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1 Introduction 

1.1 An overview of the immune system 

The immune system is a complex network of organs, cells, and molecules that act 

synergistically to defend the human body against harmful agents such as cancer cells, 

toxins, and pathogens including bacteria, viruses, and fungi. It comprises two separate, 

but highly intertwined subsystems, the innate and adaptive immune system, ensuring 

optimal defense while maintaining self-tolerance (Iwasaki and Medzhitov, 2015; Riera 

Romo et al., 2016). The innate immune system, as the body’s first line defense 

mechanism, is primarily activated upon encountering pathogens that penetrate physical 

barriers of the body. It provides rapid, non-specific protection preventing an initial spread 

of the intruder. The adaptive immune system establishes and improves in the course of 

life when the innate immune response is insufficient to control an infection, specifically 

targeting and facilitating the pathogens’ clearance (Marshall et al., 2018).  

Innate immunity serves to protect from, recognize and respond to pathogens and danger 

signals by a variety of defensive biological barriers. Surface epithelia that are in constant 

contact with the external environment such as the skin and the mucosal lining of the 

gastrointestinal, respiratory, or urogenital tract provide physical barriers. Next to that, 

human body fluids constitute chemical barriers including, tears, gastric juice, and intestinal 

mucus. Besides these passive protection mechanisms, the colonization with commensal 

microorganisms like non-pathogenic bacteria on surface epithelia prevents pathogens 

from crossing the surface barriers (Littman and Pamer, 2011). Innate immune cells 

represent a central element in innate immunity that are grouped based on their roles in 

immune response such as phagocytes (macrophages, neutrophils, dendritic cells (DCs)), 

cytotoxic effector cells (natural killer (NK) cells) and granulocytes (neutrophils, 

eosinophils, basophils and mast cells). They are strategically localized in the blood and 

reside in various solid tissues, forming a vigilant network ready to detect and respond to 

potential threats. Upon breaching a surface barrier, innate immune cells detect, engulf, 

and neutralize the pathogen in a process called phagocytosis while secreting cytokines 

and chemokines as messenger molecules to attract more immune cells to the site of 

infection.  
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The adaptive immune system is specialized in identifying and targeting specific antigens, 

enabling a more precise and tailored immune response for enhanced pathogen defense 

and memory formation, while collaborating with the innate immune system to optimize 

overall immune effectiveness (Flajnik and Kasahara, 2010).  

The key effector cells of the adaptive immune system are two types of lymphocytes – B 

cells and T cells. Once activated by an antigen, B cells differentiate into either plasma 

cells for the production of specific antibodies to neutralize and clear invading pathogens, 

or into long-lived memory B cells that provide rapid and enhanced responses to re-

exposure to the same pathogen (Hoffman et al., 2016).  

T cells are further subdivided into four groups of cells. Cytotoxic T cells (Cluster of 

Differentiation (CD) 8+ T cells) eliminate abnormal or infected host cells, particularly those 

infected with intracellular pathogens such as viruses, through direct cell-to-cell contact 

and release of cytotoxic granules (Cassioli and Baldari, 2022). Helper T cells (CD4+ T 

cells) are activated by antigen-presenting cells (APCs), such as dendritic cells or 

macrophages, which present processed microbe-derived peptides on their surface using 

major histocompatibility complex class II (MHC-II) molecules. CD4+ T cells then help 

regulate the immune responses by releasing cytokines that support the activities of other 

immune cells, such as B cells and cytotoxic T cells (Luckheeram et al., 2012). Regulatory 

T cells (Treg) suppress excessive immune responses while maintaining self-tolerance and 

preventing autoimmune diseases (Kondelkova et al., 2010). Similar to memory B cells, 

memory T cells retain antigen recognition and provide rapid and robust responses upon 

reinfections with the same pathogen (Mueller et al., 2013). 

1.1.1 Pathogen recognition receptors and their recognition mechanisms  

Pathogen-associated molecular patterns (PAMPs) are evolutionarily highly conserved 

molecular motifs consisting of carbohydrates, lipoproteins, and nucleic acids found on the 

surfaces or structures of pathogens such as bacteria, viruses, and fungi (Zindel and 

Kubes, 2020). Lipopolysaccharide (LPS) from the surface of gram-negative bacteria is 

one of the most prominent representatives of PAMPs. PAMPs bind to and activate pattern 

recognition receptors (PRRs) on innate immune cells initiating intracellular signaling 

cascades, that trigger proinflammatory and antimicrobial responses (Mogensen, 2009). In 

addition to PAMPs, sterile inflammation triggers the release of endogenous molecules 
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called damage-associated molecular patterns (DAMPs) from damaged or stressed cells, 

which are also sensed by PRRs (Chen and Nunez, 2010). DAMPs include heat shock 

proteins (HSPs), adenosine triphosphate (ATP), and uric acid (Bours et al., 2006; Kono et 

al., 2010; Quintana and Cohen, 2005).  

Germline-encoded PRRs consist of a group of receptors that sense PAMPs and DAMPs 

both extracellularly and intracellularly (Chuenchor et al., 2014; Motta et al., 2015). Based 

on their protein domain homology, PRRs are subdivided into five classes: Toll-like 

receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-receptors (NLRs), 

retinoic acid-inducible gene 1 (RIG-1)-like receptors (RLRs), C-type lectin receptors 

(CLRs), and absent in melanoma-2 (AIM2)-like receptors (ALRs) (Li and Wu, 2021). They 

differ primarily in the molecular structures they recognize and are expressed both on 

immune and non-immune cells (Kawai and Akira, 2009). 

One of the key PRRs that is expressed by macrophages to detect bacterial infections is 

TLR4. TLR4 is a transmembrane protein that plays a crucial role in detecting the presence 

of pathogens by recognizing LPS from the outer membranes of gram-negative bacteria. 

Upon LPS binding, TLR4 activates signaling pathways that lead to the production of 

mainly pro-inflammatory cytokines and chemokines, initiating an immune response 

against the invading pathogens.  

As a result of TLR4 pathway activation, pro-inflammatory mediators such as tumor 

necrosis factor a (TNF-a), interleukin (IL)-6, cyclooxygenase 2 (COX2), and type I and III 

interferons are produced (Kawai and Akira, 2011; Kawai et al., 2001; Meissner et al., 

2013). To prevent an excessive inflammation and to maintain immune homeostasis, anti-

inflammatory molecules such as IL-10 are also induced (Chang et al., 2007; Chanteux et 

al., 2007; Meissner et al., 2013). IL-10 in turn leads to a feedback inhibition of 

inflammation-promoting cytokines, preventing immune over-activation and limiting tissue 

damage (Iyer and Cheng, 2012).  

1.1.2 The IL-10 pathway  

Interleukin 10 (IL-10) is an essential anti-inflammatory cytokine highly important in 

regulating overshooting immune responses and autoimmune diseases. It is produced both 

by innate and adaptive immune cells such as macrophages, dendritic cells, NK cells, B 

cells, and CD4+ T cells (Iyer and Cheng, 2012). The corresponding IL-10 receptor is a 
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heterotetrameric complex composed of two ligand-binding domains IL-10Ra (IL-10R1) 

and two signaling subunits IL-10Rb (IL-10R2) (Figure 1) (Kotenko et al., 1997; Tan et al., 

1993). It is expressed by most hematopoietic cells, with monocytes and macrophages 

being the primary target of IL-10 (Iyer and Cheng, 2012). Upon binding of IL-10 dimers to 

its extracellular receptor domain IL-10Ra, the tyrosine kinases Janus Kinase-1 (Jak1) and 

Tyrosine Kinase-2 (Tyk2) associated with IL-10Ra and IL-10Rb, respectively, are 

phosphorylated and activated. The kinases in turn phosphorylate distinct tyrosine residues 

(Y446, Y496) on the intracellular domain of the IL-10Ra, functioning as docking site for 

the Src homology 2 (SH2) domain of the signal transducer and activator of transcription 3 

(STAT3). STAT3 is then phosphorylated by Jak1 and Tyk2, it forms a homodimer and 

subsequently translocates to the nucleus where it binds with high affinity to STAT-binding 

elements in promoter areas of IL-10-responsive genes (Finbloom and Winestock, 1995; 

Murray, 2007; Williams et al., 2004). As a result, STAT3 gene products inhibit the release 

of pro-inflammatory cytokines at the level of transcription mainly defining the IL-10-

mediated anti-inflammatory response (Murray, 2005).  

Notably, STAT3 is not only the signal transducer of the anti-inflammatory IL-10 pathway 

but also of pro-inflammatory cytokines such as IL-6 generating contrary responses even 

in the same cell type (Hutchins et al., 2013; Murray, 2006). This paradox is most likely 

dependent on selective cofactors interacting with STAT3 leading to this distinct pattern of 

gene expression. One of those cofactors being induced in macrophages by STAT3 in both 

IL-10 and IL-6 pathways is the suppressor of cytokine signaling 3 (SOCS3), feedback 

inhibiting the activity of the IL-6 receptor (Croker et al., 2003; Lang et al., 2003). In 

contrast, the IL-10 signaling is not affected by SOCS3, maintaining STAT3 activity 

(Williams et al., 2004).  

As a result of sustained STAT3 activation and subsequent transcriptional inhibition of 

genes encoding cytokines, chemokines, cell surface molecules, and other molecules 

required for full immune response, the IL-10/STAT3 axis is the central player in this anti-

inflammatory setting (Murray, 2005). To date, it is not yet fully understood how the STAT3 

activation results in the anti-inflammatory activity of IL-10.  

The importance of IL-10 as a regulatory and anti-inflammatory cytokine becomes clear 

when there is a disruption in the IL-10 pathway leading to inflammatory and autoimmune 

diseases such as inflammatory bowel disease (IBD) (Iyer and Cheng, 2012).  
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Figure 1: Diagram of the IL-10 Pathway.  
Interleukin 10 (IL-10) dimer binding to the heterotetrametric IL-10 receptor leads to the 
phosphorylation of signal transducer and activator of transcription 3 (STAT3) by Janus 
Kinase-1 (JAK1) and Tyrosine Kinase-2 (Tyk2) in immune cells. STAT3 translocates to 
the nucleus where it induces the transcription of target genes. Figure adapted from Zhu 
et al. (Zhu et al., 2017) 

1.2 Gut immunity 

1.2.1 Structure and function of the intestinal barrier 

The human gut, with the largest epithelial surface area in the body (around 200 m2) is in 

constant exchange with the external environment and forms a platform that, in addition to 

nutrients, is also exposed to a very high number of potential pathogens. For this reason, 

it is important to form a well-functioning intestinal barrier, which is composed of physical 

and immunological elements (Vancamelbeke and Vermeire, 2017). The intestinal barrier 

is generally structured in multiple layers. The mucus layer that coats the inner surface of 

the gastrointestinal tract (GIT) harbors commensal gut microbiota as well as antimicrobial 
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peptides such as antimicrobial proteins (AMPs) and secretory immunoglobulin A (sIgA). 

Tight-junction-linked intestinal epithelial cells (IECs) form the middle layer of the intestinal 

barrier. In addition to providing a protective border between the gut lumen and its lamina 

propria, IECs are selectively permeable to water and nutrients, which is important for the 

gut’s primary function – digestion (Gierynska et al., 2022). Next to that, IECs play an 

important role in the bidirectional communication of the commensal bacteria with the host 

immune cells (Goto, 2019). Lastly, the lamina propria, where both innate (e.g., 

macrophages, dendritic cells) and adaptive (e.g. B and T lymphocytes) immune cells 

reside, is located adjacent to the intestinal epithelial cells. (Stolfi et al., 2022) 

In the face of constant environmental challenges, it is important to maintain intestinal 

homeostasis in which the intestinal microbiota, IECs, and the host immune system interact 

in a complex and sophisticated manner. Dysfunction of the intestinal barrier can result in 

an increased permeability, allowing pathogens, toxins, and food particles to penetrate the 

intestinal lining contributing to and causing various pathological conditions such as 

inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), celiac disease, obesity  

and type 1 diabetes (Bosi et al., 2006; Fasano et al., 2000; Genser et al., 2018; Groschwitz 

and Hogan, 2009; Hanning et al., 2021; Mankertz and Schulzke, 2007; Martinez et al., 

2013; Martini et al., 2017; Valitutti et al., 2019).  

