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Abstract 

Multiple sclerosis (MS) is an autoimmune disorder affecting the central nervous system, 

characterized by inflammation, demyelination, axonal loss, and gliosis. Dimethyl fumarate 

(DMF), metabolized in vivo to monomethyl fumarate (MMF), is approved for the treatment 

of relapsing-remitting MS. MMF acts as an agonist of the hydroxycarboxylic acid receptor 

2 (HCA2), similar to butyrate, a short-chain fatty acid (SCFA) produced by the gut 

microbiome. I hypothesize that the therapeutic response to DMF is influenced by the diet. 

Using an experimental autoimmune encephalomyelitis (EAE) mouse model, I 

investigated the effects of dietary modulation on DMF efficacy by feeding mice a high-

fiber diet (HFbD), lauric-acid-rich diet (LAD), or normal chow (NCD). Our results 

demonstrated that DMF significantly alleviated neurological deficits in HFbD-fed mice but 

showed no therapeutic effect in LAD-fed mice. Plasma MMF levels remained unaffected 

by dietary changes. HFbD-induced DMF efficacy was dependent on HCA2, with increased 

HCA2 expression observed in Ly6Cintermediate monocytes and microglia, whereas 

neutrophils maintained high HCA2 expression irrespective of diet. 

Conditional knockout of HCA2 in neutrophils (Ly6G-Cre; Hca2Fl/Fl mice) abolished DMF 

therapeutic effect, indicating that DMF exerts its benefits through HCA2 activation in 

neutrophils. These findings suggest that high fiber diet may improve DMF response rates 

in MS treatment. My research aimed to investigate how HFbD modulates neutrophil 

sensitivity to MMF stimulation. Overall, these findings could potentially help clinical 

strategies to optimize DMF therapy in MS patients. 
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Zusammenfassung  

Multiple Sklerose (MS) ist eine Autoimmunerkrankung des zentralen Nervensystems, die 

durch Entzündung, Demyelinisierung, axonalen Verlust und Gliose gekennzeichnet ist. 

Dimethylfumarat (DMF), das in vivo zu Monomethylfumarat (MMF) umgewandelt wird, ist 

für die Behandlung der schubförmig remittierenden MS zugelassen. MMF wirkt als 

Agonist des Hydroxycarbonsäure-Rezeptors 2 (HCA2), ähnlich wie Butyrat, eine 

kurzkettige Fettsäure, die vom Darmmikrobiom produziert wird. In dieser Studie wird 

untersucht, ob die therapeutische Reaktion auf DMF von der endogenen Butyrat 

Produktion beeinflusst wird. 

Zu diesem Zweck wurde ein experimentelles Autoimmun-Enzephalomyelitis (EAE)-

Mausmodell verwendet und die Auswirkungen einer veränderten Ernährung auf die 

Wirksamkeit von DMF untersucht. Hierfür wurden die Mäuse mit einer ballaststoffreichen 

Diät (HFbD), einer Diät mit hohem Harnsäuregehalt (LAD) oder einer Standard Diät 

(NCD) gefüttert. Es konnte gezeigt werden, dass DMF die neurologischen Defizite bei 

Mäusen, die mit HFD gefüttert wurden, signifikant linderte, während es bei Mäusen, die 

mit LAD gefüttert wurden, keine therapeutische Wirkung hatte. Die Plasmaspiegel von 

MMF wurden durch die Ernährungsumstellung nicht verändert. Des Weiteren konnte 

gezeigt werden, dass die HFbD-induzierte DMF-Wirksamkeit von HCA2 abhängig ist, bei 

einer erhöhten HCA2-Expression in Ly6Cintermediate -Monozyten und Mikroglia, im 

Gegensatz zu einer Ernährungsunabhängigen hohen HCA2-Expression in Neutrophilen. 

Die bedingte Ausschaltung von HCA2 in Neutrophilen (Ly6G-Cre; Hca2Fl/Fl -Mäuse) hob 

die therapeutische Wirkung von DMF auf, was darauf hindeutet, dass DMF seine Wirkung 

über die Aktivierung von HCA2 in Neutrophilen entfaltet. Diese Ergebnisse sprechen 

dafür, dass diätetische Maßnahmen zur Steigerung der Butyrat Produktion die 

Ansprechraten auf DMF bei der MS-Behandlung verbessern könnten. Ziel dieser Arbeit 

war es zu untersuchen, wie eine ballaststoffreiche Diät die Empfindlichkeit der 

Neutrophilen gegenüber der Stimulation durch MMF moduliert. Diese gewonnenen 

Erkenntnisse könnten zur Entwicklung klinischer Strategien zur Optimierung der DMF-

Therapie bei MS-Patienten beitragen.  
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1. Introduction 

1.1. Introduction to Multiple Sclerosis 

Multiple sclerosis (MS) is one of the most common autoimmune diseases of the central 

nervous system (CNS), characterized by the interaction of various immunopathological 

and neuropathological mechanisms resulting in inflammation, demyelination, axonal loss, 

and gliosis (Filippi et al., 2018). Currently, 2.8 million people have been diagnosed with 

MS, representing 1 in 3,000 people worldwide. Over the past years the number of 

reported MS cases has been steadily increasing. The increasing number of MS cases 

can be attributed to several factors, such as better diagnosis of the disease, as well as 

better national and global counting methods (MSIF, 2020). MS often starts in young adults 

in their 20s and 30s (Huang et al., 2017). MS has been diagnosed in minors under the 

age of 18 years, in which the diagnosis can be difficult due to the similarity of the MS 

symptoms to those observed in other childhood illnesses, including acute disseminated 

encephalomyelitis (ADEM) (National Multiple Sclerosis Society, 2024). However, an 

accurate diagnosis and description of the disease course is crucial for prognosis and 

selection of the best available treatment (Lublin et al., 2014). MS symptoms in patients 

manifest differently, but the most common symptoms of the disease include fatigue, pain, 

bladder and bowel problems, sexual dysfunction, movement and coordination problems, 

vision problems, and cognitive and emotional changes (MS International Federation, 

2024).To further characterize MS, four main types are distinguished: clinically isolated 

syndrome (CIS), relapsing-remitting multiple sclerosis (RRMS), secondary progressive 

multiple sclerosis (SPMS), and primary progressive multiple sclerosis (PPMS) (Ghasemi 

et al., 2017). 

CIS refers to the first episode of neurological symptoms similar to those observed in MS 

due to inflammation and demyelination in the CNS, lasting at least 24 hours. However, 

not all patients who experienced CIS may go on to develop MS. This is dependent on 

multiple factors, such as sex, number of magnetic resonance imaging (MRI) lesions, the 

age of disease onset, as well as smoking or vitamin D deficiency. To determine the 

likelihood of developing MS, MRI must show brain lesions similar to those seen in patients 

with MS. Without these changes, the risk of developing MS is much lower. In addition, 
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CIS patients start a disease-modifying therapy (DMT) approved by the US Food and Drug 

Administration (FDA) to delay or prevent MS development (National Multiple Sclerosis 

Society, 2024).  

The majority of patients with MS, approximately 87 %, develop the RRMS subtype, which 

describes periods of new or worsening neurological symptoms called relapses, followed 

by a period of partial or complete recovery (remission) (Klineova & Lublin, 2018). Further 

diagnosis is based on the division into active or not active, worsening or not. During the 

active phase, new brain lesions appear, and further progress of damage to myelin and 

axons carried by the activated immune cells occurs, whereas remyelination takes place 

during the recovery phase (Compston & Coles, 2008), (National Multiple Sclerosis 

Society, 2024), (Figure 1). 

 
Figure 1: Representation of RRMS.  
Time course and degree of disability is represented. With the onset of each relapse, new changes in MRI 

activity indicated by arrows can be observed. Some new symptoms may cause no worsening of the disease, 

while others cause an increase in disability. MS activity can also appear stable without experiencing new 

symptoms (Klineova & Lublin, 2018). 

Patients with RRMS who experience a more rapid progression of neurological symptoms 

and an increase in disability go on to develop SPMS, which, for many patients, is a 

subsequent phase of the disease. Similar to RRMS, SPMS is divided into active or not 

active, with progression or without (National Multiple Sclerosis Society, 2024), (Figure 2). 
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Figure 2: Representation of SPMS.  
Patients with RRMS may experience a rapid increase in disability during the active phase of the disease, 

with or without apparent progression (occurrence of relapses or new lesions). After an active period of MS, 

patients enter an inactive phase, during which their disability increases or becomes stable (Klineova & 

Lublin, 2018). 

PPMS develops in approximately 10-20 % of patients (Klineova & Lublin, 2018). As 

described in the other subtypes, PPMS is defined as active or not active, with or without 

progression (National Multiple Sclerosis Society, 2024). Patients do not experience any 

attacks or relapses, whereas disability accumulates, and symptoms steadily worsen, 

(Figure 3). 

 
Figure 3: Representation of PPMS.  
After an active period of the disease, patients may experience a stable phase with or without progression, 

followed shortly thereafter by a gradual worsening of symptoms (Klineova & Lublin, 2018). 
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1.2. Immunopathology 

MS, as a multi-component disease, is characterized by a dysregulation of the immune 

system, including an interaction between the innate and adaptive immune systems, in 

which a key role has been attributed to dendritic cells (DCs) as antigen-presenting cells 

(APCs) (Grigoriadis & van Pesch, 2015). Activated DCs induce memory T-cell 

polarization by differentiating cytokines (Ifergan et al., 2008). In the presence of 

interleukin-12 (IL-12), naive CD4+ T-cells differentiate into pro-inflammatory T helper 1 

(Th1) cells that secrete interferon-γ (IFN-γ), and in the presence of IL-23, naive CD4+ T-

cells differentiate into Th17 cells that secrete IL-17 (Serafini et al., 2006). The presence 

of these pro-inflammatory factors has harmful effects on MS pathology. It contributes to 

the production of reactive oxygen species (ROS), leading to increased blood-brain barrier 

(BBB) permeability (Huppert et al., 2010). Pro-inflammatory cytokine-producing T-cells 

activate macrophages and microglia, producing other pro-inflammatory mediators 

including oxygen radicals and nitric oxide (NO), which contribute to axonal loss and 

demyelination (Das Sarma et al., 2009). by CD8+ T lymphocytes play an essential role in 

the pathophysiology of MS through the production of pro-inflammatory mediators such as 

lymphotoxin and IL-17, which in turn lead to acute axonal damage (Bitsch et al., 2000) 

and neurodegeneration. Areas if neurodegeneration can be found in the white and grey 

matter of the brain and spinal cord, most likely located around the postcapillary venules 

(Dargahi et al., 2017). Helpful for the diagnosis are so-called plaques or lesions and refer 

to the loss of myelin sheaths and oligodendrocytes. These later, contribute to physical 

disability and cognitive impairment (Dendrou et al., 2015).  

As previously described, lesions not only occur in the white matter but also in the gray 

matter, including the cortex, the basal ganglia, the brainstem, and the gray matter of the 

spinal cord (Lassmann, 2018). The brain is affected in several areas, such as 

periventricular (Figure 4), juxtacortical or cortical (Figure 5), and infratentorial (Figure 6) 

(Filippi et al., 2019). 
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Figure 4: Characteristics of periventricular MS lesions.  

Representative MRI images of periventricular MS lesion. Lesions are indicated with greens squares and 

are located in the vicinity of the ventricles (Filippi et al., 2019) . 

 

Figure 5: Characteristics of juxtacortical or cortical MS lesions.  

Representative MRI images of juxtacortical or cortical MS lesion. Lesions are indicated with greens squares 

and are located in direct proximity to the cortex (Filippi et al., 2019). 

 

Figure 6: Characteristics infratentorial MS lesions.  

Representative MRI images of infratentorial MS lesion. Lesions are indicated in the brainstem, cerebellar 

peduncles or cerebellum, in the vicinity of the surface (Filippi et al., 2019). 
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1.2.1. White matter lesions 

In MS, white and gray matter damage provides a predictive marker during a single MRI 

scan, showing the progression and deterioration of higher functions, such as cognitive 

function (Lie et al., 2022).  

Generally white matter lesions can be divided into active and inactive lesions as well 

as remyelinated shadow plaques, differing in the location and presence of infiltrating cells, 

the characteristics of each will be discussed further in the following paragraphs.   

1.2.1.1.  Active lesions 

In the earliest stage of MS, active demyelinating plaques in the white matter are observed 

and are densely infiltrated by lymphocytes, mainly CD8+ T lymphocytes, with a resident 

tissue memory phenotype. They play an autoinflammatory role in MS, as well as CD20+ 

B-cells and a smaller number of infiltrating CD4+ T-cells (Attfield et al., 2022).  Besides 

lymphocytes also of activated microglia, distributed mainly at the periphery of the lesion 

and in the periventricular and distant white matter are found (Lassmann, 2018). However, 

the vast majority of infiltrating cells are activated macrophages evenly distributed 

throughout the lesion, that contain residual myelin. Lastly, astrocytes play an essential 

role in active lesions by contributing to further tissue damage through impaired redox 

homeostasis and increased glutamate concentrations. They also contribute to the 

recruitment of macrophages and lymphocytes into the parenchyma by expressing 

chemokines and cell adhesion molecules (Ponath et al., 2018). 

1.2.1.2.  Inactive lesions 

Lesions progress from acute active into chronic inactive characterized by the reduction in 

infiltration by macrophages, microglia, and lymphocytes. Glial fibers produced by 

astrocytes create fibrous scar tissue filling the space between the demyelinated plaque. 

The consequence of axon loss and damage leads to an 80 % reduction in axon density 

(Popescu et al., 2013).  

1.2.1.3. Remyelinated Shadow Plaques 

In demyelinating plaques, so-called shadow plaques, the axons display very thin myelin 

sheaths and shortened interstitial distances.  In these new oligodendrocytes derived from 
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the progenitor cell pool carry out remyelination. Completely remyelinated lesions are 

distinguishable areas of reduced myelin density and thin myelin thickness and represent 

the late remyelination phase. Plaques from older remyelination almost reach standard 

myelin thickness and appear difficult to distinguish from ordinary white matter (Kornek et 

al., 2000, Popescu et al., 2013). 

1.2.2. Gray matter lesions 

Over the past decade, many studies have shown that grey matter structures are involved 

in the process of demyelination in the early stages of MS, contributing to irreversible 

neuronal damage and axonal loss (Pirko et al., 2007). The process of cortical 

demyelination occurs in the forebrain and cerebellum, in the deep nuclei of the grey 

matter, and in the grey matter of the spinal cord. Compared to white matter lesions, 

cortical plaques differ significantly and are thought to be less inflammatory due to less 

infiltration of macrophages and activated microglia. They show more effective myelin 

repair, which occurs after demyelination. Cortical lesions are divided into four subtypes 

(Filippi et al., 2018): 

1. Type I lesions -located at the cortico-subcortical border and affect the grey and 

white matter 

2. Type II lesions - small perivenous intracortical lesions that do not affect white 

matter or the pial surface of the brain 

3. Type III lesions - extend inward from the subpial layers of the cortex (subpial 

lesions) 

4. Type IV lesions - extend through the whole width of the cortex but without passing 

the border between the cortex and the white matter 

The most common type of cortical lesion is type 3, especially in the progressive stage of 

MS, located in cortical sulci or cingulate gyrus. They are often responsible for meningitis 

and extend from the brain surface to the deeper cortical layers (Pirko et al., 2007, Filippi 

et al., 2018).  

Due to the diversity of the pathology, diagnosis of MS can be challenging. Thus, 

understanding the nature and characteristics of particular lesions could help make an 
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accurate and rapid diagnosis. This would be beneficial not only for a better prognosis of 

the disease, but also for improving therapeutic efficacy. 

1.3. Etiology  

Numerous factors, including genetic susceptibility in the immune system and 

environmental exposure such as vitamin D deficiency or smoking can trigger the 

development of MS. Other risk factors include previous Epstein-Barr virus (EBV) infection 

and sex differences with higher prevalence in female patients than male (Coyle, 2021).  

1.3.1. HLA genes 

A vital role in the mammalian adaptive immune system is played by the major 

histocompatibility (MHC) system, which in humans is known as the human leukocyte 

antigen (HLA) located on chromosome six and consists of three classes: HLA class I, 

class II and class III (Kreiter et al., 2015, Boegel et al., 2018). Within HLA class I, the 

three proteins HLA-A, -B, and -C are important ligands for receptors expressed by 

immune cells, including CD8+ T-cells, natural killers (NK) cells and DCs (Debebe et al., 

2020). HLA class II includes HLA-DR, -DQ, and -D expressed exclusively on the surface 

of APCs (Martin et al., 2021). Class III is characterized by a high density of genes, which 

includes certain immune modulators, such as complement system components, e.g., C4, 

cytokines, such as TNF- α or regulatory genes involved in immune functions (Schott & 

Garcia-Blanco, 2021). Over the past decades, research has shown a strong link between 

HLA and MS development (Martin et al., 2021). The first genome-wide association study 

(GWAS) has demonstrated that the HLA DR15 haplotype is a potent risk factor for the 

onset of the disease. This haplotype shapes the CD4+ T-cells repertoire and increases 

the probability of a demyelinating process (Patsopoulos et al., 2019).  

1.3.2. Sex differences 

In MS, women are more susceptible than men with a ratio of about 3:1. These differences 

may be determined by sex hormones and the effect of sex chromosomes on the immune 

system (Voskuhl, 2020). Compared to men, the immune response in women is more 

robust, and hormones such as estradiol and progesterone play an integral role. For 

instance, decreased hormone levels during the first day of the menstrual cycle, as well 
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as during menopause, contribute to increased lesion volume and worsened disease 

symptoms in patients with RRMS. On the other hand, females who received oral 

contraception showed a milder course of symptoms and improvement in MS severity 

(Golden & Voskuhl, 2017). Although women have a higher risk of developing RRMS, it is 

men who experience a worsening disability and faster progression to SPMS (Beatty & 

Aupperle, 2002). Various animal studies have demonstrated the neuroprotective effects 

of testosterone during MS by reducing the production of pro-inflammatory cytokines such 

as TNF-α and INFβ. And at the same time increasing regulatory interleukins such as IL-

10, as well as protecting neurons from the damaging effects of oxidative stress 

(Collongues et al., 2018).  

1.3.3. Epstein-Barr virus (EBV) infections 

Patients who were previously infected with EBV have been shown to have a 2.3-fold 

higher risk of developing MS compared to EBV-negative patients (Ascherio, 2013). The 

virus affects B-cell function by reprogramming naïve B cells during the germinal center 

(GC) process, leading to the expansion of memory B-cells, which in turn become 

susceptible to autoimmunity and activation of cytotoxic T-cells (Soldan & Lieberman, 

2023).  

