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Einfluss einer Nahrungsergänzung mit konjugierter Linolsäure (CLA) auf systemische 

Immunantworten bei Patient*innen mit multipler Sklerose 

Der Einfluss von Umweltfaktoren, und speziell der Ernährung, auf die Pathophysiologie der multip-

len Sklerose (MS) ist Gegenstand aktueller Forschung. Ergebnisse vorheriger Studien im Kontext 

verschiedener Autoimmunerkrankungen lassen eine Nahrungsergänzung mit konjugierter Linol-

säure (CLA) als einen vielversprechenden Ansatz für die ergänzende Therapie der MS erscheinen. 

Hier wurde der Einfluss von CLA auf systemische humane Immunantworten genauer untersucht. 

Die in vitro Behandlung von CD4+ T Zellen gesunder Proband*innen mit CLA resultierte in einer nicht 

zytotoxisch bedingten reduzierten Ausschüttung pro-inflammatorischer Zytokine sowie einem her-

abregulierten Zellmetabolismus. In einer explorativen klinischen Pilotstudie wurden 15 Patient*in-

nen mit schubförmiger MS für 24 Wochen mit 2,1 g CLA per os täglich behandelt. CD4+ T Zellen in 

ihrem peripheren Blut zeigten danach ebenfalls einen weniger aktiven Zellmetabolismus im Ver-

gleich zur Voruntersuchung. Die durchflusszytometrische Phänotypisierung peripherer Immunzel-

len ergab eine Herabregulation verschiedener pro-inflammatorischer Zelltypen und eine reduzierte 

Ausschüttung pro-inflammatorischer Zytokine durch CD4+ und CD8+ T Zellen. Die Einordnung wei-

terer Beobachtungen bedarf weiterführender Untersuchungen. Klinisch zeigten sich keine deutli-

chen Veränderungen und die Nahrungsergänzung mit CLA wurde überwiegend gut vertragen. 

Zusammenfassend deutet der überwiegende Teil der Ergebnisse auf anti-inflammatorische Effekte 

von CLA im Kontext von MS hin. Zukünftige, größere und placebokontrollierte Studien sollten den 

Wirkmechanismus, die Wirksamkeit und die Verträglichkeit von CLA bei MS weiter untersuchen. 
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1 Introduction 

1.1 Multiple sclerosis 

Multiple sclerosis (MS) is a chronic, immune-mediated disease of the central nervous system 

(CNS) in which demyelination plays a key pathophysiological role. It affects roughly 2.3 million 

patients worldwide (2013). Causing severe symptoms and leading to profound disability, MS is 

a heavy burden for afflicted individuals and a major challenge for society. Up to now, no curing 

therapy is available (30, 71, 152, 173). 

1.1.1 Epidemiology 

The incidence and prevalence of MS vary notably comparing different regions and populations 

worldwide. In general, Western Europe and North America face a comparatively high MS prev-

alence. Although prevalence values from numerous studies differ largely even within these re-

gions, most lie between 50 and 200 per 100,000. In contrast, MS prevalence estimates are re-

markably lower for example in the Middle East and Africa (< 50 per 100,000) and especially in 

Asia (< 20 per 100,000) (30, 91). 

Highly varying MS incidence values across the world can be explained by genetic differences 

between the populations and by a differing exposition to environmental influences such as cig-

arette smoke, infectious agents or dietary habits (12, 20, 51). Both these groups of influencing 

factors have been investigated in detail and an introduction in the current state of knowledge is 

given in the section on MS pathogenesis (section 1.1.3). However, further research on how MS 

risk and development are influenced by environmental factors, which are generally known to 

have a greater influence on the immune system than genetic factors (29), is of outstanding im-

portance. 

MS affects more women than men with reported sex ratios averaging approximately 2.7 : 1 (fe-

male : male) in Central Europe (89). The disease sets in at a mean age of approximately 30 years. 

However, initial MS diagnoses occur also, but rarely, in children and elderly patients (40, 51). 

1.1.2 Clinic 

MS exhibits a highly variable clinical phenotype. Numerous neurologic dysfunctions can be 

caused by distinct demyelinating MS lesions in brain and spinal cord, according to the respective 
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location of the defect within the CNS. Furthermore, the clinical course develops differently be-

tween different patients (52, 92). 

1.1.2.1 Symptoms 

Despite the large variety of MS symptoms, some signs occur particularly often in MS patients: 

Sensory disturbances like hypo-/ hyperesthesia, dysesthesia, paresthesia or allodynia are re-

ported by most of the patients during the disease course. Also, optic neuritis occurs frequently 

in MS patients. It presents with pain upon eye movement, visual field loss (e.g. central scotoma) 

and a relative afferent pupillary defect. Motoric and eye movement disturbances as well as fa-

tigue and an affection of sexual and vegetative functions are further commonly observed symp-

toms of MS (14, 92). 

Upon first presentation, the most reported symptoms relate to the sensory, visual and motoric 

systems. Both mono- and polysymptomatic forms of disease onset are observed (52, 92). 

Some clinical signs are quite characteristic for MS, for example the Lhermitte sign which denotes 

a transient sensation described as an electric shock running down the spine after flexion of the 

neck and Uhthoff’s phenomenon, a worsening of MS symptoms upon body temperature in-

crease. However, none of these signs is pathognomonic for the disease (92, 175). 

1.1.2.2 Clinical course 

MS can proceed in several different disease forms which feature different grades of disease ac-

tivity and disease progression. Disease activity refers to the occurrence of clinical relapses or of 

new or enlarging MS lesions. Relapses are characterized by acutely or subacutely arising neuro-

logical dysfunctions not accompanied by infection or fever. In contrast, disease progression de-

scribes the continuous development and accumulation of lasting disability (109). 

Relapsing-remitting MS (RRMS) is the most common disease form upon initial MS diagnosis (85-

90% of all cases). It is characterized by acute and distinct relapses followed by at least partial 

resolution of the impairments. Between the relapses, disease progression is absent. However, 

the relapses may leave profound disability upon recovery (52). 
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In most RRMS patients, disease develops to secondary progressive MS (SPMS) later gradually. In 

SPMS, relapses and minor recoveries occur only sporadically, and the disease progresses inde-

pendently from relapses. Most lasting disability is accumulated in this phase (52, 109, 193). 

