST 6.68E-09 CDK1 1.28E-23 UBTF 0.000122 MAPK1 6.01E-19

SUZ12 1.11E-08 CSNK2A1 1.79E-21 SUZ12 0.000174 MAPK14 4.36E-16

REST 2.23E-08 CDK2 1.43E-18 ZBTB7A 0.000189 CSNK2A1 1.04E-14

TP53 0.01585 MAPK14 2.34E-18 RELA 0.000895 CK2ALPHA 1.24E-14

SMAD4 0.01754 CDK4 6.22E-17 CTCF 0.00516 CDK1 4.73E-14

EZH2 0.02395 GSK3B 7.88E-17 TCF3 0.01002 CDK2 5.24E-14

AR 0.06142 MAPK1 2.55E-16 FOXA2 0.01791 MAPK3 1.47E-13

EZH2 0.06994 HIPK2 8.00E-15 YY1 0.02933 GSK3B 5.31E-13

TRIM28 0.07271 ATM 2.03E-14 HDAC2 0.03932 MAPK8 8.49E-13

SALL4 0.08036 MAPK3 5.57E-13 E2F6 0.05342 ERK1 7.44E-10

       

Up in acetate   Up in acetate Up in butyrate   Up in butyrate

TFEA p-value KEA p-value TFEA p-value KEA p-value

SMC3 0.02308 MAPK3 1.15E-11 SUZ12 5.80E-14 HIPK2 1.08E-09

RAD21 0.02891 CDK1 2.19E-10 REST 1.91E-08 CDK1 2.36E-09

GATA1 0.03991 MAPK1 9.87E-09 REST 1.13E-06 CK2ALPHA 4.77E-09

VDR 0.07167 ERK2 2.17E-08 EZH2 9.88E-05 CSNK2A1 5.66E-09

CTCF 0.08494 ERK1 3.41E-08 SUZ12 0.00033 GSK3B 1.00E-07

ZC3H11A 0.1182 CSNK2A1 4.28E-08 RAD21 0.001882 MAPK3 7.34E-07

REST 0.1206 CK2ALPHA 1.07E-07 SMC3 0.002604 CDK2 1.3E-06

GATA2 0.1692 GSK3B 1.43E-07 EZH2 0.003035 MAPK14 3.87E-06

SUZ12 0.2168 MAPK14 6.51E-07 CTCF 0.00419 AKT1 6.39E-06

PPARD 0.2428   HIPK2 1.42E-06 GATA1 0.007389   ATM 2.12E-05

Epigenetic Effect of SCFAs in Ileum Organoids
As butyrate is a known inhibitor of Class I histone deacetylases (including histone 3 
deacetylase), and the IPA analysis suggested acetate exposure may have epigenetic effects 
via acetylation of at least two histones, we measured total histone 3 acetylation in organoids 
5 hours after SCFA incubation. The percentage of total histone H3 acetylation increased in 
organoids exposed to butyrate and acetate compared to control (Figure 6.6). Although we 
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observed a tendency for higher histone H3 acetylation in SCFA-treated organoids, these were 
not statistically different from control (p > 0.05) due to high variation among the treatment 
samples (Figure 6.6). This is most likely due to the variation we observed in the number of 
organoids per well. 
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Figure 6.6. Percentage of histone H3 acetylation measured from ileum organoids as a result of 5 hours 
acetate (2.5 mM) and butyrate (1 mM) exposure. Results are shown as mean ± SEM, n = 3. 

CONCLUDING REMARKS

The top canonical pathway predicted to be upregulated by acetate was the Sirtuin Signalling 
Pathway which contains a group of proteins regulating a wide range of cellular processes 
such as transcription, apoptosis and inflammation, mainly through deacetylase activity[160]. 
Three of the regulated genes in this pathway are known to induce epigenetic effects, i.e. 
H1F0, SIRT6 and KAT2A. The Sirtuin pathway is also known to suppress histone deacetylation 
of pro-inflammatory cytokines and transcription factors which lead to suppression of 
inflammation[161]. This underlying mechanism may explain the anti-inflammatory effect of 
acetate on immune cells (Chapter 4 & 5). Acetate exposure increased histone 3 acetylation in 
organoids, although this was not significant due to the high variability, which we hypothesised 
to be due to variation in the number of organoids in replicate wells. The second top canonical 
pathway regulated by acetate was the Rho Family GTPases signalling pathway, this pathway 
has been shown to regulate many aspects of intracellular actin dynamics including organelle 
development, cytoskeletal dynamics, cell movement, and other common cellular functions. 
The cellular effects arising from regulation of this pathway are still to be elucidated but might 
involve proliferation and epithelial remodelling. 
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Chapter 6

Butyrate, a known HDAC3 inhibitor had a much stronger effect on the transcriptome 
than acetate, presumably through epigenetic mechanisms affecting chromatin as well as 
acetylation of protein substrates for HDAC3. Consistent with this hypothesis we observed 
regulation of GATA1 and RELA transcription factors which are known substrates for HDAC3. 
Our results with butyrate are difficult to compare to a previous study by Lukovac et al. (2014) 
as they used 5 fold higher concentrations of butyrate[135]. Besides, our preliminary data 
suggest that butyrate may have some toxicity at 5 mM. 

The finding that acetate significantly alters gene expression in intestinal organoids has major 
implications for understanding the impact of this bacterial metabolite on intestinal function 
in vivo and warrants further study. In future experiments we aim to investigate transcriptional 
and functional effects of longer periods of exposure to acetate on both the colon and ileum. 
Polarised monolayers of organoids cells[149] will also be used to reduce variability between 
replicates for biochemical and cellular assays. 
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Supplementary Figure S6.1. IPA analysis. Regulation of canonical pathways induced by acetate.
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Chapter 7

Abstract 

Faecalibacterium prausnitzii has been reported as a promising probiotic for the treatment 
and prevention of inflammatory bowel disease. In a previous in vitro study we identified 
F. prausnitzii strains with different immune profiles, namely immuno-stimulatory, 
immunomodulatory and ‘silent’ or inhibitory profiles. Here we investigated selected 
F. prausnitzii strains with different immune profiles for their capacity to attenuate DSS-
induced colitis in mouse model. We observed the best attenuation of the clinical symptoms 
after administration of F. prausnitzii with a ‘silent’ immune profile, which confirm our 
hypothesis that the bacterial strains that induced an ‘silent’ profile can attenuate colonic 
inflammation,. We identified specific members of the microbiota associated with DSS-
induced colitis and showed that administration of specific F. prausnitzii strains accelerated  
the recovery of the microbiota after cessation of DSS-induced colitis. 
Keywords: Faecalibacterium prausnitzii, colitis model, IBD treatment
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INTRODUCTION

The human intestinal microbiota can modulate our immune system and metabolism, and can 
influence the development and physiology of our gastrointestinal tract[162]. Considerable 
progress has been made in identifying, isolating and culturing members of the gut microbiota, 
but we are only beginning to understand the complex interplay between the microbiome, 
host genetics and environmental influences, such as diet. It is now clear that the microbial 
community has a beneficial role in normal homeostasis and that this beneficial relationship 
with the host microbiota is lost under inflammatory conditions leading to the emergence of 
opportunist pathobionts that can contribute to the pathophysiology of different diseases.

The involvement of microbiota-host interactions in many aspects of human biology in health 
and disease opens up many possibilities for deliberately modulating these metabolic and 
immune interactions to prevent or to treat disease. Over the past few years several species or 
groups of bacteria have been identified that appear to have clear effects on human physiology. 
Intestinal disruption which leads to depletion of these beneficial bacteria, may lead to drastic 
changes in the microbiota, known as dysbiosis. Various studies indicated that dysbiosis was 
associated with chronic inflammatory diseases[1]. One well-known disease that is associated 
with dysbiosis is inflammatory bowel disease (IBD), a chronic inflammation syndrome which 
consist of two major diseases, Crohn’s disease (CD) and ulcerative colitis (UC). Intestinal 
microbiota composition analysis from IBD patients is characterized by a notable depletion of 
health-associated bacteria such as Firmicutes and Bacteroidetes, and increased abundance 
of Proteobacteria, which includes pathobiont adherent-invasive Escherichia coli (AIEC)[12, 
13, 163, 164].

A few specific colonic bacteria have been shown to have anti-inflammatory effects on 
immune cells and have protective effects in mouse models of IBD[22, 45, 165]. One example 
is Faecalibacterium prausnitzii , one of the 18 species conserved in the intestinal microbiota 
of healthy humans. F. prausnitzii is a Gram positive and extremely oxygen sensitive (EOS) 
bacterium, well-known as a butyrate producer which likely explains its immunomodulatory 
capacity to maintain an anti-inflammatory status in the gut. Relative abundance of F. 
prausnitzii can be used as an indicator of gut health since it is known that lower abundancy 
of this species is strongly associated with both types of IBD, CD[20, 100] and UC[166, 167]. 

In IBD, Th1 cells accumulate in the intestinal tract of individuals with CD and are directly 
associated with disease. Oral administration of F. prausnitzii strain A2-165 or its supernatant 
protects against 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice, a 
Th1-driven model of human IBD[22, 45]. Furthermore, this F. prausnitzii strain A2-165 is 
also known to have a high capacity to induce anti-inflammatory interleukin-10 (IL-10) in 
human and murine dendritic cells (DCs) in vitro, as well as to modulate T cell responses 
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in vivo, underlying its mechanism of attenuating inflammatory symptoms in TNBS/DNBS-
induced colitis mice[21]. Similar findings were also shown by Qiu et al., (2013), where oral 
administration of F. prausnitzii strain A2-162 (ATCC 27766) gave a protective effect in a TNBS-
induced rat colitis model[168]. Serum cytokine analysis of these rats showed elevated levels 
of anti-inflammatory cytokines IL-10 and transforming growth factor-beta 1 (TGF-β1), as well 
as induced forkhead box P3 (Foxp3) and regulatory T cell (Treg) regulation[168]. 

Another study by Rossi et al., (2015) showed that intra-rectal administration of F. prausnitzii 
strain HTF-F and its extracellular polymeric matrix (EPS) lead to attenuation of clinical 
parameters in dextran sulfate sodium (DSS)-induced colitis model, an acute model of 
colitis[23]. Additionally, colonization of young conventionally reared mice with a cocktail of 17 
spore-forming strains of commensal Clostridium spp. was shown to induce butyrate-mediated 
accumulation of regulatory T cells (cTregs) in the colon and decrease severity of inflammation 
in various disease models[26]. These findings suggest that not only the bacteria themselves 
but also their products and metabolites play a role in the maintenance of homeostasis and 
can have beneficial effects. Moreover, these studies support the concept of using microbial 
symbionts or their products for novel prophylactic or therapeutic applications in humans. 