1.3.4. Environmental factors 

Environmental exposure is among other risk factors for increasing the probability of 

developing MS. These include vitamin D deficiency, smoking, and adolescent obesity 

(Nourbakhsh, 2019). Insufficient levels of the vitamin D metabolite 25-OH-D, as well as 

any genetic abnormalities in the pathway of its metabolism, may trigger MS development 

(Pierrot-Deseilligny & Souberbielle, 2017). Vitamin D ability to suppress the innate and 

adaptive immune system contributes to the reduction of T-cell infiltration into the CNS, 

inhibition of monocyte proliferation into DCs, and production of pro-inflammatory 

cytokines. On the other hand, it leads to activation of microglia, which in turn removes 

myelin debris and contributes to increased production of regulatory T-cells (Treg) (Miclea 

et al., 2020). Furthermore, obesity has been shown to produce a higher risk for MS 

development. Patients suffering from obesity show higher levels of pro-inflammatory 

mediators produced in fat tissue, as well as an increased level of C-reactive protein, IL-
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6, and leptin levels, simultaneously lowering circulating vitamin D concentration 

(Gianfrancesco & Barcellos, 2016). Additionally, saturated fatty acids interact with toll-like 

receptors 4 (TLR-4) thus activation the B-cells NF-κB pathway inducing 

neuroinflammation. Moreover, altered insulin sensitivity due to elevated TNF-α further 

contributes to the inflammation and decreased self-tolerance of immune cells (Correale 

& Marrodan, 2022).  

1.4. Diagnostics of Multiple Sclerosis 

An accurate diagnosis of MS is essential for an effective treatment. Established by 

Schumacher in 1965, the original criteria for the diagnosis of MS were clinical symptoms 

indicative of CNS demyelination. These criteria were based on two pillars: identification 

of the spatial and temporal spread of focal neurological deficits and elimination of critical 

differential diagnoses (Hartung et al., 2019). Over the decades, the diagnosis of multiple 

sclerosis has improved tremendously and is now based on clinical symptoms as well as 

MRI findings (Brownlee et al., 2017). Additionally, cerebrospinal fluid (CSF) diagnostics 

are essential in identifying subtype-specific biomarkers for MS and significantly improve 

its diagnosis (Klineova & Lublin, 2018). CSF examination provides strong evidence of MS 

and qualitative assessment of IgG to detect oligoclonal bands present in approximately 

90 % of patients with MS (Dobson et al., 2013). These new diagnostic criteria (also 

referred to as the McDonald criteria) were introduced by the International Panel for the 

Diagnosis of Multiple Sclerosis in 2010 (Thompson et al., 2018). In 2017, the panel made 

specific changes to the 2010 McDonald criteria to simplify the use of MRI imaging 

(Hartung et al., 2019). MRI is very sensitive in detecting characteristic CNS lesions 

(Brownlee et al., 2017) and can substitute clinical features to meet the criteria of diffuse 

in space (DIS) or diffuse in time (DIT) (Wildner et al., 2020). The most common brain MRI 

findings are T2 lesions in four areas of the CNS: periventricular, cortical or subcortical, 

subthalamic, and medullary (Thompson et al., 2018). In 80-90 % of patients diagnosed 

with multiple sclerosis, lesions are present in the spinal cord. They are visible in the 

cervical, thoracic, or lumbar regions (Brownlee et al., 2017). These T2 lesions provide 

crucial information about the disease activity and progression (Wattjes et al., 2015).  
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To rule out the possibility of another disease causing the neurological symptoms, 

additional neurological tests are carried out. These include testing of the cranial nerve 

(vision, hearing, facial sensation, strength, swallowing), nerve conduction (to test 

sensation in the limbs), reflexes, coordination, gait, and balance (National Multiple 

Sclerosis Society, 2024). The results of these neurological tests are measured using a 

scale called the Expanded Disability Status Scale (EDSS), which assesses the 

progression and impact of the disease on functional systems (Srakocic, 2021). The EDSS 

scale ranges from 0 to 10 (Table 1), in which grades 1 to 4.5 refer to patients who can 

walk, while grades 5.0 to 9.5 refer to patients with impaired walking. A score of 10.0 

results in patient’s death (Multiple Sclerosis Trust, 2024). 

Score Description 

0 Normal neurological exam, no disability in any FS 

1.0 No disability, minimal signs in one FS 

1.5 No disability, minimal signs in more than one FS 

2.0 Minimal disability in one FS 

2.5 Mild disability in one FS or minimal disability in two FS 

3.0 Moderate disability in one FS, or mild disability in three or four FS. No impairment to walking 

3.5 
Moderate disability in one FS and more than minimal disability in several others. No 

impairment to walking 

4.0 
Significant disability but self-sufficient and up and about some 12 hours a day. Able to walk 
without aid or rest for 500 m 

4.5 
Significant disability but up and about much of the day, able to work a full day, may otherwise 

have some limitation of full activity or require minimal assistance. Able to walk without aid or 

rest for 300 m 

5.0 
Disability severe enough to impair full daily activities and ability to work a full day without 

special provisions. Able to walk without aid or rest for 200 m 

5.5 
Disability severe enough to preclude full daily activities. Able to walk without aid or rest for 

100m 

6.0 Requires a walking aid – cane, crutch, etc. – to walk about 100 m with or without resting 

6.5 Requires two walking aids – pair of canes, crutches, etc. – to walk about 20 m without resting 

7.0 
Unable to walk beyond approximately 5 m even with aid. Essentially restricted to wheelchair, 

though wheels self in standard wheelchair and transfers alone. Up and about in wheelchair 
some 12 hours a day 
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7.5 
Unable to take more than a few steps. Restricted to wheelchair and may need aid in 
transferring. Can wheel self but cannot carry on in standard wheelchair for a full day and may 
require a motorized wheelchair 

8.0 Essentially restricted to bed or chair or pushed in wheelchair. May be out of bed itself much 
of the day. Retains many self-care functions. Generally, has effective use of arms 

8.5 Essentially restricted to bed much of day. Has some effective use of arms retained some self-
care functions 

9.0 Confined to bed. Can still communicate and eat 
9.5 Confined to bed and totally dependent. Unable to communicate effectively or eat/swallow 
10.0 Death due to MS 

 

Table 1: Expanded Disability Status Scale (EDSS).  
MS progression is measured according to a 10-point scale that reflects the impact of MS on the functional 

systems such as motor function or cognitive abilities (adapted from Multiple Sclerosis Trust, 2024). 

1.5. Available treatments for Multiple Sclerotic patients 

Currently, the therapeutics approaches focus on reducing disease activity, delaying the 

onset of symptoms, and alleviating symptoms. However, to make the lives of MS patients 

more comfortable, disease-modifying therapies (DMTs) are used, which mechanism of 

action is different, as are their methods of administration. More than 25 years ago, the 

first drugs for RRMS were approved, including subcutaneous administration of glatiramer 

acetate (GA) and intramuscular interferon beta (IFN-β) (The IFNB Multiple Sclerosis 

Study Group, 1993, Jacobs et al., 1996). Consisting of an acetate salt and a mixture of 

polypeptides made up of 4 amino acids, GA induced a one-third reduction in relapse rate 

per year in patients suffering from MS compared to healthy controls – Additionally it 

decreases the diseases severity by altering the balance between pro-inflammatory and 

regulatory cytokines (Johnson et al., 1998). Prolonged use of GA (Copaxone) is well 

tolerated and maintains its clinical impact on multiple sclerosis relapse rate and disability 

(Johnson et al., 1995). The mechanism of action of IFNβ reduces pro-inflammatory while 

increasing anti-inflammatory cytokines. In addition, IFN-β inhibits T-cell proliferation and 

blocks inflammatory cell infiltration into the CNS (Kieseier, 2011). More than a decade 

later, the first humanized monoclonal antibody, Natalizumab, was approved, which acts 

as an inhibitor of an adhesion molecule, integrin α4β1, expressed by lymphocytes 

involved in transmigration across the endothelium into the CNS. Administered 

intravenously once every four weeks, the drug effectively reduces the number of relapses 
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and attenuates the progression of multiple sclerosis compared to patients receiving 

placebo or IFN-β (Hauser & Cree, 2020). Subsequently, oral treatment with Fingolimod 

was introduced. This sphingosine 1-phosphate (S1P) analog acts as an S1P antagonist, 

reducing the number of circulating T-cells by inhibiting their release from secondary 

lymphoid organs (Cohen et al., 2010). The second oral drug approved by the FDA was 

Teriflunomide which inhibits proliferation of autoreactive B- and T-cells (O’Connor et al., 

2011). Since 2013 the FDA approved more oral drugs, such as dimethyl fumarate (DMF) 

(Tintore et al., 2019).  

1.5.1. Dimethyl fumarate and its active metabolite monomethyl fumarate 

Fumaric acid esters are a group of small molecules that exhibit immunomodulatory, anti-

inflammatory, and antioxidant effects. In 1994, the first fumarate-based drug, Fumaderm, 

was approved as a systemic first-line therapy for Psoriasis in Germany (D.M.W., 2015). 

Today, DMF is not only effective in the treatment of Psoriasis but has also shown 

significant efficacy in the treatment of MS. Appearing under the name Tecfidera, DMF 

was approved by the FDA in 2013 and in 2014 by the European Medicines Agency (EMA) 

(Mrowietz et al., 2018). Following oral administration, exposure to the gastrointestinal 

mucosa leads to rapid spontaneous or esterase-mediated hydrolysis of DMF to 

monomethyl fumarate (MMF), the active metabolite that reaches maximum plasma 

concentration within 2-2.5 hours (Figure 7) (Mrowietz et al., 2018, Werdenberg et al., 

2003). MMF has a short elimination half-life of approximately 1 hour, is metabolized by 

the tricarboxylic acid (TCA) cycle to water and carbon dioxide consequently excreted by 

respiration (Linker & Gold, 2013). Furthermore, DMF can form adducts with glutathione 

(GSH), which are then metabolized to mercapturic acid and removed from the body in the 

urine (Yadav et al., 2019). Due to immediate conversion to MMF, DMF is not detected in 

the circulation, while MMF concentrations increase significantly (Litjens et al., 2004).  
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Figure 7: Metabolic conversion of DMF to MMF.  
Due to high reactivity of the ester group, DMF hydrolyses into its prodrug, MMF (Mrowietz et al., 2018). 

The mechanism of action of DMF and its active metabolite MMF is not yet fully 

understood; however, DMF has been shown to mediate neuroprotective effects through 

several pathways. Activation of nuclear factor erythroid-associated factor-2 (Nrf2), an 

important transcription factor that maintains redox homeostasis in the cell, mediates the 

antioxidant effect. Under the influence of MMF, the inactive form of the Nrf2 no longer 

binds to the Keap-1 protein in the cytoplasm, leading to the migration of Nrf2 into the 

nucleus, which induces the expression of antioxidant genes and detoxifying enzymes 

such as haem oxygenase-1 (HO-1), NAD(P)H1 quinone dehydrogenase (NQO-1) and 

glutathione S-transferase-1 (GST-1) (Ma, 2013). The predominant pathway involved in 

MMF signaling is hydroxycarboxylic acid receptor 2 (HCAR2), which has an inhibitory 

effect on adenylate cyclase, associated with decreased intracellular cyclic adenosine 

monophosphate (cAMP) and increased intracellular Ca2+ concentrations (Taggart et al., 

2005). HCA2 causes increased phosphorylation of mitogen-activated protein kinase 

(MAPK) ERK1/2, phosphoinositide 3 (PI3)/Akt kinase, and adenosine monophosphate-

activated protein kinase (AMPK) α (Carretta et al., 2020). In addition, MMF inhibits nuclear 

factor “kappa-light-chain-enhancer” of activated B-cells (NF-kB) by reducing the 

production of pro-inflammatory cytokines, altering APCs function, and modulating the 

immune response. Furthermore, the reduced infiltration of cells in the CNS caused by 

DMF is driven by changes in their composition and phenotype (Yadav et al., 2019). DMF 

treatment reduces the number of CD8+ T-cells, as well as CD4+ T-cells, including pro-

inflammatory Th1 and Th17 subgroups that secrete cytokines such as granulocyte 

macrophage-colony stimulating factor (GM-CSF), TNF, IFN-γ and Il-2, and promotes anti-

inflammatory Th2 and regulatory subgroups (Smith et al., 2017). DMF significantly 

reduces the number of B-cells, especially CD27+ memory B-cells, B-cells producing the 
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pro-inflammatory GM-CSF, IL-6, and TNF-α. Moreover, patients with MS show an 

increase in the immunomodulatory subset of NK cells (CD56bright) and a decrease in the 

cytotoxic subset (CD56dim) (Wu et al., 2017, Mehta et al., 2019). The degree of MS 

worsening is influenced by pro-inflammatory monocytes and monocyte-derived 

macrophages (M1 phenotype). During treatment with DMF, induction of anti-inflammatory 

M2 monocytes was observed in an Nrf2-independent manner, effectively raising their 

numbers with simultaneous reduction of pro-inflammatory M1 macrophages numbers. 

This occurs due to the activation of Nrf2 transcription factors and its target gene, HO-1, 

which promotes polarization towards the M2 type (Schulze-Topphoff et al., 2016, Han et 

al., 2016). DMF also reduces microRNA (miR)155 expression in monocytes responsible 

for the induction of TNF-α and IL-6 production and prevents infiltration of monocytes and 

macrophages into the CNS (Schilling et al., 2006). Neutrophils are another immune 

system cell affecting symptom severity and are a therapeutic target during DMF 

treatment. Both animal and in vitro studies have shown a significant inhibitory effect of 

DMF on neutrophils in an HCA2-dependent manner by reducing their infiltration into the 

CNS (Chen et al., 2014).  

1.6. The role of Hydroxycarboxylic acid receptor 2 (HCA2)  

Hydroxycarboxylic acid receptor 2 (HCA2) belongs to the G protein-coupled receptors 

(GPCRs), also known as IFN-γ -regulated proteins in macrophages (PUMA-G in mice), 

HM74A in humans, and previously known as GPR109A (Zandi-Nejad et al., 2013). HCA2 

is expressed by a variety of cells, including white and brown adipocytes, immune cells 

such as monocytes, dendritic cells, macrophages, and neutrophils, but not lymphocytes 

(Tunaru et al., 2003). In addition, this receptor is expressed in retinal and colonic pigment 

epithelial cells, keratinocytes, microglia, and normal mammary tissue (Gambhir et al., 

2012). HCA2 is activated by the endogenous ketone body β-OHB (Gambhir et al., 2012) 

and butyrate, which belongs to the short-chain fatty acids (SCFA) produced by bacterial 

fermentation in the colon (Donohoe et al., 2011). In addition to the endogenous agonist, 

several other pharmacological ligands have been described, such as niacin, known as 

vitamin B3 or nicotinic acid (NA). The beneficial effects of NA were first discovered by Dr 

Rudolf Altschul in 1955, in which he observed significant reductions in serum triglyceride 
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and cholesterol levels (Bobileva et al., 2014, Altschul et al., 1955). In 2003, HCA2 

activation was linked to the anti-lipolytic effect of niacin (Tunaru et al., 2003). However, 

the action of niacin is associated with several side effects, one of the most common of 

which is skin redness due to HCA2 activation on keratinocytes and dermal dendritic cells 

(Hanson et al., 2010). Other exogenous HCA2 receptor agonists include the fumaric acid 

ester (FAE) DMF and its metabolite, MMF, which, similar to niacin, induce redness during 

treatment due to prostaglandin D2 (PGD2) and E2 (PGE2) formation (H. Tang et al., 

2008). 

HCA2 is expressed by neutrophils, which are one of the first cell infiltrating the CNS during 

first stage of MS development contributing to the increased severity and 

neuroinflammation. It has been shown that effect of DMF treatment is mediated by HCA2 

contributing to improved neuro score by lowering the number of infiltrating neutrophils 

(Chen et al., 2014). 

1.7. Neutrophils  

Neutrophils, also known as polymorphonuclear cells, are the most abundant leukocytes 

circulating in the blood, accounting for about 10-15 % of all leukocytes in mice and 50-70 

% in humans (Mestas & Hughes, 2004). Neutrophils are short-lived myeloid cells with a 

half-life of 8-12.5 hours in mice and 5-5.4 days in humans (Pillay et al., 2010) with an 

estimated cell number of 10^7 and 10^11 cells, respectively (Basu et al., 2002). The 

development of neutrophils occurs in the bone marrow in a process called granulopoiesis 

and begins with granulocyte-monocyte progenitors (GMPs) (Ng et al., 2019). It is a multi-

step process characterized by three main stages: (1) a pool of undifferentiated stem cells, 

such as hematopoietic stem cells and pluripotent progenitors; (2) a mitotic pool, including 

actively proliferating myeloblasts, promyelocytes and myelocytes, (3) a postmitotic pool, 

representing fully differentiated, mature neutrophils (Summers et al., 2010). 

Granulopoiesis is regulated by numerous cytokines and growth factors that are released 

from hematopoietic and stromal cells, such as granulocyte colony-stimulating factor (G-

CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), stem cell factor 

(SCF), interleukin 3 (IL-3), IL-6, FMS-like tyrosine kinase ligand 3 (FLT3-L), as well as 

ROS (Rossi et al., 2020; Zhu et al., 2017). Under physiological conditions, G-CSF 
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regulates neutrophil release from the bone marrow into the blood through the pores of 

sinusoidal endothelial cells (Burdon et al., 2008). As neutrophils gain maturity, expression 

of L-selectin, also known as CD62L, is lost, while expression of CD11b and CXCR4 is 

gained (Silvestre-Roig et al., 2019). Neutrophils are characterized by the expression of a 

vast number of receptors on the cell surface, divided into several classes, including 

members of seven transmembrane GPCR families, Fc receptors, adhesion molecules 

such as selectin and integrin ligands, cytokine receptors, and innate immune receptors. 

GPCR receptors are the primary receptors that activate neutrophils and mediate 

chemoattractant signaling, neutrophil polarization, as well as triggering ROS production 

and exocytosis of granules and vesicles (Futosi et al., 2013). Activation of GPCR leads 

to dissociation of the Gα subunit from the Gβγ dimer resulting in inhibition of adenylyl 

cyclase activity and decrease in cytoplasmic cAMP levels (Lehmann et al., 2008). 

Furthermore, activation of phospholipase C (PLC) β proteins leads to the release of 

intracellular Ca2+ and activation of protein kinase C (PKC) isoforms; in addition, 

Phosphoinositide 3 kinase (PI3K) γ activation contributes to phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) production and guanosine diphosphate (GDP)/Akt activation 

(Mócsai et al., 1997). The PI3Kγ pathway plays an essential role in neutrophil chemotaxis. 