Primary progressive MS (PPMS) is the alternate form of disease onset. It is only distinguished 

from SPMS by the fact that no RRMS preceded the progressive disease phase. Approximately 

10-15% of the patients are initially diagnosed with PPMS (52, 109). 

Observing a first clinical attack resembling an RRMS relapse but not yet fulfilling the MS diag-

nostic criteria, a clinically isolated syndrome (CIS) can be diagnosed. A CIS often presents with 

the most common MS presentation symptoms mentioned above, sensory, visual and motoric 

impairments (146, 178). 

Disease severity and consecutive disability are most commonly measured with the Expanded 

Disability Status Scale (EDSS). It attributes values between 0 (normal clinical findings) and 10 

(death due to MS) to different grades of disability (52). 

MS usually progresses slowly although the velocity alters highly interindividually. The median 

time from disease onset to reaching EDSS 6 (assistance required for walking) is approximately 

28 years (180). MS reduces the life expectancy by about 10 years in average (164). 

1.1.2.3 Diagnosis 

Even if clinical findings alone can suffice for the diagnosis of MS, they should always be sup-

ported by results from brain magnetic resonance imaging (MRI) (178). Typical CNS lesions in MS 

present hyperintense in T2-weighted sequences and sometimes hypointense in native T1 se-

quences. New, acute lesions enhance gadolinium (Gd)-based contrast media which appear hy-

perintense on T1 images. This accumulation of Gd in acute lesions is due to a damaged blood-

brain barrier (BBB) in these sites. Chronic lesions, by contrast, do not enhance Gd-based contrast 

media (96, 160). 

The commonly employed McDonald diagnostic criteria for MS, last revised in 2017, require the 

demonstration of CNS lesion dissemination in space and either evidence for lesion dissemination 

in time or the detection of oligoclonal bands specific for the cerebrospinal fluid (CSF) (178). 
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1.1.3 Current therapy options 

Current therapy strategies for RRMS differentiate between disease-modifying therapies (DMTs) 

and the treatment of acute relapses (42). 

First line DMTs include the administration of broadly acting immunomodulatory drugs like inter-

feron beta (IFNβ) preparations or glatiramer acetate. Drugs that are more specifically directed 

against individual targets in the immune system, e.g. fingolimod or monoclonal antibodies like 

alemtuzumab or natalizumab, are applied in cases of higher active or therapy refractory disease 

(42, 73). 

Acute RRMS relapses are usually treated with highly dosed glucocorticoids (42).  

1.1.4 Pathogenesis  

The etiology and pathogenesis of MS are still by far not completely elucidated (173). 

Numerous pathophysiological mechanisms have been hypothesized to underlie disease initia-

tion and progression. It is widely accepted that inflammation and neurodegeneration play key 

roles in the pathology of MS. However, different theories compete, to which degree and in which 

direction these two major mechanisms are mutually dependent (73). 

It is most commonly thought that inflammation triggered by autoreactive lymphocytes drives 

MS pathophysiology at disease initiation. As the disease progresses, the migration of peripheral 

immune cells into the CNS wanes and neurodegeneration as well as local inflammatory pro-

cesses tend to dominate (40, 73). 

The inflammatory action seems to be autoimmune, directed against the myelin sheaths covering 

the axons in the CNS with ensuing demyelination which causes the symptoms. However, no spe-

cific antigen has yet been proven to be the target of such an autoimmune response. Moreover, 

it is unclear how the immune reaction could be primed as the CNS for long has been thought to 

be an immune-privileged site where immune surveillance is limited what would prevent autore-

active immune cells from encountering their target antigen (40, 73). 

Two major hypotheses try to explain how this aberrant immune response nevertheless could be 

initiated: First, it could be primed in the periphery independently from the CNS and subse-
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quently cross the BBB to take effect in brain and spinal cord. The peripheral activation of auto-

reactive immune cells that have escaped central and peripheral tolerance mechanisms in this 

case would be due to mechanisms like molecular mimicry, bystander activation or direct cross 

reactivity (40, 73). 

The second hypothesis proposes that a primary CNS defect like a viral infection or primary neu-

rodegeneration leads to local activation of innate immune cells and the sequestration of anti-

gens into the periphery with an ensuing immune response which then re-enters the CNS and 

causes further damage. However, this theory seems to be less likely. Several aspects, including 

results from genetic studies and the failure to find an etiologic infectious agent speak against it 

(73). 

In later disease stages, neurodegeneration plays a major role in disease pathology. However, it 

is debated whether this is rather primary or secondary. In the primary model, the destruction of 

the myelin sheath by the early disease inflammation would cause the ensuing neuroaxonal dam-

age without a direct attack of the immune system against the neuron. By contrast, in the sec-

ondary model, ongoing though rather compartmentalized inflammation would directly harm the 

axons. Most probably, these two mechanisms act together and are mutually dependent in the 

late neurodegenerative disease phase (73). 

As described above, demyelination is an important characteristic of MS, especially in the early 

phase (40, 73). However, also remyelination can be observed in MS and is involved in the 

restoration of tissue integrity and functionality at sites of MS lesions. Remyelination is therefore 

associated with clinical remission in MS (32, 142). Defects in remyelinating mechanisms are also 

proposed to contribute to MS pathophysiology (57). 

1.1.4.1 Lesional and systemic immune system alterations 

Immune cell infiltration, myelin destruction and neuroaxonal degeneration mainly focus on dis-

tinct sites in the CNS, called MS lesions or plaques. They can be identified in neuroimaging and 

their occurrence in different CNS locations is responsible for the variety of possible MS symp-

toms (40, 160). MS lesions are typically disseminated in both time and space, which means that 

they emerge temporally independently from each other at different locations (40, 178). For long 

time, the white matter has been considered the main location for MS lesions. However, rising 

attention is now being paid also to gray matter lesions (60, 97). Also, MS pathology is not limited 
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to these plaques, but diffuse pathological alterations are also found in the so-called normal ap-

pearing white matter as well as globally spread over the gray matter (97). 

MS immune pathology features highly complex multicellular interactions involving both the 

adaptive and the innate branch of the immune system (73). 

Lymphocytes are the key contributors of the adaptive immune system (40). T cells play a key 

role in the immunopathology of MS and their action is crucial for the initiation of the autoim-

mune reactions which are responsible for the disease onset (73). B cells are supposed to con-

tribute to MS immunopathology both via antibody secretion and via other mechanisms such as 

antigen presentation (85). 