In this study we focused on a collection of novel F. prausnitzii strains isolated from healthy 
donors, with the aim to compare the protective capacity of different F. prausnitzii strains in 
vitro and investigate their protective mechanisms against DSS-induced colitis in vivo. Cytokine 
profiles of human peripheral blood mononuclear cells (PBMCs) were investigated to screen for 
immunomodulatory properties of these F. prausnitzii strains in vitro. Furthermore, selected 
strains were tested in a mouse DSS-induced colitis model. Disease parameters including 
body weight loss, colon length, disease activity index (DAI), microscopic evaluation of colon 
damage, as well as 16S rRNA gene analysis for microbiota composition were performed to 
assess severity of DSS-induced colitis symptoms in control and treatment groups. We show 
that certain strains of F. prausnitzii attenuate the clinical symptoms of DSS colitis in this 
mouse model which suggest that these strains might be interesting candidates for future IBD 
treatments.

MATERIALS AND METHODS

Animals
Four-week old female BALB/c mice were used for this DSS-induced colitis study. The mice 
were acclimatized for 12 days to stabilize their microbiota composition. After acclimatization 
the mice were weighed and randomized into 7 experimental groups. Standardized diet 
(Teklad 2918, Envigo) and drinking water were provided ad libitum. The animal experiment 
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was approved by the Ethical Committ ee of Wageningen University & Research (experimental 
number 2017.W-0013.006).

Bacterial preparati on and administrati on
F. prausnitzii strains HTF-05B, HTF-111, HTF-217 and HTF-221 were provided by Chr. Hansen. 
Briefl y, bacteria were grown in semi-opti mized producti on medium and cultures were 
pelleted by centrifugati on and diluted in its vehicle, a PBS cysteine buff er with 15% glycerol 
soluti on. This bacterial soluti on was aliquoted and cryopreserved at - 80°C.

Bacteria were administered orally for a total 17 days; 5 days prior to DSS, 7 days during DSS 
and 5 days during the recovery period when DSS was no longer administered (see Figure 7.1). 
Syringes containing anaerobic bacterial soluti on were transferred to the animal facility using 
an anaerobic box. Each mouse in the treatment groups received 100 µl bacterial soluti on 
(containing approximately 109 bacteria/ml) of a specifi c F.prausnitzii strain, whereas control 
groups were given 100 µl of the vehicle.

Figure 7.1. Experimental setup for DSS-induced coliti s model. Mice were orally administered the 
F. prausnitzii strains or vehicle throughout whole experiment (indicated by blue colour). The DSS 
was administered along with the bacterial gavage for 7 days (red), followed by recovery without DSS 
treatment, but with bacterial gavages for 5 days (yellow). All mice were sacrifi ced on day 18 to collect 
biological samples. 

Dextran sulphate sodium (DSS)-induced coliti s
Drinking water containing 3.5% DSS (Sigma-Aldrich) was given for a total of 7 days to assigned 
groups and was refreshed every 3 days during DSS period. Aft er days 7 it was replaced by 
normal drinking water. The non-DSS group received normal drinking water throughout 
experimental period. The experimental design for this study is shown in Figure 7.1.

Collecti on of Biological samples
Body weight of mice was measured daily and faces were scored and collected daily prior to 
bacterial administrati on, as well as during DSS and recovery periods. All samples were stored 
at -80oC. Aft er the recovery period, mice were sacrifi ced to collect blood (serum), measure 
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the colon length and weigh the spleen. Additionally, samples were taken to histologically 
assess colon damage and to quantify faecal lipocalin-2 and colonic MPO levels, as well as to 
investigate gene expression.

Disease Activity Index (DAI)
Body weight loss, stool consistency and the presence of blood in stool were scored daily 
during the DSS and recovery period to determine disease activity index (DAI). The DAI scores 
were determined as previously described by Cooper et al. (1993)[169]. 

Histological evaluation of colon damage 
Colon tissue from animals in all groups was collected for histological analysis using the swiss-
roll technique[170]. Subsequently, swiss rolls were fixed in 4% paraformaldehyde (PFA), 
embedded in paraffin, sectioned at 5 µm, and stained with haematoxylin and eosin (H&E) for 
light microscopic assessment. Evaluation of colon damage was examined using an Olympus 
BX 40 microscope equipped with an Olympus Camedia DP 70 digital camera, and the images 
were analysed using Olympus DP-Soft.

Quantification of Lipocalin-2/NGAL by ELISA
Faecal samples were dissolved in PBS and homogenized using FastPrep-24 5GTM High-Speed 
Homogenizer for 40 seconds at a 6.0 m/sec. and then centrifuged at 13,000 rpm for 1 minute 
at room temperature. Finally, the supernatant was collected for measurement of lipocalin-2 
using a Mouse Lipocalin-2/NGAL ELISA kit (R&D Systems) according to manufacturer’s 
instructions. 

Bicinchoninic acid (BCA) protein assay and Myeloperoxidase (MPO) assay 
Frozen colon tissue was put in a gentleMACS M tube (Mylteni Biotec) containing 300 µl freshly 
prepared protein extraction buffer (0.2 M Sucrose and 20 mM Tris, pH 7.4 + protein inhibitor 
tablet (0463132001 Roche). The tissue was homogenized by using a gentleMACS Dissociator 
(MACS Miltenyi Biotec) using the Protein_01 program. Homogenized tissue was centrifuged 
at 4,000 x g for 5 minutes at 4°C and supernatant was collected for BCA and MPO assays. 

To measure total protein content a BCA protein assay (Thermo Scientific Pierce Biotechnology) 
was performed according to manufacturer’s protocol. To investigate the local inflammation 
status in ileum, the MPO protein concentration was determined using a Myeloperoxidase 
(MPO) ELISA kit (Hycult Biotechnology) according to manufacturer’s instructions. The results 
of the MPO ELISA were expressed relative to the total amount of protein. 

Cytokine measurements in serum 
The concentrations of various cytokines, including interleukin-10 (IL-10), interleukin-12p70 
(IL-12p70), interleukin-1 beta (IL-1β), tumour necrosis factor-alpha (TNF-α), and interferon-
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gamma (IFN-γ) in serum samples were measured by magnetic bead-based multiplex 
immunoassay using the Bio-Plex ProTM Assay (Bio-Rad) according to the manufacturer’s 
instructions. Samples were analysed using a MAGPIX® System (Luminex), with Bioplex 
Manager Pro software.

Colonic RNA extraction and cDNA synthesis
RNA isolation from colon tissue was performed using a RNAeasy isolation kit (Qiagen according 
to manufacturer’s instructions). Quality and quantity of RNA were determined by measuring 
the absorbance at 260 and 280 nm using a Denovix DS-11 Spectrophotometer (GC Biotech). 
Subsequently, cDNA synthesis was performed, using qScript cDNA synthesis kit (Quantabio). 
Briefly, 4 µl qScript reaction mix (5x) was mixed with 1 µl qScript Reverse Transcriptase, and 1 
µg of total RNA (concentration) and RNase free water was added to a total volume 20 µl for 
plus RT. As a control for genomic DNA contamination we used the same procedure in which 
the qScript Reverse Transcriptase was replaced by RNase free water. The cDNA synthesis 
reaction was performed in a BIORAD PCR machine at 22oC for 5 minutes, followed by 42oC for 
30 minutes, and 85oC inactivation for 5 minutes. Samples were then cooled to 4oC and stored 
at -20 oC prior to qPCR analysis.

Quantitative real-time polymerase chain reaction (RT-PCR)
Real-time PCR (RT-PCR) reactions were performed in a Rotorgene 2000 real-time cycler 
(Qiagen) using GoTaq master mix (Promega), according to the manufacturer’s instructions, 
in a final volume of 25 µl (12.5 µl GoTaq qPCR master mix, 1.75 µl primer mix (5 µM each), 
5.75 µl RNAse free water and 5 µl cDNA template (1:20 dilution)). The qPCR conditions 
were as follows: initial denaturation at 95oC for 2 minutes, followed by 40 cycles at 95oC 
for 15 seconds and 60oC for 60 seconds. Housekeeping gene hypoxanthine-guanine 
phosphoribosyltransferase (HGPRT) was used to measure the relative expression of Mucin-2 
(Muc-2), Trefoil factor-3 (Tff-3). Comparative quantitation analysis and Pfaffl method were 
used to calculate relative gene expression in this study[171].

16S rRNA gene Analysis for Microbiota Composition
Faecal samples were collected at different time points (Figure 1); Day -5 (before start of 
gavages), Day 1 (starting point of DSS period), Day 7 (the end of DSS period), Day 10 (in 
the middle of recovery period), Day 13 (day of sacrifice). DNA was extracted from faeces 
samples using a PowerFecal DNA Isolation Kit (Mo Bio, QIAGEN) according to manufacturer’s 
protocol, with some modifications. DNA quality and quantity were checked by measuring 
the absorbance at 260 and 280 nm using a Denovix DS-11 Spectrophotometer (GC Biotech) 
and a Qubit dsDNA BR Assay (ThermoFisher). The 16S rRNA gene V3-V4 region was amplified 
with primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) and 
sequenced on an Illumina HiSeq machine with rapid-run mode 250 bp paired end sequencing. 
The primers were removed with cutadapt 2.3 [172] using default settings before being 
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processed in DADA2[173] following the v1.4 workflow for paired end big data. Taxonomy was 
assigned with SILVA database v132[174]. Amplicon sequence variants (ASVs) with taxonomic 
assignment as eukaryotic or chloroplast were discarded, and read counts were rarefied the 
minimum library size (44726 reads). Alpha and beta diversity were calculated with R packages 
Phyloseq [175] and vegan[176], and the adonis function in vegan was used to perform 
PERMANOVA. ASVs with different abundance between groups were detected using the R 
randomForest package[177].

Statistical analysis
Statistical analysis was performed by using GraphPad Prism® software (version 5, GraphPad 
Software). Results of significant differences among the experimental groups as analysed by 
student t-test were depicted as (*p<0.05, **p<0.01, ***p<0.001). Some clinical parameters 
such as body weight and DAI were statistically analysed using non-parametric test one-way 
ANOVA to show significant difference among the groups at each time point. 

RESULTS

Novel F. prausnitzii strains attenuate disease parameters in DSS-induced colitis
Four selected F. prausnitzii strains as well as the previously reported beneficial strain (A2-165) 
were administered orally by daily gavage to the treatment groups for 17 days. The bacterial 
gavage was given 5 days prior to DSS period, 7 days during DSS period itself, followed by 
5 days of recovery period. Body weight and stool consistency were measured throughout 
the study and used to determine the disease activity index (DAI) during DSS and recovery 
periods. In addition to DAI, faecal samples were also collected at intervals to measure the 
inflammation marker (Lipocalin-2) and effect of treatments on microbiota. At the end of the 
study mice were sacrificed and other clinical parameters including colon length and spleen 
weight were measured. Colon tissue and blood samples were also collected for analysis of 
inflammation markers. 