At the same time, ERK and p38 MAP kinases, which are activated by GPCRs and N-

Formylmethionyl-leucyl-phenylalanine (fMLP)-induced c-Jun N-terminal kinase (JNK) 

activation, are necessary for neutrophil migration (Mócsai et al., 2000). In a steady state, 

neutrophils rapidly respond and migrate to bacterial or fungal infection sites. However, 

neutrophils can also create an inflammatory environment, cause additional recruitment of 

other leukocytes, and contribute to tissue destruction. Recent studies provided evidence 

that, especially during the peak of the disease, infiltration of large numbers of neutrophils 

in the area of vascular leakage, demyelination, and axonal damage have been observed, 

suggesting their destructive role in promoting inflammation. Intense infiltration of 

neutrophils into active lesions is observed in areas of BBB leakage, suggesting the 

involvement of BBB damage by cytokine secretion, ROS production, and proteases such 

as matrix metalloproteinase-9 (MMP9) and NET. Therefore, neutrophils present a key 

factor in MS pathology, contributing to more severe disease development (Rossi et al., 

2020; Steinbach et al., 2013).  
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1.8. Experimental autoimmune encephalomyelitis (EAE) mouse model   

Animal studies are critical to understand the mechanism of autoimmune MS better and 

assess the effectiveness of available treatments for patients. Experimental autoimmune 

encephalomyelitis (EAE) is an animal model resembling MS and is widely used to study 

disease pathogenesis, inflammation, demyelination, cell motility, and tolerance induction, 

as well as to investigate potential new drug candidates and their side effects, analyze 

pharmacokinetics and predict effective dose for humans (’t Hart et al., 2011). Over 75 

years ago, EAE was described for the first time and over a decade later, it was 

successfully induced in mice as a model  (Rivers et al., 1933, Rivers & Schwentke, 1935; 

Yager, 1949). EAE can be induced in several ways, including immunization by proteo- 

lipid-protein (PLP), myelin basic protein (MBP), or encephalitogenic epitopes of PLP 

(PLP139–151, PLP178–191), myelin oligodendrocyte protein (MOG92–106), or MBP 

(MBP84–104) in an emulsion with complete Freund's adjuvant (CFA) (Robinson et al., 

2014). To study chronic RRMS, chronic EAE is developed in C57BL/6 mice by 

immunization with an emulsion of MOG35-55/CFA or MOG1-125/CFA followed by 

injection of pertussis toxin (PTX). Administration of the emulsion leads to the expansion 

and differentiation of MOG-specific T-cells, such as CD4+ and CD8+, while PTX increases 

T-cell entry into the CNS. EAE is characterized by CNS inflammation, demyelination, 

immune cell infiltration, and paralysis. The first symptoms of EAE are observed within 8-

18 days after immunization, and disease progression is usually followed for 4 weeks after 

immunization. The onset of the disease is observed within 3-4 days after the beginning 

of the initial EAE symptoms, and maximum severity persists for several days, followed by 

partial improvement. In some cases, mice may remain at maximum severity until the end 

of the study, most likely caused by axonal damage during the phases of extensive 

inflammation. A relapse and worsening of symptoms follow partial recovery. During the 

disease, the anticipated weight loss is observed, reaching approximately 20 % of the 

mice's body weight, which can most likely be explained by the paralysis and consequently 

a reduced food intake, as well as increased production of pro-inflammatory TNF-α in the 

blood during the peak of the disease. During recovery, the mice gain weight, while clinical 

performance does not improve (Kits et al., 2014).  
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1.9. Aim of the study 

Dimethyl fumarate and its metabolite monomethyl fumarate are among the most effective 

drugs used to treat MS. However, not all patients respond to DMF treatment. One of the 

explanations may be the influence of the diet. In this study I investigated the effect of the 

high-fiber diet (HFbD) compared to diet rich in fat (lauric acid diet, LAD) on DMF efficacy 

in the EAE mouse model. The aim was to determine how diet modulates the response to 

DMF mediated by hydroxycarboxylic receptor 2 (HCA2), which is highly expressed by 

neutrophils. I hypothesized that deletion of Hca2 in neutrophils abolish protective effects 

of DMF. Therefore, I investigated not only how diet influences neutrophils biology, but 

how therapeutic effects of DMF in EAE depend on HCA2 on neutrophils.  
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2. Materials 
2.1. Chemicals 

Name Vendor 

4',6-diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific (Waltham, USA) 

4-(2-hydroxyethyl)-1- 

Piperazineethanesulfonic acid (HEPES) 
Sigma-Aldrich (St. Louis, USA) 

Accutase 
Geyer Th. GmbH & Co. KG 

(Renningen, Germany) 

Agarose (low melt) 
Carl Roth GmbH & Co. KG 

(Karlsruhe, Germany) 

Agarose (NEEO Ultraquality) 
Carl Roth GmbH & Co. KG 

(Karlsruhe, Germany) 

Betaisodona 
Mundipharma GmbH 

(Cambridge, Great Britan) 

Bovine serum albumin (BSA) Sigma-Aldrich (St. Louis, USA) 

Calcein AM 
Thermo Fisher Scientific 

(Waltham, USA) 

Calcium chloride (CaCl2) Merck KGaA (Darmstadt, Germany) 

Carbachol Sigma-Aldrich (St. Louis, USA) 

Chloroform Sigma-Aldrich (St. Louis, USA) 

D (+) Glucose Monohydrate Merck KGaA (Darmstadt, Germany) 

Dimethyl fumarate (DMF) Sigma-Aldrich (St. Louis, USA) 

Dimethylsulfoxid (DMSO) Sigma-Aldrich (St. Louis, USA) 

dNTP Mix 10 mM 
Thermo Fisher Scientific 

(Waltham, USA) 

Dulbecco′s Modified Eagle′s Medium 

(DMEM) 

Gibco/Thermo Fisher Scientific 

(Waltham, USA) 

Eosin J.T. Baker (Deventer, The Netherlands) 

Erythrocyte’s lysis (EL) buffer Qiagen ((Venlo, The Netherlands) 

Ethanol (absolute) Carl Roth GmbH & Co. KG 
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(Karlsruhe, Germany) 

Ethylenediaminetetraacetic acid 

dihydrate (EDTA) 

Sigma-Aldrich (St. Louis, USA) 

 

Eukitt  

Fetal calf serum (FCS) Sigma-Aldrich (St. Louis, USA) 

Fluo-4 AM 
Thermo Fisher Scientific 

(Waltham, USA) 

Fibronectin Sigma-Aldrich (St. Louis, USA) 

Fixable Viability Dye eFluorTM 780 eBioscienceTM (California, USA) 

Fluorescent mounting medium Dako (Glostrup, Denmark) 

Forskolin Sigma-Aldrich (St. Louis, USA) 

Hanks' Balanced Salt Solution (HBSS) 
Gibco/Thermo Fisher Scientific 

(Waltham, USA) 

Hematoxylin Sigma-Aldrich (St. Louis, USA) 

Isoflurane Baxter (Deerfield, USA) 

Ketamine 100 mg/ml Dr. E. Graeub AG (Bern, Switzerland) 

L-Glutamine 200 mM 
Gibco/Thermo Fisher Scientific 

(Waltham, USA) 

Magnesium chloride (MgCl2) Sigma-Aldrich (St. Louis, USA) 

Magnesium chloride (MgCl2) 50 mM 
Thermo Fisher Scientific 

(Waltham, USA) 

Methanol 
Th. Geyer GmbH & Co. KG 

(Renningen, Germany) 

Methyl cellulose (Methocel) Sigma-Aldrich (St. Louis, USA) 

Monomethyl fumarate (MMF) Sigma-Aldrich (St. Louis, USA) 

Nicotinic acid (NA) Sigma-Aldrich (St. Louis, USA) 

N-Formylmethionine-leucyl-

phenylalanine (fMLP) 
Sigma-Aldrich (St. Louis, USA) 

Paraformaldehyde (PFA) Sigma-Aldrich (St. Louis, USA) 

Penicillin/Streptomycin Merck KGaA (Darmstadt, Germany) 
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(Penicillin G 10.000 E/ml 

and Streptomycin 10 mg/ml, 100 x) 

Percoll Cytiva (Marlborough, USA) 

Phorbol-12-myristat-13-acetat (PMA) Sigma-Aldrich (St.Louis, USA) 

Pluronic 
Thermo Fisher Scientific 

(Waltham, USA) 

Potassium chloride (KCl) Sigma-Aldrich (St.Louis, USA) 

Potassium dihydrogen phosphate 

(KH2PO4) 
Merck KGaA (Darmstadt, Germany) 

Potassium hydroxide (KOH) Merck KGaA (Darmstadt, Germany) 

Probenecid 
Thermo Fisher Scientific 

(Waltham, USA) 

Qiazol Lysis Reagent Qiagen (Venlo, The Netherlands) 

Ringer’s solution Berlin-Chemie AG (Berlin, Germany) 

RPMI-1640 medium (without phenol red) 
GibcoTM/Thermo Fisher Scientific 

(Waltham, USA) 

Sodium azide (NaN₃) Sigma-Aldrich (St. Louis, USA) 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich (St. Louis, USA) 

Sodium butyrate Cayman Chemical (Michigan, USA) 

Sodium chloride (NaCl) Sigma-Aldrich (St. Louis, USA) 

Sodium chloride solution 0.9 % Berlin-Chemie AG (Berlin, Germany) 

Sodium dihydrogen phosphate 

monohydrate (NaH2PO4∙H2O) 

Sigma-Aldrich (St. Louis, USA) 

 

Sytox Green 
Thermo Fisher Scientific 

(Waltham, USA) 

Xylazine (Rompun®) 2 % 
Bayer Vital GmbH 

(Leverkusen, Germany) 

Xylene J.T. Baker (Deventer, The Netherlands) 

Tumor necrosis factor (TNF) 
Thermo Fisher Scientific 

(Waltham, USA) 
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2.2. Kits 

Name Vendor 

Hooke Kit™ MOG35-55/CFA Emulsion 

PTX (cat.no. EK-2110) 

Hooke Laboratories 

(Massachusetts, USA) 

GeneJET NGS Cleanup Kit 
Thermo Fisher Scientific  

(Waltham, USA) 

NEBNext® Library Quant Kit for 

Illumina® 

New England Biolabs  

(Frankfurt, Germany) 

MagSi-NGSPREP- PLUS beads 
Steinbrenner Laborsysteme  

(Wiesenbach, Germany) 

Qubit™ High Sensitivity Quantification  

Assay Kits  

Thermo Fisher Scientific  

(Waltham, USA) 

MiSeq Reagent Nano Kit v2 (300-cycles) Illumina (California, USA) 

MiSeq Reagent Kit v3 Illumina (California, USA) 

RNeasy Plus Mini Kit Qiagen (Venlo, The Netherlands) 

 

2.3. Enzymes 
Name Vendor 

Dream Taq DNA Polymerase 5 U/μl   
Thermo Fisher Scientific  

(Waltham, USA) 

Proteinase K 20 mg/ml, genotyping 
Carl Roth GmbH & Co. KG  

(Karlsruhe, Germany) 

Phusion Taq II 
Thermo Fisher Scientific  

(Waltham, USA) 
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2.4. Solutions and Buffers 

Name Vendor 

10x Phosphate buffered saline (PBS) 

89 g              Na2HPO4 x 2H2O 

12 g               KH2PO4 

400 g             NaCl 

10 g               KCl 

The pH of 10X is approximetely 

6.8 but when diluted to 1X PBS the 

pH should change to 7.4 

Blocking solution  
(for free-floating sections) 

5 %   BSA in 1x PBS 

0.3 %   Triton-X-100 

Control solution (for Ussing chamber) 

145 g   NaCl 

0.4 g   KH2PO4  

1.6 g   K2HPO4  

5 g   glucose  

1 g   MgCl2  

1.3 mM Ca-gluconate  

Adjusted to pH 7.4 

DEPC water  
1 g/l   Diethyl      

pyrocarbonate  

                     (w/v) in aqua bidest 

FACS buffer 0.5 %   BSA in PBS 

Lysis buffer gDNA preparation   

20 mM  Tris-HCl in aqua         

bidest  

5 mM   EDTA (pH 8.0) 

400 mM  NaCl 

1 %   SDS 

400 μg/m  Proteinase K 

Paraformaldehyde fixation buffer 4 % 
4 % PFA in 1x PSA 

200 μl 5M KOH per 100 ml 1x PBA 
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dissolved by heating up to 60 °C, 

filtered by Whatman filter paper 

and adjusted to pH 7.4 by KOH 

 
Ringer’s solution with heparin 

10 U/ml  heparin in Ringer’s 

solution 

Tamoxifen 
100 mg  Tamoxifen (w/v)  

500 μl  Ethanol (abs.) 

4.5 ml  Miglyol 812 

 

2.5. Reagents 

Name Type Vendor 

Beaker glasses 10-5000 ml   
Schott Duran (Wertheim, 

Germany) 

Cell culture plates 
Cellstar®  

(6-, 24-, 96- Well)  

Greiner AG 

(Kremsmünster, Austria) 

Cell scraper 28 cm  
Greiner AG 

(Kremsmünster, Austria) 

Cell strainer   40 μm  
Becton Dickinson (New 

Jersey, USA) 

Coverslips 
24x40mm  

⌀ 12 mm 

Carl Roth GmbH & Co. 

KG (Karlsruhe, Germany) 

Falcon tubes 15 ml, 50 ml 
Greiner AG 

(Kremsmünster, Austria)  

Filter paper 
MN 615 1/4     

(Ø 240 mm)  

Macherey-Nagel (Düren, 

Germany) 

 FINO PAUL 
HARTMANN AG,  

(Heidenheim, Germany) 

Individually ventilated 

500 cm2 green line 
cages 

 
Tecniplast (Buguggiate, 

Italy) 
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PCR-96-well plate  
SARSTEDT AG & Co. KG  

(Nümbrecht, Germany) 

Petri dishes    
Schott Duran (Wertheim, 

Germany) 

Razor blades  
Wilkinson Sword (London, 

UK) 

Reaction tube 
0.2 ml, 0.5 ml, 1.5 ml, 2 

ml 

Eppendorf AG (Hamburg, 

Germany) 

Scalpel 
FeatherTM disposable 

scalpel No 10, 11, 22 

Electron Microscopy 

Sciences  

(Hatfield,  USA) 

Slides SUPERFROST®PLUS 
ThermoScientific  

(Braunschweig, Germany) 

Syringes 
1 mL, Luer 

2 mL, 5 mL, 10 mL, 20 

mL DiscarditTM II 

Becton Dickinson (New 

Jersey, USA) 

 

2.6. Devices 

Name Type Vendor 

Autoclave Systec V-65  
Systec GmbH (Linden,  

Germany) 

Bench SAFE 2020  
Thermo Fisher Scientific  

(Waltham, USA) 

Centrifuges Universal 320R 

Andreas Hettich GmbH & 

Co. KG  

(Tuttlingen, Germany) 

 Micro200R 

Andreas Hettich GmbH & 

Co. KG  

(Tuttlingen, Germany) 
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CLARIOstar® Microplate 
reader 

CLARIOstar® 
BMG LABTECH GmbH 

(Ortenberg, Germany) 

Confocal Laser 
Scanning Microscopes 

Leica TCS SP5 
Leica Microsystems AG  

(Wetzlar, Germany) 

Fluorescence 
microscope 

Leica DMI6000 B 
Leica Microsystems AG  

(Wetzlar, Germany) 

Freezer -20 oC LGex 3410-22A 001 
Liebherr Hausgeräte 

Lienz GmbH (Germany) 

Freezer -80 oC Hera Freeze HFU T Series 
Thermo Fisher Scientific 

(Waltham, USA) or other 

Fridge 4 oC 
LKUexv 1610-23A-001 
 
 

Liebherr Hausgeräte 
Lienz GmbH (Germany 

Gel electrophoresis 
system 

Sub-Cell GT Cell 
Bio-Rad Laboratories 

(München, Germany)  

Heating block Thermomixer compact 
Eppendorf AG  

(Hamburg, Germany) 

PipetBoy Pipetus® 

Hirschman Laborgeräte 

GmbH & CO. KG, 

Eberstadt Germany 

Pipettes 
Variable volume air 

displacement single-

channel 

Eppendorf AG (Hamburg, 

Germany) or Gilson 

(Middleton, USA) or other 

Scales MC1 LC220S 
Sartorius AG  

(Göttingen, Germany) 

 LC 4200 S 
Sartorius AG  

(Göttingen, Germany) 

Surgery tools Scissors, tweezers etc. 
Fine Science Tools 

(Heidelberg, Germany) 

Thermocycler 2720 Thermal Cycler 
 

Thermo Fisher Scientific 
(Waltham, USA) 
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Analytikjena Flexcycler or 

TGradient or 

TADVANCED 

Biometra GmbH 

(Göttingen, Germany) 

Vibratome VT 1200S 
Leica Microsystems AG 

(Wetzlar, Germany) 

Vortex REAX 200 
Heidolph Instruments 

(Schwabach, Germany) 

Water purification 
system 

Milli-Q® Integral System 
Merck Millipore (Billerica,  

USA) 

 

2.7. Software 

Name Version Vendor 

Adobe Illustrator  
Adobe Inc. (California, 

USA) 

BioRender  
BioRender (Toronto, 

Canada) 

FlowJo v10.10  
FlowJo™ Software  

(Oregon, USA) 

GraphPad Prism 8.0 
GraphPad Software  

(La Jolla, USA) 

Grammarly v.1.2.94.1468 
Grammarly (San 

Francisco, USA) 

ImageJ 
1.51s (Fiji) Java 1.8.0_66 

(64-bit)  

NIH (Bethesda, USA)  

 

Leica application suite 
advanced fluoresence 
software 

2.5.1.6757 
Leica Microsystems AG 

(Wetzlar, Germany) 

Mendeley 1.19.8 
Elsevier (Amsterdam, The 

Netherlands) 
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2.8. Antibodies  

2.8.1. Primary antibodies 

Target Host Vendor (Cat. 
Nr) 

Final 
concentration 

Type Research 
resource 
identifier 

(RRID) 
Red 

Fluorescent 
Proteins 
(RFP) 

Rat ChromoTek 
(5F8) 

1:500/ 
1 µg/mL 

Monoclonal AB_2336064 

 

2.8.2. Secondary antibodies 

Target Host Vendor (Cat. 
Nr) 

Final 
concentration 

Type Research 
resource 
identifier 

(RRID) 
Rat IgG Donkey ThermoFisher 

(A-21208) 
1:500/ 

1 µg/mL 
Polyclonal AB_25357 

 

2.8.3. FACS antibodies 

Antibody name 
Final 

concentration 

Catalog 
number 

Supplier 

Brilliant Violet 650    
anti-mouse/human 

CD11b 
2 µg/ml 101239 BioLegend 

Brilliant Violet 510    
anti-mouse CD45 2 µg/ml 103138 BioLegend 

PerCP/Cyanine 5.5 
anti-mouse Ly-6G 2 µg/ml 127616 BioLegend 

PE/Cyanine 7 anti-
mouse Ly-6C 0.1 µg/ml 128018 BioLegend 

FITC anti-mouse 
CD3ɛ 2 µg/ml 100326 BioLegend 

Brilliant Violet 650    
anti-mouse/human 

CD11b 
2 µg/ml 101239 BioLegend 
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3. Methods 

3.1. Animals  

3.1.1. Housing  

All mouse lines were established on a C57BL/6 background. Unless stated differently, 

mice were 8-12 weeks old and age- and sex-matched between experimental groups. Mice 

were housed in groups of 3-4 animals in ventilated Green Line cages (Tecniplast) under 

controlled conditions (temperature 22 ± 1 °C, light-dark cycle: 12:12 h, lights on 7:00 am, 

relative humidity 55 ± 10 %). Experimental procedures were approved by the local animal 

ethics committee (Ministerium für Landwirtschaft, Umwelt und ländliche Räume, Kiel, 

Germany). 

For investigation of the influence of microbiota during DMF therapy in EAE as well as 

during investigation of how diet modulates the sensitivity of neutrophils to MMF 

stimulation, C57BL/6N wild-type mice were derived from Charles River Europe. Mice 

were fed with a diet rich in fiber (35 % fiber, Cat. C1000 modified, #100213, Altromin), a 

diet rich in fat (30 % fat, Cat. C1000 modified, #100212, Altromin) and standard laboratory 

chow (18 % Fat, 27 % Protein, 55 % Carbohydrates, Cat. #1314M, Altromin) ad libitum.  

To study the changes in Hca2 expression in EAE on different diets, the Hca2mRFP mouse 

line was used (Hanson et al., 2010) and fed with a diet rich in fiber and a diet rich in fat 

ad libitum.  