T cells are the predominating adaptive immune cells in active MS lesions (96). The infiltrating 

B cell numbers are generally lower (96) and more variable throughout the disease course (40). 

Within the T cells, the relative importance of CD4+ T cells in comparison to CD8+ T cells is not 

entirely elucidated and seems to differ between human MS disease and experimental autoim-

mune encephalomyelitis (EAE), the most commonly used mouse model of the condition (40, 

148). While EAE is predominantly CD4+ T cell-driven, CD8+ T cells overweigh in MS immune cell 

infiltrates and seem to contribute more to MS pathology than they do to the development of 

EAE (148). 

However, both types of T cells play important roles in EAE and MS (55, 73, 148). Both CD4+ and 

CD8+ T cells can induce EAE upon adoptive transfer into naïve recipient mice (55, 81) and the 

considerable involvement of CD4+ T cells in EAE pathogenesis emphasizes their general im-

portance in CNS autoimmunity (148). The most important CD4+ T cell subtypes for the immuno-

pathology of CNS autoimmunity are the CD4+ type 1 (TH1) and type 17 (TH17) T helper cells. The 

plentiful presence and importance of interferon gamma (IFNγ) and macrophages, the key pro-

duced cytokine and the main activated cell type of TH1 CD4+ T cells, respectively, support a major 

role of TH1-mediated immunological pathways in MS pathology. Further experimental evidence 

suggests also a key role of TH17 CD4+ T cells in the pathogenesis of CNS autoimmunity (73, 90). 

According to the current understanding of MS pathogenesis, the dysregulation of the immune-

regulatory cell network also plays a crucial role in the development of the disease. In health, 

these regulatory cell types help maintain immune homeostasis by promoting peripheral toler-

ance, i.e. they control autoreactive immune cells which already have escaped central tolerance 
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mechanisms and prevent them from unfolding action. If the peripheral tolerance fails to sup-

press these autoreactive cells, they can be activated and attack their specific target (40). 

Findings from various studies investigating the number and functionality of regulatory T (Treg) 

cells in MS patients did not reveal entirely consistent results (54) and the exact characteristics 

of the dysregulations in the immune-regulatory cell network remain elusive. But several analyses 

demonstrated an impaired suppressive capacity of different peripheral Treg cell subsets in RRMS 

patients, such as type 1 regulatory T (TR1) cells which act in an immunoregulatory fashion via 

secretion of interleukin (IL)-10 (10) and FOXP3+ CD4+ Treg cells (FOXP3 = forkhead box P3) (185, 

186). Venken et al. also found the number of total peripheral Treg cells to be reduced in RRMS 

patients (186). A study by Fletcher et al. focusing on the subset of peripheral Treg cells which are 

CD39 positive found these cells to occur in reduced numbers and with impaired function in 

RRMS (54). 

Furthermore, various experimental findings from animal and human studies suggest that also 

dysregulations concerning regulatory CD8+ T cells and regulatory B cells are implicated in the 

pathogenesis of MS (40). 

Not only a compromised regulatory cell function can contribute to the failure of peripheral tol-

erance mechanisms. Also, resistance of effector cells to immunoregulatory signals can empower 

them to escape the control (114, 166). 

Within the innate immune system, activated mononuclear phagocytes are the main contributors 

to MS pathology (73). Their quantity in acute MS lesions is at least 10-20 times higher than the 

count of lymphocytes (15). They can be differentiated into two subsets: macrophages evolve 

from monocytes that infiltrate the CNS from the periphery in phases of acute inflammation (73). 

Microglial cells, in contrast, enter the CNS during embryogenesis after emerging from myeloid 

progenitor yolk sac cells and can be activated locally (62, 73). 

A study by Yamasaki et al. in a transgenic animal model of MS suggested that, especially at dis-

ease onset, these two cell types have divergent functions: While the monocyte-derived macro-

phages are highly inflammatory and largely contribute to tissue damage, the locally activated 

microglia appear comparatively inert with a down-regulated cell metabolism and are involved 

in debris cleaning (196) what could facilitate tissue recovery (73). 
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However, these differential functions are not entirely fathomed and in general, within each of 

the two phagocyte subsets, both inflammatory and immunoregulatory or neuro-damaging and 

neuroprotective, respectively, phenotypes can be distinguished (40, 73). Macrophages are cat-

egorized in a pro-inflammatory M1 and an immunoregulatory M2 type. M1 macrophages 

emerge from so-called inflammatory circulating monocytes whereas patrolling monocytes de-

velop into M2 macrophages (73). For microglia, different study results suggest an involvement 

in both CNS tissue destruction and neuroprotection (40, 73). 

As disease progresses, the infiltration of peripheral immune cells into the CNS wanes (40). Nev-

ertheless, inflammation still contributes to disease pathology although the exact modality of this 

remains elusive, as described above (73). However, this inflammatory late disease component, 

is rather residing inside the CNS than further maintained by immune cell infiltration and there-

fore is more independent from the peripheral immune system which could explain the dimin-

ished effectiveness of peripherally operating immunomodulatory or -suppressive drugs (40, 73). 

This is also consistent with the observation of meningeal tertiary lymphoid structures in SPMS 

which are suspected to contribute to further damage (76). 

1.1.4.2 Genetic influences 

As mentioned above, many investigations provided evidence for the fact that both genetic and 

environmental factors can confer susceptibility to or protection from MS and numerous complex 

gene-environmental interactions play a major role in disease formation (40, 73). Although the 

genetic contribution to the disease etiology itself cannot yet be therapeutically influenced in 

human MS, its understanding is of high value since the investigation of how genetic variations 

influence the risk for developing MS could lead to the discovery of pathophysiological pathways 

which could also be targeted by changing the exposure to environmental factors or by pharma-

ceutical interventions (40, 162). 

Reported concordance rates for MS in monozygotic twins range around 20-25% and are consid-

erably higher than those for dizygotic twins (ca. 5%) (194). This fact as well as the results from 

large genome-wide association studies (GWAS) (19, 163) strongly suggest a genetic predisposi-

tion for MS. The genetic component is estimated to be responsible for around 25-30% of the 

general risk to develop the disease (40, 73). However, MS is not caused by a single gene defect. 