As expected, administration of DSS (from day 1 to day 7 in Figure 7.2A) led to a significant 
reduction in body weight starting about 6 days after the onset of DSS administration whereas 
the body weight of the vehicle only control group (no DSS) gradually increased over the 
same period (Figure 7.2A). After cessation of DSS on day 8, the body weight continued to 
decrease for 2 or 3 days (depending on intervention) but then increased to a value similar to 
that of the vehicle control (Figure 7.2A). Oral administration of F. prausnitzii strain HTF-217 
significantly reduced the weight loss on Day 8 and significantly increased body weight during 
the recovery period (Day 10 and Day 11 Figure 7.2A). Two other strains A2-165 and HTF-111 
also significantly increased body weight on Day 10 compared to the mice administered DSS 
and vehicle control. 



149

Administrati on of novel Faecalibacterium prausnitzii strains leads to att enuati on of clinical symptoms 
and shift s microbial compositi on in DSS-induced coliti s 

Ch
ap

te
r 7

All strains of F. prausnitzii signifi cantly reduced the combined disease acti vity index (DAI) 
compared to the vehicle control from Day 6 of DSS administrati on to Day 11 in the recovery 
period, however it was evident that some strains att enuated coliti s more than others (HTF217> 
HTF111> HTF-221, A2-165 and HTF-05B) (Figure 7.2B). Furthermore, administrati on of 
F. prausnitzii strains also att enuated the shortening of the colon, a commonly reported 
characteristi c of DSS-induced coliti s in mice. However, this was only signifi cant for strains A2-
165, HTF-111, and HTF-05B (Figure 7.2C). For strain HTF-111 the colon length (average 8.7 
cm) was similar to the vehicle control group (average 8.9 cm). 

We observed that DSS-induced coliti s caused an enlargement of the spleen and that all F. 
prausnitziii treated mice had smaller spleens than the DSS control group. However, this was 
only signifi cant for two strains due to high variability (Figure 7.2D).
Histopathological changes were assessed in ‘swiss roll’ secti ons of mouse colons at the end 
of the experiment. Pathological features were observed in areas of the colon of the DSS 
treated group but not the control group (no DSS) or the groups administered strains HTF-111 
and HTF-217. The mice that received HFT-05B, A2-165 and HTF-221 showed mild signs of 
intesti nal damage compared to the control (Figure 7.2E).

Figure 7.2 (A-E). Disease parameters measured in DSS-induced coliti s model. (A) average relati ve body 
weights; (B) disease acti vity index (DAI); (C) colon lengths; (D) spleen weights (E) H&E-stained image 
of swiss roll secti on made from the distal to proximal end of mice colon (objecti ve 10x). Error bars 
represent SEM, n = 4 (DSS  treated group); 6 – 8 (all other groups), with *p<0.05, **p<0.01, ***p<0.001.

Conti nue on page 150
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Figure 7.2 (A-E). Disease parameters measured in DSS-induced coliti s model. (A) average relati ve body 
weights; (B) disease acti vity index (DAI); (C) colon lengths; (D) spleen weights (E) H&E-stained image 
of swiss roll secti on made from the distal to proximal end of mice colon (objecti ve 10x). Error bars 
represent SEM, n = 4 (DSS  treated group); 6 – 8 (all other groups), with *p<0.05, **p<0.01, ***p<0.001.

To further assess the protecti ve capacity of F. prausnitzii strains against DSS-induced coliti s 
we measured lipocalin in the faeces, collected daily throughout the experiment, as well as 
myeloperoxidase in colon ti ssue and serum concentrati ons of infl ammatory cytokines at the 
end of the experiment. On the last day of DSS treatment (Day 7) and during the recovery 
period, the amounts of faecal lipocalin increased 10 to 20-fold in DSS treated groups compared 
to the vehicle control (Figure 7.3). The administrati on of strains HTF-111 and HTF-221 led to 
a signifi cant decrease of Lipocalin-2 protein concentrati on on Day 9 (during recovery period) 
(Figure 7.3).
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Figure 7.3. (A-E) Inflammation marker Lipocalin-2 concentration (per mg feaces) measured from faecal 
samples collected at different days during DSS and recovery periods. Error bars represent SEM, n = 4 
(DSS treated group); 6 – 8 (all other groups), with *p<0.05, **p<0.01, ***p<0.001.

To investigate the systemic inflammatory status of the mice, concentrations of pro- (IL-12p70, 
IL-1β, TNF-α and IFN-γ) and anti-inflammatory (IL-10) cytokines, were measured in serum. 
There were no significant differences observed between the DSS and treatment groups for all 
cytokines measured (Supplementary figure 7.S1). 
To investigate possible protective effects of F. prausnitzii on intestinal barrier functions in the 
DSS colitis model, we measured relative expression of Muc-2, the secreted mucin and Tff-3 
which is important for wound healing in the colon, by RT-qPCR. Using RNA obtained from 
colonic tissue, we showed that the relative expression of Muc-2 significantly decreased 4 to 
6-fold compared to the DSS vehicle group for three of the five F. prausnitzii strains (A2-165, 
HTF-217, HTF-221). Unfortunately, no significant effect was observed for Tff-3 expression 
level among the groups (Figure 7.4).
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Figure 7.4 (A-B). Gene expression level measured in colonic samples. Fold changes of (A) Muc-2 and 
(B) Tff-3 gene expression relative to housekeeping gene HPGRT. Error bars represent SEM, n = 4 (DSS 
treated group); 6 – 8 (all other groups), with *p<0.05, **p<0.01, ***p<0.001.

While all F. prausnitzii strains had an attenuating effect on some of the disease parameters 
associated with DSS-colitis there were marked differences in efficacy (Table 7.1). In terms of 
the number of disease parameters significantly attenuated, strain HTF-111 appeared to be 
the most effective intervention. Second was strain HTF-217 which significantly reduced the 
DAI for 5 days and body weight loss for 3 days consecutively (Figure 7.2), followed by HTF-221 
and then A2-165. Strain HTF-05B was the least effective intervention. 

Table 7.1. Protective effect of various F. prausnitzii strains measured from disease parameters of DSS-
induced colitis model

Asterisk symbol (*) indicates parameter was significantly changed for multiple days.

Administration of novel F. prausnitzii strains lead to distinct shift in microbiota 
composition in DSS-induced colitis model
Bacterial DNA was extracted from mouse faecal samples, collected at different time points 
throughout the study, for sequencing of 16S rRNA gene amplicons to characterize the 
microbiota. In the 5 days before DSS administration there were no major changes in the 
microbiota composition. Before DSS treatment the top nine most abundant bacterial genera 
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included Lactobacillus, Roseburia, Lachnoclostridium, Bacteroides, Alistipes, Alloprevotella. 
Faecalibacterium and its sole known species F. prausnitzii were present in relatively low 
abundance as previously reported[178]. 

After 6 days of DSS administration there were major alterations in the gut microbiota 
composition. In all the groups administered DSS the relative abundance of Alistipes was 
considerably decreased at the end of this period. There were also smaller increases of 
Odoribacter, a Gram-negative genus that includes opportunistic pathogens. The relative 
abundance of Roseburia, Alloprevotella, and Rikenellaceae decreased notably in this period. 
In group G, which was administered the vehicle but no DSS in this period, Roseburia, Alistipes, 
and Rikenellaceae were not decreased (A-F, Figure 7.5). However, the relative abundance of 
Bacteroides was notably increased. At the end of the recovery period the relative abundance 
of Rikenellaceae, Alistipes, and Alloprevotella were increased in all groups administered DSS, 
while the relative abundance of Bacterioides decreased. In group G (no DSS) the abundance 
was similar to that at the beginning of the experiment (Figure 7.5).

We compared alpha diversity between the groups at different time points using Shannon's 
diversity index (Figure 7.6) and pairwise Wilcoxon rank sum tests. Alpha diversity was highly 
variable between groups and time points. At the beginning of the experiment, group G 
(control) had a significantly higher alpha diversity compared to group A (p = 0.02), D (p = 
0.002) and E (p = 0.04). On day 7, the alpha diversity dropped dramatically for the groups that 
received DSS. On day 10 the mice treated with HTF-111 (group D) reached the lowest alpha 
diversity. The diversity of the treatment groups increased again on day 13, though not fully 
reaching the values observed at the beginning of the experiment (Figure 7.6).

To visualize the shift in microbiota composition throughout the study a principal coordinates 
analysis (PCoA) plot of Bray-Curtis dissimilarity was created (Figure 7.7), showing that the 
samples cluster somewhat by timepoints and groups. PERMANOVA found this clustering to 
be significant (p < 0.0001) for both group (R2 = 0.04) and timepoint (R2 = 0.35). The groups 
were relatively clustered before bacterial administration, while they became more dispersed 
at the later time points. The variation on axis 1 slightly increased among the groups after 
5 days of bacterial administration, except for the DSS group. At the end of the DSS period, 
the microbiota of all groups was dissimilar to that at the start of DSS treatment but this 
was substantially less for the control group which received vehicle only. During the recovery 
period (i.e. no DSS) the microbiota became more similar to that observed prior to the DSS 
treatment, with the control group (vehicle only) being most similar. Highest variation in 
the microbiota within each group was observed in the middle of recovery period (Day 10) 
(Figure 7.7).
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Figure 7.5. Distribution of genera among observed groups at different time points. Relative abundance 
of each genus represented in different colours. Groups observed for this microbiota composition 
analysis; DSS only (group A), DSS + HTF-111 (Group D), DSS + HTF-217 (Group E) and untreated control 
(Group G).

Figure 7.6. Shannon Alpha diversity comparisons between the groups at different time points. Groups 
observed for this analysis; DSS only (A), DSS + HTF-111 (D), DSS + HTF-217 (E) and untreated control (G). 
n = 4 (DSS treated group); 6 – 8 (all other groups), with *p<0.05, **p<0.01, ***p<0.001.
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Figure 7.7. Principal coordinates analysis (PCoA) plot of Bray-Curtis distance for microbiota composition. 
Different colours represent different time points of sample collection, while different shapes represent 
different treatment groups. Axis.1 explained 30.9% of variation (PC1), and Axis.2 explained 15.5% of 
variation (PC2).

DISCUSSION

Four novel F. prausnitzii strains, (Chapter 3), and strain A2-165 which was previously reported 
to attenuate disease in mouse models of colitis[21, 22] were tested in the mouse DSS-colitis 
model. The other novel strains used in this in vivo study were selected based on their different 
immunomodulatory properties using in vitro immune assays (Chapter 3).