To explore the effects of HCA2 function, the Hca2-/- mouse line was used (Hanson et al., 

2010), and compared to C57BL/6NCtrl wild-type mice that were ordered from Charles 

River Europe. Mice were fed with a diet rich in fiber (35 % fiber, Cat. C1000 modified, 

#100213, Altronim) ad libitum.  

For the conditional knockout of Hca2 in neutrophils, we generated Ly6G-Cre; Hca2Fl/Fl 

mice (Hasenberg et al., 2015).  

To examine the role of the influence of the diet on neutrophils sensitivity to MMF 

stimulation, animals were fed with high-fiber diet (HFbD), lauric-acid-rich diet (LAD) and 

normal chow (NCD) for 4 weeks. The animals’ weight was checked twice per week, 
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unless stated differently. After the dietary intervention, mice were terminated by the 

decapitation under isoflurane anesthesia. The bone marrow was collected from murine 

tibia and femur and within the same day, neutrophils were isolated and prepared for 

further investigation.   

3.1.2. EAE experiments  

3.1.2.1. EAE induction  

Prior to EAE induction, mice were acclimated in the animal facility for at least 10 days. 

Because stress greatly influence EAE development, on the day of injection, mice were 

gently handled and were treated without the anesthesia. To induce EAE, mice were 

immunized with ready-to-use pre-filled syringes with an emulsion of MOG35-55 with 

complete Freund’s adjuvant (CFA) (Kit information; stored and used as indicated by 

manufacturer at 4 °C). The administration of the emulsion was performed by 

subcutaneous injections at two sites with a total volume of 200 µl, upper and lower back 

with a volume of 100 µL per site. After 2 hours of waiting, mice were injected with the first 

intraperitoneal injection of pertussin toxin (PTX) diluted with ice-cold PBS in a dosage of 

100 ng /100 µL per mouse. This step was repeated 24 hours later. PTX solution was 

prepared freshly on each day under sterile conditions and was used within 2 hours after 

preparation and kept on ice until injected.   

3.1.2.2. EAE evaluation 

To evaluate neurological symptoms and progression of EAE development, starting on the 

7th day post-immunized mice were scored according to the detailed scoring table 

provided by the Hooke lab (Table 2):  

Score Clinical observation 

0.0 No obvious changes in motor function compared to non-immunized 
mice. When picked up by base of tail, the tail has tension and is erect. Hind 

legs are spread apart. When the mouse is walking, there is no gait or head 

tilting. 

0.5 Tip of tail is limp. When picked up by base of tail, the tail has tension except 

for the tip. Muscle straining is felt in the tail, while the tail continues to move. 
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1.0 Limp tail. When picked up by base of tail, instead of being erect, the whole 

tail drapes over finger. Hind legs are usually spread apart. No signs of tail 

movement are observed. 

1.5 Limp tail and hind leg inhibition. When picked up by base of tail, the whole 

tail drapes over finger. When the mouse is dropped on a wire rack, at least 

one hind leg falls through consistently. Walking is very slightly wobbly. 

2.0 Limp tail and weakness of hind legs. When picked up by base of tail, the 

legs are not spread apart but held closer together. When the mouse is 

observed walking, it has a clearly apparent wobbly walk. One foot may have 

toes dragging, but the other leg has no apparent inhibitions of movement. 

Mouse appears to be at score 0.0, but there are obvious signs of head tilting 

when the walk is observed. The balance is poor. 

 
2.5 

Limp tail and dragging of hind legs. Both hind legs have some movement, 

but both are dragging at the feet (mouse trips on hind feet). No movement in 

one leg/completely dragging one leg, but movement in the other leg. EAE 

severity appears mild when picked up (as score 0.0-1.5), but there is a strong 

head tilt that causes the mouse to occasionally fall over. 

3.0 Limp tail and complete paralysis of hind legs (most common). Limp tail 

and almost complete paralysis of hind legs. One or both hind legs are able to 

paddle, but neither hind leg is able to move forward of the hind hip. Limp tail 

with paralysis of one front and one hind leg. In addition, all of: severe head 

tilting, walking only along the edges of the cage, pushing against the cage wall, 

and spinning when picked up by base of tail. 

3.5 Limp tail and complete paralysis of hind legs. In addition: mouse is moving 

around the cage, but when placed on its side, is unable to right itself. Hind legs 

are together on one side of body. Mouse is moving around the cage, but the 

hind quarters are flat like a pancake, giving the appearance of a hump in the 

front quarters of the mouse. 

4.0 Humane point. Mice should be terminated  
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Table 2: EAE scoring guideline. 
Animals were evaluated according to a 4-point scale (adapted from Hooke's lab protocol) during a 4-week 

experiment. When a mouse's symptoms were rated between 0 and 2, the symptoms could be described as 

mild. Conversely, when the mice were scored between 2.5 and 3.5, the symptoms could be described as 

acute. When the mouse reached a score of 4, it was killed humanely. 

To obtain a reliable scoring and avoid any bias, mice were scored blind to the treatment 

and the genotype.  

During EAE development, most of the mice showed initial neurological signs of disease 

between 9 and 14 days. However, individual mice had a different course of EAE 

depended on the genotype, treatment, or sex. On occurrence of the first symptoms food 

and so-called "gel pads" (0.5 % agarose mixed with water) were placed on the cage floor. 

During the worsening period of the disease progression, additionally a mash of food and 

water was prepared placed on the cage floor to help mice eat.  

3.1.2.3. Body weight measurements 

In EAE development, changes in the body weight reflected the disease progression and 

severity. During the ongoing experiment mice were weight every day in the morning. 

Weight loss of more than 10 % of initial body weight was supported with subcutaneous 

injections of 0.9 % sodium chloride (NaCl) (10 µl/g) twice per day every 12 hours. The 

injections were given until mice gained enough weight to reach a value of below 10 % weight 

loss.  

3.1.2.4. Treatment of side effects due to EAE induction 

Expected side effect of EAE induction that were developed by all mice include obvious 

bumps of emulsion at the site of the injection approximately 2- 4 days after induction. 

These bumps retained until the termination on day 28 post-immunization (pi) and do not 

require any treatment. Another common side effect (approximately 10-40 % of mice) is 

the development of small ulcers (5 mm or less in diameter) at the injection sites causing 

an emulsion leaking. The ulcers were carefully treated with Betaisodona twice per day, 

every 12 hours during oral dimethyl fumarate (DMF) treatment by gavaging (see 

paragraph 3.1.2.5.). Within a few days ulcers were healed, and scars were formed. The 

development of these side effects did not influence the EAE development.  
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3.1.2.5. DMF preparation  

To administer DMF, first suspension of 0.8 % methyl cellulose (Methocel) solution had to 

be prepared. The measured amount of powder was added to a 1/3 of the total volume, 

pre-heated (80 oC) water and was continuously stirred until the mixture was evenly 

dispersed. The remaining water (2/3 of the total volume) was kept on ice and was 

combined with the mixture subsequently. The solution was then stirring on the heater for 

another 30 min until it became a clear solution. Afterwards, the Methocel solution was 

stored at 4 oC.  

DMF had to be prepared freshly every day with a concentration of 5 mg/mL. DMF (about 

0.5 g) was added to a mortar bowl and was suspended in a small amount of methocel 

solution (0.5 mL of the total volume). The mixture was grinded until it became a cloudy 

and viscous solution and transferred into a 50 mL Falcon tube. Remaining DMF 

suspension in the mortar was rinsed by the rest of the methocel into the falcon tube and 

properly mixed together by using vortex. Since DMF easily settles down over the time, 

the suspension had to be stored on the roller at 4 oC during the gavage. 

From day 3 pi onwards, mice are given DMF (50 mg/kg body weight) or vehicle (Methocel) 

orally by gavage every 12 hours. The treatment lasted until the termination day of the 

ongoing experiment.  

3.1.3. Perfusion of mice and organ collection 

Before perfusion, the mice received an i.p. injection of Ketamine/Xylazine anesthetic 

solution (Ketamine 100-120 mg/kg, Xylazine 10-24 mg/kg in 0.9 % NaCl) followed by the 

assessment of the pedal reflex (firm toe pinch) and if necessary, administration of an 

additional dose of anesthetic. Afterwards, the chest of the mouse was opened, and the 

perfusion needle was inserted into the left ventricle of the heart while the right atrium was 

cut.  

Mice were perfused with 20 ml Ringer’s solution with 10 U/mL heparin followed by the 

organ collection. Carefully, the small intestine was cut, and gently cleared out of the 

remaining feces by flushing them out with Ringer’s solution. Then, the gut was transferred 

into a 2 mL Eppendorf tube and snap frozen in the liquid nitrogen (N2). After decapitation, 
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the brain was gently dissected from the skull and placed on dry ice. Lastly, by using fine 

scissors, the spinal cord was removed and transferred to dry ice. All collected organs 

were stored at -80 °C.  

3.1.4. Ussing chamber  

The Ussing chamber was used to investigate changes in the permeability of ions such as 

Na+, Cl- and K+ across the intestinal mucosa caused by the administration of 10 μM 

nicotinic acid (NA) or 100 μM monomethyl fumarate (MMF). For the experiments, C57Bl/6 

mice were sacrificed and the distal colon and parts of the small intestine, including the 

duodenum, jejunum, ileum were dissected and stripped of mucosa. The freshly prepared 

samples were mounted into the removable insert and placed into the chamber. 

Subsequently, the tissue was perfused with a solution containing 145 NaCl, 0.4 KH2PO4, 

1.6 K2HPO4, 5 glucose, 1 MgCl2, 1.3 Ca-gluconate [mM]. The pH of the solution was 7.4 

and the temperature was kept at 37 °C. On the basolateral side of the tissue, 200 µM 

forskolin (FSK) and 100 µM carbachol (CCH) were applied as stimuli of cAMP and Ca2+ 

levels. Under control conditions and after stimulation, the transepithelial voltage (Vte) was 

measured in the open-circuit voltage mode. To calculate the transepithelial resistance 

(Rte), short current pulses were applied and according to Ohm’s law, the equivalent short- 

circuit current (I’sc) was calculated as Vte/Rte. Additionally, in the distal colon, on the 

luminal side of the tissue, amiloride was applied to distinguish reabsorpative currents 

caused by its inhibitory effect on ENaC channels. 

3.1.5. FACS measurement  

Prior to the blood collection, to prevent the blood from clotting, syringes were filled with 

200 µL of 0.5 mM EDTA. First, the animal was deeply anaesthetized via intraperitoneal 

injection of Ketamine/Xylazine (Ketamine 120 mg/kg, Xylazine 24 mg/kg in 0.9 % NaCl), 

followed by a right ventricle puncture of the heart and drawing blood volume between 700 

and 1000 µL per animal. The blood samples were transferred into 15 mL falcon tube and 

placed on ice. Then, to remove the erythrocytes, the erythrocytes lysis (EL) buffer was 

added, gently mixed, and incubated for 5 min at room temperature (RT). To stop the lysis 

reaction, 10 mL of PBS were added, followed by centrifugation for 5 min at 400 g at 4 oC. 

This step was repeated twice. After the second lysis, the supernatant was removed, and 
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the cell pellet was resuspended in FACS buffer (0.5 % bovine serum albumin (BSA) in 

PBS). To avoid non-specific binding of immunoglobulins to the Fc receptor, the cell 

suspensions were incubated with Fc-block (Anti-Mouse CD16/CD32, 1:100) for 15 

minutes at 4 oC in the dark. The reaction was stopped by adding FACS buffer and the 

samples were centrifuged for 5 min at 400 g at RT. The supernatant was aspirated, and 

cells were resuspended in FACS buffer and subsequently incubated with viability dye 

(eBioscience Fixable Viability Dye eFluorTM 780, 1:2000) for 10 minutes at 4 oC in the 

dark. By adding 1 volume of FACS buffer to the sample, the incubation was stopped, and 

centrifugation was performed. Following the procedure, samples were incubated with an 

antibody cocktail (Table 3) for 20 minutes at 4 oC and in the dark.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: Antibody cocktail for FACS measurement. 

To distinguish between cell populations in the blood, samples were incubated with a cocktail of antibodies 

to allow subsequent counting and analysis of the cell populations of interest.  

Cells were washed with FACS buffer, centrifuged, and resuspended in 400 µL FACS 

buffer. Samples were ready for measurement by the Cytek Aurora placed in CAnaCore. 

Gating and quantification were performed using the FlowJo 10.9.0 software. 

Antibody name 
Final 

concentration 
Catalog 
number 

 
Supplier 

Brilliant Violet 650    
anti-mouse/human 

CD11b 

2 µg/ml 101239 BioLegend 

Brilliant Violet 510    
anti-mouse CD45 

2 µg/ml 103138 BioLegend 

PerCP/Cyanine 5.5 
anti-mouse Ly-6G 

2 µg/ml 127616 BioLegend 

PE/Cyanine 7 anti-
mouse Ly-6C 

0.1 µg/ml 128018 BioLegend 

FITC anti-mouse 
CD3ɛ 2 µg/ml 100326 BioLegend 
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3.2. Cultivation of bEND.3 cells 

The commercially available cell line bEND.3 was used. The cells were cultivated in DMEM 

supplied with 10 % fetal calf serum (FCS) and 1 % Penicillin/Streptomycin at 37 oC in a 

T75 culture flask. When cells reached a confluence of approximately 90 %, they were 

trypsinized and resuspended at 120 000 cells/mL. Subsequently, 40 000 cells were plated 

into a 48-well plate and incubated until they became 100 % confluent. When the bEND.3 

cells were ready for the treatment, they were washed once with pre-warmed PBS buffer 

followed adding fresh medium. Each bEND.3 cell monolayer was stimulated with 10 

ng/mL TNF for 6 hours at 37 oC prior to the neutrophils binding assay. 

3.3. Neutrophil analysis 

3.3.1. Neutrophil isolation  

Neutrophils were isolated from the bone marrow (flushed from the murine tibia and 

femur). First, mice were anaesthetized with isoflurane and sacrifice by decapitation. In 

order to get a single cell suspension, the bone marrow was passed through a 23-gauge 

needle and the cells were centrifuged for 10 min at 1500 rpm and 4 °C. By using a Percoll 

gradient with a density of 52, 69 and 78 %, neutrophils were centrifuged using an 

ultracentrifuge for 30 min at 2000 g at RT. The cells were collected from the layer of 69/78 

and 78 % and purified from remaining erythrocytes by adding erythrocytes lysis (EL) 

buffer. After 2 minutes, incubation was stopped by adding 10 mL HBSS buffer. The cells 

were centrifuged for 10 minutes at 350 g at RT and afterwards, the supernatant was 

discarded. The cell pellet was resuspended in 1 mL HEPES buffer and used within the 

same day. The neutrophil’s purity (< 90 %) was assessed by multiple histological 

techniques: Wright-Giemsa and Hematoxylin & Eosin (H&E) staining, along with FACS 

measurement.  

3.3.1.1. Neutrophil’s purity evaluation 

3.3.1.1.1. CytoSpin 

To perform CytoSpin, the 6-places swing-out rotor in the UNIVERSAL 320 R centrifuge 

was used and prior to the centrifugation, a complete cyto-insert had to assemble. For that 

purpose, a filter card no. 1696 together with the Polysine slide was placed into the cyto-
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slide carrier. Then, on top, the 1 mL one-funnel chamber was inserted and secured by 

the clamping ring. This prepared cyto-insert was placed into the bucket and into the rotor. 

Prior to the spinning down, cells with the dilution ratio at the ratio of 1:40 were prepared 

in 200 µL of HBSS buffer. Subsequently, the cell suspension was loaded into the 

chambers and centrifuged for 5 min at 1000 rpm at RT. Next, the cyto-insert was 

disassembled, and the slide dried at RT until there was no remaining liquid.  

3.3.1.1.2. Wright – Giemsa staining 

After drying, the slides were placed into the staining cuvette filled with Wright – Giemsa 

dye for 1 min followed by the washing in water for 1 min. The slides dried at RT as long 

until there was no remaining liquid and sealed with coverslip using the Eukitt mounting 

medium.   

3.3.1.1.3. Hematoxylin & Eosin staining  

After the cells were spun down by CytoSpin, they were fixed in ice-cold methanol for 5 

min. The slides were incubated in hematoxylin for 1 min and washed under running tap 

water for 1 min followed by an incubation in eosin for 30 sec. Subsequently, the slides 

were incubated in 95 % followed by 100 % ethanol for 1 min each. The last step was an 

incubation in Xylene for 2 min and afterwards cells were sealing with a coverslip using 

the Eukitt mounting medium.   

3.3.1.1.4. FACS measurement  

For FACS measurement, neutrophils were centrifuged down for 5 min at 1500 rpm at RT, 

and the supernatant was discarded. The cell pellet was resuspended in 400 µL of FACS 

buffer (0.5 % bovine serum albumin (BSA) in PBS). In order to avoid non-specific binding, 

cells were incubated with Fc-block (Anti-Mouse CD16/CD32, 1:100) for 10 min at 4 oC, in 

the dark, without shaking. To stop the reaction, 1 volume of FACS buffer was added and 

cells were spun down. After aspiration of the supernatant, the cells were incubated in an 

antibody cocktail: CD11b (1:100) and Ly6-G (1:100), in 300 µL of FACS buffer for 30 min 

at 4 oC, in the dark, without shaking. Subsequently, 1 volume of FACS buffer was added 

and cells were spun down followed by the supernatant aspiration and resuspension of 

the cells in 400 µL of FACS buffer.  
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3.3.2. Neutrophil biology assays 

3.3.2.1. Adhesion Assay  

3.3.2.1.1. Neutrophil’s preparation 

After the isolation of neutrophils from the bone marrow and cell counting, in total, 8 x 106 

cells were prepared for each mouse in phenol-free RPMI-1640 medium. Following this 

procedure, a cell concentration of 4 x 106 cells/mL was labeled with 3 µM Calcein AM for 

30 min at 37 oC. To stop the reaction, 10 mL of PBS was added, and cells were spun 

down for 5 min at 450 g at RT. Then, the cell pellet was resuspended to the concentration 

of 4 x 106 cells/mL and subsequently divided into two conditions: one group was treated 

with 200 µM MMF and the second group was treated with the respective vehicle 

(Methocel) for 30 min at 37 oC. Afterwards, the cells were washed once with medium, 

centrifuged, and resuspended to the concentration of 2 x 106 cells/mL in phenol-free 

RPMI-1640 medium in separate vials for each condition.  

3.3.2.1.2. Neutrophil’s binding assay 

After bEND.3 cells were incubated for 6 hours of with 10 ng/mL TNF, the cells were 

washed three times with filter-sterilized phenol-free RPMI-1640 medium containing 3 % 

BSA. After the last washing step, medium was aspirated, and 5 x 105 neutrophils were 

added to each well. After 20 min at 37 oC, the fluorescence intensity was measured by 

the Plate reader followed by gentle washing with PBS supplied with Mg2+ and Ca2+ and 

carful aspiration of the remaining liquid. Medium was added and again, the fluorescence 

intensity was measured by the Plate Reader. Afterwards, cells were fixed with 4 % PFA 

and stored in the dark at 4 oC. The absolute number of cells in each condition was 

calculated by analyzing images taken at the fluorescence microscope. 