1.2.2 Intestinal macrophages and their role in immune tolerance  

The intestinal immune system is capable of developing immune tolerance to an 

abundance of harmless microorganisms, while generating an adequate immune response 

against pathogens (Mowat, 2018). This intestinal homeostasis is mainly maintained by 

resident intestinal macrophages, which are the most frequent leukocytes in the lamina 

propria of the gut (Mowat and Agace, 2014). Unlike conventional macrophages found in 

other organs, intestinal macrophages attenuate systemic inflammation while promoting 

immune tolerance within the complex ecosystem of the GIT (Smythies et al., 2005). This 

prevention of bacterial hyperinflammation is achieved through cytokines such as IL-10 

and transforming growth factor b (TGF-b) (Bain et al., 2013). The constitutive production 

and sensing of IL-10 by intestinal macrophages prevents inflammation by inhibiting the 

synthesis of pro-inflammatory cytokines that are triggered by stimuli such as TLR ligation 

(Ueda et al., 2010). In contrast, failure of macrophages to respond to IL-10 results in a 



 

17 

pro-inflammatory phenotype of macrophages, leading to the development of spontaneous 

colitis (Shouval et al., 2014; Zigmond et al., 2014).  

1.3 Short-chain fatty acids  

1.3.1 Commensal bacteria and their fermentation products  

The human GIT is inhabited by a diverse community of microorganisms consisting of 

bacteria, fungi, viruses, and archaea, collectively referred to as the gut microbiota. Among 

them, bacteria are the most frequent representatives, with up to 1011 cells per gram of 

intestinal content and more than 1000 species (Mohajeri et al., 2018; Qin et al., 2010). 

Intestinal commensal bacteria are generally harmless and beneficial microorganisms that 

protect the host from colonization with opportunistic pathogens, produce vitamins, 

regulate the immune system, and metabolize indigestible food particles (e.g., complex 

carbohydrates), thereby supplying essential nutrients to the host (Martin et al., 2013). The 

host, in turn, provides a stable environment and nutrients for the bacteria to survive and 

proliferate (Mondot et al., 2013). The metabolized food particles also exert pleiotropic 

beneficial roles throughout the body by entering the systemic circulation. For example, 

short-chain fatty acids (SCFAs) were found to regulate immune responses next to the gut, 

as well as in the liver, lung, and central nervous system (Ney et al., 2023).  

However, an imbalance in the composition and metabolic capacity of gut bacteria, known 

as bacterial dysbiosis, and associated changes in host-microbiota cross-talk and cross-

regulation have been associated with the onset and progression of several diseases, 

including IBD. (Miyoshi and Chang, 2017; Pisani et al., 2022; Vijay and Valdes, 2022; 

Wilkins et al., 2019). In particular, reduced levels of bacterial metabolites, including SCFAs 

and vitamin B12, have been suggested as potential factors contributing to IBD (Nishida et 

al., 2018; Russo et al., 2019).  

1.3.2 SCFAs: Classification and functions  

SCFAs originate from anaerobic dietary fiber fermentation by commensal gut bacteria 

(Dalile et al., 2019). SCFAs are saturated carboxylic acids with an aliphatic tail of 1 to 5 

carbon atoms (C1 – C5) (Table 1), the most abundant ones in the colon being acetate 
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(C2), propionate (C3), and butyrate (C4) in a molar ratio of 60:20:20 (Cummings et al., 

1987). Specific enzymes of the commensal bacteria belonging to the Bacteroidetes and 

Firmicutes phylum promote the fermentation of dietary fibers and non-digestible 

carbohydrates to the main SCFA end products (C2, C3, C4) (Louis et al., 2014). The 

production of SCFAs in the gut is influenced by a variety of factors including the amount 

of dietary fiber intake, gut microbiota composition, microbial diversity, antibiotic intake, 

and physical activity (Siddiqui and Cresci, 2021).  

SCFAs exert regulatory effects in two distinct ways. Once produced, the majority of 

SCFAs are taken up by IECs either by passive diffusion or by active transport via 

monocarboxylate transporter 1 (MCT1) and sodium-coupled monocarboxylate transporter 

1 (SMCT1) (Dalile et al., 2019). Intracellularly, SCFAs influence gene regulation by 

modulating the activity of histone deacetylases (HDACs) and histone acetyltransferases 

(HATs) (Parada Venegas et al., 2019). This modulation leads to changes in chromosome 

condensation and gene expression, contributing to intestinal homeostasis and cancer 

protection. In addition, SCFAs bind to and activate various G-protein coupled receptors 

(GPCRs) such as GPR43, GPR41, GPR109A and Olfactory receptor 78 (Olfr78) (Brown 

et al., 2003; Le Poul et al., 2003; Thangaraju et al., 2009) thereby modulating immune 

responses and promoting epithelial repair (Parada Venegas et al., 2019). Among the 

SCFAs, butyrate especially is of high biological relevance being the major energy source 

for colonocytes as well as its beneficial effects on intestinal homeostasis (Siddiqui and 

Cresci, 2021). With its anti-inflammatory properties, butyrate regulates immune responses 

in the gut. This anti-inflammatory effect is mainly mediated by the inhibition of HDACs 

independent of GPCR signaling (Chang et al., 2014).  

In disease states such as IBD, the amount of butyrate-producing bacteria is reduced and 

a concomitant decrease in propionate, acetate, and butyrate levels has been observed in 

patients’ feces, indicating the significant impact of these SCFAs on gut health and their 

potential relevance for therapeutic intervention (Imhann et al., 2018; Marchesi et al., 2007; 

Santana et al., 2022).  
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Table 1: List of short-chain fatty acids. Adopted from (Heaney, 2020). 

 

1.3.3 Impact of SCFAs on histone deacetylases  

Mammalian histone deacetylases (HDACs) are enzymes responsible for the removal of 

acetyl groups from histone proteins in chromatin. Based on their sequence homology to 

yeast enzymes, HDACs are grouped into 4 principal classes (Steliou et al., 2012). Class I 

(HDACs 1, 2, 3, and 8), IIa (HDACs 4, 5, 7, and 9), IIb (HDACs 6 and 10), and IV (HDAC 
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11) HDACs are Zn2+ - dependent and primarily involved in histone deacetylation, whereas 

Class III enzymes, known as sirtuins (Sirt1-7), require Nicotinamide adenine dinucleotide 

(NAD+) as a cofactor and are involved in a broader range of cellular processes including 

gene regulation, metabolism and DNA repair (Wallace and Fan, 2010). Histone 

deacetylation promotes gene silencing by condensing and tightening the chromatin 

(Huang et al., 2015; Marks et al., 2004), while histone acetylation leads to a more open 

chromatin configuration thus activating gene expression (Caetano and Castelucci, 2022). 

The biological function of HDACs is to regulate and maintain the balance of lysine 

acetylation levels in both histone and non-histone proteins, thereby affecting cell 

differentiation, metabolism, and angiogenesis (Hontecillas-Prieto et al., 2020). This 

reversible possibility of altering gene expression by changing the acetylation status of 

histones is an attractive target for cancer treatment. HDAC inhibitors (HDACi) are currently 

receiving much attention for their therapeutic application as potential drugs against various 

diseases, especially against cancer (Eckschlager et al., 2017). There are several types of 

HDACi, including pan-HDAC inhibitors, which simultaneously inhibit a broad range of 

HDAC enzymes (HDAC 1-11), and selective HDACi, which target and inhibit specific 

HDAC isoforms. In the gut, intrinsic HDACi activity of SCFAs such as butyrate results in 

epigenetic modifications that have anti-inflammatory effects by reducing macrophage 

activation, which contributes to immune regulation and the maintenance of gut barrier 

integrity (Chang et al., 2014). Interestingly, SAHA (Vorinostat) a pan-HDACi, has been 

shown to improve intestinal inflammation in an IBD mouse model, offering new prospects 

for therapeutic intervention (Glauben et al., 2006). 

1.4 Inflammatory bowel disease  

Inflammatory bowel disease (IBD) is a non-infectious chronic inflammation of the 

gastrointestinal tract (GIT), further subdivided clinically into Crohn’s disease (CD), 

ulcerative colitis (UC) or IBD-unspecified. It has become a public health challenge with 

rising incidence and prevalence (> 0.3 %) not only in the Western world but also in newly 

industrialized countries (Ng et al., 2017). The trend from high-fiber diets to highly 

processed food has contributed to the rising incidence. 
Although CD and UC share symptoms like diarrhea, hematochezia, and abdominal pain, 

they differ in terms of the affected localization of the GIT, bowel wall infiltration, and the 
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origin of the inflammatory lesions. CD occurs discontinuously throughout the whole 

gastrointestinal tract, with the terminal ileum being the most affected area, whereas UC is 

primarily confined to the colon (Xavier and Podolsky, 2007). Histologically, CD spreads 

transmurally through the intestinal wall enabling fistula formation while in UC, lesions only 

involve the mucosa and submucosa (Seyedian et al., 2019). Both conditions can lead to 

immune-related extraintestinal manifestations such as iritis, arthritis, or primary sclerosing 

cholangitis, significantly increasing the morbidity, mortality, and the overall burden of IBD 

(Sange et al., 2021). In addition, IBD may lead to the development of colorectal cancer, 

which has a fatal outcome in 10 to 15 % of patients with IBD, resulting from a well-

described inflammation-dysplasia-carcinoma sequence (Van Der Kraak et al., 2015). 

The pathogenesis of IBD is, even after decades of research, not yet completely 

understood; however, different etiological models exist to be relevant in the development 

of IBD. These models include genetic predisposition and environmental factors. An 

interplay of these driving factors results in an abnormal response of the mucosal immune 

system, which eventually leads to a chronic inflammation of the GIT.  

1.4.1 Genetical predisposition  

The application of genome-wide association studies (GWAS) in recent decades has 

significantly improved our understanding of the genetic predisposition to IBD, identifying 

approximately 240 loci statistically associated with susceptibility to IBD (de Lange et al., 

2017; Graham and Xavier, 2020). In particular, mutations in the NOD2 gene are 

associated with an increased risk of IBD, particularly CD (Ashton et al., 2023).  

In addition, very early-onset IBD (VEO-IBD) is correlated with polymorphisms in genes 

encoding IL-10 (Zhu et al., 2013), IL-10Ra, and IL-10Rb (Moran et al., 2013), resulting in 

impaired IL-10 signaling and subsequent intestinal dysbiosis. In IL-10 knockout mouse 

models, chronic colitis developed, accompanied by morphological changes of the mucosa 

as well as immune alterations (Kuhn et al., 1993). Interestingly, germ-free IL-10 gene-

deficient mice showed no signs of colitis, and antibiotic therapy stopped the colitis 

(Madsen et al., 2000), highlighting the importance of the gut microbiota in the development 

of IBD. 
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1.4.2 Environmental factors  

The exposome, which includes factors such as diet, stress, environmental pollution, and 

medication, plays a significant role in the development and progression of IBD (Abegunde 

et al., 2016; Wild, 2005). In general, a high-fiber diet has been linked to a protective effect 

against IBD, particularly CD. In a study of IL-10-deficient mice, soluble fiber consumption 

reduced intestinal inflammation (Bassaganya-Riera et al., 2011), and in humans, a high 

dietary fiber intake, particularly from fruits and cruciferous vegetables, was related to a 

reduced risk of CD (Ananthakrishnan et al., 2013).  