All F. prausnitzii strains attenuated the colitis disease activity index (DAI). Strains HTF-111 and 
HTF-221 also decreased the gut inflammatory marker lipocalin 2 and three strains reduced 
shortening of the colon, a characteristic of colitis. The lack of effect of strain HTF-05B on the 
DAI might be related to its capacity to induce strong cytokine responses in PBMCs (Chapter 3). 
Previous studies on attenuation of colitis by F. prausnitzii, selected strains such as A2-165, 
based on their capacity to induce high amount of IL-10 and little IL-12, with the hypothesis 
that IL-10 signalling in immune cells and tissue would suppress inflammation and promote 
Treg induction by dendritic cells[21, 22]. However, in vitro we found that A2-165 induced 
high amounts of the inflammatory cytokine TNF-α as well as IL-10 (Chapter 3). In contrast, 
the three best performing strains in our study (HTF-111, HTF-221 and HTF-217) elicited 
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relatively low levels of all cytokines (Chapter 3). Moreover, addition of these strains with 
another inflammatory stimulus (i.e. heat-inactivated bacteria/HIB) significantly attenuated 
the cytokine response compared to the HIB stimulus alone (Chapter 3). The attenuating 
effect of these strains suggests that the anti-inflammatory mechanism observed in vitro may 
also occur in vivo, reducing the inflammatory colon tissue damage caused by DSS-induced 
loss of the physical mucus barrier. 

We found the most crucial protective effects of our strains toward the end of DSS treatment 
and during the recovery period (Figure 7.2). As can be seen from the inflammation marker 
lipocalin, the onset of intestinal inflammation is rapid, with levels increasing over 100-fold, 
but once DSS is removed from the drinking water, the local inflammation rapidly resolves 
(Figure 7.3). 

To investigate the recovery of the epithelial barrier function, we measured expression of Tff-3, 
which promotes mucosal repair[179] and Muc-2 gene expression, which plays an important 
role in maintaining epithelial barrier function in the gut. Muc-2 gene expression known to 
be upregulated in inflammation state[180-183], whereas Tff-3 expression is reported to be 
lowered in IBD cases and loss of Tff3 in mice has been shown to increase susceptibility to 
colitis by impairing tissue repair[184]. 

At the end of the recovery period RNA expression of Muc-2 was lowest in the colon tissue 
of mice treated with strains HTF-111 and HTF-221 and the control whereas the DSS treated 
mice had the highest levels of Muc-2 expression. This could be due to the fact that that 
the repair process of epithelial barrier was accelerated by strains HTF-111 and HTF-221 and 
inflammatory cytokines which increase Muc-2 transcription were reduced compared to the 
DSS group and other interventions. 

As for the other disease parameters, histology of the colon revealed only limited pathology 
after five days of recovery, although we observed signs of damage on epithelial surface in the 
animals treated with DSS alone. Only mild signs of pathology were observed in treatment 
groups HTF-05B, HTF-221 and A2-165, but mice treated with HTF-111 and HTF-217 were 
comparable to the control group without DSS. 

As reported previously, DSS-induced colitis induced major alterations in microbiota 
composition[185]. In humans epithelial damage caused by inflammatory responses has been 
found to increase permeability of the gut and production of reactive oxygen species which 
kills EOS commensal bacteria and leads to expansion of Proteobacteria phylum[12, 186]. 
In previous DSS-induced colitis studies, the two bacterial families Enterobacteriaceae[187] 
and Bacteroidaceae[187-189], which include known pathobionts such as enterotoxigenic 
Bacteroides fragilis (ETBF)[190] and adherent invasive E. coli (AIEC)[163, 164] were reported 
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to be present in high abundance. In our study we indeed observed a substantial increase in 
Bacterioides at the end of DSS and during the recovery period, when the inflammation was 
most pronounced. However, Enterobacteriaceae was only present in low abundance (0.18%) 
in this study. After the recovery period, the relative abundance of Rikenellaceae, which is 
associated with a healthy gut condition, slowly increased and the abundance of Bacteriodes 
decreased, particularly in the groups treated with strains HTF-111 and HTF-217. This indicated 
that the microbiota composition was reverting to a more health-associated composition in 
the groups where F. prausnitzii significantly attenuated the colitis. Furthermore, only minor 
alterations in the microbiota composition were observed in the groups administered HTF-
111 and HTF-217, the F. prausnitzii strains that showed the best protection capacities in our 
DSS-induced colitis study. The daily handling and gavage also led to microbiota changes in the 
control group, but that this change was smaller than that of the other groups.

IBD is often characterized by microbial dysbiosis in the gut[12, 13]. However, it remains 
unclear whether the alteration of the microbiota composition serves as a cause or an effect 
in the development of human IBD[191]. This study allowed us to monitor dynamic changes 
in microbiota composition that happened during colitis development. Furthermore, we 
were able to identify specific bacteria that were associated with inflammation status in this 
DSS-induced colitis study. From this study we conclude that the intervention of certain F. 
prausnitzii strains may help to restore the balance in faecal microbiota composition which 
was induced by the colitis. 
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Supplementary Figures
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Figure 7.S1 (A-E). Cytokine concentrations measured in blood serum. No significant differences of 
cytokines level IL-10, IL-12, IL-1β, IFN-γ and TNF-α measured from blood serum except for control 
group. Error bars represent SEM, n = 4 (DSS treated group); 6 – 8 (all other groups), with *p<0.05, 
**p<0.01, ***p<0.001.
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Over the past decade, research on host-microbe interactions has shifted from studies on the 
effect of bacteria on (gastro-intestinal) pathology towards the capacity of the microbiota to 
modulate the immune system of humans and mammals. A current trend is aim to exploit 
the gut microbiome and its metabolites as new therapies or preventions for chronic diseases 
in humans, which have increased significantly in high-income countries over the past 50 
years. This includes inflammatory bowel disease (IBD), Type 1 diabetes, allergic diseases, 
and autoimmune diseases. IBD is defined by chronic inflammation that can either affect 
the whole intestinal track as observed in Crohn’s disease (CD) or be concentrated in large 
intestine as in ulcerative colitis (UC). Many factors have been attributed to the development 
of this disease, including genetic predisposition, environmental factors, gut microbiota and 
host immune response[7]. IBD is one of many diseases that are associated with a dramatic 
change in microbiota composition, also commonly referred to as dysbiosis[7]. As the changed 
composition of the microbiota appears to contribute to the pathophysiology of this disease[12, 
13, 163, 164], the current paradigm is centred around identification and administration of 
specific bacteria and/or bacterial metabolites that would restore the microbial balance and 
thereby modulate the immune response to prevent inflammation. 

In this thesis we investigated the immunomodulatory effects of colonic anaerobic bacteria 
and their metabolites, particularly short-chain fatty acids (SCFA), in order to select therapeutic 
candidate strains for intestinal prevention and treatment of IBD or other inflammatory gut 
diseases. We screened more than one hundred colonic anaerobic strains isolated from 
healthy human donors in various in vitro immune assays to investigate their capacity to 
modulate the immune response. Despite the interesting results obtained from the strain 
collection in Chapter 2, there was only sufficient time for in vivo colitis experiments with a 
selection of the novel strains of F. prausnitzii described in Chapter 3. F. prausnitzii is a strict 
anaerobe, previously reported to induce high anti-inflammatory cytokine secretion in vitro 
as well as confer protection against chemically induced colitis in vivo[21-23, 45]. In order 
to investigate the correlation between the results of the in vitro immune assays and their 
protective capacity in vivo, we conducted DSS induced colitis studies in mice. Furthermore, 
we investigated the immunomodulatory capacity of bacterial metabolites, specifically the 
SCFA acetate and butyrate. To test the effect of the SCFA we used different types of (immune) 
cells as well as an organoid model of the intestinal epithelium. To gain more insights into the 
molecular mechanisms of both acetate and butyrate in regulating immune response and 
intestinal function we performed transcriptomic studies on CD14+ monocytes and porcine 
3D ileum organoids.

Colonic anaerobic bacteria as novel prophylactic or therapeutic candidate
Screening of more than 100 colonic anaerobic bacterial strains in various immune assays 
revealed several categories of immune profiles. Even strains and genome-based phylogenetic 
groups of strains from the same species can exhibit markedly different immune profiles 
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showing that these properties tend to be highly strain specific (Chapter 3). Some immune 
profiles were typical for a species (e.g. high IL-10 responses in PBMC assays), but there were 
often some strains which were the exception. Other strain properties investigated by our 
collaborators included presence of antibiotic resistance genes, aerotolerance and metabolism 
of different carbon sources. There was no correlation between the immune profile, and these 
other strain characteristics (unpublished data).

Immune profiles of colonic anaerobic bacteria were mainly based on their capacity to induce 
cytokine secretion in human PBMC cultures, with or without an additional immune stimulus 
of heat-inactivated bacteria (HIB). One limitation of PBMC as a model is that they are a 
mixture of lymphocytes (B and T cells) and myeloid cells (mainly monocytes) rather than 
dendritic cells (DC) and macrophages which are found in the dome of the Peyer’s patches 
and intestinal lamina propria [192]. Furthermore, specific sub-sets of conditioned DC and 
macrophages are associated with the intestinal mucosa, which are difficult to generate in 
vivo or isolate from gut tissue in sufficient numbers for assays. For these reasons PBMC 
have been frequently used as a model for screening immunomodulatory activity, in vaccine 
development[193], cytotoxicity assays[194], and autoimmune disorders[195]. Foligne et al., 
(2007) and Meijerink et al. (2010a and 2010b) also suggested that PBMC are a powerful 
tool to screen the immunomodulatory properties of Lactobacillus strains[39, 196, 197], 
although a larger range of IL-10 secretion was obtained from experiments using a pure DC 
population[196].

In this study we did not only focus on the IL-10/IL-12 ratio, as is usually done, to predict 
protective capacity of our bacterial strains. Rather we incorporated several pro-inflammatory 
cytokines (IL-1β, TNF-α and IFN-γ) besides IL-10 and IL-12. For example, in the case of F. 
prausnitzii, stimulated PBMC secrete only low amounts of IL-12. Therefore, the IL-10/IL-
12 ratio will mainly reflect the IL-10 secretion. We therefore measured a panel of secreted 
cytokines including an IL-10/ TNF-α ratio will therefore be more informative than an IL-10/
IL-12 ratio about the immune status. Additionally, we tested the capacity of our strains to 
suppress an ongoing inflammatory response by including a heat inactivated bacteria (HIB) 
stimulus which strongly induced both pro-and anti-inflammatory cytokine secretion in 
PBMCs. Our hypothesis was that bacteria inducing the highest IL-10/IL-12 ratio in PBMCs 
might have the strongest anti-inflammatory effect in HIB stimulated PBMCs. Examples of 
this were indeed observed but interestingly, we also identified bacterial strain that behaved 
differently to that predicted from the IL-10/IL-12 ratio. 

Furthermore, nitric oxide (NO) was also measured after incubation of the strains with murine 
macrophage RAW 264.7 cells as an indicator of macrophage activation. Overall, the NO 
response as a result from stimulation with bacterial pellet was lower than the LPS (1 µg/ml) 
stimulation, even though there were some strains that induced high NO (more than 90% 
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compared relative to LPS), such as D. longicatena strain HTF-113 and P. copri strain HTF-155. 
Production of NO endows macrophages with cytostatic or cytotoxic activity against viruses, 
bacteria, fungi, protozoa, helminths, and tumour cells. However, sustained production of NO 
can cause collateral damage to the host. As uncontrolled inflammation and oxidative stress 
have been proposed as a mechanism underlying the pathophysiology of IBD[55-57], we also 
tested the capacity of the strains to induce NO in macrophages.