3.3.2.2. NET formation assay 

3.3.2.2.1. Preparation of fibronectin-coated 24-well plate 

On the same day prior to the assay, the 24-well plate had to be prepared. To each well, 

12 mm cover slips were transferred and incubated with freshly prepared 10 µg/mL 

fibronectin solution for 30 min at 37 oC. Afterwards, the solution was discarded, and the 

plate was incubated at 37 oC until used.  
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3.3.2.2.2. Neutrophil’s preparation  

After the isolation of neutrophils from the bone marrow from individual mice, and cell 

counting, 3 x 106 cells were suspended, per mouse in phenol-free RPMI-1640 medium. 

Subsequently, cells were primed with 2 ng/mL TNF for 15 min at 37 oC followed by 

centrifugation for 5 min at 450 g at RT. The supernatant was discarded, and the cell pellet 

was resuspended to the concentration of 3 x 106 cells/mL in a phenol-free RPMI-1640 

medium. Afterwards, cells were divided into three groups (5 x 105 neutrophils per group) 

for further treatment as follows: 

1. Neutrophils + 5 µM Sytox Green  

2. Neutrophils + 5 µM Sytox Green + 100 nM phorbol 12-myristate 13-acetate (PMA) 

3. Neutrophils + 5 µM Sytox Green + 100 nM PMA + 200 µM MMF 

Cells of each condition were incubated for 6 hours at 37 oC in the dark. Subsequently, 

the supernatant was carefully aspirated, and cells were fixed with 4 % PFA for 15 min at 

RT. The solution was discarded, and cells were gently washed with phenol-free RPMI-

1640 medium. Afterwards, the cover slips were mounted on Polysine slides using Dako 

fluorescence mounting medium. Protected from the light, slides were stored at 4 °C. The 

assessment of NETosis was performed by the analysis of images taken using the 

fluorescence microscope. 

3.3.2.3. Calcium measurement 

On the day prior to the assay, fibronectin-coated cover slips in a 24-well plate were 

prepared and placed at 37 oC until used. First, between 8 and 12 x 106 neutrophils were 

isolated from murine bone marrow and suspended in RPMI 1640 medium supplemented 

with L-glutamine, 2.32 g/L sodium bicarbonate, 1 % penicillin/streptomycin and 10 % FBS. 

Then, approximately 2 x 105 cells were plated into one well and incubated for 3 hours at 

37 oC. Afterwards, the supernatant was carefully discarded, and cells were loaded with 2 

µM Fluo-4 with 0.5 % DMSO and 0.05 % PluronicTM F-127 in artificial cerebrospinal fluid 

(aCSF, 130 mM NaCl, 26.5 mM NaHCO3, 1.25 mM NaH2PO4, 3 mM KCL, 2 mM CaCL2, 

2 mM MgCL4, 10 mM D-glucose) for 30 min at 37 °C. This step was followed by the 

aspiration of the dye solution and incubation with 2.5 mM Probenecid in aCSF for another 
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30 min at 37 °C. To detect changes in [Ca2+]i in response to nicotinic acid (NA) or MMF, 

and investigate whether it is HCA2-dependet, neutrophils were placed in the flow chamber 

and measured using a high-speed calcium imaging setup (Till Photonics) mounted on the 

Axio Examiner D1 upright fluorescent microscope (Zeiss) coupled to the polychrome V 

monochromator and a high-speed CCD camera (Retiga EXi-blue, QImaging). Data 

acquisition and quantification was done using life acquisition and offline analysis 

software. In the first minute of the experiment, cells were in the measurement buffer 

(aCSF, 5 % CO2, 95 % O2, 7.4 pH, flow rate of 2 ml min−1) and then the stimuli: 100 µM 

NA or 100 µM MMF were applied for 60 seconds followed by the recovery in the 

measurement buffer for another 3 minutes. 100 µM fMLP was used as a positive control.   

3.4. Microbiota study 

3.4.1. Feces collection 

During the EAE experiment, feces were collected at three different time points for each 

mouse: one day before diet change (14 days prior to the immunization), one day before 

immunization and one day before termination. For that purpose, an autoclaved and empty 

cage was used. Prior to the collection, 2 mL Eppendorf tubes were sterilized and labeled. 

Each autoclaved cage was used for one group housed cage of mice to avoid a cage 

effect. An individual animal was placed in the cage and was allowed to defecate without 

any stress factors. The feces were collected and snap frozen in N2. The cage was cleaned 

with 70 % ethanol after each mouse from the same group of mice and afterwards one 

group housed cage was tested, changed to a new autoclaved cage. The collected feces 

were stored at -80 °C.  

3.4.2. Sequencing  

The first step in the preparation of the feces samples for sequencing was a DNA 

extraction by using a MO Bio Power Soil DNA Isolation KIT. The feces samples were 

placed to the Power Bead Tubes and pre-heated Solution C1 together with Proteinase K 

were added followed by the briefly vortexed. After 30 min incubation samples were 

homogenized for 30 min at 50 °C using the SpeedMill and centrifuged for 30 sec at 10 

000 g at RT (except for the length of time, in all steps, conditions of centrifugation are the 

same). Carefully, the supernatant was collected and transferred into a clean 2 mL 
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Collection Tube. Solution C2 was added, and the samples incubated for 10 min at 4 oC. 

After centrifugation for 2 min, the supernatant was transferred to the new 2 mL collection 

Tube and solution C3 was added, and the step was repeated. Afterwards, the supernatant 

together with solution C4 was loaded onto the Spin filter and centrifuged for 1 min and 

the step was repeated twice followed by adding solution C5 and subsequent 

centrifugation for 30 sec. Finally, in the last step by adding solution C6, DNA was collected 

and stored at -20 oC until used. Afterwards, the samples were prepared for the PCR 

reaction. Prior to the PCR run, the samples were diluted at a ratio of 1:10 and combined 

with the Master Mix (Table 4). Then, 4 µL of the according reverse and forward primers 

were added to the sample well. The same step was performed for the control wells, 

including Mock community with known bacteria composition serving as a positive control, 

the water control, and the primer control.    

 

Master Mix µL/well 

H2O 10.25 

5x Buffer 5 

dNTP’s 10mM 0.5 

Phusion Taq II 0.25 

DNA 1 

Total 16µL + 1 µL DNA 

 
Table 4: Master Mix composition. 

The diluted samples were combined with the Master Mix necessary for a successful PCR reaction.  

Afterwards, the PCR plate was sealed and spun down followed by the PCR run (Table 

5). 
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CYCLE STEP TEMP, TIME CYCLES 

Initialization 98oC, 30 sec 1 

Denaturation 98 oC, 9 sec 

30 Annealing 55 oC, 30 sec 

Elongation 72 oC, 45 sec 

Final Elongation 72 oC, 10 min 1 

Final hold 4 oC, ∞  

 
Table 5: PCR program. 
The PCR run begins with initialization and proceeds through the steps of denaturation, annealing and 

elongation (the colored area indicates the repeated steps). The entire process ends with final elongation.  

The products of the PCR run were evaluated by gel electrophoresis on 1.5 % agarose 

gel. The electrophoresis was running for 5 min at 120V followed by 70 min at 110V and 

the quantification of the PCR bands was performed by using the image software Quantum 

Capt.v16.04. As the internal standard for the band intensity, the measurement marker 

was used with a known concentration of DNA (1 µL marker = 0.5 µg DNA – 500 bp marker 

lane = 80 ng). According to the calculation, each sample was expected to contain 80 ng 

DNA. From each PCR plate, subpools were created and then purified by using GeneJET 

NGS Cleanup Kit. The purification procedure started by adding 5 volumes of Binding 

Buffer to 1 volume of DNA fragments sample and 1 volume of 100 % ethanol followed by 

mixing. The mixture was transferred into the DNA Purification Micro Colum and 

centrifuged for 30 sec at 10 000 g at RT. Following the washing steps by adding Prewash 

Buffer and Wash Buffer, respectively. Then, the empty DNA Purification Micro Colum was 

placed in a clean 1.5 mL Eppendorf tube and 40 µL of DNA was eluted and stored at -20 

oC. Quantitive PCR (qPCR) was performed by using NEBNext® Library Quant Kit for 

Illumina®. Prior to the qPCR run, the subpools were diluted at the ratio of 1:100000 and 

then, 16 µL of NEBNext Library quant Primer Mix (with primers) was added to 4 µL of 
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DNA. Afterwards, the PCR plate was sealed and spun down, followed by the qPCR run 

(Table 6). 

CYCLE STEP TEMP, TIME CYCLES 

Initialization 95 oC, 1 min 1 

Denaturation 95 oC, 15 sec 
35 

Elongation 63 oC, 45 sec 

Final hold 4 oC, ∞  

 
Table 6: qPCR program.  
The qPCR run begins with initialization and proceeds through the steps of denaturation and elongation (the 

colored area indicates the repeated steps). The entire process ends with final elongation.  

Based the obtained data, I calculated the amount of each subpool which had to be 

collected into the one final library followed by its purification by using MagSi-NGSPREP-

PLUS beads. Prior to the purification process, fresh 75 % ethanol had to be prepared, 

and the Agencourt AMPure XP bottle had to equilibrate to RT for 30 min. Additionally, 

before usage, it was vigorously shaken to resuspend any magnetic particles. Then, 1.8 

volume of beads was added to the sample and mixed by pipetting. After 10 min incubation 

at RT, the reaction plate was placed onto an AgencourtSPRI Plate 96 Super Magnet Plate 

for 2 min to separate beads from the solution. Subsequently, the supernatant was 

discarded, and the beads were washed twice in 75 % ethanol followed by the incubation 

for 5 min at RT. The reaction plate was removed from the magnetic plate and the elution 

buffer was added. After 2 min of incubation at RT, the plate was placed onto the magnetic 

plate again to separate the beads and collect the eluate into a new autoclaved 1.5 mL 

Eppendorf tube. The samples were stored at -20 oC. The concentration the prepared and 

purified library was checked by using Qubit Fluorometer. At first, the library was diluted 

at the ratio of 1:200 in working solution, and additionally, standard 1 and 2 were prepared. 

After Qubit measurement, the library size was assessed using a Bioanalyzer and diluted 

to the concentration of 4 nM DNA. Subsequently, by using the MiSeq Reagent Kit v3, the 

DNA was denatured into single strands followed by the dilution of the library to the final 
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concentration of 10 pM by adding pre-heated HT1 buffer. Following the procedure, the 

same steps were performed to prepare a 10 pM PhiX library as a reliable control for the 

Illumina sequencing run. Then, the denatured sample library was spiked with 10 % PhiX 

control and loaded onto the chip together with the following primers: combined 27F Primer 

and 10 % read1primer Mix, Index Primer and 338R Primer. The chip was inserted into 

the cartridge and the sequencing run started. The set up was fixed for 302 reads.  

3.5. Histological staining  

3.5.1. PFA fixation of vibratome sections 

Each mouse was perfused with 10 mL of Ringer’s solution with 10 U/ mL heparin followed 

by the perfusion with 10 mL of 4 % paraformaldehyde (PFA). From each mouse, organs 

were collected as follows: aorta, brain, brown adipose tissue (BAT), cochlea, colon, eye, 

gall bladder, heart, kidney, lung, liver, pancreas, skin, skeletal muscle, small intestine, 

spinal cord, spleen, stomach. Organs were postfixed with 4 % PFA overnight at 4 °C. 

Afterwards, the PFA solution was discarded, and organs were stored in PBS with 0.02 % 

sodium azide (NaN₃, as an antibacterial agent) at 4 °C until staining.  

3.5.2. Immunohistological staining on free-floating sections 

To perform immunohistochemistry staining, organs were sectioned. Firstly, organs were 

embedded in 4 % low melt agarose and then, glued to the specimen plate that was 

inserted into the vibratome tray filled with PBS. The razor blade was carefully adjusted. 

Organs sections with the thickness of 50 µm and a speed between 0.2 - 0.5 mm/s 

according to the organ. Free floating sections were stored in PBS with 0.02 % NaN₃ in 

48-well plates covered with aluminum foil at 4 °C. Prior to the staining procedure, sections 

were washed one time in TRIS buffered saline (TBS) for 5 min at RT followed by washing 

twice in TBS with 0.3% Triton-x 100 (TBS-Tx) for 5 min at RT. Then, the washing solution 

was discarded, and sections were incubated in a blocking buffer (5 % BSA in TBS-Tx) for 

2 hours at RT. Following the procedure, the blocking solution was exchanged against the 

primary antibody, anti-mRFP (1:500) in a blocking buffer incubated over night at 4 °C. 

Subsequently, sections were washed three times in TBS-Tx for 5 min at RT followed by 

Alexa488-conjugated secondary donkey anti-rat antibodies (1:500) and with DAPI (1 

μg/ml) at RT for 2 hours. After three times washing in TBS-Tx for 5 min at RT, sections 



 61 

were mounted on SUPERFROST slides and sealed with coverslips using Mowiol with 

DABCO fluorescent mounting medium. Protected from the light, slides were stored at 4 

°C, and then analyzed using a confocal microscope.  

3.6. Imaging and image analysis 

3.6.1. Fluorescence microscopy  

A Leica DMI6000 B fluorescence microscope equipped with a DFC360FX camera was 

used for imaging, using LAS software to adjust the appropriate image settings. For 

qualitative tile scans a 10x objective was used by utilizing the filter cube: L5 according to 

the Alexa488 fluorochrome respectively. 

3.6.1.1. Adhesion assay  

All wells were analyzed by using the ImageJ software. A macro was created to calculate 

the number of cells attached to bEND.3 cells. Subsequently, the statistical analysis was 

performed using GraphPad Prism.  

3.6.1.2. NET formation assay 

The entire sample was analyzed using ImageJ. In order to quantify the area of NET 

formation, a macro was created that calculated the entire area encompassing the NETs, 

the number of cells and the corresponding cell area. The cell area was then subtracted 

leaving only the area of NETs presented in mm2. 

3.6.2. Confocal microscopy  

3.6.2.1. HCA2 expression in mouse organs 

After immunohistochemical staining, the organs were sectioned and mounted on slides. 

Images were then taken using a Stellaris 5 confocal microscope. To achieve optimal pixel 

saturation of the organs and cells of interest, laser intensity and gain settings were 

adjusted. As well as the emission and excitation spectra of the fluorochromes. The 

images were prepared in ImageJ software.  

3.7. Genotyping gDNA extraction 

The tail biopsies were collected and placed into 1.5 mL tube and incubated with the lysis 

buffer overnight at 56 °C. The following day, the samples were shortly mixed and spun 
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down for 3 min at 16 000 g at RT. Subsequently, the supernatant was transferred into the 

new 1.5 mL tube and incubated for 10 min at 4 °C followed by the addition of ice-cold 

absolute ethanol. The samples were gently mixed 6-8 times and centrifuged for 8 min at 

14 000 g at 4 °C. The supernatant was discarded, and the cell pellet was washed with 

70% ethanol and again spun down for 8 min at 14 000 g at 4 °C. The remaining 

supernatant was aspirated, and the cell pellet was dried for 10 min at 56 °C. Afterwards, 

the cell pellet was resuspended in 200 µL aqua bidest.  
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4. Results 

4.1. DMF treatment contribute to the adverse effects 

DMF is rapidly converted to its active metabolite MMF, which is HCA2 receptor agonists. 

Numerous studies have demonstrated a therapeutic effect of MMF in the treatment of 

MS. HCA2 mediates not only neuroprotective effects but has also adverse drug reactions 

(ADRs) that range from mild to moderate and more severe. Among the most common 

adverse symptoms are flushing, gastrointestinal disorders, such as severe diarrhea, 

vomiting, nausea, abdominal pain, as well as lymphopenia (Dubrall et al., 2021). In 

addition to DMF and MMF, nicotinic acid (NA), known for its anti-lipidemic effects, is 

another HCA2 receptor agonist with beneficial effects accompanied by side effects.  

In order to detect the expression of HCA2 in organs that might be affected by the ADRs 

of DMF and NA, the reporter mouse line Hca2mRFP that expresses the mRFP reporter 

under the control of the Hca2 locus was used (Hanson et al., 2010) (Figure 8a). Analysis 

of fluorescence microscope images was performed in selected organs collected from the 

Hca2mRFP reporter mice. Wild-type (WT) mice served as controls. RFP that served as 

proxy of HCA2 expression was detected in spinal cord, lung, small intestine, colon, liver, 

kidney, spleen, and brown adipose tissue (BAT) of Hca2mRFP mice. However, in WT mice 

Hca2 was not expressed (Figure 8b). 
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Figure 8: Expression of HCA2 in selected organs.  
(A) Representation of BAC transgene expressing mRFP under the control of Gpr109a gene promotor 

(Hanson et al., 2010).  

(B) Immunostainings of RFP as a reporter of Hca2 expression in the organs collected from Hca2mRFP 

reporter, and wild-type (WT). Images were obtained by fluorescence microscopy. Blue staining, DAPI, 

green staining, mRFP reflecting Hca2 expression.   

Scale bars, 20 µm. 

These findings suggest the involvement of the receptor Hca2 in possible side effects of 

NA and DMF treatment, one of the most common of which is diarrhea. In order to 
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investigate the involvement of HCA2 in DMF or NA-induced diarrhea further, I used an 

Ussing chamber (Figure 9a) to evaluate whether the drug treatment might have effect on 

the electrogenic trans-epithelial transport. The control of keeping the body fluid 

homeostasis is carried out by the epithelial cells that are joined by junctional proteins, 

such as the zona occludens (tight junctions), zona adherens, macula adherens, and gap 

junctions (Saint-Criq & Gray, 2017). Salt and fluid can move through the cell in two ways: 

between cells (paracellular pathway) or through the cells (transcellular) by absorption and 

secretion. Absorption is mediated by the uptake of Na+ via the apically located epithelial 

Na+ channel (ENaC). At the same time, efflux is due to the Na+/K+-ATPase in the 

basolateral membrane, resulting in the passive creation of paracellular Cl- transport. The 

water uptake is either paracellular or through the aquaporins (Saint-Criq & Gray, 2017). 

Secretion occurs in the apical membrane via cystic fibrosis transmembrane conductance 

regulator (CFTR). However, it is reported that numerous other Cl- channels, such as 

calcium-activated chloride channels (CaCC), might be involved. On the other hand, the 

basolateral Cl- channels, such as Na+ K+ 2Cl- cotransporter (NKCC1) and Na+- 

bicarbonate cotransporter (NBC), lead to the accumulation of Cl- within the cells. The 

driving force for the Na+ paracellular pathway is created by the active Cl- secretion, and 

as for absorption, water transport happens through the paracellular pathway or the 

aquaporins (Ramalho et al., 2022) (Figure 9b). The occurrence of diarrhea is caused by 

the secretion of chloride and bicarbonate ions, with the simultaneous secretion of sodium 

into the intestinal lumen, resulting in the movement of water into the intestines (Cottreau 

et al., 2012) (Figure 9c). 
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Figure 9:  Fluid absorption and secretion. 
(A) Representative scheme demonstrating circulating Ussing chamber, which consists of U-shaped tubes, 

to which experimental substances are added. Tissue samples are placed in the half-chamber connected to 

the electrical circuity that measures resistance (R), voltage (V) and current (I) (H. Li et al., 2004).  