Conversely, the Western diet, characterized by high consumption of processed foods, 

saturated fats, sugars, and low fiber content, has been associated with an increased risk 

of IBD in developed countries over the past decades (Rizzello et al., 2019). In addition, 

the use of antibiotics leads to significant changes in the composition of the gut 

microbiome, contributing to an imbalance in the gut microbiota that has been linked to IBD 

(Nguyen et al., 2020).  

1.4.3 Immune response dysregulation  

Environmental factors, genetic predisposition, and dysbiosis of the gut microbiota 

collectively contribute to the disruption of the intestinal mucosal barrier. This disruption 

activates immune responses by engaging IECs. Furthermore, commensal microbiota and 

their metabolites can infiltrate the compromised mucosa and initiate an innate immune 

response by recruiting and activating macrophages, DCs, and neutrophils. 

As a result, innate immune cells promote a chronic inflammatory state within the GIT by 

releasing a repertoire of cytokines and chemokines, including IL-1b, IL-12, IL-6, IL-23, 

TNF-a, and TGF-b. In addition, T cells of various subtypes (TH1, TH2, TH17, Treg) are 

activated by these cytokines, thereby amplifying the immune response through the 

production of IFN-g, IL-17, and TNF-a (Neurath, 2014). 

Together, these dysregulated mucosal immune responses lead to tissue damage and the 

establishment of persistent intestinal inflammation, which plays a central role in the onset 

and manifestation of symptoms associated with IBD (Ramos and Papadakis, 2019). 
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1.4.4 Therapeutic approaches for IBD 

Currently, there is no curative treatment for patients with IBD. Management of IBD focuses 

primarily on achieving and maintaining remission by reducing the underlying inflammation 

and controlling symptoms. Treatment of IBD typically involves either drug therapy or 

surgical intervention. Medications vary in their mechanisms of action and include anti-

inflammatory drugs, immunosuppressants, biologics, and antibiotics. Surgical intervention 

is considered when drug therapy proves insufficient or when there are complications such 

as strictures, fistulas, or severe inflammation that do not respond to medical therapy.  

One approach to treat IBD is the therapy with fibre-derived SCFAs. However, dietary fibres 

that induce SCFA production have yielded inconclusive results regarding the benefits in 

IBD due to poor tolerability (Gearry et al., 2009; Maagaard et al., 2016).  

Given the recognized beneficial effects of the SCFA butyrate on intestinal barrier function, 

numerous studies have explored its potential as a treatment option for IBD. However, 

clinical trials investigating the efficacy of butyrate supplementation have yielded indecisive 

results, with some studies suggesting its beneficial effects for IBD patients, while others 

have failed to demonstrate a significant effect on intestinal inflammation, particularly in 

alleviating acute symptoms of IBD (Facchin et al., 2020; Scheppach, 1996; Steinhart et 

al., 1996; Vernero et al., 2020). In addition, small-scale trials examining the use of oral 

butyrate in patients with UC and CD have shown limited improvement in symptoms and 

intestinal histology (Salvi and Cowles, 2021). The conflicting results of these studies 

highlight the complexity of butyrate's role in the management of IBD and the need for 

further investigation into its application as a treatment option. It is evident that the interplay 

between the gut microbiota, butyrate, and the host immune system in the context of IBD 

is multifaceted and requires a more nuanced understanding. 

1.5 Objective  

The SCFA butyrate, a key metabolite produced by commensal gut microbiota from dietary 

fiber, is commonly known to have beneficial effects on the host both locally and 

systemically. However, the application of both fiber and butyrate itself in inflammatory 

conditions such as IBD with associated intestinal barrier dysfunction resulted in 

contradictory outcomes. Therefore, the role of the SCFA butyrate in the context of IBD 

under inflammatory conditions needs to be further defined and characterized.  
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The inflammatory response during IBD induction involves the secretion of cytokines by 

immune cells such as macrophages. Hence, it is important to analyze the effect of the 

SCFA butyrate on the cytokine secretion in macrophages under inflammatory conditions 

to define the detrimental impact of butyrate in IBD.  

Next to that, butyrate acts as HDACi, thereby influencing gene expression and 

consequently cytokine production. Thus, identifying the butyrates’ exact mode of action to 

modify cytokines in primary human macrophages under inflammatory conditions may 

provide insight into potential therapeutic targets for the treatment of IBD. 

Given the significance of IL-10 as major anti-inflammatory cytokine and its important role 

in the pathogenesis of IBD, understanding the impact of butyrate in the IL-10 pathway 

under inflammatory conditions is of great importance.   
Therefore, the principal objectives of the study are: 

1. To replicate the effects of butyrate on cytokine levels through HDAC knockdown 

and inhibition in primary human macrophages 

2. To explore the influence of the SCFA butyrate on mRNA and protein expression 

levels in primary human macrophages under inflammatory conditions 

3. To further characterize the impact of butyrate on TLR-4 mediated IL-10 signaling 

pathway. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Devices  

Name Supplier 
- 20°C freezer Liebherr 

- 80°C freezer ThermoScientific 

4D-nucleofectorâ Core Unit  Lonza Bioscience 

NanoDropÔ One Thermo Fisher Scientific 

4°C fridge Liebherr 

Cell counter CASY OMNI Life Sciences 

Cell incubator  SANYO Biomedical  

Centrifuges Eppendorf 

Electroporator  Invitrogen 

Electroporator  Lonza 

Heatblock Thermomixer  Eppendorf 

M220 focused ultrasonicator Covaris 

MACS multiStand Miteny Biotec  

Multichannel pipettes Mettler Toledo 

peqSTAR Thermo cycler VWR 

Pipetboy acu Integra Biosciences 

Pipettes (0.1 µl – 1 ml) Mettler-Toledo 

Plate reader SpectraMax i3 Molecular Devices 

Quant Studio 6 Flex  Applied Biosystems 

Scale Sartorius 

Sterile tissue culture hood Fischer Scientific 

Tissue culture microscope Leica 

WES Protein simple 

Western Blot reader Odyssey LICOR Biosciences 
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2.1.2 Consumables  

Name Supplier 
12-well plates for cell culture Greiner bio-one 

24-well plates for cell culture Greiner bio-one 

384-well plates for HTRF Labomedic 

384-well qPCR plate Applied Biosystems 

6-well plate Nunc delta surface (for 

hMDMs)  

ThermoFisher 

 

6-well plates for cell culture Greiner bio-one 

96-well plates for cell culture Greiner bio-one  

Cell scrapers Sarstedt 

Column hMDMs purification Miltenyi Biotech  

Pipet tips (0.1 µl – 1 ml) Mettler Toledo 

Pre-separation filter for hMDM purification Miltenyi Biotech 

Screw cap tube, 15 ml Greiner bio-one 

Screw cap tube, 50 ml  Greiner bio-one 

Serological pipette, plugged, 10 ml Greiner bio-one 

Serological pipette, plugged, 25 ml  Greiner bio-one 

Serological pipette, plugged, 5 ml  Greiner bio-one 

2.1.3 Chemicals and Reagents  

Name Supplier 
2-Mercaptoethanol Sigma-Aldrich 

Abexinostat (PCI-24781) Biomol 

Bovine serum albumin (BSA) Sigma-Aldrich 

CD14 MicroBeads (human) Miltenyi Biotechnology 

cOmplete EDTA-free Protease-Inhibitor 

Cocktail Tablets 

Roche Life Science  

CUDC 101 (EPS003) Merck 

Dimethyl sulfoxide (DMSO) AppliChem 

dNTP mix (10 mM) ThermoFisher 
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Drosophila spike-in chromatin (53083) Active Motif 

EDTA solution 0.5 M, pH 8.0 GIBCO 

Ethanol AppliChem 

Ficoll-Paque PLUS GE Healthcare Life Sciences 

Fimepinostat (CUDC-907) Biomol 

16 % Formaldehyde (w/v), Methanol-free ThermoFisher 

G Dynabeads Invitrogen 

Immobilon-FL PVDF Membrane, 0.45 µm Merck 

LMK 235 (SML1053) Biomol 

LPS ultrapure EB Invitrogen 

Mocetinostat (MGCD 0103) Biomol 

Nucleofector P3 buffer Lonza Bioscience 

NuPAGE 10 x Sample reducing agent Invitrogen  

NuPAGE 4 x LDS loading buffer (8 % LDS, 

40 % glycerol, 2.04 mM EDTA, 0.88 mM 

SERVA Blue G, 0.7 mM phenol red, 564 

mM Tris, pH 8.5) 

Invitrogen 

NuPAGE Mes SDS running buffer 20x Invitrogen 

NuPAGE Mops SDS running buffer 20x Invitrogen 

NuPAGE Novex 10 % Bis-Tris Protein 

Gels, 1.5 mm, 10 well 

Invitrogen 

PageRuler Plus Prestained Protein Ladder ThermoScientific 

Panobinostat  

PBS 10 x (2 g potassium chloride, 2 g 

potassium dihydrogen phosphate, 80 g 

sodium chloride, 11.5 g/l di-sodium 

hydrogen phosphate anhydrous) 

Pan Biotech 

Penicillin/streptomycin ThermoFisher 

Phospho Stop tablets  Roche 

PMSF Applichem 

Protease inhibitor cocktail  Roche 

Quisinostat (JNJ 26481585) Biomol 
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Reducing agent 10 x (500 mM DTT) Life Technologies 

rhGM-CSF Immunotools 

RPMI1640 GIBCO 

SIS-17 Biomol 

Sodium Butyrate Sigma Aldrich 

Sodium chloride (NaCl) Sigma Aldrich 

Sodium deoxycholate Sigma Aldrich 

Sodium dodecyl sulfate (SDS) Sigma Aldrich 

SR-4370 Biomol 

Superscript III reverse transcriptase ThermoFisher 

TMP-195 Biomol 

Trichostatin A (TSA) Merck 

Tris HCL Buffer 1 M, pH 7.4 AppliChem  

Triton X-100 Roth 

TRIzol Reagent Life Technologies 

Tubacin  Biomol 

Vorinostat (SAHA) Biomol 

2.1.4 Kits  

Kit Supplier 
Anti-Mouse Detection Module for 

Jess/Wes 

Biotechne 

Anti-Rabbit Detection Module for 

Jess/Wes 

Biotechne 

ChIP DNA Clean & Concentrator Kit Zymo 

Human IL-10 HTRF kit Cisibo 

Human IL-1b HTRF kit Cisibo 

Human IL-6 HTRF kit Cisibo 

Human TNF-a HTRF kit Cisibo  

Maxima Tm SYBR Green/ROX qPCR 

Master Mix 

ThermoFisher Scientific 
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NEBNext Ultra DNA Library Prep kit New England Biolabs 

Pierce BCA Protein Assay Kit ThermoFisher 

RNeasy Mini Kit Qiagen 

2.1.5 Antibodies 

Table 2: List of primary antibodies  

Antibody Clone Dilution  Company  
STAT 3 9132 1:100 CST 

Phospho-STAT3 (Y705) 9145 1:100 CST 

Phospho-STAT3 (S727) 9134 1:100 CST 

β-Actin 926-42210 1:100 Li-cor 

HDAC 1 2062 1:50 CST 

HDAC 2 2540 1:50 CST 

HDAC 3 85057 1:50 CST 

HDAC 4 7628S 1:50 CST 

HDAC 5 20458S 1:50 CST 

HDAC 6 7558T 1:50 CST 

HDAC 7 33418S 1:50 CST 

HDAC 8 66042S 1:50 CST 

HDAC 9 67364-1 1:50 Proteintech 

Histone 3 9715S 1:1000 CST 

H3K27Ac 8173 1:1000 CST 

H3K27Ac 4729 1:1000 Abcam 

Spike-in antibody 61686 1:1000 Active Motif 

 
Table 3: List of secondary antibodies used for Western blot 

Antibody Dilution  Company  
Donkey anti-mouse IgG (H*L) IRDye 800CW 1:25000 Li-Cor 

Donkey anti-rabbit IgG (H*L)   IRDye 680 RD 1:25000 Li-Cor 
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2.1.6 siRNAs for electroporation 

The siRNAs used in this research were bought from ThermoFisher Scientific.  