Based on our immune screening, we observed that human colonic anaerobic bacteria have 
various types of immune profiles. These profiles were categorized in three different groups; 
the immunostimulatory, immunomodulatory and immuno-inhibitory or ‘silent’ profile 
(Chapter 2 & 3). The silent’ immune profile was considered the most interesting profile of 
the three, because these strains induced relatively low amounts of cytokine secretion, but 
increased anti-inflammatory and decreased pro-inflammatory cytokines induced by a HIB 
stimulus. Bacteria grouped in this ‘silent’ immune profile also induced low amounts of NO. 

Bacteria with the ‘silent’ profile also performed best in our in vivo colitis model. For example, 
F. prausnitzii HTF-111 and HTF-217, were shown to confer the best protection against the 
clinical parameters measured in DSS-induced colitis (Chapter 7). For example, these strains 
attenuated diarrhoea and reduced the amount of blood in the stool, as reflected in the disease 
activity index (DAI). Moreover, mice treated with these strains did not have a shortening of 
their colon and showed reduction of the inflammation marker lipocalin-2 protein in faeces. 
Foligne et al. (2007) suggested that a correlation between the capacity of a certain probiotic 
strain to induce a high IL-10/IL-12 ratio measured in an in vitro PBMCs assay and the protective 
capacity of this strain in a mouse colitis model[39]. However, strains HTF-111 and HTF-217, 
which had the best protective effect in vivo induced a low ratio of IL-10/IL-12. This highlights 
the added value of our screening method, which incorporates measurement of several 
cytokines, and importantly, the immunomodulatory effect on a strong inflammatory stimulus 
with HIB. Strains HTF-111 and HTF-217 administrations in DSS-induce colitis model also lead 
to a change in microbiota composition, particularly at the end of the DSS administration and 
during recovery period (Chapter 7). A substantial increase in Bacterioides was observed at the 
end of DSS and during the recovery period, when the inflammation was most pronounced. 
However, Enterobacteriaceae, which are reported increase in IBD were only detected in 
low abundance (0.18%) in our study. After the recovery period, the relative abundance of 
Rikenellaceae, which is associated with a healthy gut condition, slowly increased and the 
abundance of Bacteriodes decreased, particularly in the groups administered strains HTF-111 
and HTF-217. This indicated that the microbiota composition was reverting to a more health-
associated composition in the groups where F. prausnitzii significantly attenuated the colitis. 
Furthermore, only minor alterations in the microbiota composition were observed in the 
groups administered with HTF-111 and HTF-217, the F. prausnitzii strains that showed the best 
protection in DSS-induced colitis. In contrast, HTF-05B a strain with an ‘immunostimulatory’ 
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profile, that strongly induced both, pro- and anti-inflammatory cytokines, as well as induced 
high amount of NO performed poorly in our DSS-induced colitis study, having little effect 
on the inflammation induced by DSS. The previously reported ‘control’ F. prausnitzii strain 
A2-165, which had an ‘immunomodulatory’ profile, did not attenuate colitis to the same 
extent as the strains with a ‘silent’ immune profile. F. prausnitzii strain A2-165 previously 
showed protective effect against TNBS-induced colitis[21, 22]. This finding highlights the 
beneficial effect on using bacteria that belong to ‘silent’ profile as therapeutic candidates for 
IBD treatment.

Furthermore, we also found some other interesting immune phenotypes in our screening, 
including the ability of certain strains to shield their surface ligands or microbe- or pathogen-
associated molecular patterns (MAMPs or PAMPs). Some colonic anaerobic bacteria, such as 
D. longicatena strain HTF-28 has the ability to avoid toll-like receptor (TLR) recognition, most 
likely by producing extracellular polymeric substances/matrix (EPS/EPM). Thus, they do not 
trigger TLR signalling pathways or activate transcription factor NF-κB which would normally 
lead to cytokine secretion (Chapter 2). Interestingly, strain HTF-28 was able to induce 
moderate amounts of cytokines, which could possibly be explained by activation of other 
MAMPs or PAMPs receptors such as C-type lectins[94] or intracellular nucleotide-binding 
oligomerization domain-like (NOD) receptors[93] and TLR9 after phagocytosis[198]. Another 
example of a strain with a low capacity to induce cytokines secretion and NF-κB activation was 
I. bartlettii strain HTF-135, which also produces and EPS-like structure that may shield MAMP 
recognition by host PRRs. We therefore conclude that the various types of EPSs produced by 
colonic anaerobic bacteria, can influence their immunomodulatory properties.

Bacterial metabolite short-chain fatty acids (SCFA) contribute to intestinal 
homeostasis
During our PBMC immune screening, we found that bacterial culture supernatant also had 
a strong anti-inflammatory effect on modulating cytokines secreted by PBMC. Many colonic 
bacterial strains are capable of producing SCFA such as butyrate, propionate, acetate and/
or formate in different amounts. The bacterial growth medium used to culture our bacterial 
strains also included a combination of SCFAs (butyrate among others). Therefore, it was not 
possible to determine whether the immune response to culture supernatant was influenced 
by SCFA or other anti-inflammatory factors produced during bacterial growth without 
measuring the SCFA produced and setting up a specific control for every culture. We therefore 
chose not to pursue the screening of culture supernatants in PBMC assays. However, having 
observed that the SCFA in medium attenuated cytokine secretion in HIB-stimulated PBMCs 
we chose to study this mechanism in more detail. 

Depending on the type of fibre consumed, the concentration of SCFA in the proximal 
colon ranges from 70 -140 mM, and from 20-70 mM in the distal colon[58, 59]. Acetate 
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concentrations in the plasma and serum are around 50-100 µmol/L, whereas these are only 
0.5 - 10 µmol/L for butyrate and propionate[59, 60]. The concentrations are anticipated 
to be much higher in the lamina propria and portal vein. In a preliminary study we tested 
SCFA concentrations ranging from 0.5 – 5 mM, and found that 5mM of butyrate affected 
cell viability. To prevent deleterious effects on cell function we decided to use 1mM butyrate 
and 2.5 mM acetate in our study. These concentrations were also comparable with the 
concentrations used in other studies[73, 117, 199]. 

In our in vitro study, increasing concentrations of butyrate and acetate (up to 5 mM) did not 
induce cytokine secretion in immune cell cultures (PBMC, CD14+ monocyte and monocyte-
derived dendritic cells/MDDC). However, cytokine secretion in these immune cells was 
triggered by stimulation with HIB alone. Butyrate, which is known as an anti-inflammatory 
molecule[58, 64, 136], was able to significantly decrease secretion of HIB induced pro-
inflammatory cytokines. Surprisingly, in our study we showed that butyrate strongly decreased 
the secretion of the anti-inflammatory cytokine IL-10. Moreover, butyrate reduced the 
viability of immune cells in a dose dependent manner, which could be detrimental to the host 
(Chapter 4). We concluded that the effect of butyrate on cell viability is not pH dependent, 
as the concentration we used in this study (1 mM) did not change the pH significantly. 
Moreover, in a separate experiment we showed that much larger pH changes were required 
to affect viability. Acetate at concentrations up to 5 mM, had a stronger effect on the pH than 
butyrate, but did not affect cell viability. We therefore concluded that butyrate reduces cell 
viability at concentrations which are well tolerated for acetate. Additionally, we found that 
1mM butyrate slowed the growth of intestinal organoids, whereas 2.5 mM of acetate did 
not have any effects (Chapter 6). The deleterious effects of butyrate on growth and viability 
of cells have been reported before by Kaiko et al. (2016), where they showed that butyrate 
inhibited stem cell proliferation and delayed wound healing[73].

As mentioned above, butyrate strongly decreases induced pro-inflammatory cytokine 
secretion, as described in other studies[125, 199, 200]. However, to our knowledge, only few 
studies reported that butyrate also strongly inhibits the secretion of the anti-inflammatory 
cytokine IL-10[125, 200]. This omission hampers proper interpretation of the biological 
effect of butyrate, as the combined effect on pro-and anti-inflammatory cytokines might be 
skewed. In contrast to butyrate, we found that acetate did not reduce IL-10 secretion in HIB 
stimulated PBMCs and sometimes even increased the concentration. Combined with the 
attenuation of the HIB induced secretion of pro-inflammatory cytokines, this might make 
acetate a better anti-inflammatory agent. Acetate not only inhibits the secretion of pro-
inflammatory cytokines, but induces secretion of the anti-inflammatory IL-10.

Despite other reports that SCFAs modulate immune responses via GPCR signalling[115, 201], 
we found that the effect of butyrate on the (HIB induced) cytokine secretion was independent 
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from G protein-coupled receptors (GPCR). In our study, the inhibitors (PTX and U73122) used 
to block these receptors expressed in MDDC did not significantly attenuate the effect of 
butyrate on cytokine secretion (Chapter 4). The reasons for this are unclear but it may be 
due to different concentration SCFA, and time of incubation. 

Previously Lin et al, (2015) reported that SCFAs induced TLR-mediated NF-κB activation 
through inhibition of HDAC. In this study butyrate and propionate as well as TSA, an inhibitor 
of HDAC, enhanced TLR-mediated NF-κB activation induced by specific ligands in HEK293 
and HeLa 57A that expressed TLR receptors[117]. When similar assays were repeated with 
TLR1/2, TLR2 and TLR2/6 reporter cell lines we observed that acetate and butyrate decreased 
NF-κB activation due to the specific TLR ligands or TNF-α control. Moreover, we found that 
TSA, which like butyrate inhibits class 1 histone deacetylase HDAC3, also suppressed NF-κB 
activation in TLR2 reporter cells. A plausible explanation for this was uncovered in Chapter 5 
where we found that TLR2 was specifically down-regulated by butyrate exposure. This would 
not affect the response to LPS as described by Lin et al., (2015) but it might reduce immune 
activation and cytokine production to the heat-inactivated Gram-positive bacteria used in 
our study. Although our results with the TLR1/2 reporter differ from those of Lin et al., we 
found similar results with the TLR4 and TLR5 reporter cell lines, where both TSA and butyrate 
increased TNF-α or specific ligand induced NF-κB signalling. 

The similar results obtained with TSA and butyrate suggest that inhibition of histone 
deacetylase 3 underlies the anti-inflammatory mechanism. Suppression of HDAC3 by 
butyrate is known to increase histone acetylation of the RELA subunit of NF-κB which is one 
of the substrates of HDAC3. Activity of NF-κB is known to be regulated by post-translational 
modification of the protein subunits thus providing an explanation for the effects of butyrate 
on NF-κB activation. Interestingly, whereas TSA and butyrate increased NF-κB activation in 
TLR4 and TLR5 reporter cells stimulated with a specific agonist or TNF-α, the was no effect 
of acetate. This suggests a different mechanism of immunomodulation for acetate than 
butyrate. 