(B) In epithelium, cells are connected by tight junctions (TJ) and gap junctions (GJ). Salts and fluids are 

transported via para and transcellular pathways. During absorption an active transport of Na+ occurs 

(indicated by red arrow) via ENaC on the apical side and Na+/K+-ATPase in the basolateral side creating 

force for passive transport for Cl- (indicated by yellow arrow). During secretion, an active secretion 

(indicated by green arrow) of Cl- via CFTR and other Cl- channels is a main driver, that also creates the 

passive movement of Na+ and H2O into the gastrointestinal tracks (GI) (Saint-Criq & Gray, 2017).  

(C) Representation of secretory diarrhea caused by the hyperactivation of Cl- channels leading to the 

increase in the secretion of Cl- and other fluid into the intestinal lumen (adapted from Patel et al., 2013).  
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In order to understand the possible mechanism of drug-induced diarrhea, I investigated 

the mucosa in the colon of mice. Firstly, to the increase in cAMP and Ca2+ release I 

applied 200 µM forskolin (FSK) and 100 µM carbachol (CCH) on the basolateral side of 

the tissue as controls. The chart shows the positive current response to both control 

stimuli. Subsequently, applying either 10 µM NA or 100 µM MMF did not affect 

transepithelial transport in the colon. To check whether drugs might affect Na+ imbalance 

on the luminal side of the tissue, I applied amiloride, which acts as an inhibitor of the 

ENaC channel (Figure 10a). However, the statistical analysis revealed no significant 

differences in the action of either NA or MMF (Figure 10b). These findings suggest that 

other mechanisms causing diarrhea might be involved. 
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Figure 10: Ussing chamber results of colon tissue stimulated with 100 µM MMF and 10 µM NA. 
(A) Graph showing the reading obtained from the Ussing chamber measurement. Basolateral application 

of 200 µM forskolin (FSK) and 100 µM carbachol (CCH) modulated transport.  However, treatment with NA 

(10 µM) or MMF (100 µM) had no effect, which was later confirmed by additional experiments.  

(B) Statistical analysis of the graph measurement showed no observed effect of NA or MMF on the ion 

transport in colonic tissue. Additional application of amiloride (Amil) on the lateral side did not result in a 

difference in drug effect. 

4.2. Diet modulates response to DMF treatment  

The gastrointestinal microbiota has a vital role in the normal functioning of organisms as 

well as during diseases. The gut microbiota takes part in the immune system 

development, as well as in the modulation of the CNS; it is involved in the synthesis and 
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secretion of essential vitamins, such as vitamin K, nicotinic acid, biotin, or riboflavin, and 

supports endothelial growth (Chu et al., 2018a). One of the most essential classes of 

bacteria are the producers of short-chain fatty acids (SCFAs), including butyrate, 

metabolites are derived from fermented products of indigestible carbohydrates, including 

dietary fiber (Portincasa et al., 2022). During MS development, a dysbiosis with increases 

in bacteria has been observed, such as Methanobrevibacter Akkermansia, 

Actinobacteria, Bifidobacterium, Streptococcus, Firmicutes, or Ruminococcus, and 

decreases in bacteria, including Butyricimonas, Lachnospiraceae, Ruminococcaceae, 

Faecalibacterium, Prevotella, Bacteroidaceae. During DMF treatment, a reshaping of the 

gut microbiota in MS patients has been observed, suggesting microbiota involvement in 

a better tolerance and response to the treatment and decreased severity of the disease 

(Ferri et al., 2023a). 

4.2.1. Diet affects neutrophil’s function  

It has been reported that SCFAs have a positive impact on immune responses, such as 

enhancement of the production of IL-10 and IL-4, reduction of the adherence of 

leukocytes to the vascular endothelium, promotion of the remyelination and modulation 

of the response of cell populations via GPCRs, including HCA2 (Kasper et al., 2019). One 

of the cell populations susceptible to modulation by SCFA are neutrophils expressing 

HCA2. 

4.2.1.1. Measurement of neutrophils adherence by Adhesion Assay  

I investigated the effect of diet on neutrophil response to DMF treatment and whether it 

is HCA2-dependent. To evaluate this hypothesis, mice were fed 3 different diets: a high 

fiber diet (HFbD), a lauric acid diet (LAD) - high in fat content (30 %), and a normal chow 

diet (NCD) as a control diet for 4 weeks each (Figure 11a). Subsequently, the primary 

neutrophils were collected from the bone marrow of each mouse from each diet. One of 

the crucial steps in CNS infiltration is the adhesion of neutrophils to activated brain 

endothelial cells. To investigate this step, an adhesion assay was performed, that consists 

of two steps. Prior to the first step of the assay almost confluent brain endothelial 

(bEND.3) cells were incubated with 10 ng/ml TNF. In parallel, 5 x 105 neutrophils were 

labelled with 3 µM Calcein AM and treated either with 200 µM MMF or vehicle for 30 
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minutes in the presence of carbenoxolone (100 µM) to inhibit calcein efflux through 

hemichannels. Finally, calcein was measured by Plate Reader. Binding of neutrophils to 

activated bEND.3 cells occured in the second step (Figure 11b). Fluorescent microscopy 

images and quantification showed a significant inhibition of neutrophil adherence into the 

bEND.3 cells in the DMF treated group in comparison to the vehicle treated group in the 

HFbD mouse group, while I did not find this effect of MMF either in neutrophils prepared 

from the LAD or NCD group (Figure 11c).  
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Figure 11: Pronounced effect of HFbD on neutrophils response to MMF treatment. 
(A) Three groups of mice were fed LA, NC and HFb diets for 4 weeks.  

(B) Confluent brain endothelial cells bEND.3 cells were incubated with 10 ng/ml TNF for 6 hours. 

Meanwhile, Calcein-labelled neutrophils (green) were stimulated with 200 µM MMF and incubated with 

bEND.3 cells during the second stage of the assay. Between two measurements with a plate reader, cells 

were washed three times.  

(C) As a final step, cells were fixed, and microscopic images were analyzed. Quantification of the cells 

showed a significant inhibition of neutrophil adhesion induced by MMF treatment in mice fed the HFb diet 

compared to the LA and NC diets. MMF significantly inhibited neutrophils adhesion to activated bEnd.3 
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when neutrophils were isolated from mice fed HFbD, while in mice fed with LAD or NCD no effects were 

observed. In the left panels, representative images from the HFbD group are shown. 

* P < 0.05, **P < 0.05. Means ± S.E.M. are shown. Points represent cultures from individual mice. Scale 

bars, 50 µm. Detailed information on the exact test statistics, sidedness and values is provided in 

Supplementary Table 1. 

These results suggest that HFb diet promoting an increase in butyrate production results 

in a better response of neutrophils to DMF treatment in an HCA2-dependent manner. To 

confirm these findings, I performed another experiment in which I proved that diet 

increases the effect of DMF treatment on neutrophils. 

4.2.1.2. Quantification of NET formation by NETosis Assay  

I performed a NETosis Assay in which I investigated another hallmark of neutrophil 

activation, the production of neutrophil extracellular traps (NETs), which consist of a 

network of extracellular DNA chains accompanied by the release of granule proteins and 

histones. During EAE and MS, the BBB becomes damaged, to which NETs neutrophils 

may contribute. In addition, the release of neutrophil’s granules contributes to increased 

ROS production, leading to aggravated disease symptoms (Woodberry et al., 2018). DMF 

treatment has been shown to impair neutrophil function and inhibit NET production (Müller 

et al., 2016). 

As for the Adhesion Assay, primary neutrophils were collected from the bone marrow. In 

order to investigate the MMF effects on Netosis, TNF-primed neutrophils were divided 

into 3 distinct groups: 1) only Sytox Green (SG)-labeled neutrophils to assess the 

simultaneous NET release; 2) SG-labeled neutrophils stimulated by the phorbol myristate 

acetate (PMA), a well-known inducer of NETosis, without MMF treatment and 3) SG-

labeled neutrophils stimulated by the 100 µM PMA and treated with 200 µM MMF (Figure 

12a). The analysis of the fluorescence microscopy images enabled the quantification of 

the NETs area and showed a significant reduction of NETosis in MMF-treated neutrophils 

obtained from the HFbD group. Neither in the LAD nor NCD group a similar effect of MMF 

was found (Figure 12b). This data set suggest that the HCA2-mediated effect of MMF is 

enhanced by the HFb diet, reflecting protective effects in EAE.  
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Figure 12: Pronounced effect of HFbD on reducing NET formation in the MMF-treated group. 
(A) Neutrophils collection from bone marrow from three groups of mice fed LA, NC and HFb diets. 

Subsequently neutrophils were divided into 3 different group either treated with or without 200 µM MMF. 

Followed by cell fixation and quantification.  
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(B) MMF treatment significantly reduced release of neutrophil extracellular traps (NETs, yellow arrows) in 

the HFbD-fed mice, while in LAD and NCD groups, MMF had no effect. In the left panels, representative 

images of neutrophils treated with PMA + MMF of the three diets are shown. 

* P < 0.05, **P < 0.05. Means ± S.E.M. are shown. Points represent cultures from individual mice. Scale 

bars, 50 µm. Detailed information on the exact test statistics, sidedness and values is provided in 

Supplementary Table 1.  

4.2.2. Diet modulates DMF efficacy in an EAE mouse model  

DMF treatment has shown high efficacy in patients with RRMS, but unfortunately, some 

patients have not responded to treatment (Havrdova et al., 2017). Therefore, it is essential 

to investigate factors that may contribute to treatment response. During the study of 

neutrophil biology, I showed an enhancement of DMF effects in the HFb diet compared 

to the fat-rich LA and control NC diets.  

4.2.2.1. Diet intervention during DMF treatment  

To study the influence of the diets on the improved protective effects of DMF in EAE, in 

vivo studies using an EAE mouse model was performed. 14 days prior to the 

immunization, and later during the whole time of the experiment, mice were fed fat-rich 

LAD, HFbD or NCD. On the 3rd day post-immunization (dpi), mice received an oral DMF 

treatment (50 mg/kg, twice per day) or vehicle until the last day of the experiment (28th 

dpi) (Figure 13a). An increase in body mass in mice on LAD, NCD, and HFbD has been 

observed; nevertheless, at the onset of the first neurological symptoms between 8 and 

10 dpi, there was a drop in body mass. DMF treatment showed a notable effect in HFbD, 

while it had a moderate effect in NCD and LAD (Figure 13b). The weight loss reflected 

the neurological score obtained by mice. Depending on the diet, an effect of DMF on the 

neuroscore was observed. The scoring started on the 7th dpi, showing the lack of DMF 

effects in the LAD group, while in NCD, there was a moderate improvement of neuroscore 

in the treated group. A prominent neurological deficit improvement was observed in the 

DMF-treated group on HFbD (Figure 13c), which was also reflected by the significantly 

lower area under the curve (AUC) and the maximal neuroscore. First neuro-symptom 

onset was significantly delayed under DMF treatment in HFbD group (Figure 13d). 
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Figure 13: DMF efficacy is modulated by the diet in EAE. 
(A) 14 days before immunization diet intervention started and was followed by DMF treatment (dpi 3) and 

scoring (dpi 7), feces collection one day before termination (dpi 28).  
(B) Body weight of mice on lauric acid diet (LAD), normal chow diet (NCD), and high fiber diet (HFbD) 

during EAE. DMF reduced weight loss in mice on NCD and HFbD, while the effect was lost in the LAD 

group.  
(C) Neuroscores in wild-type mice treated orally with vehicle or DMF (50 mg/kg body weight, twice daily).  

(D) Area under the curve (AUC) of neuroscores, maximum scores, and the day of disease onset in mice on 

the three diets with or without DMF treatment.  
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Dpi, day post immunization. *P < 0.05, **P < 0.01. Means ± S.E.M. are shown. Points represent individual 

mice (D). Detailed information on the exact test statistics, sidedness and values is provided in 

Supplementary Table 1. 

The experiment was performed by Julian Assmann, a previous PhD student at the Institute.  

4.2.2.2. Effect of the diet and DMF treatment on microbiota and metabolism   

Previous findings showed an interaction between the diet and the response to the 

treatment. They suggest that the microbiota influences the resorption of MMF, a prodrug 

formed from oral DMF administration. I further investigated and measured the 

concentrations of MMF in the plasma 20 minutes after applying DMF by oral gavage. 

However, there was no significant difference between the diets (Figure 14a), in addition, 

the analysis of the plasma concentrations of the SCFA, such as acetic acid and propionic 

acid, did not show significant changes due to the DMF treatment or between the diets 

(Figure 14b). These findings did not support the idea that the microbiota influence a better 

response to DMF treatment. However, I checked the effect of the diet on the gut 

microbiota by analyzing data obtained from the sequencing of the feces collected on the 

28th dpi. The hallmark of EAE is the presence of gut dysbiosis, and both treatment and 

diet lead to a reshaping of the gut microbiota. The analysis of β-diversity of operational 

taxonomic unit (OTU) level abundances demonstrated significant differences between 

the diets; however, no effects in regard to DMF treatment were found. Moreover, α-

diversity analysis showed a significantly lower diversity of microbiota species in HFbD 

compared to LAD and NCD, while there were no effects of DMF treatment within the diet 

group (Figure 18c). The data showed a notable change within the microbiota niche at the 

phylum and genus level. Compared to LAD and NCD in HFbD, an increased level of 

SCFA and butyrate producers has been demonstrated, simultaneously decreasing the 

level of pro-inflammatory microbiota (Figure 14d). At the genus level, a significant change 

has been observed in numerous bacteria, such as the butyrate-producer 

Parabacteriodes, for which relative abundance was elevated in HFbD compared to LAD 

and NCD. A similar effect in HFbD was also observed in another bacteria genus, including 

Acetatofactor or Prevotellamasilla. Conversely, in LAD, there was an increase in the pro-

inflammatory bacteria Streptococcus, while in NCD and HFbD, it was significantly 
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decreased (Figure 18e). These data suggest that the metabolites of those bacteria might 

modulate the efficacy of DMF treatment. 
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Figure 14: Effect of diet and DMF treatment on microbiota and metabolism. 
(A) MMF plasma concentration collected from mice fed LAD, NCD and HFbD. 

(B) Concentrations of acetic and propionic acid in plasma did not differ between the diets nor treatments. 

(C) Alpha diversity was significantly reduced by the HFb diet compared to LA and NC diets, but DMF 

treatment had no effect. Similarly, only diet, not treatment affected beta diversity as shown by principal 

coordinates analysis and PERMANOVA. 

(D) Diet intervention and DMF treatment affected the gut microbiota at the phylum and genus level. HFbD 

increased the relative abundance of short-chain fatty acids (SCFAs) producers, while in LAD I observed 

elevation of pro-inflammatory bacteria.  

(E) The abundance of SCFAs producers such as Prevotellamassila or Parabacteriodes and Acetatifactor 

was increased in DMF-treated mice fed HFbD.  

Fecal samples were obtained from the experiment shown in Fig. 1 at dpi 28. *P < 0.05, **P < 0.01, ***P < 

0.001. Means ± S.E.M. are shown. Points represent individual mice. Detailed information on the exact test 

statistics, sidedness and values is provided in Supplementary Table 1. 

4.2.2.3. HCA2 mediate the effect of DMF treatment in EAE mice fed HFbD 

Previous in vivo experiments have shown that HCA2 is required to reduce neurological 

deficits and decrease the spinal cord's immune cell infiltration and demyelination. 

However, in mice lacking HCA2, the efficacy of DMF treatment was lost, when mice 

received NCD (Chen et al., 2014). As the previous results indicated the enhanced 

protective effect of DMF on HFb diet, I decided to conduct the EAE experiment to confirm 

that HCA2 is required to mediate a neuroprotective effect of DMF treatment. Thus, 14 

days before immunization and during the experiment, Hca2-/- mice and Hca2+/+ littermate 

controls were fed with HFbD. On the 3rd dpi, oral DMF (50 mg/kg, twice per day) or vehicle 

was administrated by oral gavage until the last day of the experiment (28th dpi). The 

scoring started on the 7th dpi, and the onset of the first neurological symptoms manifested 

between 14 and 16 dpi. Hca2+/+ mice receiving DMF treatment showed significantly 

decreased disease severity and improved neurological deficit compared to the vehicle 
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group (Figure 15a). However, the effect of DMF treatment was lost in Hca2-/- mice 

Moreover, DMF treatment contribute to a significant reduction in AUC in Hca2+/+ mice, 

while in Hca2-/- mice there is no significant difference (Figure 15b). These findings confirm 

that DMF improves the neurological deficit in the HCA2 manner when mice are on HFbD. 

 

 
Figure 15: HCA2 mediates the effect of DMF treatment in EAE when mice were fed HFbD. 
(A) DMF significantly improved the neuroscore in Hca2+/+ mice, while the effect was lost in Hca2-/- mice, 

confirming our previous results.  

(B) Area under the curve (AUC) of neuroscores in Hca2+/+ mice and Hca2-/- mice treated with vehicle or 

DMF. 

*P < 0.05, **P < 0.01. Means ± S.E.M. are shown. Points represent individual mice (B). Detailed information 

on the exact test statistics, sidedness and values is provided in Supplementary Table 1. 

4.2.2.4. Hca2 expression is not influenced significantly by treatment or diet.  

As shown in a previous experiment, HCA2 mediates a therapeutic effect of DMF in EAE 

mice. I wondered which Hca2-expressing cell population contributes to enhanced DMF 

treatment on HFbD. For this purpose, I used Hca2mRFP mice fed either HFbD or LAD. As 

in previous EAE experiments, mice were on the diet 14 days before the immunization, as 

well as during the whole experiment until the 16th dpi. On the 3rd dpi, mice received the 

oral DMF treatment (50 mg/kg, twice per day) or vehicle by gavage, and the scoring 

started on the 7th dpi until termination day (16 dpi). At the end of the experiment, I 

performed FACS measurement to assess the RFP+ cell population in the blood. The 
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quantitative analysis was based on the gating strategy (Figure 16a). In both diets, HFbD 

and LAD, over 95 % of Ly6G+Ly6C- neutrophils were RFP+. However, neither diet nor 

treatment led to a significant difference in HCA2 expression per cell, which is already very 

high in untreated neutrophils (Figure 16b). Among the monocyte populations, regardless 

of diet, almost all pro-inflammatory Ly6Chigh monocytes did not express HCA2 (Figure 

16c), while about 20-40 % of Ly6Cint and Ly6Clow monocytes were RFP+ positive. As I 

observed, in both diets, HFbD and LAD, no significant difference in expression per cell 

(Figures 16d and 16e). However, HFbD moderately upregulated the expression of Hca2 

in Ly6Cint monocytes (Figure 16d), which might suggest its possible contribution to 

improved efficacy of DMF treatment in mice. These data demonstrate that the highest 

expression of Hca2 was found in neutrophils, which might suggest their most significant 

role in improving disease severity. In addition, DMF had no effect on the number of 

neutrophils as well as Ly6Cint and Ly6Clow monocytes regardless of the diet. However, 

HFb diet led to a reduction of Ly6Chigh monocytes in comparison to LAD group. 
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Figure 16: Hca2 expression is not influenced significantly by treatment or diet. 
(A) Blood cells were gated into viable and CD45-positive cells. Subsequently, the leukocyte population was 

gated into CD45+CD11b+Ly6G+Ly6C- neutrophils, CD45+CD11b+Ly6G-Ly6Chi, CD45+CD11b+Ly6G-Ly6Cint 

and CD45+CD11b+Ly6G-Ly6Clow monocytes. 