 

Table 4: List of siRNAs used for electroporation 

Target gene Identifier 
Negative control #1 4390843 

Negative control #2 4390844 

HDAC 1 #1 130749, Assay ID s73 

HDAC 1 #2 130750, Assay ID s74 

HDAC 3 #1 4390824, Assay ID s16876 

HDAC 3 #2 4390824, Assay ID s16877 

HDAC 4 #1 4392420, Assay ID s16877 

HDAC 4 #2 4392420, Assay ID s18837 

HDAC 5 #1 4390824, Assay ID s19462 

HDAC 5 #2 4390824, Assay ID s19463 

HDAC 6 #1 4390824, Assay ID s19459 

HDAC 6 #2 4392420, Assay ID s19460 

HDAC 7 #1 4392420, Assay ID s28335 

HDAC 7 #2 4392420, Assay ID s28336 

HDAC 8 #1 4390824, Assay ID s31697 

HDAC 8 #2 4390824, Assay ID s31698 

2.1.7 qPCR primers 

Table 5: List of qPCR primers used for amplification of human genes 

Target  Sequence 
hHPRT-F TCAGGCAGTATAATCCAAAGATGGT 

hHPRT-R AGTCTGGCTTATATCCAACACTTCG 

hIL-10-F GCCGTGGAGCAGGTGAAGA 

hIL-10-R AGTCGCCACCCTGATGTCTC 
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hTNF-a-F CCCAGGCAGTCAGATCATCTTC 

hTNF-a-R TCTCTCAGCTCCACGCCATT 

hIL-6-F GTGCCTCTTTGCTGCTTTCAC 

hIL6-R GGTACATCCTCGACGGCATCT 

hIL-1b-F CTGTACCTGTCCTGCGTGTTGA 

hIL-1b-R TGGGCAGACTCAAATTCCAGCT 

2.1.8 Cell culture media  

Table 6: List of cell culture medium 

Medium  Composition   
Complete RPMI RPMI 

FCS 

Penicillin/streptomycin 

Sodium pyruvate 

GlutaMAX 

 

10 % 

1 % 

1 x 

1 x  

RPMI (Electroporation) RPMI 

FCS 

Sodium pyruvate 

GlutaMAX 

 

10 % 

1 x  

1 x 

2.1.9 Buffers and Solutions  

Table 7: List of buffers and solutions 

Application  Buffer name  Composition   
Cell lysis  RIPA lysis buffer Tris-HCL (pH 7.4) 

NaCl 

EDTA 

Triton X-100 

Glycerol 

SDS 

20 mM 

150 mM 

1 mM 

1 % 

10 % 

0.1 % 
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Sodium deoxycholate 

cOmplete EDTA-free Protease inhibitor  

PMSF 

Phospho STOP 

1 mM 

1 x  

0.2 mM 

1 x 

hPBMC isolation MACs buffer  PBS 

BSA 

EDTA 

1 x 

0.5 % 

2 mM 

Western blot Transfer Buffer 

 

 

Blocking Buffer 

 

 

TBST 

 

 

TBS 

TrisGlycine Buffer 

Methanol 

 

TBS 

BSA 

 

TBS 

Tween 20 

 

TBS 

1 x 

20 % 

 

1 x 

3 % 

 

1 x 

0.05 % 

 

1 x 

2.1.10 Primary cells 

The buffy coats used in this study were provided by the blood donation service of the 

University Hospital Bonn (UKB). Monocytes extracted from the buffy coats were 

supplemented with granulocyte-monocyte colony-stimulating factor (GM-CSF) yielding 

human monocyte derived macrophages (hMDMs).  

2.2 Methods 

In order to determine the effect of HDAC knockdown on the primary hMDM, CD14+ 

monocytes were extracted from human buffy coats and differentiated into macrophages. 

Subsequently, HDACs were knocked down by siRNA electroporation followed by 

stimulation with butyrate, LPS or a combination of both. HDACi was applied to mimic the 

effect of butyrate on HDACs. Cytokine levels were checked by homogenous time resolved 

fluorescence (HTFR) and proteins were analyzed by means of WES and Western blot. 
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Next to that, chromatin immunoprecipitation (ChIP) was performed to investigate protein-

gene interactions determining transcription factor binding sites. 

2.2.1 Cell culture and counting 

Primary human monocytes and monocyte-derived macrophages were cultured in 6-well 

tissue culture plates at a concentration of 2.0 x 106 cells/ml in complete RPMI 1640 and 

kept at 37°C, humidified, 5 %, CO2 atmosphere. Cell quantification and viability 

assessment were performed using the automated CASY Cell Counter and Analyzer, 

based on a multi-channel system using electrical field measurements. 

2.2.2 Purification and differentiation of primary human monocyte-derived 

macrophages  

Before starting the purification protocol, scissors and waste boxes were cleaned with 70 % 

ethanol and placed in a fume hood. After diluting the blood in a 1:1 ratio with PBS, 35 ml 

of this blood/PBS mixture was gently pipetted onto 15 ml of Ficoll. Samples were 

centrifuged at 700 g for 20 minutes without break to generate three separate layers. 

Peripheral blood mononuclear cells (PBMCs) were collected from the middle layer, 

transferred to a new falcon and washed once with PBS. After centrifuging for 10 minutes 

at 350 g (9 acc; 9 brake), the supernatant was gently discarded and the cells were washed 

in 25 ml MACS buffer. To isolate monocytes, PBMCs were incubated with 175 µl of CD14 

magnetic microbeads for 15 minutes at 4°C and then washed once with MACS buffer. 

LS columns were placed in a magnetic field and equipped with pre-separation filters. After 

wetting the filter and column with MACS buffer, cells were transferred to the pre-

separation filter. Subsequently, columns were washed 3 times with 3 ml MACS buffer. 

Next, CD14+ monocytes were eluted in 3 ml MACS buffer and washed one time with PBS. 

Cells were counted and diluted in complete RPMI medium to a concentration of 

2 x 106 cells/ml. In order to ensure the differentiation of CD14+ monocytes to human 

macrophages, 3.1 µl/ml rhGM-CSF was added. A final volume of 5 ml per well in a 6 well-

plate was seeded and cells were incubated for 3 days at 37°C, 5 % CO2. 
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2.2.3 HDAC knockdown by small interfering RNA in primary human macrophages  

By complementary binding to mRNA of genes of interest, small interfering RNA (siRNA) 

triggers the degradation of the mRNA and prevents the production of the corresponding 

protein. This technique allows to investigate the impact of reduced gene expression on 

cellular processes and helps to elucidate the function of the targeted genes. I used two 

different siRNA-mediated knockdown techniques which are described below.  

 

 
Figure 2: Schematic protocol of the knockdown experiment procedure. 
This protocol applies for both siRNA-mediated knockdown techniques from (A) Invitrogen 
and (B) Lonza. The figure was created with biorender.com.  

2.2.3.1 siRNA-mediated HDAC knockdowns with Invitrogen system  

After 3 days of differentiation, the cells were harvested and counted. A total of 7 x 106 cells 

were used for each condition. Electroporation experiments were performed using the 

Neon Transfection System (MPK5000, Invitrogen) with 1.2 x 106 cells, 10 µl buffer T and 

75 pmol (1.5 µl) siRNA per reaction. After electroporating the primary human 

macrophages in a 10 µl Neon Pipette Tip with the following electroporation conditions: 

1400 V, 20 ms and 2 pulses, they were seeded into a 6-well plate containing 4 ml 

antibiotic-free 10 % FCS RPMI and 3.1 µl/ml GM-CSF. The electroporation was repeated 
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3 days after the first electroporation according to the protocol above, ensuring a high 

knockdown efficacy.  

2.2.3.2 siRNA-mediated HDAC knockdowns with LONZA system  

After extraction and differentiation of hMDM as described above, cells were harvested, 

washed twice in 10 ml PBS and counted. A total of 7 x 106 cells were used for each 

condition. The electroporation experiments were performed using the 4D Nucleofector 

core unit (LONZA) with 1 x 106 cells, 20 µl P3 nucleofection buffer and 0.75 µl of siRNA 

per reaction. Firstly, siRNA was added to the Lonza cassette strip. Subsequently, 20 µl of 

the cell/P3 nucleofection solution was added to the corresponding wells and cells were 

electroporated according to the pulse code: CM-137. Immediately after electroporation, 

120 µl of antibiotic-free 10 % FCS RPMI was added to each cassette well. Cells were 

cultured in complete RPMI and 3.1µl/ml GM-CSF in 2 x 106 cells in 5 ml in a 6-well plate 

at 37°C, 5 % CO2. 

Knockdown efficacy was checked one day after the siRNA-mediated knockdown by WES 

as described below. Electroporation was repeated after two days according to above 

protocol to ensure a high knockdown efficacy.  

2.2.4 Stimulation of primary human monocyte derived macrophages 

Three days after the second electroporation, primary human macrophages were 

stimulated under different conditions. For this, 1 x 105 of the electroporated cells were 

seeded in 96- well plates and 50 µl of stimuli were added to incubate for 16 hours. (LPS 

working concentration 1 ng/µl; butyrate working concentration 10 mM). Cell-free 

supernatants were then collected to perform homogenous time resolved fluorescence 

(HTFR).  

2.2.5 HDAC inhibitor experiments in primary human macrophages  

After extraction and differentiation of hMDM as described above, cells were seeded in a 

96-well plate at a concentration of 0.1 x 106 cells in 100 µl complete RPMI containing 

3.1µl/ml GM-CSF. 50 µl of the HDAC inhibitors were incubated for 20 minutes prior to the 

addition of either 50 µl of LPS or complete RPMI (working concentrations are indicated in 



 

36 

Table 8). After 16 hours of cell stimulation, the supernatants were collected and cytokine 

levels were quantified by HTRF. In addition, cell lysates were collected to perform WES 

for protein detection and qPCR for gene expression analysis. 

 

 
Figure 3: Schematic protocol of HDAC inhibitor experiments.  
After extracting monocytes from buffy coats, cells were differentiated for 3 days in the 
presence of GM-CSF into macrophages. Then, HDAC enzymes were inhibited for 16 
hours and supernatants and cell lysates were collected for further experiments. This figure 
was created with biorender.com.  
 

Table 8: List of HDAC inhibitors and working concentrations 

HDAC inhibitor  Working concentration  
Abexinostat (PCI 24781) 100 nM 

CUDC 101 20 nM 

Fimepinostat (CUDC-907) 100 nM 

LMK 235  20 nM 

Mocetinostat (MGCD 0103) 2 µM 

Panobinostat  1 µM 

Quisinostat (JNJ 26481585) 5 mM 

SIS-17 1 µM 

SR-4370 4 µM 

TMP-195 300 nM 

TSA 0.5 µM 

Tubacin 50 nM 

Vorinostat (SAHA) 1 µM 
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2.2.6 Homogenous Time Resolved Fluorescence  

Quantification of human cytokines was performed by homogenous time resolved 

fluorescence (HTRF) (Cisbio) according to the manufacturer’s protocol. In brief, to 

measure cytokine levels, 3 µl of a prepared antibody mixture containing donor and 

acceptor antibodies in a 1:1 ratio was transferred to a 384-well HTRF plate (white) and 

was mixed with 12 µl of the cell-free supernatants collected from the stimulated hMDMs. 

For measurement of TNF-a cytokine levels, the cell-free supernatant was diluted 1:3 with 

complete RPMI. Plates were sealed with foil, centrifuged and incubated for 3 hours at 

room temperature. Fluorescence of donor and acceptor antibodies was measured at 620 

nm and 688 nm using the SpectraMax i3 system.  