To further investigate the possible mechanisms by which acetate and butyrate might affect 
the immune system, we looked at transcriptome data of CD14+ monocytes in a healthy and 
in an inflamed state (simulated by HIB). As expected from the previous results showing clear 
regulatory effects of SCFA, we again found that both acetate and butyrate have a distinctive 
transcriptomic signature in mediating the anti-inflammatory status in the gut. Butyrate evoked 
a larger number of differentially expressed genes compared to acetate. More importantly, 
butyrate also activated a higher number of canonical pathways, particularly cellular stress-, 
disease- and inflammatory response-related pathways. This suggests that the viability of host 
cells might be reduced by butyrate treatment, which might be reflected by the decrease 
in viability we found in cells treated with butyrate alone for 24 hours. However, when we 
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added a stimulus (HIB) there is no effect of butyrate in cell viability. In contrast to butyrate, 
acetate did not affect viability even after 24 hours and we indeed found that acetate mainly 
induced canonical pathways which were related to cellular metabolism process. Only when 
acetate was combined with HIB (to simulate inflammation), acetate appeared to decrease the 
inflammatory response and maintained an anti-inflammatory status via immune response 
related pathways such as the interferon and TLR signalling pathways, which are responsible 
for the modulation of cytokine responses (Chapter 5). Hence, we conclude that acetate may 
a better therapeutic candidate to control inflammation, as it does not appear to affect gene 
transcription in a healthy situation, but has a significant effect on attenuating inflammatory 
responses.

Furthermore, we used porcine 3D ileal organoids to study transcriptomic effect of acetate and 
butyrate in epithelial tissue (Chapter 6). The top canonical pathway regulated by butyrate in 
intestinal organoid was HMGB1 Signalling Pathway. Several genes involved in this pathway 
were downregulated by butyrate, including TLR4, an innate receptor to which HMGB1 
released from cells has been reported to bind and the RELA subunit of NF-κB. However, 
expression of SERPINE1 a protein regulated by nuclear HMGB1 was increased more than 
16-fold. Like the histones, HMGB1 is an important chromatin protein. In the nucleus HMGB1 
interacts with nucleosomes, transcription factors, and histones, thereby organising DNA and 
regulating transcription[158, 159]. The presence of HMGB1 in the nucleus depends on post-
translational acetylation[159]. It is therefore possible that butyrate inhibits deacetylation of 
HMGB1 possibly through HDAC3, increasing the concentration of HMGB1 in the nucleus and 
upregulating SERPINE1. 

Butyrate was also predicted to regulate cell cycle-related pathways e.g. by down regulating 
cyclin genes CCNB2 in the G2/M DNA Damage Checkpoint pathway and CCND1 and CCNE2 
in the G1/S Checkpoint pathway, which known to control the cell cycle. Additionally, HDAC3 
which is inhibited by butyrate was upregulated. Histone deacetylase 3 (HDAC3) directly 
interacts with and deacetylates cyclin A in the G1/S Checkpoint pathway. Given that 
deacetylated cyclin A promotes cell proliferation butyrate inhibition of HDAC3 deacetylation 
activity is predicted to reduce cell proliferation, which has been demonstrated previously in 
Kaiko et al (2016) study[73]. 

On the other hand, we found that acetate was predicted to upregulate the Sirtuin Signalling 
Pathway in epithelial tissue of 3D ileal organoids by regulating genes that are known to 
induce epigenetic effects, i.e. H1F0, SIRT6 and KAT2A. Sirtuin, which contains a group of 
proteins, regulating a wide range of cellular processes such as transcription, apoptosis and 
inflammation, mainly through deacetylase activity[160]. The Sirtuin pathway is also known to 
suppression of histone deacetylation of pro-inflammatory cytokines and transcription factors 
which lead to suppression of inflammation[161]. Additionally, we also observed an increased 



169

General discussion

Ch
ap

te
r 8

percentage of histone 3 acetylation measured from acetate-treated organoids, although this 
was not significant due to the high variability, which we hypothesised to be due to variation 
in the number of organoids in replicate wells. Thus, we cannot conclude that acetate increase 
histone 3 acetylation in epithelial porcine 3D ileum organoid.

However, the finding that acetate significantly alters gene expression in intestinal organoids, 
which has not been well explained before in Lukovac et al (2014) study[135], and it has major 
implications for understanding the impact of this bacterial metabolite on intestinal function 
in vivo and warrants further study. In future experiments we aim to investigate transcriptional 
and functional effects of longer periods of exposure to acetate on both the colon and ileum. 
Polarised monolayers of organoids cells[149] will also be used to reduce variability between 
replicates for biochemical and cellular assays
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Chapter 8

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The gut microbiome is a fascinating potential source of next-generation probiotics or 
therapeutic candidates for chronic inflammation diseases such as IBD. Among the 100 
anaerobic colonic bacteria screened we found several potential therapeutic candidates. 
Interestingly, the best therapeutic candidate in our study belonged to the group of gut 
bacteria that have a ‘silent’ immune profile. The bacteria belonging to this immune profile 
show a low capacity to induce cytokine secretion in PBMC, and induce low amounts of NO 
secretion in murine macrophages. However, when PBMC were stimulated with HIB to mimic 
an inflammation, these ‘silent’ strains of bacteria attenuated pro-inflammatory cytokine 
secretion while maintaining or even increasing secretion of the anti-inflammatory cytokine 
IL-10. We hypothesize that this ‘silent’ profile would be beneficial in the gut of IBD patients 
as would attenuate inflammation during the ‘flare-up’ in colitis patients.

Bacterial metabolite-based therapeutics have also been proposed as a promising alternative 
for the treatment of various human diseases, such as IBD[202]. Bacterial metabolites such 
as SCFA, play an important role in maintaining an anti-inflammatory tone in the intestinal 
mucosa. Moreover, there appears to be a significant role of SCFA other than butyrate 
in mediating anti-inflammatory effects. A disadvantage of butyrate is that it suppressed 
production of the anti-inflammatory cytokine IL-10 induced by bacterial stimulus (HIB) in our 
studies. However, it also strongly suppressed pro-inflammatory cytokines and may therefore 
be still an effective anti-inflammatory therapy. Butyrate also affected cell viability, suggesting 
that high concentrations of butyrate (≥1 mM) could be toxic for the immune and epithelial 
cells. This was also reflected by our transcriptomic analysis, which showed that many cellular 
stress-, and disease response-related pathways were activated after stimulation with butyrate. 
Acetate on the other hand was found to be a more favourable therapeutic candidate for 
IBD treatment, as it did not affect cell viability. More importantly, while acetate was able to 
decrease the secretion of pro-inflammatory cytokines, it also maintained, or in some donors 
even increased, IL-10 secretion induced by HIB. This modulation effect was only observed 
when an inflammatory stimulus was added, which was also in line with the transcriptomic 
analysis. Overall, acetate might generate a more pronounced anti-inflammatory response, 
based on the ratio of pro-and anti-inflammatory cytokines, and it might not have any effects 
during remission in IBD patients. 

Future studies with combinations of different strains or genera of symbiont bacteria should 
be included to investigate the persistence of the administered bacteria in germ-free mice, to 
ensure that the administered bacteria will stay for a prolonged period in the gut. Moreover, 
the protective capacity of such bacterial consortia against chemically-induced colitis model 
should be tested, to determine whether a cocktail of several bacteria might be more effective 
than single strains. Additionally, administration of acetate, via either the drinking water or the 
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food should be tested in colitis models to confirm the anti-inflammatory properties found 
in vitro. In the future, clinical trials should be conducted in order to assess the efficacy and 
safety of single strains, microbial consortia or SCFA administration for therapeutic application 
in IBD patients. 
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SUMMARY

The intestinal microbiota plays a crucial role in the homeostasis of the human gastrointestinal 
tract by maintaining an anti-inflammatory status. Microbial imbalance in the gut, which 
is often referred to as ‘dysbiosis’, is known to be one of the major contributors to many 
human diseases, including inflammatory bowel disease (IBD). IBD is characterized by a 
chronic inflammation, but the current available treatment with anti-inflammatory drugs is 
often not effective. Therefore, the overarching aim of this thesis was to try to find bacterial 
strains or bacterial metabolites that have an immunomodulatory (i.e. an anti-inflammatory) 
function and may therefore be used as a therapy or treatment of IBD. In collaboration with 
the Rowett Institute, University of Aberdeen in Scotland, UK and the Department of Medical 
Microbiology, at the University Medical Centre Groningen, The Netherlands, a large number 
of colonic anaerobic bacteria were isolated from healthy patients. In our lab, we cultured 
more than 100 of these different strains of bacteria under strictly anaerobic conditions. We 
observed their growth characteristics and investigated their immunomodulatory properties. A 
high ratio between secreted anti-and pro-inflammatory cytokines (IL-10/IL-12 ratio) has been 
reported to be an indicator of positive correlation between in vitro trials and the attenuation 
of clinical symptoms in in vivo mouse models of colitis. Our initial screening therefore started 
with stimulation of peripheral mononuclear blood lymphocytes (PBMCs) with standardized 
concentrations of the bacteria or their culture supernatant. We determined the cytokine 
secretion of these PBMC after bacterial stimulation and determined the IL-10/IL-12 ratio. 
Additionally we checked if the viability of the PBMC was not affected by the bacterial strains or 
their metabolites which were secreted in the supernatant. As IBD is characterized by periods 
of remission and occasional flare-ups (periods of higher inflammation), we investigated 
both healthy and disease situations. To achieve this, we added heat inactivated bacteria 
(HIB) to our PBMC culture. These HIB triggered a strong induction of both pro-and anti-
inflammatory cytokines, which is reminiscent of actual inflammation. Co-stimulation with 
both HIB and our bacterial strains enabled us to investigate the effect of the bacterial strains 
‘during inflammation’. Additionally, we checked whether the bacterial strains were able to 
trigger NF-κB signalling via Toll like receptor (TLR) activation, which is one of the most known 
mechanisms to modulate immune response of the host. Finally, to assess oxidative stress, 
which is known to occur during flare-ups and damages the epithelial cells, we investigated 
whether the different bacterial strains were able to modulate nitric oxide (NO) secretion by 
a mouse macrophage (RAW 264.7) cell line. Again we were able to mimic an inflammatory 
situation by addition of bacterial lipopolysaccharides (LPS) to these cells and could thereby 
also investigate the effect of bacteria in an already inflamed gut.

In Chapter 2 we summarize the characterisation of 68 different colonic anaerobic bacteria 
tested. Most importantly, we found that there is a large variation among the tested strains 
in their immunomodulatory properties. The variation in induction of cytokine and NO 
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secretion as well as in the ability to trigger NF-κB signalling between strains was significant. 
Interestingly, the bacterially induced immune profiles were highly strain dependent and not 
characteristic for a specific bacterial species. We must therefore conclude that generalizations 
cannot be made easily and any newly discovered strain needs to be individually investigated 
to determine its immunomodulatory properties. However, we could identify three different 
immune profiles, resulting from bacterial stimulation. The first ‘immunostimulatory’ profile 
was characterized by strongly inducing cytokine secretion in PBMCs. Most of these strains 
also elicited relatively high concentrations of NO secretion and strong NF-κB signalling after 
TLR activation. The second ‘immunomodulatory’ profile was characterized by induction 
of only moderate amounts of cytokine secretion. However, when an inflammatory status 
was mimicked (addition of HIB), these strains were able to attenuate the secretion of pro-
inflammatory cytokines. The final ‘immuno suppressive’ or ‘silent’ profile was characterized 
by a low capacity to induce cytokine or NO secretion. More importantly, when HIB was 
added as an inflammatory stimulus, these strains attenuated the resulting pro-inflammatory 
cytokine response. 