Indeed, more than 100 genetic variations have already been linked to the disease which all to-

gether explain roughly 28% of the observed recurrence between siblings (19). 
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A great share of the identified MS risk variants is associated with genes involved in immunolog-

ical functions what emphasizes the role of the immune system in the disease. Especially in the 

vicinity of genes linked to the adaptive immune system, GWAS identified important risk variants 

associated with MS (19, 163). Many MS-linked polymorphisms can be found in specific major 

histocompatibility complex (MHC) genes with the HLA-DRB1 locus being the one with the largest 

individual impact on the disease risk (70) which varies more than 10-fold according to the re-

spective allele combination in this locus (131). 

Epidemiologic studies investigating potential associations between MS and other autoimmune 

diseases revealed inconsistent results (65, 86, 130, 151) which may in part be due to a poor 

study quality in many of these analyses (113). However, there is a substantial overlap between 

the genetic variants linked to MS and those associated with other autoimmune conditions (19, 

163). 

Such an overlap, by contrast, can only marginally be observed with primary neurodegenerative 

diseases what supports the assumption that MS is not a primary neurodegenerative condition 

(40). 

1.1.4.3 Environmental influences 

Since environmental factors generally have a large impact on the diverse development of the 

immune system (29), it is not surprising that numerous of them also contribute to MS suscepti-

bility (40). The exposition to many environmental factors can be influenced and therefore the 

investigation of their impact on the MS risk promises the development of novel therapeutic 

strategies for MS (40). Also, the elucidation of their effect mechanisms could promote the un-

derstanding of MS pathogenesis and possibly even lead to the development of specific drugs 

which act over similar pathways. 

The best accepted environmental factors conferring susceptibility to MS are Epstein-Barr virus 

(EBV) infection and smoking (20). Regarding EBV, it has been observed in well-designed epide-

miologic studies that Anti-EBNA IgG seropositivity (4) and history of infectious mononucleosis 

(69) are associated with an increased MS risk. However, the underlying mechanisms are not yet 

identified (20). Also smoking has been demonstrated to be associated with a higher risk for de-

veloping MS. Again, the underlying mechanisms as well as the concrete responsible agent are 

not clear (68). 
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Furthermore, many study results suggested the MS risk to vary between regions, nations and 

ethnic groups. In this context, higher latitude, higher state of socioeconomic development and 

white ethnic group membership were assumed to be associated with an elevated risk for MS (5, 

91, 171). To make reliable statements regarding these associations, however, is difficult since 

differences in life expectancy and health care access and insufficient diagnostic consistency may 

lead to differentially collected and therefore in comparison adulterated prevalence and inci-

dence data. Moreover, it is very challenging to deduce concrete causal relationships from epi-

demiologic observations regarding these potential MS risk factors because latitude, socioeco-

nomic development and ethnicity are highly associated with each other. Furthermore, even a 

proven causal relationship between one of these factors and an increased MS risk would leave 

open the question which mediator variables are directly responsible for such an impact and if 

they are influenceable or not (e.g. a causal association between ethnicity and MS could be due 

to behavioral or genetic factors) (91). Finally, the previously assumed increased MS risk in re-

gions of higher latitude (5, 91) and in ethnic groups of white skin color (99, 190) is being recon-

sidered due to more recent study results or even might be currently diminishing. 

However, a potentially increased MS risk in regions of higher latitude could be explained by re-

duced sunlight exposure, probably at least partly mediated through lower vitamin D serum lev-

els (8). Various studies have suggested associations between sunlight exposure, UV radiation 

exposure and serum vitamin D levels on the one hand and MS disease risk, activity and progres-

sion on the other hand (8, 9, 122, 125, 137). 

Recently, rising attention in MS research has been paid to another field of environmental influ-

ences: various studies suggest that several nutritional factors can protect from or worsen MS. 

Since dietary habits could easily be modified as a complementary therapeutic approach, and 

since the elucidation of their impact on MS could improve our general understanding of MS 

pathophysiology, research in this area is of high interest (156). 

Various animal studies provided evidence for the capability of dietary factors to promote or 

dampen CNS autoimmunity. While high sodium chloride intake was associated with higher in-

flammatory activity and worsened disease scores, the experiments suggested protective effects 

of – among others – zinc, caloric restriction and the vitamins A, E and D3 (183). Moreover, vari-

ations in the lipid intake were associated with an altered EAE disease course. While administra-

tion of long-chain fatty acids (14-18 carbon atoms (77)) was associated with an aggravated EAE 
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(67), short-chain fatty acids (SCFAs, 2-6 carbon atoms (77)) (67) as well as polyunsaturated fatty 

acids (PUFAs) (183) seemed to reduce the severity of EAE, measured by clinical scores. 

Studies translating these findings into human MS, have suggested for example vitamin D, biotin, 

caloric restriction, a Mediterranean diet and PUFAs to be protective (156). High sodium chloride 

intake, in contrast, appeared to act disease-worsening also in MS (47). However, these effects 

were mostly demonstrated in studies with an observational or insufficiently controlled design, 

a small study size or other methodological impairments (47, 156) and most interventional stud-

ies so far were not able to reproduce these findings (183). Therefore, there is an urgent need 

for large randomized controlled trials (RCTs) with strict control of the participants’ diet which 

can detect also small group differences to obtain more reliable information about the influence 

of dietary factors on MS. 

However, the dietary supplementation with PUFAs appears as one of the most auspicious inter-

ventions in MS. Although the best designed RCTs until now failed to prove protective effects, 

various other observational and interventional studies suggested such an impact (120, 165). 

Therefore, further investigations are needed to clarify the potential of specific PUFAs as preven-

tive or therapeutic intervention in the context of MS. 

Several mechanisms have been proposed to be responsible for the effects of nutritional factors 

on CNS autoimmunity. Some of these include an involvement of the gut microbiota (53, 183). 

Considering that approximately 70-80% of the whole immune system is residing in the gastroin-

testinal tract (117, 187), it is easily conceivable that immune cells and gut bacteria are in close 

interaction and that the microbiota composition can influence the immune system’s behavior 

(21). 