2.2.7 mRNA expression level analysis  

2.2.7.1 RNA isolation  

After stimulation of 2.0 x 106 hMDMs per well for 16 hours in a 12-well plate, cells were 

washed twice with cold PBS and then lysed in 350 µl RLT lysis buffer (Qiagen) containing 

1 % (v/v) b-mercaptoethanol. Cell lysates were transferred to new Eppendorf tubes and 

RNA was extracted according to the Qiagen RNeasy® Mini Kit Qick Start Protocol 

including on-column DNase digestion. Finally, RNA was eluted with 30 µl nuclease free 

water and checked for concentration and quality using NanoDrop™ one 

spectrophotometer. 

2.2.7.2 cDNA synthesis  

In this project, reverse transcription-polymerase chain reaction (RT-PCR) was used to 

synthesize cDNA from 200 ng- 800 ng of RNA from each sample. The RNA concentrations 

were adjusted for each sample by dilution with RNase-free water to 12.9 µl. Then, 1 µl of 

the oligo-dT primer was added to each sample and the samples were heated at 65°C for 

5 minutes. After incubation for 1 minute on ice, 6.1 µl of a master mix containing 4 µl 

5 x reaction buffer, 1 µl 0.1M DTT, 1 µl 10 mM dNTPs and 0.1 µl Superscript III reverse 

transcriptase was added to each tube. To check the efficiency of reverse transcription, a 

negative control without reverse transcriptase enzyme (- RT sample) was included. cDNA 
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was generated by incubating the samples for 50 minutes at 50°C followed by 5 minutes 

at 85°C.  

2.2.7.3 Quantitative real-time PCR  

In order to quantify gene expression by measuring the level of mRNA, a quantitative real-

time PCR (qPCR) reaction was performed. The cDNA was diluted 1:5 with nuclease free 

water. In addition, a primer stock containing forward primer (2 µM) and reverse primer 

(2 µM) was prepared. Then, 8 µl qPCR master mix containing 2 µl primer stock, 5 µl SYBR 

green and 1 µl nuclease free water was pipetted into a 384-well qPCR plate and 2 µl of 

the diluted cDNA was added. After the plate was sealed with an adhesive film and briefly 

centrifuged, qPCR was performed on a QuantStudio 6 Flex real-time PCR system based 

on the settings indicated in Table 9. The data of mRNA expression levels were analyzed 

according to the 2-DDCt method and normalized to the housekeeping gene HPRT. 

 

Table 9: Thermal cycler settings for qPCR experiments 

Stage Hold PCR Melt Curve 

Step 1 1 2 1 2 3 

Temperature (in °C) 95 95 60 95 60 95 

Time (in minutes) 1:00 0:01 0:20 0:15 1:00 1:00 

Cycle number - 40 - 

2.2.8 Western blot and Simple Western assay on WESä  

To detect and analyze the protein expression from cell lysates Western blot and Simple 

Western assay on WESä (WES) were performed. For Wes 0.25 x 106 HDAC knockdown 

cells and HDACi treated cells were seeded in 500 µl complete RPMI in a 24-well plate. 

For Western analysis 2 x 106 GM-CSF treated hMDM were incubated either with medium 

alone, butyrate, LPS or a combination of both and were seeded in 500 µl complete RPMI 

in a 24-well plate. 
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2.2.8.1 Sample preparation 

After checking the cells adherence, the supernatants were removed and the cells were 

washed twice with 500 µl cold PBS. Subsequently, 35 µl of fresh RIPA lysis buffer was 

added, the cells were scraped, and the cell lysates were transferred to 1.5 ml Eppendorf 

tubes. Next, lysates were cleared of DNA by centrifugation for 10 minutes, 19,000 g at 

4°C. Finally, the supernatant containing the protein lysate was transferred to a new 1.5 ml 

Eppendorf tube and was further used for protein quantification and WES.  

2.2.8.2 Protein quantification  

To ensure equal protein levels for WES, protein concentrations were quantified using the 

bicinchoninic acid (BCA) assay. In brief, protein lysates were diluted 1:5 using ddH2O and 

transferred to a 96-well U-bottom plate. A standard serial dilution of BSA was prepared 

according to the manufacturer's protocol. Next, 200 µl of BCA Pierce reagent (1 x 

Reagent A, 50 x Reagent B) was added to all samples and standards. After 30 minutes of 

incubation at 37°C, the protein concentration was measured at 562 nm using the 

SpectraMax i3 system.  

2.2.8.3 Simple Western assay  

Most of the protein lysates were analyzed using the WES™ protein detection system by 

Simple Western. To perform WES, 4 parts of the cell lysates were mixed with 1 part of the 

5x fluorescent master mix (supplied in protein simple kit) in PCR tubes. After heating the 

ladder and samples at 95°C for 5 minutes, they were loaded onto the separation 

microplate pre-filled with Split Running Buffer, Wash Buffer and 10 x Sample Buffer 

according to the manufacturer’s protocol. Next, the separation plate was centrifuged for 

5 minutes at 800 x g. The samples were electrophoretically separated by a 25-capillary 

cartridge (12-230 kDa) with the settings stated in Table 10. 
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Table 10: Settings WES 

Steps  Duration 
Loading time of the separation matrix 200 s 

Loading time of the stacking matrix 15 s 

Loading time of the samples  9 s 

Separation time of the samples at 375 V 25 min 

Incubation time with the antibody diluent 5 min 

Incubation time with the primary antibody 90 min 

Incubation time with the secondary antibody 30 min 

 

The results were processed and analyzed with the Compass for Simple Western software.  

2.2.8.4 SDS-PAGE  

For protein expression analysis by means of Western blot, 2 x 106 cells were seeded in 6-

well cell culture plates and stimulated for 16 hours. For the subsequent preparation of cell 

lysates, RIPA lysis buffer was prepared from a 2 x stock solution and supplemented with 

0.1 μM PMSF and complete EDTA-free protease inhibitor cocktail. While working on ice, 

supernatants were removed, cells were washed twice with ice-cold PBS and lysed with 

complete RIPA buffer. Following 15 minutes incubation on ice, cells were scraped off and 

transferred into 1.5 ml centrifuge tubes, followed by a two-pulse sonication.  

For reducing gel electrophoresis, cell lysates were mixed with 4 x LDS sample buffer 

supplemented with 10 x sample reducing agent and were heated at 85°C for 10 minutes. 

Equal amounts of proteins were loaded on pre-cast 4-12 % Bis-Tris gels and separated 

by gel electrophoresis in MOPS or MES running buffer at 150 V for 1 hour. PageRulerä 

Plus Prestained protein ladder ranging from 10 to 250 kDa was used as a size standard.  

2.2.8.5 Western blot  

Subsequently, proteins were transferred to a methanol-activated PVDF membrane using 

a semi-wet transfer unit at 32 V for 1.5 hours. Membrane blocking was performed for 

1 hour in blocking buffer. Then, Primary antibodies were diluted in 1 % BSA in TBS-T and 
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incubated overnight at 4°C. Following three washes in TBS-T, the membranes were 

incubated with the respective IRDye secondary antibody diluted in 1 % BSA in TBS-T for 

1 hour in the dark. Finally, the membranes were washed twice in TBS-T and once in 

1 x TBS and the infrared fluorescent signals on the membranes were visualized using the 

Odyssey imager. 

2.2.9 Chromatin Immunoprecipitation sequencing (ChIP-seq) 

Samples for ChIP-Sequencing were generated and snap-frozen at the Institute of Innate 

Immunity (Bonn, Germany), while ChIP-Sequencing and analysis was performed in 

collaboration with Sergi Cuartero (Josep Carreras Leukaemia Research Institute, 

Barcelona, Spain). 

 

For chromatin immunoprecipitation sequencing, 10 x 106 GM-MDMs were incubated with 

butyrate both in the presence and absence of LPS for 16 hours. Subsequently, cells were 

cross-linked with 1 % formaldehyde, lysed and sonicated in a mixture of 1 % Triton, 0.1 % 

sodium deoxycholate, 0.5 % SDS, 0.2 M NaCl, 10 mM Tris, pH 7.5, 10 mM EDTA and 1 x 

protease inhibitor cocktail. The samples were sonicated using a Covaris M220 focused 

ultrasonicator with the following setting: 75 % peak incident power (PIP), 200 cycles per 

burst (CPB), at 7ºC and 10 % DF for 15 minutes in lysis buffer containing 0.5 % SDS. The 

lysates, incubated overnight at 4ºC with 4 µg of H3K27ac antibody, were supplemented 

with 50 ng of Drosophila spike-in chromatin and 2 µg of spike-in antibody for normalization. 

Next, protein G Dynabeads were used to pull down antibody-bound chromatin. After 

samples were washed, RNase-treated and reverse cross-linked by incubation at 65°C in 

1 % SDS, 0.1 M NaHCO3 and proteinase K, ChIP DNA Clean & Concentrator Kit was used 

to purify the DNA. The NEBNext Ultra DNA Library Prep kit was utilized for library 

preparation. 

2.2.9.1 ChIP-seq data processing  

ChIP-seq libraries and input libraries were sequenced as paired-end 150 bp reads. Then, 

reads underwent alignment to the mouse genome mm39 and fruit fly genome dm6 through 

Bowtie 2 version 2.4.4, using ‘—very-sensitive’ flag and a minimum fragment length (-X 
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flag) of 1000 bp, with default settings for the other parameter. The spike-in chromatin-

based normalization was conducted within each biological replicate, scaling factors were 

calculated per sample as the ratio of total uniquely aligned counts to Drosophila compared 

to the counts in the sample with the least number of Drosophila counts and reads were 

down-sampled accordingly. Quality assessment of ChIP-Seq libraries was performed 

using ChIPQC. In fact, duplicate reads were identified and removed using Picard 

MarkDuplicates. Next, the genome-wide coverage tracks in bigwig format were generated 

via DeepTools’ bam Coverage (v. 3.3.1). MACS2 (v. 2.2.5) was employed to identify ChIP-

Seq Peaks, utilizing input libraries as control. The average ChIP-seq signal around 

transcription start sides (TSS) and intergenic peaks (>5 kb from the closest gene) were 

computed and graphed using deep Tools with bigwig files as input (v. 3.3.1, compute 

Matrix and plotProfile, respectively). For the quantification of H3K27ac signal at 

promoters, ChIP-seq reads were quantified at promoters (+ - 500 bp of transcription start 

site) of all genes previously analyzed by RNA-seq. Differential ChIP-signal between 

samples was analyzed using DESeq2, avoiding default normalization as ChIP-seq signal 

had already been normalized by spike-in chromatin.  

2.2.10 Statistical Analysis 

Data - and statistical analysis were performed with GraphPad Prism version 10. After 

checking for normal distribution, two-way analysis of variances (ANOVA) was applied with 

multiple comparison correction according to Šídák and Tukey. Data is presented as 

mean + standard error of the mean (SEM). A p-value of maximally 0.05 was considered 

as statistically significant. The significance was visualized in the graphs with: * = p < 0.05, 

** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 
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3 Results 

In order to investigate the effect of HDAC inhibition by the SCFA butyrate on the TLR-4-

induced IL-10 signaling, rhGM-CSF-differentiated primary human MDMs (GM-MDMs) 

were exposed to LPS both with and without butyrate for 16 hours, mimicking the leaky gut 

macrophage microenvironment during inflammation in vitro.  

3.1 The impact of single HDAC knockdown in primary human macrophages 

Initially, the impact of a single HDAC knockdown on IL-10 cytokine levels after 16 hours 

of LPS treatment in both the presence and absence of the SCFA butyrate was assessed. 

Knockdown efficacy was evaluated by two siRNA-mediated interventions in GM-MDMs 

using WES, as shown in Figure 4.  

Scrambled siRNA was used as control. The siRNA-induced knockdown showed an 

effective reduction of HDAC 1, HDAC 4, HDAC 6, HDAC 7, and HDAC 8 expression, while 

knockdown of HDAC 9 was less efficient. HDAC3 showed only minimal expression levels 

in GM-MDMs. 