Several studies showed that there is a negative correlation between the relative abundance 
of F. prausnitzii and the disease severity of IBD, therefore a causal connection has been 
suggested. Indeed, several in vivo studies have shown that addition of certain strains of F. 
prausnitzii could attenuate clincal symptoms of colitis in mice. We therefore focused on 
another 28 bacterial strains that all belonged to the species of F. prausnitzii in Chapter 3. 
After thorough in vitro investigation we have to conclude that the immunomodulatory 
properties are really strain specific, as the tested properties of the strains (cytokine, NO 
secretion and NF-κB signaling via TLR activation) do not correlate with genomic phylogenetic 
clusters. Among the different strains tested, we found all three different immune profiles that 
were observed in Chapter 2. Moreover, the general assumption that all F. prausnitzii strains 
induce strong IL-10 secretion was found to not be universally true, as there were some ‘silent’ 
strains that hardly induced any IL-10 secretion. Interestingly, one of the strains that was the 
strongest activator of NF-κB signaling, hardly induced any cytokine secretion, which suggest 
some specific mechanism to prevent downstream effects. Indeed this strain manifested a 
‘silent’ profile and as such was considered to be of interest for further in vivo trials.

During the in vitro screening procedures described above we observed that the culture 
supernatant of all strains tested was able to attenuate HIB induced cytokine secretion. Further 
investigations showed that the original growth medium (without any bacteria present), and 
especially the short chain fatty acids (SCFA) in the medium also triggered this attenuation 
effect. SCFA were reported to have immunomodulatory effects, but the studies were not 
all consistent. Most studies showed that butyrate induced IL-10 secretion by immune 
cells and thereby triggered regulatory T cell differentiation. In Chapter 4 we compared 
the effects of acetate and butyrate on different immune cell mechanisms. We found that 
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butyrate decreased cell viability when administered at higher concentrations, whereas 
similar, or even higher concentrations of acetate did not affect cell viability. Interestingly, 
although both acetate and butyrate were able to attenuate HIB induced secretion of pro-
inflammatory cytokines, only acetate was able to increase the anti-inflammatory cytokine 
IL-10. More importantly, butyrate actually decreased the secretion of the anti-inflammatory 
IL-10 in vitro in both PBMC as well as CD14+ monocytes. This decreased IL-10 secretion 
could result in an overall more inflammatory response (lower IL-10/IL-12 ratio) compared 
to the response triggered by acetate. To investigate how butyrate and acetate elicited their 
effects, we tried to determine the mechanism by which they affected cytokine secretion. As 
G protein-coupled receptors (GPCR) are known to mediate the effect of SCFA, we blocked the 
expression of GPCR in monocyte-derived dendritic cells (MDDC) with specific inhibitors. The 
attenuating effects of SCFA on HIB induced cytokine secretion were still observed, suggesting 
that modulation of cytokine secretion used an GPCR-independent mechanism. Butyrate (and 
to a lesser extent acetate) are also known to affect histone acetylation and could thereby 
modulate gene transcription. We found that butyrate indeed increased histone acetylation, 
which may point to a mechanism used in modulation of cytokines secretion. Interestingly, NF-
κB activation was also found to be differentially modulated by acetate compared to butyrate, 
although the underlying mechanism has not yet been elucidated. 

As we found clear effects of both acetate and butyrate on cytokine secretion by PBMC and 
CD14+ monocyte, we wondered if other biological pathways would be affected as well. 
We therefore stimulated CD14+ monocytes with acetate and butyrate (with or without co-
stimulation with HIB) and investigated the resulting transcription profile in Chapter 5. Our 
monocytes showed the same attenuation of pro-inflammatory cytokine secretion in HIB 
induced samples as was seen in the PBMC and CD14+ monocyte. Acetate did not cause major 
effects in the number of regulated genes, but butyrate significantly affected the regulation of 
many different (immune) pathways and genes therein.

To compare the effects that SCFA might have on epithelial cells with the effects we found on 
immune cells, we investigated the effect of SCFA on an ex vivo 3D porcine ileum organoid 
model in Chapter 6. We exposed the organoid cells to acetate and butyrate and performed 
a transcriptomic analysis. Similar to the results of the transcriptomic analysis of CD14+ 
monocyte, butyrate proved to elicit greater changes in gene expression compared to acetate 
and substantially affected apoptosis and cell-cycle related pathways. In contrast, acetate 
mainly affected cellular metabolism process- related pathways, suggesting a less damaging 
effect on gut epithelial function compared to butyrate.

To conclude our studies, we tested several bacterial strains that appeared promising in the 
in vitro trials, in an in vivo mouse DSS-induced colitis model in Chapter 7. We observed 
attenuation of the clinical symptoms after addition of these ‘silent’ strains, which confirm our 
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hypothesis that the bacterial strains that induced an ‘silent’ profile would be able to reduce 
colonic inflammation. 

In the last chapter, Chapter 8, we summarize and discuss the combined results from this 
thesis in the context of other studies regarding host- microbe interactions, probiotics and the 
effects of SCFA. We explain how these findings contribute to a better understanding of the 
immunomodulatory properties of colonic anaerobic bacterial strains and their metabolites 
and provide suggestions for future research, and reflect on the overall aim of this thesis.
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NEDERLANDSE SAMENVATTING

Darmbacteriën spelen een cruciale rol in het interne evenwicht (homeostase) van het 
menselijke verteringssysteem, doordat ze een continue ontstekingsremmende functie 
hebben. Een verstoorde samenstelling van de verschillende soorten darmbacteriën 
(dysbiosis), kan bijdragen aan allerlei ziektebeelden zoals de ziekte van Crohn en colitis 
(chronisch ontstoken darm). Beide ziektebeelden  worden gekenmerkt door chronische 
ontsteking en worden daarom voornamelijk behandeld met ontstekingsremmers; maar 
deze behandelwijze is vaak niet effectief. Daarom was het doel van dit proefschrift om te 
onderzoeken of er bacteriesoorten waren, of stoffen die geproduceerd worden door 
bacteriën, die een ontstekingsremmende werking hebben en dus gebruikt kunnen worden 
als behandeling, of ter voorkoming van darmontstekingen.

In een samenwerkingsverband met het Rowett Instituut, van de University of Aberdeen 
in Scotland, Groot Brittannië en de afdeling Medische Microbiologie, van het Universitair 
Medisch Centrum Groningen, werden een groot aantal verschillende soorten darmbacteriën 
geïsoleerd uit gezonde mensen. In ons laboratorium van Host Microbe Interactions in 
Wageningen, kweekten we meer dan 100 van deze verschillende soorten darmbacteriën 
zonder blootstelling aan zuurstof (strikte anaerobe) condities, vergelijkbaar met de situatie 
in de menselijke darm . We observeerden de groei karakteristieken en onderzochten hun 
ontstekingsremmende eigenschappen. 

Eerder onderzoek had aangetoond dat er een positief verband is tussen de verhouding van 
ontstekingsremmende en ontstekingsbevorderend signaalmoleculen (cytokines) in het bloed 
(IL-10/IL-12 ratio) en de vermindering van de klinische symptomen in levende muismodellen 
(in vivo). Als de verhouding (IL-10/IL-12) hoger was, was er een aanzienlijk grotere kans 
dat de muizen zouden genezen van hun darmontsteking. Onze eerste selectie was daarom 
gericht op het meten van deze signaalmoleculen in het bloed. Hiervoor stimuleerden we 
witte bloedcellen (PBMC) van gezonde menselijke bloeddonoren met gestandaardiseerde 
hoeveelheden van de verschillende bacteriën, of met het medium waarin de bacteriën 
gegroeid waren. Dit medium zou eventuele gezondsheidsbevorderende stoffen die de 
bacteriën geproduceerd hadden kunnen bevatten. Verschillende signaalmoleculen die 
door de witte bloedcellen worden geproduceerd werden gemeten en we bepaalden de 
verhouding tussen de IL-10 en IL-12. Tegelijkertijd werd gekeken of de bacteriën, of hun 
uitscheidingsproducten (metabolieten) de levensvatbaarheid van de witte bloedcellen niet 
aantastte. Omdat darmontstekingen worden gekenmerkt door periodes zonder klachten 
die afgewisseld worden met periodes van aanzienlijke ontsteking, wilden we beide situaties 
onderzoeken. Daarom voegden we door hitte gedode bacteriën toe aan onze witte 
bloedcellen. Deze door hitte gedode bacteriën (heat inactivated bacteria, HIB) veroorzaakten 
uitscheiding van een groot aantal signaalmoleculen (zowel ontstekingsbevorderend als 
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ontstekingsremmend) door onze witte bloedcellen en was als zodanig goed vergelijkbaar 
met een echte ontstekingsreactie. Vervolgens werd bekeken of toevoeging van onze 
geïsoleerde darmbacteriën deze ontstekingsreactie kon beïnvloeden. Ook werd er bekeken 
of de verschillende darmbacteriën in staat waren om de NF-κB signalering te activeren, via 
Toll like receptors (TLR). Dit is een soort alarmfunctie die de cellen kunnen aanzetten als ze 
‘gevaarlijke bacteriën’ herkennen en daarmee de belangrijkste methode om het aangeboren 
afweersysteem te activeren. Tenslotte hebben we gekeken naar oxidatieve stress. Dit is 
een proces, waarbij bepaalde witte bloedcellen stikstofoxide (NO) maken, dat giftig is voor 
ziekteverwekkers. Hoewel dit NO helpt bij de bestrijding van ziekteverwekkers, worden de 
eigen darmcellen ook beschadigd. Dit is een van de symptomen van darmontsteking. Wij 
wilden dus onderzoeken of de verschillende soorten darmbacteriën in staat zouden zijn 
om de productie NO te verminderen, of om zeker te weten dat ze deze niet zelf zouden 
veroorzaken. Dit alles hebben we onderzocht in vitro, waarbij we gebruikmaakten van witte 
bloedcellen (macrofagen) van muizen. Ook hier hebben we naast een ‘gezonde situatie’ een 
ontstekingsreactie nagebootst, in dit geval door gebruik te maken van een stof uit de celwand 
van Gram negatieve bacteriën (LPS). 