Various observations in EAE studies (22, 53, 133, 156) and in MS patients (22, 53, 183) suggested 

effects of the gut microbiota on CNS autoimmunity. Dietary habits and interventions can modify 

it, conceivably leading to a more disease-protective or -promoting composition what could in 

part mediate the various effects of nutritional factors on MS. Further investigations on the un-

derlying mechanisms and the identification of potential protective and disease-promoting bac-

terial species are required since the findings could lead to novel dietary therapy approaches (53). 

For example, the effects of the bacterial species Bacteroides fragilis on the immune system and 

CNS autoimmunity have been investigated in detail (21, 133). In mice, the species promotes anti-
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inflammatory responses by colonic Treg (cTreg) cells (157) which are crucial for the tolerance to-

wards nutritional and microbial antigens (77). Ochoa-Repáraz et al. demonstrated B. fragilis to 

confer protection from EAE (134). Both these effects were largely dependent on and therefore 

probably mediated by the expression of the capsular antigen polysaccharide A (PSA) (134, 157). 

Also administered alone as purified substance, PSA is capable to promote Treg cell development 

and to confer protection from EAE (133). Results from in vitro experiments indicate that PSA 

could also be beneficial in the context of human MS (177). 

It has been observed that the gut microbiota composition differs between healthy controls (HCs) 

and MS patients what further indicates that it could play a role in the pathogenesis of MS. For 

example, MS patients exhibit decreased shares of bacteria from the Lactobacillus, Parabac-

teroides and Prevotella genera and increased shares of Blautia, Dorea and Methanobrevibacter 

bacteria (168, 183). Alterations could even be observed within twin pairs with one untreated 

MS-affected and one healthy individual (22). However, statistical-methodological impairments 

and a small sample size limit the reliability of this result. Furthermore, transgenic mice devel-

oped more often a spontaneous model of MS after receiving a transplantation of the gut micro-

biota from the MS twin than after receiving the healthy twin’s microbiota (22). 

One prominent alteration in the gut microbiota observed in MS patients is the reduction of SCFA-

producing bacteria, for example bacteria from the Lactobacillus, Parabacteroides and Prevotella 

genera (168, 183). SCFAs are suggested to have a beneficial influence on CNS autoimmunity (67, 

183), an effect which is supposed to be mediated in part via an induction of cTreg cells (59, 172). 

Animal model findings suppose that binding of SCFAs to the receptor GPCR43 is crucial for this 

cTreg cell induction. A knock-out of its encoding gene Ffar2 abrogated the beneficial effects of 

SCFAs on cTreg cell numbers, their immunoregulatory function and their expression of FOXP3 and 

IL-10 in vivo (172). However, SCFAs could also exert effects directly in the brain (45). Combined 

with the fact that the proportion of SFCA-producing bacteria in the gut and caecal SCFA concen-

trations can be altered by variations of the dietary lipid composition (112, 143), this underlines 

the possible capacity of dietary interventions as supplementary MS treatment strategies. 

Interestingly, experimental findings led to the hypothesis that also the typical oral MS DMTs 

(fingolimod, dimethyl fumarate and teriflunomide) (158) and vitamin D (110) could be capable 

to alter the gut microbiota composition and that their effects on MS could in part be mediated 

by this mechanism. 
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However, large studies investigating the effects of the microbiota on MS are needed to prove its 

influences on CNS autoimmunity and to identify specific protective or harmful microbial species. 

But considering the collected evidence for an influence of the gut microbiota on MS, its altera-

tion seems to be a promising therapy approach. For this, dietary interventions could be a partic-

ularly easy and safe method in comparison to other opportunities like the administration of pro- 

or antibiotics (183). 

Apart from the environmental factors influencing the MS risk discussed above, further proposed 

but less well-established ones include cytomegalovirus infection, obesity and circadian disrup-

tion (20, 72, 126, 174). 

1.1.4.4 Immune cell metabolism in MS 

Currently, rising attention in immunology research is focused on the emerging sector of im-

munometabolism (136). It has been found that the cell metabolism has an influence on the func-

tion of various immune cells (77, 105, 136). These findings raise the question if a therapeutic 

manipulation of the immune cell metabolism could be able to positively influence the risk for 

and course of diseases in which the immune system plays a major role. Indeed, the ensuing 

research revealed a potential of various substances affecting the immune cells’ metabolism to 

support the treatment of several immunity-related diseases (58, 77). Therefore, it is of high in-

terest to further study how an affection of the immune cell metabolism influences the develop-

ment of MS. 

So far, the knowledge about the immune cell metabolism in MS is limited, but rising insight is 

being gained in the metabolism of immune cells in general and in several disease conditions (58, 

105). In contrast to most body cells in adults, which are fully differentiated and do not undergo 

sudden activation and rapid proliferation, T cells need the potential to swiftly change their cel-

lular functions and to massively proliferate during an immune response. Naïve T cells are rather 

quiescent, non-proliferative cells which do not produce large amounts of biomolecules and con-

sume little energy. However, upon activation they must rapidly develop to effector T cells, grow 

and proliferate fast and produce substantial amounts of effector molecules such as cytokines to 

fight the trigger of the immune reaction (105, 111, 139). After the pathogen is successfully com-

bated, most of the effector T cells undergo apoptosis while some remain as memory T cells in 

the body for long time to be able to react quickly in case of a recontact with the antigen. In this 

state, the cells resemble rather the activity state of naïve T cells again. However, they can re-
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increase their level of cytokine production and proliferation even faster than naïve T cells (77, 

105). 

Between these steps in the life of a T cell – naïve, effector and memory state – it undergoes 

profound changes in its metabolic system to meet its respective cellular demands of each state. 

Generally, different non-regulatory T cell subtypes can be categorized in two major groups with 

similar metabolic functions (136). 

First, there is a group of long-lived, rather quiescent, non-proliferative cells to which naïve and 

memory T cells can be assigned. Even though there are also differences between their metabolic 

systems, many similarities can be observed: These cells have rather low biosynthesis rates and 

require from their metabolic system mainly the generation of adenosine triphosphate (ATP) and 

the facilitation of longevity. For these purposes, the cells largely rely on highly efficient ATP pro-

duction by engaging the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) 

with the input metabolites derived from glycolysis, fatty acid oxidation (FAO) and the amino acid 

catabolism (44, 105, 136, 139). 