Upon evaluation of IL-10 cytokine levels following two siRNA-mediated knockdowns and 

16 hours of LPS exposure in the supernatants of primary human rhGM-CSF 

macrophages, no difference was observed between the knockdown sample and the 

control (Figure 5 A). Interestingly, after HDAC 8 knockdown and LPS treatment, IL-10 

levels increased compared to the control (Figure 5 A). Medium alone did not induce IL-10 

production. This was also observed when GM-MDMs were incubated together with LPS 

and butyrate, indicating that butyrate suppresses the LPS-induced IL-10 production 

(Figure 5 A).  
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Figure 4: Knockdown efficiency in primary human GM-CSF macrophages.  
The knockdown efficiency after two runs of siRNA mediated knockdown experiments with 
the Invitrogen system indicated for HDAC 1, 3, 4, 5, 6, 7, 8 and 9, for control siRNA and 
indicated knockdown. Figure (adapted) from Wang et al., 2024.   

IL-6 cytokine levels did not differ between HDAC knockdown and control (Figure 5 B). 

Moreover, the administration of LPS in combination with butyrate had no blocking effect 

on the IL-6 secretion (Figure 5 B). GM-MDMs showed an appropriate inflammatory 

response to the LPS stimulus by secreting TNF-a (Figure 5 C). These levels did not differ 

between the knocked down samples and the control. Furthermore, medium alone did not 

induce TNF-a secretion (Figure 5 C).  

Taken together, these results indicate that the SCFA butyrate suppresses the TLR4-

mediated IL-10 secretion and that this mechanism is not attributed to a single HDAC 

inhibition but rather implies the involvement of a group of HDACs.  
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Figure 5: Effect of single HDAC knockdown on IL-10 secretion.  
(A-C): GM-MDMs were electroporated with siRNA either targeting HDAC1, HDAC3, 
HDAC4, HDAC5, HDAC6, HDAC7, HDAC8 or scrambled siRNA before stimulations with 
medium, LPS (1 ng/ml) and LPS (1 ng/ml) + butyrate (10 mM) for 16 hours. The levels of 
(A) IL-10, (B) (IL-6) and (C) TNF-a in the cell-free supernatants were measured by HTRF. 
Pooled data from n = 4 (HDAC 1-7) and n = 2 (HDAC 8), each in technical duplicate, mean 
+ SEM. n.s. by Two-way ANOVA with Tukey’s multiple comparison test. HDAC KD = 
HDAC knockdown. Figure (adapted) from Wang et al., 2024. 

3.2 The impact of HDAC inhibitors on IL-10 levels in primary human macrophages  

Next, HDAC inhibitors with varying specificities were employed to evaluate their potential 

to recapitulate the effects of the SCFA butyrate on LPS-induced IL-10 signaling (Figure 6 

A).  

 

First of all, the HDAC inhibitory capacity of the applied compounds was assessed by 

checking their ability to increase the acetylation lysine 27 residue of histone 3 (H3K27) in 

the presence of LPS in GM-CSF macrophages after 16 hours. LPS treatment alone did 

not change the acetylation level of H3K27 (Figure 6 B). However, an incubation of GM-

CSF macrophages with the HDACis Panobinostat, Vorinostat, Abexinostat, Fimepinostat, 

Quisinostat and SR4370 significantly increased H3K27 acetylation (Figure 6 B). TMP 195, 

LMK 235, SIS-17 and Tubacin did not change the acetylation level of H3K27 (Figure 6 B). 

Remarkably, TSA which is considered as a pan-HDAC inhibitor was also not able to 

change H3K27 acetylation (Figure 6 B). 

 

Subsequently, GM-CSF macrophages were incubated with HDAC inhibitors and butyrate 

both in the presence and absence of LPS for 16 hours, followed by cytokine detection by 

HTRF. Panobinostat, Vorinostat, and TSA, all classified as pan-HDAC inhibitors, 

completely suppressed IL-10 secretion after 16 hours of incubation with LPS, similar to 

butyrate (Figure 6 C). Notably, comparable results were observed with more selective 

HDACi targeting especially class I HDACs (HDACs 1-3 + 8) and HDAC 10 (Figure 6 C). 

These HDACi successfully mimicked the effect of butyrate in hMDM in vitro. However, 

HDACi targeting class IIa HDACs (HDAC 4, 5, 7, 9), class IV HDAC (HDAC 11) and HDAC 

6 had no inhibitory effect on the LPS triggered IL-10 secretion (Figure 6 C). 
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Interestingly, HDACi that inhibited the LPS-induced IL-10 response triggered the release 

of IL-1b (Figure 6 E). Vorinostat and Quisinostat were, in addition to butyrate, both able to 

significantly elevate IL-1b levels following LPS stimulation (Figure 6 E). TMP, LMK, Tub 

and SIS that all induced IL-10 secretion, had no secreting effect on IL-1b (Figure 6 C, E). 

TNF-a and IL-6 cytokine levels were not affected by the treatment of HDACi (Figure 6 D, 

F). 

 

Taken together, these results suggest, that the SCFA butyrate and the tested HDACi 

share a similar mechanism in suppressing IL-10 secretion induced by LPS in hMDMs, 

implicating HDACs 1-3, 8 and 10 as potentially crucial targets for this response. The HDAC 

inhibitors that were able to increase H3K27 acetylation were able to inhibit the LPS 

induced IL-10 secretion. Moreover, there might be a differential control between the 

cytokines IL-10 and IL-1b, since they are regulated in opposite directions.  
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Figure 6: Effect of HDAC inhibitors on histone acetylation and cytokine levels.  
(A) HDAC inhibitors and their target specificities. (B) GM-MDMs were incubated with LPS 
alone or both LPS and the indicated HDAC inhibitor, for 16 hours. Levels of histone 3 K27 
acetylated (H3K27ac), total histone 3 or b-actin were evaluated by western analysis. Blot 
is representative of three independent experiments. (C-F): GM-MDMs were treated with 
Butyrate (10 mM), Panobinostat (Pan) (1 µM), Vorinostat (Vor) (1 µM), TSA (0.5 µM), 
Fimepinostat (Fim) (0.1 µM), Quisinostat (Quis) (5 mM), SR4370 (SR) (4 µM), Abexinostat 
(Abex) (0.1 µM), CUDC-101 (CUDC) (0.02 µM), TMP195 (TMP) (0.3 µM), LMK235 (LMK) 
(0.02 µM), Tubacin (Tub) (0.05 µM), SIS-17 (SIS) (1 µM) alone or in combination with LPS 
for 16 hours. Cytokine levels of (C) IL-10, (D) IL-6, (E) IL-1b and (F) TNF-a in cell-free 
supernatants were assessed by HTRF. (B-E) Pooled data from n=5, each in technical 
duplicate, error bar represents mean + SEM, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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by Two-way ANOVA with Šídák’s multiple comparison test. Figure (adapted) from Wang 
et al., 2024. 

3.3 Butyrate blocks IL-10 expression on transcriptional level in primary human 

macrophages 

Subsequently, the impact of the SCFA butyrate and HDACi on the gene expression of IL-

10, IL-1b, IL-6 and TNF-a was investigated. For this, hMDM were incubated with butyrate 

or any other HDACi in the presence or absence of LPS and mRNA expression levels were 

evaluated by relative qPCR (Figure 7).  

 

IL-10 expression increased upon LPS stimulation (Figure 7 A). This LPS-induced IL-10 

expression was completely blocked by butyrate and HDACi targeting class I HDACs and 

HDAC 10, suggesting a direct impact on mRNA expression by the tested compounds 

(Figure 7 A). SIS-17, which is a potent HDAC 11 inhibitor, failed to block the LPS mediated 

IL-10 release, increasing IL-10 gene expression approximately 40 times.  

 

In contrast, HDAC inhibition had contrary effects on IL-1β mRNA expression. In the 

presence of LPS, butyrate and the HDAC inhibitors induced the transcription of IL-1b 

(Figure 7 B). This effect was seen for each HDAC inhibitor as well as butyrate used in this 

experiment  

 

The TLR4-Agonist LPS was able to increase the mRNA expression of IL-6 and TNF-a in 

each condition. IL-6 gene expression fluctuates between the different HDAC inhibitors, 

however, in each sample an LPS-mediated increase of IL-6 transcription has been 

observed. Under non-stimulated conditions, baseline TNF-a transcription is present in 

each sample. Upon LPS stimulation, TNF-a transcription tends to rise minimally.  
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Figure 7: Butyrate blocks IL-10 expression on the transcriptional level. 
(A-D): GM-MDMs were treated with Butyrate (10 mM), TSA (0.5 µM), Fimepinostat (Fim) 
(0.1 µM), Quisinostat (Quis) (5 µM), SR-43790 (SR) (4 µM), SIS-17 (SIS) (1 µM), 
Abexinostat (Abex) (0.1 µM), CUDC101 (0.02 µM) alone or in combination with LPS for 
16 hours. mRNA levels were assessed for (A) IL-10, (B) IL-1b, (C) IL-6 and (D) TNF-a by 
qPCR. Pooled data from n=5 for Medium, Butyrate, Fim, Quis, SR, SIS, n=2 for TSA, Abex 
and CUDC, each in technical duplicate, error bars represent mean + SEM. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by Two-way ANOVA with Šídák’s multiple 
comparison test. 
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3.4 Impact of HDAC1-3 knockdown on LPS-induced IL-10 signaling in primary human 

macrophages  

Since there was no effect of siRNA-mediated knockdown on individual HDACs and based 

on the data from the HDAC inhibitor experiments suggesting that class I HDACs are 

predominantly inhibited by butyrate, the next experiment was to downregulate class I 

HDACs excluding HDAC 8 due to the knockdown inefficacy.  

 

To determine whether the TLR4-dependent IL-10 suppression by butyrate involves HDAC 

1-3 inhibition, siRNA-mediated knockdowns of HDAC 1-3 were performed in hMDMs. 

Cytokine levels of IL-10 and TNF-a were assessed by HTRF and compared to the 

scrambled siRNA, both in the presence and absence of butyrate and LPS.  

 

At first, the knockdown efficacy was assessed after two electroporation procedures for 

ensuring a high knockdown efficiency. HDAC 1, HDAC 2 and HDAC 3 protein levels were 

completely ablated after two siRNA-mediated knockdowns (Figure 8 A). Electroporation 

with scrambled siRNA had no blocking effect on HDAC 1, HDAC 2 and HDAC 3. 

 

Interestingly, the combinatory HDAC 1-3 knockdown lead to a decrease in IL-10 level 

when compared to the scramble control in the presence of LPS. Neither butyrate alone, 

nor the combination of butyrate and LPS resulted in IL-10 secretion after electroporation 

with scrambled and HDAC 1-3 siRNA (Figure 8 B). 

The knockdown of HDAC 1-3 resulted in minor decreases in TNF-α secretion in hMDMs 

(Figure 8 C). Both butyrate and medium alone were not able to trigger TNFα secretion.  
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Figure 8: siRNA mediated HDAC1-3 knockdown. 
(A) GM-MDMs were electroporated with either scrambled siRNA or a mix of HDAC1-3 
siRNA. The knockdown efficiency of HDAC 1, HDAC 2 and HDAC 3 was evaluated by 
measuring the expression of HDAC 1, HDAC 2 and HDAC 3 after two electroporation 
procedures by WES; b-actin served as loading control. (B-C) GM-MDMs were 
electroporated with either scrambled siRNA or a mix of HDAC1-3 siRNA before the 
stimulations with medium, LPS (1 ng/ml) and LPS (1 ng/ml) + butyrate (10 mM) for 16 
hours. The cytokine levels for (B) IL-10 and (C) TNF-a in the cell-free supernatants were 
measured by HTRF. Pooled data from n = 2 (B, C), each in technical duplicates, mean + 
SEM. (A) Blot is representative of two independent experiments.  
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3.5 Butyrate inhibits STAT3 phosphorylation via HDAC inhibition 

To assess the impact of the SCFA butyrate and other HDACi on STAT3 activity, the 

phosphorylation status of STAT3 at the Tyr705 and Ser727 residues in human GM-MDMs 

in both TLR4-dependent and -independent context by means of WES was evaluated 

(Figure 9 A).  