In hoofdstuk 2 laten we de resultaten zien van de eigenschappen van 68 verschillende - 
strikt aerobe- darmbacteriën , met betrekking tot de productie van signaalmoleculen die ze 
veroorzaakten, de activatie van alarmfunctie (NF-κB via TLR) en de productie van NO. De 
meest belangrijke conclusie die we konden trekken is dat de variatie die we zagen in ieder 
van die eigenschappen erg verschilde tussen de geteste darmbacteriën. De verhouding 
tussen de verschillende geproduceerde signaalmoleculen (immuun profielen) verschilde 
bovendien ook enorm tussen bacteriestammen (strains) binnen een bepaalde bacteriesoort. 
We moeten daarom vaststellen dat algemene aannames met betrekking tot bepaalde 
bacterie soorten niet kunnen worden gemaakt aangezien de onderlinge stammen alsnog 
flink kunnen verschillen. Het blijft daarom noodzakelijk om elke bacteriestam afzonderlijk te 
onderzoeken op mogelijke ontstekingsremmende functies. Wel konden we drie algemene 
immuunprofielen onderscheiden in de witte bloedcellen als een gevolg van blootstelling aan  
de verschillende geteste bacteriesoorten. De eerste hiervan was ‘immuunstimulerend’ en 
werd gekenmerkt door sterke uitscheiding van signaalmoleculen door witte bloedcellen. De 
meeste van de bacteriestammen die dit profiel veroorzaakten, hadden ook hoge NO waardes 
en activeerden de alarmfunctie (NF-κB via TLR) sterk. Het ‘immuunmodulerend’ tweede 
profiel werd gekenmerkt doordat slechts gemiddelde hoeveelheden signaalmoleculen door 
de witte bloedcellen geproduceerd werden. Echter, zodra een ontsteking werd nagebootst, 
door blootstelling aan door hitte gedode bacteriën, dan waren deze darmbacterie stammen 
in staat om deze ontsteking te remmen door de hoeveelheid ontstekingssignaalmoleculen 
die door de witte bloedcellen werd uitgescheiden te verminderen. Het laatste profiel was 
het immunosuppressieve, of ‘stille’ profiel en kenmerkte zich doordat het slechts heel weinig 
signaalmoleculen tot gevolg had en ook de productie van NO zeer laag bleef. Maar de meest 
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belangrijke vondst was, dat de darmbacteriën die dit profiel laatste veroorzaakten, wel in staat 
bleken om een ontstekingsreactie die opgewekt was door blootstelling aan door hitte gedode 
bacteriën te remmen. De ontstekingsreactie die normaal zou ontstaan werd verminderd door 
extra productie van ontstekingsremmende signaalmoleculen, terwijl er tijdens een ‘gezonde’, 
klachtenvrije periode geen effecten te zien waren. Stammen met dit profiel leken dus erg 
geschikt als potentieel medicijn aangezien ze alleen tijdens ontsteking effect zouden hebben. 

Verschillende studies hebben aangetoond dat er een negatief verband is tussen de relatieve 
hoeveelheid Feacaliumbacterium prausnitzii bacteriën in de darm van een patiënt en de 
ernst van  darmontsteking. Hoewel het dus logisch lijkt dat een tekort aan deze bacteriesoort 
de darmontsteking zou veroorzaken is een definitief oorzakelijk verband nog niet bewezen. 
Maar het is wel aangetoond dat als men muizen bepaalde stammen van deze F. prausnitzii 
bacterie toedient, dat dit de klinische symptomen van darmontsteking (colitis) verminderde. 
In hoofdstuk 3 hebben we daarom specifiek gekeken naar 28 stammen van de bacterie soort F. 
prausnitzii. Na uitvoerig onderzoek moeten we echter vaststellen dat de immunomodulerende 
eigenschappen van deze bacteriesoort opnieuw niet specifiek zijn en dat  de verschillende 
stammen grote verschillen laten zien in de geteste eigenschappen. Zowel de hoeveelheden 
signaalmoleculen en NO die geproduceerd werden, als de activering van de alarm functie 
(NF-κB via TLR), kwamen niet overeen met de evolutionaire verwantschap (fylogenetische 
clustering) van de soorten. Wel konden binnen de 28 stammen alle drie de verschillende 
immuunprofielen die we eerder vonden hadden opnieuw  geobserveerd worden.  Bovendien 
bleek de algemene aanname dat alle F. prausnitzii stammen altijd hoge waardes van het 
ontstekingsremmende IL-10 uitscheiden ook niet correct, aangezien we een aantal ‘stille’ 
stammen ontdekten, die amper IL-10 uitscheidden. Interessant was ook, dat een van de 
stammen die de sterkste activator was van de alarmfunctie (NF-κB signalering), amper zorgde 
voor productie van signaalmoleculen in witte bloedcellen. Dit is erg vreemd omdat normaal 
gesproken de activering van de alarmfunctie de productie van de signaalmoleculen in gang 
zet. De eigenschappen van deze ‘stille’ stam waren erg interessant en vroegen om vervolg in 
vivo onderzoek. 

Tijdens de hierboven beschreven in vitro screeningprocedures viel ons op dat van alle geteste 
stammen het medium waarin de bacteriën groeiden in staat was om de door hitte gedode 
bacteriën geïnduceerde ontsteking te remmen. Verder onderzoek toonde aan dat het 
oorspronkelijke groeimedium (zelfs zonder aanwezige bacteriën), en vooral de korte keten 
vetzuren (SCFA) in dit medium, ook in staat waren ontstekingen te remmen. Van SCFA was 
al bekend dat het ontstekingsremmende effecten had, maar deze onderzoeken waren niet 
allemaal consistent. De meeste studies toonden aan dat het vetzuur butyraat, de afgifte van 
het ontstekingsremmende IL-10 door immuuncellen stimuleerde en daardoor de ontwikkeling 
van bepaalde regulerende witte bloedcellen (ontstekingsremmende regulerende T cellen, 
Tregs) veroorzaakte. 
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In hoofdstuk 4 hebben we de effecten van de vetzuren acetaat en butyraat op verschillende 
afweermechanismen van de witte bloedcellen vergeleken. We vonden dat gemiddeld tot 
hoge concentraties butyraat de levensvatbaarheid van cellen verlaagde, terwijl vergelijkbare 
of zelfs hogere concentraties van acetaat de levensvatbaarheid van deze cellen niet 
beïnvloedden. Interessant is dat,  zowel acetaat als butyraat in staat waren om de door hitte 
gedode bacteriën geïnduceerde afgifte van ontstekingsbevorderende signaalmoleculen 
te verminderen.  Alleen acetaat was in staat om afgifte van het ontstekingsremmende IL-
10 te verhogen. Wat nog belangrijker is, butyraat verminderde zelfs de afgifte van het 
ontstekingsremmende IL-10.  Deze verminderde IL-10-afgifte zou kunnen leiden tot een 
sterkere ontstekingsreactie (lagere IL-10/IL-12-verhouding) in vergelijking met de reactie die 
veroorzaakt werd door acetaat. Om te onderzoeken hoe butyraat en acetaat hun effecten 
opwekten, probeerden we het mechanisme te bepalen waarmee ze de afgifte van signaal 
moleculen (cytokinesecretie) beïnvloedden. Met specifieke remmers hebben we bepaalde 
receptoren (G-eiwit-gekoppelde receptoren (GPCR)) geremd in een bepaald type witte bloed 
cel (MDDC). Daarna werden de ontstekingsremmende effecten van butyraat nog steeds 
waargenomen, dus de  regulatie van de afgifte van signaalmoleculen is GPCR-onafhankelijk. 
Van butyraat (en in mindere mate acetaat) is ook bekend dat het histonacetylering beïnvloedt 
en daardoor het aflezen van erfelijke informatie (gentranscriptie) kan beïnvloeden. We 
hebben ontdekt dat butyraat inderdaad de acetylering van histonen verhoogde, en daarmee 
de afgifte van signaalmoleculen zou kunnen beïnvloeden. Interessant is dat ook de activatie 
van de alarmfunctie (NF-κB) verschilde voor acetaat vergeleken met butyraat, hoewel het 
onderliggende mechanisme nog niet is opgehelderd.

Omdat we duidelijke effecten van zowel acetaat als butyraat op de afgifte van signaal 
moleculen (cytokinesecretie) door witte bloedcellen vonden, vroegen we ons af of ook andere 
biologische routes zouden worden beïnvloed. We stimuleerden daarom een bepaald type 
witte bloedcellen (CD14+ monocyten) met acetaat en butyraat (met of zonder toevoeging 
van door hitte gedode bacteriën om een ontsteking na te bootsen) en onderzochten 
vervolgens het effect op gentranscriptie  in hoofdstuk 5. Ook in onze monocyten zagen we 
dezelfde vermindering van de ontstekingsreactie als we hadden waargenomen bij de eerdere 
experimenten met witte bloedcellen. Verder veroorzaakte acetaat geen grote effecten op 
het aantal gereguleerde genen, butyraat daarentegen had een significante invloed op de 
regulatie van veel verschillende (immuun) routes en de genen daarin.

In hoofdstuk 6 beschrijven de vergelijking van de uitwerking die de korte vetzuren (SCFA) 
zouden kunnen hebben op darmwand (epitheel) cellen met de effecten die we vonden op 
witte bloedcellen. Deze effecten werden bekeken  in een minidarm die we hadden opgekweekt 
in een petrischaal (ex-vivo 3D porcine ileum organoid model) in hoofdstuk 6. We hebben 
deze minidarm (organoid) cellen blootgesteld aan acetaat en butyraat vervolgens bekeken 
wat het effect was op gentranscriptie. Wederom, vergelijkbaar met de resultaten van de 
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witte bloedcellen, bleek butyraat grotere veranderingen in genexpressie op te wekken dan 
acetaat en beïnvloedde gecontroleerde celdood (apoptose) en celcyclus-gerelateerde routes 
aanzienlijk. Acetaat daarentegen had voornamelijk invloed op het cellulaire metabolisme, wat 
een minder schadelijk effect op de darmwand functie suggereert in vergelijking met butyraat.

Om onze studies af te ronden, hebben we verschillende bacteriestammen die veelbelovend 
leken in de in vitro proeven getest in een in vivo muis model voor darmontsteking (DSS 
geïnduceerd colitis-model) in hoofdstuk 7. We zagen vermindering van de klinische symptomen 
zoals gewichtsverlies, diarree en bloed in de ontlasting, van de darmontsteking na toevoeging 
van onze 'stille' stammen. Hiermee konden we onze hypothese dat de bacteriestammen die 
een 'stil' profiel induceerden de darmontsteking zouden kunnen verminderen, bevestigen.

In het laatste hoofdstuk, hoofdstuk 8, vatten we de gecombineerde resultaten van dit 
proefschrift samen en bespreken we deze in de context van andere studies naar interacties 
tussen gastheer en bacterie/ probiotica en de effecten van korte vetzuren. We leggen 
uit hoe onze bevindingen bijdragen aan een beter begrip van de ontstekingsremmende 
eigenschappen van darmbacteriën en hun afgifte producten (metabolieten) en geven 
suggesties voor toekomstig onderzoek. 
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