Second, highly inflammatory and rather short-lived effector T cells can be distinguished, e.g. TH1, 

TH17 and effector CD8+ T cells. These cells are characterized by fast cell growth and proliferation 

and high synthesis rates for biomolecules, such as cytokines and cell organelles. Therefore, they 

require from their metabolic system not only a sufficient production of ATP, but also of large 

amounts of intermediate metabolites which can be used as precursor molecules for the produc-

tion of proteins (e.g. receptors, cytokines, structural proteins), lipids (e.g. for membranes) and 

DNA components (e.g. ribose). For these purposes, the key catabolic pathway in this group of 

cells is the so-called aerobic glycolysis, i.e. the metabolization of glucose to lactate in the pres-

ence of oxygen. Glucose is thus used as energy and carbon source for the cells. Compared with 

OXPHOS, aerobic glycolysis is very inefficient in the generation of ATP but can be activated much 

faster (no need for the generation of new mitochondria) and provides metabolic intermediates 

for the synthesis of various structural and functional biomolecules. In contrast to the first group 

of cells, FAO is low in these inflammatory, effector T cells and instead, fatty acid synthesis (FAS) 

is high to meet the demands for the generation of lipids for cellular growth and proliferation 

(44, 58, 77, 105, 136). 
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Besides naïve, effector and memory T cells, Treg cells are another important subset of T cells. 

They have higher synthesis rates of biomolecules than naïve and memory T cells and can prolif-

erate upon stimulation by appropriate signals (105). Nevertheless, their metabolic signature 

largely resembles that of naïve and memory T cells, highly employing the TCA cycle and FAO 

while exhibiting comparatively low levels of glycolysis and FAS (44, 58, 136). 

The metabolism in T cells is controlled by various mechanisms. In this context, the mechanistic 

target of rapamycin (mTOR) pathway plays a major role. Its activation leads to the upregulation 

of aerobic glycolysis and supports increased cell growth and proliferation rates by upregulating 

further necessary metabolic pathways. This matches the observation that the mTOR pathway is 

activated in pro-inflammatory, highly active effector T cells and shows low activity in memory T 

cells. Its activity is also low in Treg cells (44, 58, 139). Furthermore, the transcription factors MYC 

and HIF-1a play an important role in the control of the immune cell metabolism as well, having 

similar effects to the activated mTOR pathway (44, 139). 

It is extensively being studied, if the current immunologic activity and function of T cells deter-

mines the cellular needs for ATP and metabolic intermediates for biosynthetic processes and 

therefore induces specific metabolic pathways while downregulating others or if changes in the 

cellular metabolic activity, induced by external factors, can influence the immunologic function 

of a T cell. Such external factors could be, for example, the activation of cell surface receptors 

or nuclear receptors, the availability of substrates or the composition of the gut microbiota. This 

second option would raise the hope that therapeutic interferences with the cellular metabolic 

system could be applied to control immunological processes medically (77, 139). 

Research findings so far indicate that most probably both mentioned mechanisms act together. 

For example, evidence suggests that an inhibition of glycolysis and a promotion of FAO stimulate 

the development of memory and regulatory T cells and impede the generation of effector T cells 

while an enhanced FAS and glycolysis appear to favor the development of pro-inflammatory 

immune cells (44, 77, 136). 

In several in vitro and in vivo experiments, it could be demonstrated that therapeutically influ-

encing the metabolic system of immune cells can change their cellular function. For example, 

this was found in investigations on acetyl-CoA carboxylase 1 (ACC1), a key enzyme of the FAS. 

TH17 cell development was impaired and Treg cell development promoted in vitro by pharmaco-

logical ACC1 inhibition with soraphen A (murine and human) and by genetic ACC1 knockout (only 
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murine), probably at least partly mediated by a reduction of FAS. Furthermore, in murine in vivo 

experiments, both the pharmacological inhibition and the T cell-specific genetic knockout of 

ACC1 ameliorated the course or prevented the development of CNS autoimmunity, respectively 

(23). 

Some metabolism-affecting substances have even been studied in human MS. Statins, which are 

widely prescribed for lowering serum cholesterol levels, blocked TH1 and TH17 polarization and 

promoted Treg cell development in vitro (56) and showed protective effects in EAE in vivo (198). 

However, several clinical trials investigating the effect of various statins on MS so far had incon-

sistent results (145). 

Administration of the mTOR inhibitor rapamycin, which is already clinically used under the name 

sirolimus for the prevention of organ transplant rejections, shortly before induction of EAE re-

sulted in an ameliorated disease course and increased Treg cell numbers in vivo (147). The mTOR 

inhibitors sirolimus (clinical trial NCT00095329) and temsirolimus (clinical trial NCT00228397) 

have also been tested for safety in MS (58) without final results having been published yet and 

preliminary efficacy data suggests a protective effect of temsirolimus in MS treatment (84). 

Considering these experimental findings, it seems to be a promising approach to influence the 

immune cell metabolism therapeutically to treat immune system-related diseases. 

The fact that the immune cell metabolism seems to be able to affect the immune cell function 

raises the question how such an effect could be mediated. One mediator can be seen in the 

action of so-called moonlighting proteins – proteins that can exert multiple functions in different 

cellular systems. For example, the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogen-

ase (GAPDH) binds – while not being enzymatically active – the messenger RNAs (mRNAs) for 

the pro-inflammatory cytokines IFNγ and IL-2, thus inhibiting their translation. If, however, 

GAPDH is recruited to exert its enzymatic function by an upregulation of the glycolysis as seen 

in effector T cells, it can no longer bind these mRNAs which hence are beginning to be translated. 

Therefore, an upregulation of the glycolysis directly causes the production of the pro-inflamma-

tory cytokines IFNγ and IL-2. Similar mechanisms have been described for a variety of metabolic 

enzymes (44, 105). 

To sum up, rising evidence suggests that the cell metabolism in immune cells is not only crucial 

for the generation of ATP and metabolic intermediates for biosynthetic purposes but is also 
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closely interlinked with and directly controls elementary immune cell functions like the differ-

entiation to certain immune cell subsets (pro- vs. anti-inflammatory) and the production of cy-

tokines (105, 136). 