 

Interestingly, TLR4 agonist LPS induced the phosphorylation of STAT3 at both residues 

(Y705 and S727) which were completely inhibited by butyrate (Figure 9 A). Also, other 

PanHDACi were able to mimic this effect of butyrate with regard to Y705 phosphorylation 

of STAT3. However, when probing for S727 phosphorylation, the HDACi exerted their 

STAT3 regulatory function to a slightly lesser degree, compared to the effect exhibited by 

butyrate, but were still able to decrease phosphorylation of mitoSTAT3. The selective 

HDACi SIS-17 targeting HDAC 11 was not able to suppress the LPS-mediated STAT3 

phosphorylation at Y705 nor at S727.  

 

With respect to the cytokine levels, there is an LPS-mediated IL-10 suppression by 

butyrate, Fimepinostat, Quisinostat and Mocetinostat. Those compounds were also able 

to suppress the STAT3 phosphorylation of both residues (Figure 9 A, B). SIS-17, which 

was not able to inhibit pSTAT3, also did not suppress the IL-10 release in a TLR4 

dependent manner. TNF-a cytokine levels increased in each condition after LPS 

stimulation (Figure 9 C).  
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Figure 9: Butyrate inhibits STAT3 signaling via HDAC inhibition.  
(A-C): GM-MDMs were treated with Butyrate (10 mM), TSA (0.5 µM), Fimepinostat (Fim) 
(0.1 µM), Quisinostat (Quis) (5 mM), Mocetinostat (Moc) (2 µM), SIS-17 (SIS) (1 µM), 
SR4370 (SR) (4 µM), alone or in combination with LPS (1ng/ml), for 16 hours. (A) Levels 
of phosphorylated STAT3 (Y705 + S727), total STAT3 and b-actin serving as loading 
control were evaluated by WES. (B-C) The cytokine levels of (B) IL-10 and (C) TNF-a in 
the cell free supernatants were measured by HTRF. Pooled data from n = 5 (B, C), each 
in technical duplicates, mean + SEM. (A) Blot is representative of 4 independent 
experiments.  
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3.6 Acetylation status of the IL-10 gene locus 

Since butyrate is a potent HDAC inhibitor, the influence of butyrate on the acetylation 

status of the histones in hMDM was investigated by Western blotting.  

Butyrate administration resulted in an overall increase in histone 3 lysine 27 acetylation 

(H3K27ac) (Figure 10: H3K27 Acetylation status). This increase in H3K27ac was 

maintained after co-stimulation with LPS and butyrate. LPS alone had no effect on the 

acetylation of H3K27.  

Next, the spread of enhanced H3K27ac across the genome using chromatin 

immunoprecipitation sequencing (ChIP-seq) was analyzed. The samples were normalized 

with spiked-in chromatin to adjust for the overall rise in acetylation levels upon co-

stimulation with LPS and butyrate. The H3K27 at the IL-10 promoter revealed minimal 

increase in acetylation compared to other genes following butyrate and LPS treatment 

(Figure 10 B). 

 

 
Figure 10: H3K27 Acetylation status. 
(A) GM-MDMs were incubated with butyrate, LPS or a combination of both, for 8 hours. 
Levels of histone 3 K27 acetylated (H3K27ac), total histone 3 or b-actin were evaluated 
by western analysis. Blot is representative of three independent experiments.  
(B) Total gene ranking ordered by the fold-change in H3K27 acetylation signals in LPS 
and butyrate treated samples indicating the IL-10 promoter. Figure (adapted) from Wang 
et al., 2024. 
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4 Discussion 

Up to date, there is no specific curative treatment available for IBD. Extensive research 

has focused on investigating the influence of microbiome-derived metabolites, particularly 

SCFAs such as butyrate, on maintaining intestinal homeostasis by modulating the cross-

talk between the microbiome and the immune system. Although butyrate is known for its 

potent anti-inflammatory properties under steady-state conditions, its application in acute 

inflammatory conditions within the GIT has presented contradictory outcomes, often 

exacerbating symptoms in patients. The impact of butyrate on the immune response under 

inflammatory conditions of the GIT associated with a permeable intestinal barrier remains 

to be explored. In this study, the influence of the SCFA butyrate on cytokines in GM-MDMs 

under inflammatory conditions was investigated with a special focus on the IL-10 

regulation. In addition, HDAC inhibitory properties of butyrate during inflammation in GM-

MDMs were examined to further understand its characteristics in the pathogenesis of IBD. 

In order to mimic the leaky gut microenvironment during inflammation, in vitro primary 

human macrophages were co-stimulated with LPS and butyrate or HDAC inhibitors.  

4.1 Butyrate exerts pro-inflammatory effects on GM-CSF macrophages in a TLR4-

dependent manner 

Under steady-state conditions, butyrate administration leads to a reduction in the gene 

expression of macrophage pro-inflammatory mediators including nitric oxide (NO) and IL-

12 which is attributed to the HDAC inhibition (Chang et al., 2014). In contrast to this 

antimicrobial response typically induced by SCFAs in macrophages under stable 

conditions, our results show that butyrate induces a pro-inflammatory program when 

macrophages are exposed to the PAMP LPS simultaneously. In this study, butyrate was 

shown to entirely inhibit the LPS induced anti-inflammatory and gut homeostasis-driving 

cytokine IL-10, both with regard to expression and secretion in hMDM. This is in line with 

previous studies reporting the suppressive effect of butyrate in combination with LPS on 

IL-10 levels in monocytes (Cox et al., 2009).  

Strikingly, we were even able to demonstrate IL-1b secretion upon macrophage 

stimulation with butyrate and LPS. IL-1b is a strong pro-inflammatory cytokine, usually 

released by pyroptotic cells upon inflammasome activation (Latz et al., 2013). However, 
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further investigations on inflammasome induction mediated by butyrate were beyond the 

scope of this thesis. Of note, Park et al. recently reported NLRP3 inflammasome and 

caspase-1 activation, as well as IL-1b secretion in THP-1 cells upon treatment with E. 

faecalis and butyrate (Park et al., 2023). In contrast to that, butyrate was previously always 

described as an inhibitor of the NLRP3 inflammasome, in line with its well-appreciated 

anti-inflammatory and homeostatic function in physiology (Bian et al., 2017; Jiang et al., 

2020; Yuan et al., 2018). 

Other cytokines, such as TNF-a and IL-6 remained unaffected by butyrate. Based on 

these outcomes, the anti-inflammatory effect of butyrate is diminished under conditions of 

acute GIT inflammation, highlighting its context-dependent effects. This context specific 

effect has been described previously. In fact, IL-10 responsiveness was shown to depend 

on the environment of the inflamed tissue (Wilbers et al., 2018).  

4.2 Pro-inflammatory effect of butyrate depends on HDAC Inhibition in GM-CSF 

macrophages 

The SCFA butyrate is able to both signal via GPCR or by direct HDAC inhibition 

(Hodgkinson et al., 2023). Previously it was demonstrated that the antimicrobial activity of 

butyrate is independent of GPCR signaling, as macrophages co-cultured with butyrate 

and the GPCR inhibitor pertussis toxin still showed enhanced antibacterial activity (Chang 

et al., 2014; Schulthess et al., 2019). In line with that, I found in this study that butyrate 

acts via HDAC inhibition on the modulation of cytokine levels and gene expression in 

hMDMs, predominantly suppressing IL-10. Based on the experiments performed, the 

HDAC inhibitory compounds had similar effects on the cytokine profiles and gene 

expression of macrophages as butyrate, supporting the HDAC inhibitory function of 

butyrate. HDACs are enzymes, generally known for their ability to remove acetyl groups 

from lysine residues of histone proteins, allowing DNA to wrap more tightly around 

histones thereby regulating transcription (Milazzo et al., 2020). Following inhibition of 

HDAC enzymes by the SCFA butyrate, a global hyperacetylation results, altering 

chromatin structure thereby influencing gene expression. In support of this, an increase in 

H3K27 acetylation was observed after incubation of GM-CSF macrophages with butyrate 

in this study, suggesting that butyrate induces an accumulation of histone acetylation at 
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histone 3 lysine 27 via HDAC inhibition. Similarly, in bone marrow-derived macrophages, 

increased acetylation of histone 3 lysine 9 was observed by butyrate (Chang et al., 2014).  

Histone hyperacetylation is generally considered as marker for transcriptional activation. 

Interestingly, the ChIP-sequencing data revealed that although there was a genome-wide 

increase in H3K27ac, the IL-10 promoter only showed a comparably low increase in 

acetylation. Nonetheless, IL10 expression was completely blunted after LPS and butyrate 

treatment. One explanation for this might be that HDAC inhibition induced by the SCFA 

butyrate results in a state of histone hyperacetylation, subsequently overloading the 

transcriptional machinery, being the limiting factor for transcription. Likewise, Chang et al. 

demonstrated a decrease in RNA polymerase II (pol II) and the serine 5-phosphorylated 

form of pol II (S5P), which are markers of transcriptional initiation, in the presence of 

butyrate at several response genes (Chang et al., 2014). 

This study showed that cytokine and mRNA levels of IL-10 and IL-1b were differentially 

regulated following LPS and butyrate stimulation. While IL-10 secretion was completely 

blunted, an increase in IL-1b was observed, whereas this effect was not seen for other 

cytokines such as IL-6 and TNF-a.  

One possible explanation for this observation lies in the epigenetic regulation of butyrate 

via its HDAC inhibitory capacity. As previously mentioned, we observed a genome-wide 

increase in H3K27ac following butyrate administration. Although being a global effect, 

some parts of the genome are less affected by butyrate’s HDAC-inhibitory effect, as 

demonstrated for the IL-10 promoter, thereby potentially explaining the differential 

regulation of the studied cytokines. The state of histone hyperacetylation and the resulting 

overloading of the transcriptional machinery might therefore result in a loss of transcription 

at promoters that are less accessible. This epigenetic regulation might explain the 

differential expression of IL-10 being switched off, while other hyperacetylated promoters 

remaining unaffected from the overload of the transcriptional machinery such as IL-1b. 

4.3 Butyrate acts pro-inflammatory via class I HDAC inhibition in GM-CSF macrophages 

Since butyrate is able to inhibit HDACs and thereby exerts its LPS-dependent pro-

inflammatory effects, it is important to know which HDACs exactly are inhibited by butyrate 

and thereby influence gene expression. In humans, HDAC enzymes are grouped into 4 

classes: Class I HDACs (HDAC 1-3, 8), class II HDACs (HDAC 4-10), class III HDACs 
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(Sirtuins) and class IV HDACs (HDAC 11) (Yoon and Eom, 2016). The inhibitory function 

of butyrate on different HDACs was studied before in various contexts. For example, class 

I HDACi but not class II HDACi were able to mimic the butyrate effect on beta cell 

differentiation of neonatal porcine islet cells into beta cells (Zhang et al., 2021). In 

conjunction with this finding, in this study, the primary effect of butyrate of inhibiting the 

LPS-induced IL-10 release was mimicked by HDAC inhibitory compounds that target class 

I HDACs underlining the specific action of butyrate towards a pro-inflammatory 

environment in GM-CSF macrophages.  

In contrast to our results, SAHA (Vorinostat), which is considered a pan-HDACi, was 

described earlier to improve intestinal inflammation in an IBD mouse model (Glauben et 

al., 2006). One explanation for the conflicting results might be the use of a different 

species. Our study focused on primary human cells in order to study butyrate-mediated 

cytokine responses, which is a closer model to human IBD than mice, since immune cell 

responses may highly vary in different species. However, the complex interplay between 

immune cells, bacteria, and intestinal epithelial cells that is prevalent in the GIT remains 

to be elucidated. 