(B) Histogram demonstrating that over 95 % of neutrophils are RFP+ regardless of the diet and the 

treatment. The Hca2 expression per neutrophil, represented as standardized unit (SU) of mRFP+ was not 

affected by DMF or the diet. 

(C) and (D) Histogram demonstrating that Ly6Cint and Ly6Clow monocytes expressed mRFP at intermediate 

levels and Hca2 expression per cell was not changed by DMF. However, DMF led to the mild increase of 

mRFP expression in Ly6Cint monocytes. 

(E) Histogram demonstrating that almost all pro-inflammatory Ly6Chi monocytes were mRFP-negative. 

(F) Neither treatment or diet significantly reduced the number of infiltrating neutrophils, monocytes low and 

intermediate. However, diet did reduce the number of high monocytes in HFbD-fed mice compared to LAD-

fed mice. 

*P < 0.05. Means ± S.E.M. are shown. Points represent individual mice. Detailed information on the exact 

test statistics, sidedness and values is provided in Supplementary Table 1. 
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4.2.2.5. HCA2 mediate effects of DMF in neutrophils cell-specific manner. 

In the following, to investigate a mediating role of HCA2 in neutrophils in a cell-specific 

manner during DMF treatment, the Hca2Fl/Fl mouse line was generated and subsequently 

was crossed with the mouse line termed Catchup, which is the neutrophil-specific Ly6G-

Cre driver with the expression of the fluorescent protein tdTomato (Hasenberg et al., 

2015). To assess the effectiveness of recombination, I used primary neutrophils collected 

from the bone marrow. I stimulated them with 100 µM MMF (Figure 17c), as a product of 

intestinal DMF metabolism along with 100 µM NA (Figure 17a, which are Hca2 receptor 

agonists and elevate intracellular Ca2+ ([Ca2+]i) release in neutrophils. Cells were collected 

from four different genotypes of mice: wild-type Hca2+/+, Hca2 -/-, Hca2FL/FL and Hca2nKO 

(Figure 17a). Stimulation with the drugs resulted in HCA2–mediated increase in [Ca2+]i in 

wild-type Hca2+/+ neutrophils, but the effect was lost in neutrophils from Hca2-/- mice. The 

measurement has shown a similar effect of NA and MMF in Hca2Fl/Fl as in wild-type 

Hca2+/+ neutrophils, suggesting that the artificial intron that was inserted into the floxed 

locus does not interfere with Hca2 expression and, thereby, response to an agonist. 

Interestingly, in comparison to Hca2Fl/FL neutrophils, I could observe a significant drop in 

the rate of responsive cells to the stimuli from 75 % to approximately 40 % in neutrophils 

from Hca2nKO mice (Figure 17b). These findings suggest that Ly6G-Cre-mediated 

recombination in neutrophils is a successful way to inhibit the HCA2 activation. 
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Figure 17: Conditional knockout of Hca2 in neutrophils (Hca2nKO) decreases HCA2-stimulated 
increase in intracellular Ca2+ concentrations ([Ca2+]i). 
(A) Stimulation with nicotinic acid (NA, 100 µM, 60 sec) increased [Ca2+]i concentrations in a majority of 

Hca2+/+ neutrophils, while it had no effect in Hca2-/- neutrophils. Hca2Fl/Fl neutrophils responded in a similar 

manner to NA stimulation as Hca2+/+ cells. The amplitude of [Ca2+]i stimulated by nicotinic acid was lower 

in Hca2nKO neutrophils. 

(B) The number of neutrophils responsive to MMF treatment was significantly reduced in the Hca2nKO 

genotype compared to Hca2Fl/Fl genotype.   

(C) Stimulation with MMF (100 µM) increased [Ca2+]i in neutrophils. 

**P < 0.05. Means ± S.E.M. are shown. Points represent individual mice. Detailed information on the exact 

test statistics, sidedness and values is provided in Supplementary Table 1. 

Due to a successful knockout of the Hca2 receptor in neutrophils, I induced EAE in 

Hca2Fl/FL and Hca2nKO mice. During this experiment, all mice were fed with HFbD, starting 

two weeks before immunization and continuing until the last day (28 dpi). Mice received 

oral DMF or vehicle treatment on the 3rd dpi, followed by the scoring from 7th dpi onwards. 

As I observed, DMF treatment significantly reduced neurological symptoms in Hca2Fl/Fl 

mice, while in Hca2nKO mice, this effect was lost (Figure 18a). Neurological improvement 

in DMF-treated Hca2Fl/Fl mice was also supported by the reduction of the AUC of 

neuroscores (Figure 18b).  
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Figure 18: The therapeutic effect of DMF in EAE depends on HCA2 in neutrophils. 
(A) Neuroscores of Hca2FL/FL and Hca2nKO mice fed HFb diet and treated orally with vehicle or DMF (50 

mg/kg body weight, twice daily). DMF treatment significantly improved the neurological deficit in Hca2FL/FL 

mice, while the effect was lost in Hca2nKO mice, indicating that HCA2 mediates the protective effect of DMF 

in neutrophils. 

(B) DMF treatment significantly reduced the area under the curve (AUC) of neuroscores in Hca2FL/FL but 

not in Hca2nKO mice. 

**P < 0.05. Means ± S.E.M. are shown. Points represent individual mice (B). Detailed information on the 

exact test statistics, sidedness and values is provided in Supplementary Table 1. 

In summary, our data indicate that HCA2 is required for mediating the protective effect of 

DMF treatment in EAE mice.   
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5. Discussion 

In 2013, DMF was approved as an oral medication in patients with relapsing-remitting 

multiple sclerosis (RRMS) and showed great improvement in delaying relapses and 

patient disability. A recent long-term follow-up studies demonstrated a favorable benefit-

risk profile of DMF treatment. More than 70 % of patients receiving DMF treatment did 

not experience an increased number of relapses or disease worsening. In addition, other 

patients became relapse-free for more than 10 years (Gold et al., 2022). However, not all 

patients have benefited from DMF treatment (Havrdova et al., 2017), therefore, further 

research is needed to improve the current treatment strategy. In this study, I focused on 

the impact of diet on the therapeutic effect of DMF in EAE, a mouse model of MS. The 

data showed that in mice fed an HFb diet, the efficacy of DMF treatment was most 

pronounced and resulted in increased improvement in neurological deficits. It has been 

shown that the protective effect of DMF depends on HCA2, a GPCR which is activated by 

DMF and its active prodrug MMF, NA, as well as ketone body β-OHB and butyrate (Taing 

et al., 2023). Furthermore, recent studies demonstrated the importance of neutrophils, as 

a key factor contributing to MS development and neuroinflammation (Shi et al., 2021). It 

has been reported that Hca2 is expressed by neutrophils (Tunaru et al., 2003) whose 

infiltration into the CNS is reduced after DMF treatment (Chen et al., 2014). In this study, 

I showed that the HFb diet intervention altered neutrophil biological functions and 

upregulated cell activation genes, which may have contributed to a more robust response 

to MMF treatment.  

In this study, I investigated the relationship between microbiota and the efficacy of DMF 

and its effects on neutrophil function in a model of EAE. In addition, I demonstrated the 

importance of the MMF-HCA2 axis in improving neurological deficits.  

5.1. Adverse effects caused by DMF treatment  

DMF a globally used drug in the treatment of MS, has demonstrated promising outcomes 

in reducing the EDSS score, a key measure of disability and disease progression. 

However, clinical tests on its safety profile have revealed adverse effects (AE) in patients, 

with the most common being flushing or gastrointestinal issues like diarrhea, vomiting, or 

abdominal pain (Bomprezzi, 2015). Some of those AE might be mediated by HCA2 
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(Dubrall et al., 2021) a receptor expressed in the cell membrane of various tissues and 

cell types (Taing et al., 2023).  

To examine which tissues express Hca2, I investigated cryosections of a reporter mouse 

model, Hca2mRFP (Hanson et al., 2010) enhanced by an antibody staining. Ilocalized HCA2 

in selected organs, focusing mostly on the mucosa of the colon. Using the Ussing 

chamber, I have shown that the diarrhea in patients with MS might not occur due to 

changes in transepithelial transport caused by DMF or NA treatment, and another 

mechanism may explain/cause the AE. One explanation may involve prostanoids, such 

as prostaglandin D2 (PGD2) and PGE2. Mediated by HCA2, they may contribute to the 

secretory diarrhea and flushing reaction. Hanson and colleagues demonstrated that mice 

lacking the Hca2 receptor did not experience DMF or NA-induced flushing in a well-

established mouse model for flushing. Moreover, keratinocytes and Langerhans cells 

expressing HCA2 were involved in the flushing mechanism (Hanson et al., 2010). Another 

study provided evidence for the essential role of Langerhans cells in HCA2-mediated 

vasodilation. After activation of the receptor, an increase in [Ca2+]i was observed followed 

by activation of phospholipase A2, and subsequent release of PGD2 and PGE2, resulting 

in flushing (Benyó et al., 2006). Furthermore, it has been reported that prostaglandins are 

involved in inducing diarrhea and one study showed effective prevention of diarrhea 

mediated by PGE2 using prostaglandin-synthetase inhibitors (Lange et al., 1977). 

However, during this study I did not characterize the cell type of the selected organs or 

further investigate other mechanisms of potential HCA2-mediated diarrhea. Overall, our 

data showed that the DMF-HCA2 axis did not affect transepithelial transport in the colon. 

To understand how DMF affects the occurrence of increased diarrhea in patients, further 

detailed studies are needed. 

5.2. Diet modulates the efficacy of DMF treatment in EAE 

The gut microbiota plays a primary role in maintaining human well-being by promoting 

immune cell maturation and normal immune function regulation and being in symbiosis 

with the host, contributing to homeostasis (Clemente et al., 2012). Under healthy 

conditions, the microbiome has tremendous taxonomic diversity and high microbial gene 

richness, providing host stability and resilience (Fan & Pedersen, 2021). However, 
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microbiota dysbiosis and its interaction with the host immune system contribute to 

dysregulations and disease development. Numerous studies indicate that dysbiosis of 

the microbiota may be considered a potential factor for MS as well as other autoimmune 

and neurodegenerative diseases. They reported that specific gut bacteria are associated 

with a pro-inflammatory environment and contribute to the pathogenesis of MS and 

increased disease severity (Mirza & Mao-Draayer, 2017). 

The main families of bacteria in the gut are the Bacteroidetes, Firmicutes, Proteobacteria 

and Actinobacteria, as well as other phyla. Recent studies conducted by several groups 

demonstrated the profile of specific gut bacteria in MS compared to healthy control 

groups. SCFA or butyrate producers, such as Bacteroides, Parabacteroides, Prevotella, 

which display protective and anti-inflammatory effects, were shown to be reduced in MS. 

On the other hand, there is an increase in pro-inflammatory bacteria such as 

Ruminococcus, or Methanobrevibacter in RRMS patients (Altieri et al., 2023; Shahi et al., 

2017). Moreover, Cekanaviciute et al. identified that certain bacteria, Akkermansia 

muciniphila and Acinetobacter calcoaceticus, which are significantly increased in MS 

patients are linked to pro-inflammatory responses and a more severe course of disease 

(Cekanaviciute et al., 2017). Interestingly, the genus Akkermansia has been reported to 

exert both inflammatory and regulatory properties. It can convert mucin into SCFAs but 

is also involved in the breakage of the gut barrier, which consequently results in elevated 

exposure to microbial antigens (Jangi et al., 2016). 

Other factors that have a major impact on altering the gut microbiota are the commonly 

used drugs in MS, one of which is DMF (Zhou et al., 2022). Significant changes in the gut 

microbiota were found in DMF-treated MS patients. Several clinical trials demonstrated a 

beneficial effect of DMF in decreasing pro-inflammatory bacteria taxa, such as 

Akkermansia muciniphila, Coprococcus eutactus, Streptococcus or some members of the 

Clostridia families, such as Lachnospiraceae. These bacteria taxa were associated with 

impaired myelination and differentiation of oligodendrocytes. However, DMF resulted in 

a significant increase in the relative abundance of beneficial bacteria from the 

Bacteroidetes family, such as Bacteroides or Prevotella, which are linked to ameliorating 

EAE and MS symptoms (Chu et al., 2018b; Del Negro et al., 2024; Diebold et al., 2022; 

Ferri et al., 2023b; Katz Sand et al., 2019). In this experiment, I observed a significant 
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impact of the diet on DMF treatment efficacy. I observed that the HFb diet greatly 

increased the relative abundance of butyrate and SCFAs producers at the phylum and 

genus level, such as Bacteroidota, and Bacteroides, Parabacteroides, and Prevotella, 

respectively. Simultaneously, the HFb diet reduced the abundance of pathological 

bacteria. Moreover, I showed a pronounced effect of DMF treatment in the reduction of 

disease severity compared to the untreated group, indicating the contribution of the HFb 

diet in a better host response to the DMF treatment mediated by HCA2. On the contrary, 

the LA diet promoted increased relative abundance of pro-inflammatory bacteria, such as 

Lachnospiraceae and Streptococcus, while beneficial bacteria were reduced. The 

possible consequence of the elevated levels of those bacteria might be their contribution 

to the loss of the protective effect of DMF treatment and progressed disease course. 

However, there might be several ways the diet impacts the host and immune cells, such 

as neutrophil functions decreasing susceptibility to DMF treatment.    

One reason for the ineffective effect of DMF mediated by HCA2 on neutrophils in the mice 

fed the LA diet may be the blocking effect of the medium- and long-chain fatty acids and 

saturated lipids. It has been reported that diets high in fat, as well as fatty acids and 

polyphenols, may contribute to the inflammatory cascade and production of TNF, 

prostaglandins, or interleukins, leading to oxidative stress and inflammation (Stoiloudis et 

al., 2022). It has been demonstrated that two of the most abundant saturated fatty acids 

(SFA), palmitic and stearic acids affect neutrophil functions. They significantly increased 

the production of ROS without any neutrophil stimuli, which indicates the pro-

inflammatory action and contribution to the damage of the tissue. Moreover, palmitic acid 

promoted the migration of neutrophils by increasing IL-8 production, a key 

chemoattractant for neutrophils (Rodrigues et al., 2016). So far, very few studies have 

investigated the effect of lauric acid on neutrophils. However, the effect of lauric acid was 

investigated on cancer colonic cells and was greatly associated with a significant increase 

in their apoptosis, while butyrate did not induce apoptosis. Similarly, ROS generation was 

significantly elevated by lauric acid, while butyrate reduced the levels of ROS (Fauser et 

al., 2014). A recent study demonstrated that exposure to a high-fat diet rich in SFA is 

linked to inflammation and immune system dysregulation. Moreover, they showed that 

SFA contributed to a robust release of neutrophils from the bone marrow into the 
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bloodstream. It has been known that the increased number of neutrophils is linked to 

many inflammatory illnesses, including autoimmune diseases. Moreover, they showed an 

increased induction of neutrophils apoptosis and bone marrow inflammation (Ortega-

Gomez et al., 2022). Interestingly, lauric acid which belongs to medium-chain fatty acids 

promotes differentiation of Th-1 and Th-17 cells, causing EAE to worsen. One of the 

studies observed an elevated influx of Th-17 cells into the small intestine in a group of 

mice fed the LA diet which contributed to a more severe course of EAE (Haghikia et al., 

2015).  

On the contrary, SCFAs suppress the induction of Th-17 and promote T-reg cells, 

ameliorating disease severity (Haase et al., 2018). SCFAs are mainly produced from the 

dietary fiber fermentation in the colon and are promptly absorbed by the colonocytes. 

However, SCFAs are not metabolized in colonocytes but in the liver, and eventually only 

a tiny fraction of acetate, propionate and butyrate derived from the colon reaches the 

systemic circulation (Boets et al., 2015). Moreover, it has been shown in a cell culture 

model that SCFAs are able to cross the BBB, reach the brain and promote CNS histone 

crotonylation modulating this way brain functions (Fellows et al., 2018; Mitchell et al., 

2011). More importantly, the Hca2 receptor is not only expressed by the adipocytes or 

immune cells but also by the colonocytes, which are activated by the butyrate (Thangaraju 

et al., 2009). Evidence suggests the SCFAs are a strong candidate in mediating the effect 

of the HFb diet in a HCA2-dependent manner. In this experiment, I observed a great 

impact of dietary intervention on DMF treatment efficacy, demonstrating a pronounced 

effect of DMF in HFb diet-fed mice. Even though butyrate was not detected in the plasma 

and all other SFACs did not differ between the treatment groups in the HFb diet, butyrate 

might exert a local effect in the gut wall by improving the intestinal barrier. The expression 

of tight junction proteins may be affected and consequently prevents bacteria from 

translocating (Dalile et al., 2019). Butyrate has been shown to have a beneficial effect 

mediated by HCA2 in the intestinal wall. Butyrate promoted the production of IL-10, 

resulting in the inhibition of pro-inflammatory Th-17 cells and converting naïve T-cells into 

regulatory T-cells (Offermanns, 2017). The enhanced effect of DMF treatment in the HFb 

diet observed in our EAE model might be mediated by SCFAs, including butyrate, which 
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stimulates the Hca2 receptor, resulting in reduced disease severity and a significant delay 

of the onset. 

5.3. Influence of the microbiota on neutrophil function 

As mentioned before microbiota play a key role in the formation and development of the 

immune system and play an important role in mediating communication along the gut-

brain axis (Fung, 2020). The gut microbiota modulates the function of cell populations 

such as neutrophils, which play significant roles in neurodegeneration in MS.  