1.2 Conjugated linoleic acid 

As described above, PUFAs are a group of substances which were suggested to have protective 

effects on CNS autoimmunity in various EAE experiments (165, 183) and some clinical MS studies 

(120). Further experiments are needed to identify the differential effects of individual PUFAs in 

the context of CNS autoimmunity. Their results could lead to the development of more specific 

and potentially more effective dietary interventions in MS. One promising candidate as a PUFA 

with beneficial effects on MS is conjugated linoleic acid (CLA) (79, 188). 

CLA occurs naturally in dairy products and meat and increasing experimental evidence suggests 

it to have positive health effects in several disease conditions, including inflammatory disorders. 

For instance, the administration of CLA seems to confer protection from or to ameliorate the 

course of inflammation-driven colorectal carcinoma, asthma and inflammatory bowel disease 

(IBD) (188). 

Even in the field of CNS autoimmunity CLA already showed beneficial effects: Both in vivo studies 

in a spontaneous mouse model of MS and in vitro studies with MS patients’ immune cells, which 

are further described in section 1.2.3.3, revealed protective properties of the substance (79). 

Therefore, it is of high interest to further examine the effects of CLA on the immune system in 

general and on human MS in particular. 

1.2.1 Chemical aspects 

The term CLA denotes a set of structural and spatial isomers of linoleic acid. They are all PUFAs 

with an 18-atom carbon chain and two C-C double bonds. In contrast to linoleic acid, the double 

bonds in CLA are conjugated, i.e. exactly one single bond is lying in between. Varying in the 

location and the cis / trans configuration of the double bonds, 28 CLA isomers have been iden-

tified that occur naturally. Within these, two constitute together almost 100% of the CLA con-

sumed with the diet: While approximately 90% of the CLA taken in naturally is the cis-9, trans-

11 isomer, the trans-10, cis-12 isomer makes up roughly 10%. Fig. 1.1 shows the structural for-

mulas of these two isomers (188). 
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Fig. 1.1 Structural formulas of cis-9, trans-11 CLA and trans-10, cis-12 CLA 
Graphic based on “Fig. 1. Structure of linoleic acid, cis-9, trans-11 CLA isomer and trans-10, cis-12 CLA isomer.” in 
(188). 

The health effects seem to differ between the different CLA isomers and synergistic effects of 

different isomers have been described. However, most suggested favorable effects are at-

tributed to the two main isomers (188). 

1.2.2 Occurrence in food items and natural intake 

Being generated in different pathways especially, but not exclusively, in ruminant animals, CLA 

is part of the average daily nutrition (188). Different foodstuffs contain highly variable amounts 

of CLA with up to more than 8 mg CLA / g fat in some dairy and meat products which generally 

have the greatest CLA contents (34, 188). Also, the respective proportions of the different CLA 

isomers vary largely. However, the cis-9, trans-11 isomer predominates in the CLA occurring 

naturally in food (34). 

The consequent natural CLA intake is depending on nutritional habits. An American study em-

ploying 93 healthy individuals estimated the average nutritional CLA intake to be approximately 

212 or 151 mg/d for men and women, respectively. For data acquisition, 3-day food duplicates 

had been analyzed chemically (154). 

1.2.3 Effects in the context of inflammatory diseases 

Beneficial properties in the context of several disease conditions have been suggested for CLA 

based on results of a range of animal model experiments and some human trials. Besides anti-

carcinogenic and anti-allergic properties, the anti-inflammatory capabilities of CLA are in the 

focus of current research (79, 188). 
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1.2.3.1 Effects on the immune system 

The documented anti-inflammatory effects of CLA seem to be elicited by modulating both the 

innate and the adaptive immune responses (16, 79, 188). For example, in the innate immune 

system, CLA appears to reduce the inflammatory activity of macrophages and to influence their 

development from monocytes (188). 

Experimental evidence suggests that in the adaptive immune system, CLA, inter alia, can pro-

mote the development of regulatory lymphocytes, regulate the production of many cytokines 

such as the pro-inflammatory tumor necrosis factor alpha (TNFα), IFNγ and IL-17A (16, 79), and 

modulate the production of immunoglobulins in a class-specific manner (188). For example, CLA 

appears to be able to dampen allergic reactions by downregulating the expression of IgE while 

maintaining or even enhancing humoral responses against pathogens by promoting the produc-

tion of IgG, IgM and IgA class immunoglobulins (188). 

1.2.3.2 Effects on inflammatory diseases 

Since inflammatory processes play a key role in a wide range of diseases, beneficial anti-inflam-

matory effects of CLA could possibly be exploited for the treatment of many health problems. 

In this line, the action of CLA has been investigated in animal models and clinical trials for several 

diseases associated with inflammatory processes. Favorable effects could be observed in many 

of the animal models and some of the human trials (16, 17, 79, 188). 

For example, Moloney et al. suggested CLA to reduce obesity-induced insulin resistance, proba-

bly due to its anti-inflammatory properties, based on findings from cell culture and murine in 

vivo experiments (123). Also, in the field of asthmatic respiratory inflammation, CLA is suggested 

to exert beneficial effects (188). Finally, CLA ameliorated chronic inflammation in different ani-

mal models of IBD (17, 188) as well as the human disease in a small clinical trial (16) and ap-

peared to protect from inflammation-driven colorectal cancer (18, 46). 

In many studies it could be demonstrated that the different CLA isomers can exert differential 

effects (24, 188). However, although this might vary depending on the treated disease, a mixture 

of the two main isomers, cis-9, trans-11 CLA and trans-10, cis-12 CLA appeared to most effi-

ciently exert anti-inflammatory effects in several studies (17, 79). Results from a murine IBD 

model in vivo experiment suggested that a very early exposition to CLA via placenta and milk in 
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addition to the oral administration from weaning until disease induction augments the positive 

effects of the substance (17). 

1.2.3.3 Effects in the context of CNS autoimmunity 

Hucke, Hartwig et al. investigated the effects of CLA on CNS autoimmunity in opticospinal EAE 

(OSE) mice which are genetically modified so that they develop CNS autoimmunity spontane-

ously, and with human immune cells from HCs and RRMS patients (79). 

Their so far unpublished data revealed a delayed disease onset and an ameliorated disease 

course in OSE mice supplemented with CLA from conception on. The development of the clinical 

disease score over a period of 100 d past birth is illustrated in Fig. 1.2 (79). 