The ability of butyrate to epigenetically regulate the expression of IL-10 and IL-1b can be 

linked to its vita-PAMP activity. Vita-PAMPs are viability related PAMPs, that are present 

on or produced by living microbes and can be recognized by the immune system such as 

bacterial mRNA (Mourao-Sa et al., 2013). Butyrate is generated solely by living bacteria 

and is identified by macrophages as a sign of possible danger. Therefore, under 

inflammatory conditions, butyrate functions as a crucial vita-PAMP that communicates 

bacterial viability (Mourao-Sa et al., 2013). This vita-PAMP activity of butyrate is most 

likely attributable to its capacity to block HDACs. Selective inhibition of HDACs, such as 

HDACs 1-3 and 10, mimicked the effects of butyrate on the modulation of the cytokine 

response induced by LPS. In particular, IL-10 levels in HDACi-treated macrophages were 

as low as those in butyrate-treated macrophages. Furthermore, the combined knockdown 

of HDAC 1-3 resulted in a reduction of IL-10 levels in the presence of the TLR-4 agonist 

LPS, suggesting a potential role in IL-10 regulation through the inhibition of these HDACs 

during inflammatory conditions. Moreover, single HDAC knockdown did not reduce IL-10 

levels after LPS stimulation likewise, indicating that the butyrate’s mode of action 

mechanism is not attributed to a single HDAC inhibition.  
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Notably, a knockdown of HDAC 8 alone followed by LPS stimulation resulted in an 

increase in IL-10 levels compared to the scrambled control in hMDM. One possible 

explanation for the increase in IL-10 lies in the differential control model described above. 

It was described previously that the selective HDAC 8 inhibitor PCI-34051 decreased IL-

1b in LPS-stimulated PBMC from rheumatoid arthritis (RA) patients by 60 % 

(Balasubramanian et al., 2008). The differential control model would imply an increase in 

IL-10 levels following HDAC 8 knockdown and stimulation with LPS which was observed 

here.  

4.4 Butyrate blocks nuclear and mitochondrial STAT3 phosphorylation 

Since IL-10 is the most important cytokine in suppressing pro-inflammatory responses in 

all kinds of autoimmune diseases and limits excessive immune responses, the effect of 

the SCFA butyrate on the downstream signaling of IL-10 was investigated. STAT3, a key 

downstream mediator within the IL-10 signaling cascade, is phosphorylated upon IL-10 

recognition. This phosphorylation occurs specifically at the Tyr705 (Y705) residue, leading 

to nuclear translocation of STAT3, where it exerts its role as a transcription factor. 

Additionally, phosphorylation at Ser727 (S727) induces STAT3 translocation to the 

mitochondria (mito-STAT3), impacting both mitochondrial metabolism and the generation 

of reactive oxygen species (ROS) (Balic et al., 2020). 

The current study identified that the phosphorylation of both, mitochondrial and nuclear 

STAT3, was inhibited by butyrate in hMDMs. HDACi, targeting class I HDACs (HDAC 1-

3) were able to mimic this effect, suggesting a selective HDAC 1-3 inhibition by butyrate. 

The importance of STAT3 Tyr705 residue phosphorylation upon IL-10 signaling and 

subsequent nuclear translocation becomes clear when considering that STAT3 activates 

effector genes that subsequently repress pro-inflammatory genes mainly at transcriptional 

level (Hutchins et al., 2013). As a consequence of the blockade of STAT3 phosphorylation 

by butyrate through IL-10 inhibition observed here, the anti-inflammatory effect of IL-10 is 

lost. Consequently, this underlines the context-dependent effect of the SCFA butyrate on 

macrophages, switching from an anti-inflammatory phenotype under steady state 

conditions to a pro-inflammatory phenotype under inflammatory conditions.  

Next to the nuclear STAT3-Tyr705, the phosphorylation of the mito-STAT3 (STAT3-

Ser727) was completely inhibited in GM-CSF macrophages upon butyrate administration. 
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This effect was recapitulated by HDACi with varying specificity. By affecting mitochondrial 

metabolism and ROS generation, mito-STAT3 is important in generating a metabolic 

reprogramming in macrophages upon TLR4 signaling (Balic et al., 2020). These changes 

are necessary for the increased demand of biosynthetic substrates for lipids, proteins and 

nucleic acids, as well as the increased energy requirements in the inflammatory state 

(Garaude, 2019; Mills et al., 2016; Van den Bossche et al., 2017). It has been observed 

that there is reduced production of pro-inflammatory metabolites and inflammation in 

macrophages that fail to phosphorylate STAT3 Ser727 mediated by a serine to alanine 

mutation (S727A) (Balic et al., 2020). Nonetheless, we were able to detect high levels of 

IL-1b secretion upon stimulation with butyrate and LPS and subsequent loss of mito-

STAT3 phosphorylation. Hence it would be interesting to study macrophage metabolic 

reprogramming e.g. in seahorse assay in future follow-up experiments.  

Next, it was shown that HDAC inhibitors with varying specificities also abolished the 

phosphorylation of both nuclear and mitochondrial STAT3 supporting the HDAC inhibitory 

activity of butyrate. Besides the removal of acetyl groups from lysine residues of histone 

proteins, HDACs are also involved in the deacetylation of non-histone proteins such as 

STAT3 (Choudhary et al., 2009). The exact mechanism of HDAC-mediated regulation of 

STAT3 phosphorylation is still unclear and requires further investigation. One hypothesis 

is that when HDAC enzymes are inhibited, there is an increase in acetylation of STAT3, 

which affects its structure, particularly at its phosphorylation sites preventing its 

phosphorylation by kinases (Gupta et al., 2012).  

Interestingly, this study showed that the most potent HDACi inhibiting HDAC 11, namely 

SIS-17, did not suppress the LPS-mediated STAT3 phosphorylation, and GM-CSF 

macrophages co-stimulated with SIS 17 and LPS resulted in elevated IL-10 levels, 

suggesting an HDAC 11 independent mode of action of butyrate. Additionally, HDAC 11 

is known as negative regulator of IL-10, when there is an absence of the negative 

regulation of HDAC11 on IL-10, an increase in IL-10 is to be expected which supports the 

present data (Villagra et al., 2009).  

4.5 Limitations of the experimental approach and future perspective 

Although this study provides valuable insights into the effects of butyrate on macrophage-

mediated immune responses, several limitations of the experimental design must be 
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considered. First, the use of in vitro differentiated macrophages from monocytes and LPS 

stimulation provides a simplified model of the immune response that does not fully 

recapitulate the complexity of the human GIT. Although this model allows us to study 

specific molecular interactions in a controlled environment, it lacks the intricate cellular 

interactions that occur in vivo, such as those between epithelial cells, immune cells and 

the microbiome. In addition, the LPS stimulation used in these experiments is a well-

established method of inducing inflammation, but may not fully mimic the diverse range of 

stimuli encountered in the human GIT during IBD. Therefore, the generalizability of these 

findings to in vivo conditions is limited.  

The use of in vitro macrophage models and artificial stimulation with butyrate and LPS, 

while valuable for exploring molecular mechanisms, do not take into account the dynamic 

metabolic and immune processes in living organisms and require further investigation in 

more complex, physiologically relevant settings. Future studies using ex vivo or in vivo 

models will be essential to validate the therapeutic potential of butyrate in IBD, particularly 

to define its role in different disease stages and under varying inflammatory conditions, 

such as ex vivo stimulation of intestinal biopsies or PBMCs from IBD patients. 

4.6 Conclusion 

In conclusion, this study highlights the potent HDAC-inhibitory properties of the bacterial 

fermentation product butyrate, mainly inhibiting class I HDACs under inflammatory 

conditions in GM-MDMs in vitro. Furthermore, the findings reveal butyrate’s capacity to 

block the release of the anti-inflammatory cytokine IL-10 in a TLR-4 dependent manner. 

Notably, this inhibitory effect was replicated by HDAC inhibitors with varying specificities, 

emphasizing the common feature of HDAC inhibition among these compounds. This was 

further supported by a butyrate-induced H3K27 acetylation. In addition, both butyrate and 

HDAC inhibitors restricted the downstream signaling of IL-10, effectively inhibiting STAT3 

phosphorylation.  

These findings elucidate the potential reasons behind the detrimental effects of butyrate 

treatment during the acute inflammatory phase of IBD, suggesting its potential use in 

remission and as maintenance therapy.  

Future research should aim to further elucidate the interplay between butyrate, HDAC 

inhibitors and the immune response in the specific context of IBD, with a particular focus 
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on delineating the ideal treatment regimen at different disease stages. In addition, 

exploring the underlying mechanisms of butyrate's dual role in both inflammatory and non-

inflammatory conditions could provide critical insights into more tailored and effective 

therapeutic strategies for IBD. 
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5 Summary 

Inflammatory bowel disease (IBD), which includes Crohn's disease and ulcerative colitis, 

is characterized by chronic inflammation of the gastrointestinal tract. Although the cause 

of IBD is not uncovered yet, its sharp rise in incidence in the Western world highlights the 

importance of unraveling its pathogenesis. It is proven that the increasing number of IBD 

cases is accompanied by a decreased consumption of indigestible starch and fiber. In the 

human gastrointestinal tract, dietary fiber is fermented by commensal bacteria into short-

chain fatty acids (SCFAs), including acetate, propionate and butyrate.  

SCFAs were shown to induce anti-inflammatory phenotypes in immune cells and are 

critical for maintaining intestinal homeostasis. However, once dysbiosis in the gut 

develops, fiber-rich foods and particularly butyrate can exacerbate IBD pathogenesis. It is 

also known that mutations of the major anti-inflammatory cytokine IL-10 or its receptor 

result in early onset IBD highlighting the importance of immune dysregulation on disease 

development. To date, there is no specific curative treatment available for IBD.  

Therefore, the study aims to investigate the impact of the SCFA butyrate on the immune 

response of macrophages under inflammatory conditions to gain insights into the 

pathogenesis being relevant for potential novel therapeutic approaches.  

To mimic the leaky gut microenvironment under pro-inflammatory conditions during IBD 

in vitro, primary human macrophages are exposed to lipopolysaccharide both in the 

presence and absence of butyrate. Small interfering RNA-mediated knockdown 

experiments of histone deacetylase enzymes and exposure of macrophages to histone 

deacetylase inhibitors with varying specificities are performed to depict the operating 

principle of butyrate. Protein expression of various cytokines is assessed by homogenous 

time-resolved fluorescence and gene expression is determined using reverse transcription 

quantitative real-time PCR. For investigating the genome-wide effect of butyrate, 

chromatin immunoprecipitation sequencing is performed.  

The findings indicate that the SCFA butyrate is a potent inhibitor of histone deacetylase 

class I enzymes under inflammatory conditions. Moreover, butyrate can inhibit the release 

of the anti-inflammatory cytokine IL-10 in a toll-like receptor 4-dependent manner. The 

butyrate’s blockage of IL-10 results in an inhibited downstream phosphorylation of Signal 

transducer and activator of transcription 3.  
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Next, this inhibitory effect of butyrate can be mimicked by histone deacetylase inhibitors 

with varying specificities and an increase of acetylation of histone 3 lysine 27 is observed 

after butyrate administration in primary human macrophages emphasizing the feature of 

histone deacetylase inhibition of butyrate. Subsequently, we demonstrated a differential 

regulation of cytokine expression and inflammatory response in macrophages due to 

epigenetic reprogramming by butyrate.  

These findings elucidate the potential reasons behind the detrimental effects of butyrate 

treatment during the acute inflammatory phase of IBD, suggesting its potential use in 

remission and as maintenance therapy. Future studies should seek to provide a deeper 

understanding of the interaction between butyrate, histone deacetylase inhibitors, and the 

immune system in the context of IBD, especially focusing on the context-dependent 

effects of butyrate.  
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