Here I demonstrated that during dietary intervention, the neutrophils response to the MMF 

treatment was modulated by the diet. I showed that the HFb diet regulates some 

neutrophil activities and contributes to their pronounced response to MMF treatment. I 

found no significant effect of MMF treatment in mice fed the LA or NC diets. One 

explanation for how a fiber-rich diet increases neutrophil susceptibility to treatment is that 

SCFAs to which propionate, acetate, and butyrate belong exert a modulating role. SCFAs 

modulate several processes, such as recruitment, differentiation, gene expression and 

activation of many immune cells, including neutrophils, monocytes, and macrophages, as 

well as DCs and T-cells. SCFAs affect neutrophil recruitment by influencing the 

production of pro-inflammatory mediators, such as TNF- α and IL-17 which activate the 

endothelial cells, as well as regulate the neutrophil-chemoattractants such as CXCL1 and 

CXCL8 produced by different cells (Corrêa-Oliveira et al., 2016). Moreover, another study 

has demonstrated an inhibitory effect of SCFAs on the production of pro-inflammatory 

cytokines, such as TNF-α and NO (Vinolo et al., 2011). In addition, a dual role of SCFAs 

in ROS production was reported. ROS are essential for antimicrobial activity, while on the 

other hand, the overproduction of ROS led to tissue destruction. However, SCFAs 

contributed to a healthy balance in ROS generation (Kamp et al., 2016). Moreover, one 

study on inflammatory bowel disease (IBS), in which dysbiosis of the intestinal microflora 

occured like in MS, found that butyrate inhibited NET production and effectively 

suppresses neutrophil migration (G. Li et al., 2021). One of the key steps in inflammation 

is the migration and adhesion of leukocytes to the tissue. During this process, adhesion 

molecules such as vascular cell adhesion molecule-1 (VCAM-1) or intercellular cell 

adhesion molecule-1 (ICAM-1) expressed by endothelial cells play a key role. Butyrate 
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has been shown to effectively reduce the induction of adhesion molecules, and 

consequently contribute to the reduced adhesiveness of leukocytes to the TNF-α 

stimulated endothelial cells (Zapolska-Downar et al., 2004). Another study also provided 

evidence showing an inhibitory effect of butyrate treatment on leukocyte adhesion to 

endothelial cells due to a reduced expression of VCAM-1 and ICAM-1 (Menzel et al., 

2004). Additionally, it has been reported that DMF treatment affected the expression of 

the surface expression of different activation markers and adhesion molecules of 

leukocytes (Rubant et al., 2008), subsequently leading to reduced neutrophil adherence 

to endothelial cells. In this study, I showed that the strongest effect of MMF on reduced 

neutrophil adhesion to stimulated bEND.3 cells was observed in the presence of HFb 

diet. These results may indicate that butyrate not only has a beneficial effect on the 

pronounced effect of MMF treatment, but also modulates adhesion molecules 

independent of treatment. Similarly, I could also observe this potent effect of MMF in the 

group of mice fed HFb diet during PMA-induced NETosis in neutrophils. Activated 

neutrophils release neutrophil extracellular traps (NETs) that are net-like DNA fibers 

decorated with histones and proteases (Masucci et al., 2020). Butyrate has been found 

to have an inhibitory effect on NET development, leading to an amelioration of mucosal 

inflammation (G. Li et al., 2021). One of the newest studies has also shown that butyrate 

inhibited release of NETs by inhibiting neutrophils autophagy (Y. Li et al., 2022). In 

addition, many studies have demonstrated that DMF treatment impaired neutrophils’ 

function and reduced NET formation (Hoffmann et al., 2018; Müller et al., 2016). In this 

study, I showed that the effect of MMF treatment was not observed in either the LA or NC 

diet-fed group of mice, and MMF did not significantly inhibit NET release if neutrophils 

were isolated from mice fed these diets. However, a significant reduction in NET formation 

was observed in a group of mice fed an HFb diet. Whether SCFAs modulate the action 

of MMF remains still unclear and further studies are needed.  

5.4. HCA2 is required for DMF efficacy  

In patients suffering from MS, DMF significantly improved their clinical parameters and 

provided beneficial protective effect. One of the immunomodulatory effects of DMF action 

is the reduction of immune cells immigrating into the CNS. Several follow-up studies on 

the effect of DMF on cell population abundance have shown that the number of CD8+ and 
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CD4+ T-cells was reduced, as was the number of CD19+ B-cells, CD56dim NK cells and 

plasmacytoid DCs. In addition, in vitro studies showed that DMF decreased infiltration of 

monocytes/macrophages and neutrophils in a HCA2-dependet manner (Yadav et al., 

2019). 

A previous study in this institute carried out by Chen et al. demonstrated a neuroprotective 

effect of DMF in the EAE model of mice mediated by HCA2. To investigate this effect, he 

used wild-type (WT), Hca2+/+ and Hca2–/– mice. The results showed a decreased 

infiltration of neutrophils in the spinal cord of WT mice, and lowered number of CD4+ T-

cells, macrophages and CD11c+ cells. However, the DMF effect was lost in Hca2–/– mice. 

Moreover, during in vitro culture he observed that MMF increased number of neutrophils 

adherent to bEND.3 cells in WT mice but in Hca2–/– mice MMF had no effect. Those 

results strongly indicate that HCA2 is essential in mediating neuroprotective effects of 

DMF treatment (Chen et al., 2014). Interestingly, the protective effect of DMF mediated 

by HCA2 was also observed in a model of another neutrophils-driven disease, pemphigoid 

disease (PD). A reduction of the number of infiltrating neutrophils and monocytes into the 

skin was observed, as well as decreased number of skin lesions, which significantly 

lowered the disease severity. To test whether the therapeutic effect is mediated by HCA2, 

authors of the latter study compared the DMF efficacy in Hca2+/+ and Hca2–/– mice. They 

reported that a protective effect of DMF, which in Hca2–/– mice was lost. Those results 

strongly indicate that HCA2 is required for the protective effect of DMF treatment (Wannick 

et al., 2018). As observed previously in Chen’s experiments, DMF significantly improved 

neurological deficits and disease parameters in mice fed NC diet via HCA2 (Chen et al., 

2014) .  

I investigated whether the DMF effect is influenced by the diet. Therefore, I induced EAE 

in Hca2+/+ and Hca2–/– mice, both fed HFb diet. I provide evidence that DMF reduced the 

neurological score and improved disease severity in Hca2+/+ mice, however DMF was 

ineffective in Hca2–/– mice. A key finding was that the DMF effect depends on HCA2.  

It has been reported that diet greatly influences DMFs mode of action. The therapeutic 

effect is mediated by the Hca2 receptor. Many immune cells, such as monocytes or T-

cells, are involved in the disease pathology, but recent studies suggest a growing role of 
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neutrophils in MS (Rumble et al., 2015; Shi et al., 2021). I wanted to investigate which 

immune cells express Hca2 and mediate the DMF effect, and whether the diet influences 

the receptor expression. For this purpose, I immunized Hca2mRFP mice (Hanson et al., 

2010) fed either LA or HFb diet. A key finding of the study was that almost all neutrophils 

expressed Hca2 at the very high level regardless of the diet and the treatment. The finding 

was consistent with other studies (H. Tang et al., 2008; von Glehn et al., 2018). While in 

monocyte populations, only Ly6Cint and Ly6Clow were mRFP-positive, almost all Ly6Chi 

monocytes were mRFP-negative. I could observe a DMF effect on the expression per cell 

in Ly6Cint in HFb diet compared to LA diet. The upregulation of Hca2 receptor might be 

associated with a better response to DMF treatment and clinical outcome. Another study 

showed that human CD14+CD16+ monocytes, which resembles murine Ly6Cint 

monocytes adhere to the brain microvasculature contributing to the breakage of the BBB 

by promoting trafficking of CD4+ T-cells into CNS and consequently increase severity 

(Waschbisch et al., 2016). Another study, in which MS patients were divided into those 

who responded to DMF treatment and those who did not show that DMF influenced 

lymphocytes and monocytes subpopulations and had mild transcriptional effect on gene 

expression in responders compared to non-responders. In both groups the population of 

monocytes intermediate was decreased, but in non-responders the reduction was more 

pronounced. After one year of treatment, downregulation of genes related to pro-

inflammatory cytokines and their receptors, chemokines, T-lymphocyte regulation and the 

NF-kB pathway was observed in the response group, which was not present in the non-

response group. However, non-responders also demonstrated a downregulation of 

several genes involved in pro-inflammatory response (Sánchez-Sanz et al., 2023). 

According to our hypothesis, diets may play a key role in a better response to DMF 

treatment, and therefore may explain why not all MS patients respond to the drug.  

Our results showed the highest Hca2 expression in neutrophils. Therefore, I further 

investigated the role of HCA2 in neutrophils in a cell-specific manner. For that purpose, I 

crossed Hca2Fl/Fl mice with the mouse model called Catchup, in which the neutrophil 

specific locus Ly6G is modulated with a knock-in allele expressing Cre recombinase and 

the fluorescent protein tdTomato (Hasenberg et al., 2015). To assess whether 

recombination was effective, I stimulated neutrophils and measured intracellular Ca2+ 
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concentrations ([Ca2+]i). As mentioned before, NA is one of the agonists of HCA2 and is 

a known as antidyslipidemic drug (Hanson et al., 2012). Kostylina et al. reported that in 

neutrophils, stimulation with NA led to the rapid increase in ([Ca2+]i).  Peak level was 

observed within 1 minute (Kostylina et al., 2008). Similarly, in our experiment I could 

observe an instant elevation of ([Ca2+]i) concentration in Hca2+/+ neutrophils after 

stimulation with NA, but this effect was lost in Hca2-/- mice, which suggests a HCA2-

mediated effect. Moreover, when I applied MMF in Hca2+/+ neutrophils, I observed a 

prompt increase in ([Ca2+]i) levels as well. Another study that investigated the clinical 

effect of NA reported that the activation of the receptor led to the mobilization and 

increased release of ([Ca2+]i) via HCA2 (Y. Tang et al., 2006). A study from 2020 

demonstrated that Hca2 is expressed not only in human and mice, but also is present in 

bovine neutrophils. The goal of this study was to investigate the mediating role of HCA2 

in those animals. The researchers showed that NA led to a rapid increase in ([Ca2+]i) 

mediated by HCA2. However, they suggested that HCA2 agonists play different roles in 

cattle compared to murine and human species (Carretta et al., 2020).   

In my experiments, the quantification of cells responsive to NA stimulation showed that 

Hca2Fl/Fl neutrophils responded in a similar manner as Hca2+/+ neutrophils. However, in 

Ly6G-Cre Hca2nKO mice I observed a significant decrease in the cell number activated by 

NA and consequently, reduced ([Ca2+]i) mobilization. This data indicates the importance 

of HCA2 in neutrophils function. Thus, I further investigated the role of HCA2 in neutrophils 

during DMF treatment in the EAE mouse model.  

In the last decade, neutrophils became of a great interest as a key player in contributing 

to neuroinflammation and aggravating the course of MS. They are also considered as a 

novel MS biomarker and therapeutic target during disease treatment (Rumble et al., 

2015). Several in vivo studies demonstrated the infiltration of neutrophils into the CNS 

and lesions during the early stage of disease development and their contribution to 

inflammation (Christy et al., 2013; Rumble et al., 2015; Steinbach et al., 2013). Moreover, 

the study demonstrated a massive infiltration of neutrophils into the spinal cord and its 

accumulation at the sites of axonal loss, demyelinated and degenerated areas during the 

peak of the disease. The researchers suggested that neutrophils contribute to 

neuroinflammation not only during the disease onset, but also further drive the destructive 
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action during the acute phase and consequently leading to more severe disease 

progression (F. Wu et al., 2010). Similarly, in MS patients, neutrophils were present in 

cerebrospinal fluid (CSF) during the relapse and during the early stages. Moreover, in 

CSF collected from MS patients, they found a positive correlation between numbers of 

neutrophils and IL-17A, secreted by Th17 cells. IL-17A promotes recruitment of 

neutrophils and contribute to the pro-inflammatory cascade (Kostic et al., 2014). 

Interestingly, evidence indicated that depletion of neutrophils led to delay of disease onset 

and reduced EAE severity (Steinbach et al., 2013).  

DMF treatment has been shown to affect neutrophil numbers infiltrating into CNS 

mediated via HCA2 (Chen et al., 2014). Moreover, DMF may also alert the neutrophils’ 

function (Müller et al., 2016). In our EAE mouse model I showed that during the absence 

of Hca2 in neutrophils, DMF treatment had no effect on disease improvement. However, 

in Hca2Fl/Fl animals I observed a significant effect on neurological deficits, as well as 

delayed disease onset. One of the explanations of a protective effect of DMF mediated 

by HCA2 could be an inhibition of neutrophils’ activation, by affecting the expression of 

surface markers, such as CD62L, reducing production of ROS, NETosis and migration 

(Morrison et al., 2021).  
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6. Supplements 

Supplementary Table 1 

Figure Sample size (n) Statistical test Values 

Fig. 11C 6-8 wells/group 

excluded, 2 mice 

found dead, HFbD 

Unpaired Student t-

test 

HFbD MMF vs. HFbD veh: 

T (14) = 3.99,  

p = 0.0013 

Fig. 12B 5-6 wells/group One-way ANOVA 

with Bonferroni  

posthoc test 
 

 

LAD 
F (2, 15) = 3,795, p = 0.0464 

CTRL vs. MMF: p = 0.0447 

HFbD 
F (2, 14) = 5.66, p = 0.0158 

CTRL vs. PMA: p = 0.0298 

PMA vs. MMF: p = 0.0236 

Fig. 13B 10 (f) 

mice/group 

Two-way ANOVA for 

AUC with Sidak 

posthoc test 

diet: F (2, 54) = 81.3,  

p < 0.0001 

treatment: F (1, 54) = 39.89,  

p < 0.0001 

interaction: F (2,54) = 

149.5,  

p < 0.0001 

LAD veh vs. LAD DMF: 

p < 0.0001 

NCD veh vs. NCD DMF: 

p < 0.0001 

HFbD veh vs. HFbD DMF: 

p < 0.0001 

Fig. 13D, 

AUC 

10 (f) 

mice/group 

Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

diet: χ² (2) = 6.39,  

p = 0.0268 

treatment: χ² (1) = 6.44,  

p = 0.041 

interaction: χ² (2) = 7.24,  

p = 0.0112 
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 HFbD DMF vs. HFbD veh:  

p = 0.0148 

NCD DMF vs. LAD DMF:  

p = 0.0084 

HFbD DMF vs. LAD DMF:  

p = 0.0095 

Fig.13D, 

Neuroscore 

10 (f) 

mice/group 

Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

 

diet: χ² (2) = 7.55,  

p = 0.0229 

treatment: χ² (1) = 4.74,  

p = 0.0295 

interaction: χ² (2) = 8.97,  

p = 0.0113 

HFbD DMF vs. HFbD veh:  

p = 0.0092 

NCD DMF vs. LAD DMF:  

p = 0.005 

HFbD DMF vs. LAD DMF:  

p = 0.0048     

Fig. 13D,  

Onset 

10 (f) 

mice/group 

Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

 

diet: χ² (2) = 4.11,  

p = 0.1281 

treatment: χ² (1) = 13.12,  

p < 0.0003 

interaction: χ² (2) = 6.66,  

p = 0.0358 

HFbD DMF vs. HFbD veh: 

p = 0.0012 

NCD DMF vs. LAD DMF:  

p = 0.006 

HFbD DMF vs. LAD DMF:  

p = 0.006                                        

Fig. 14A 9-10 (f) mice/group One-way ANOVA F (2, 26) = 22.73,  

p = 0.0839 

Fig.14B,  9-10 (f) mice/group Two – way ANOVA diet: F (2, 52) = 2.59,  
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Acetic Acid  p = 0.0842 

treatment: F(1,52)= 0.7765,  

p = 0.3823 

interaction: F (2,52) = 1.21,  

p = 0.3074 

Fig.14B, 

Propionic Acid 

9-10 (f) mice/group Two – way ANOVA 

 

diet: F (2, 52) = 0.05,  

p = 0.9512 

treatment: F(1,52)= 0.6346,  

p = 0.4293 

interaction: F (2,52) = 0.40,  

p = 0.6708 

Fig.14C,  

Alpha diversity 

9-10 (f) mice/group Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

diet: χ² (2) = 36.63,  

p < 0.0001 

treatment: χ² (1) = 0.03,  

p = 0,8625 

interaction: χ² (2) = 0.46,  

p = 0,4976 

HFbD DMF vs. LAD DMF:  

p < 0.001 

HFbD DMF vs. NCD DMF: 

p < 0.001 

HFbD veh vs. LAD veh:  

p < 0.001 

HFbD veh vs. NCD veh:  

p < 0.001 

Fig.14E, 

Prevotellamassila 

9-10 (f) mice/group Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

diet: χ² (2) = 26.87,  

p < 0.0001 

treatment: χ² (1) = 0.74,  

p = 0,3897 

interaction: χ² (2) = 0.25,  

p = 0,8825 

HFbD DMF vs. LAD DMF:  

p = 0.0048 
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HFbD DMF vs. NCD DMF: 

p = 0.0048 

HFbD veh vs. LAD veh:  

p = 0.0025 

HFbD veh vs. NCD veh:  

p = 0.0012 

Fig.14E, 

Parabacteriodes 

9-10 (f) mice/group Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected,  

 

diet: χ² (2) = 47.08,  

p < 0.0001 

treatment: χ² (1) = 0.01,  

p = 0.9203 

interaction: χ² (2) = 0.75, p = 

0.6873 

NCD DMF vs. LAD DMF:  

p < 0.001 

HFbD DMF vs. LAD DMF:  

p < 0.001 

HFbD DMF vs. NCD DMF: 

p < 0.001 

NCD veh vs. LAD veh:  

p < 0.001 

HFbD veh vs. LAD veh:  

p < 0.001 

HFbD veh vs. NCD veh:  

p < 0.001 

Fig.14E, 

Acetatifactor 

9-10 (f) mice/group Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

diet: χ² (2) = 10.20,  

p = 0.0061 

treatment: χ² (1) = 1.48,  

p = 0.2238 

interaction: χ² (2) = 6.64,  

p = 0.0362 

NCD DMF vs. LAD DMF:  

p = 0.024 

NCD veh vs. LAD veh:  

p = 0.0135 
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HFbD veh vs. LAD veh:  

p = 0.0441 

HFbD DMF vs. HFbD veh:  

p = 0.0441 

Fig. 15B  8-10  

(3-4f, 5-6m) 

mice/group; 

excluded, 4 mice 

found dead, 2 DMF 

and 2 Vehicle  

Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

 

genotype: χ² (1) = 0.90,  

p = 0.3428 

treatment: χ² (1) = 8.97,  

p = 0.0027 

interaction: χ² (1) = 4.83,  

p = 0.028 

Hca2+/+ DMF vs. Hca2+/+ 

veh:  

p = 0.0052 

Hca2-/- DMF vs. Hca2+/+ 

DMF:  

p = 0.0165 

Fig.16D, 

monocytes 

intermediate 

5-6  

(1-4f, 3-5m) 

mice/group; 

excluded, 1 mouse 

terminated due to 

eczema, LAD/DMF 

Two-way ANOVA, 

with Bonferroni 

posthoc test 

diet: F (1,19) = 7.76,  

p = 0.0118 

treatment: F (1,19) = 0.99,  

p = 0.3325 

interaction: F (1,19) = 0.34,  

p = 0.5675 

HFbD veh vs. LAD veh:  

p = 0.0493 

Fig.16F, 

monocytes high 

5-6 

(1-4f, 3-5m) 

mice/group; 

excluded, 1 mouse 

terminated due to 

eczema, LAD/DMF 

Two – way ANOVA 

with Bonferroni 

posthoc test 

 

diet: F (1, 19) = 4.70,  

p = 0.0431 

treatment: F (1,19) = 1.07,  

p = 0.3142 

interaction: F (1,19) = 0.68,  

p = 0.4181 

HFbD DMF vs. LAD DMF:  

p = 0.1047 

HFbD veh vs. LAD veh:  

p = 0.6874 
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Fig. 17B  4  

(1-3f, 1-3m) 

mice/group, 

50 cells/mouse 

One-way ANOVA 

with Bonferroni 

posthoc test 

 

F (3,12) = 35.00, 

p < 0.0001  

Hca2Fl/Fl vs. Hca2nKO:  
p = 0.0089 

Hca2+/+ vs. Hca2-/-:  
p = <0.0001 

Hca2+/+ vs. Hca2nKO 

p = 0.0014 

Fig. 18B, AUC  10-13  

(5-7f, 4-8m) 

mice/group 

Scheirer-Ray-Hare 

test followed by 

targeted Mann-

Whitney U test; 

Bonferroni-Holm 

corrected 

 

treatment: χ² (1) = 10.35,  

p = 0.0013 

genotype: χ² (1) = 0.39,  

p = 0.5323 

interaction: χ² (1) = 2.30,  

p = 0.1294  

Hca2Fl/Fl DMF vs. Hca2Fl/Fl 

veh:  

p = 0.0038 
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