 

Fig. 1.2 Effect of a dietary CLA supplementation on CNS autoimmunity in OSE mice measured by clinical score 
Clinical disease score in the first 100 d past birth of OSE mice supplemented or not with CLA from conception on. The 
graph shows pooled data from two independent experiments. n (OSEctrl) = 83, n (OSECLA) = 40. The data points repre-
sent mean scores across the cohorts ± SEM. p-value calculated with linear mixed model. Unpublished data by Hucke, 
Hartwig et al. (79). 

These findings were in line with reduced frequencies of pro-inflammatory cytokine producing 

peripheral CD4+ T cells (IFNγ and IL-17A, illustrated in Fig. 1.3) and CNS-located CD4+ T cells (IFNγ) 

and with increased shares of small intestinal and splenic Treg cells in CLA-supplemented OSE mice 

(79). 
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Fig. 1.3 Effect of a dietary CLA supplementation on the number of cytokine producing CD4+ T cells in OSE mice 
Share of IFNγ and IL-17A producing CD4+ T cells, respectively, as a percentage of all CD4+ T cells, investigated in 
inguinal lymph nodes and compared between OSE mice supplemented with CLA or not from conception on. n (OSEctrl) 
= 8, n (OSECLA) = 13. Each data point represents one individual’s value. The lines indicate the respective cohort’s mean 
value ± SEM. Results from unpaired t-test: * p < 0.05   ** p < 0.01. Unpublished data by Hucke, Hartwig et al. (79). 

In the in vitro experiments, Hucke, Hartwig et al. investigated the effects of a CLA in vitro treat-

ment on human peripheral blood CD4+ T cells derived from HCs and RRMS patients. Upon treat-

ment, they exhibited a reduced proliferation and pro-inflammatory cytokine production. The 

polarization of naïve CD4+ T cells towards a TH1 or TH17 phenotype was restricted by the CLA 

treatment. Even the pro-inflammatory cytokine production of existing restimulated peripheral 

blood effector CD4+ T cells could be dampened by the exposure to CLA (Fig. 1.4). This latter effect 

was also demonstrated with effector CD4+ T cells from MS patients’ CSF. A relevant cytotoxicity 

of CLA on HC peripheral blood CD4+ T cells was excluded (79). 
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Fig. 1.4 Effect of CLA in vitro on stimulated peripheral blood CD4+ T cells’ cytokine production capacity 
Mean fluorescence intensity of cytokine producing CD4+ T cell populations for IFNγ and IL-17A, respectively, measured 
by flow cytometry. The cells were derived from the peripheral blood of healthy donors (HD) or RRMS patients (RRMS) 
and treated or not with 75 µM CLA during 3 h preincubation and 3 h LAC restimulation. n(HD) = 6, n(RRMS) = 6. Each 
pair of data points with connection line represents one individual’s values. Results from paired t-test: ** p < 0.01   *** 
p < 0.001. Unpublished data by Hucke, Hartwig et al. (79). 

1.2.4 Discussed modes of action 

The effect mechanisms underlying the anti-inflammatory properties of CLA are not entirely fath-

omed. However, several possible modes of action have been hypothesized based on experi-

mental findings (188). Fig. 1.5 gives an overview over the most important discussed mechanisms. 

 

Fig. 1.5 Overview over possible mechanisms underlying the anti-inflammatory effects of CLA 
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1.2.4.1 CLA influencing the immune system directly 

First, CLA could act beneficial in the context of autoimmune diseases by directly affecting the 

immune cell function. Such effects could be exerted by the activation of receptors for fatty acids. 

Both cell surface and nuclear receptors are identified which can be activated by different fatty 

acids (77, 188). 

Regarding the effects of CLA on the immune system, the nuclear receptor peroxisome prolifer-

ator-activated receptor γ (PPARγ) is of outstanding interest. It has many target genes which 

mainly play a role in the regulation of the metabolic and the immune system. Many experimental 

results suggested that its activation is responsible for at least part of the beneficial effects of CLA 

(188). 

PPARγ is expressed in many immune cells. Its activation evokes a shift in the cell’s immunologic 

function towards an anti-inflammatory phenotype, observable in cytokine expression and gene 

transcription (188). PPARγ can be activated by binding of endogenous (e.g. 13-hydroxyoctade-

cadienoic acid, HODE) or exogenous (e.g. pioglitazone) ligands (90). The activation of PPARγ sup-

presses the polarization to TH17 cells in human and murine cells (90) while its capability to pro-

mote the development of Treg cells is discussed controversially (90, 128, 192, 197). In contrast, 

PPARγ deficiency in murine cells contributes to the polarization towards a TH17 phenotype (90). 

Since TH17 cells play a crucial role in MS pathology, these findings match with the observation 

that a treatment with pioglitazone exerts beneficial effects in EAE models (49, 90) while a CD4+ 

T cell-specific PPARγ knock-out leads to an exacerbated EAE course (90). 

Among other PUFAs, also CLA is known as a strong activator of PPARγ (188). Upon CLA treatment 

of mice, the colonic transcription of genes regulated by PPARγ was altered in a fashion indicating 

PPARγ activation. Furthermore, a colonic tissue-specific PPARγ knockout abrogated the protec-

tive effects that had been demonstrated for CLA in an IBD mouse model (17). These findings 

suggest an involvement of PPARγ in the mediation of the beneficial effects of CLA on autoim-

munity. 

1.2.4.2 CLA influencing the immune cell metabolism 

Second, CLA could exert its beneficial effects by manipulating the immune cells’ metabolic sys-

tem. As described in section 1.1.4.4, it is closely interlinked with the cells’ immunologic function 
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and alterations in the predominantly active metabolic pathways can lead to an altered immuno-

logic phenotype of the cell (44, 77). It has been described in vitro and in vivo that various triggers 

can change metabolic processes in immune cells and in this way modify their immunologic func-

tions (23, 44, 77, 139). 

These triggers can be categorized in several groups. First, triggers like statins and rapamycin 

influence the immune cell metabolism by inhibiting certain metabolic enzymes (statins) or in-

terfering with regulatory pathways (rapamycin) (58). However, such an effect is not described 

for CLA. 

Second, the availability of distinct types of metabolic substrates can influence the immune cell 

metabolism and thereby their function (77). In this line, the PUFA CLA could act as a metabolic 

substrate for immune cells and unfold its action also this way. However, this could probably 

explain only rather short-timed effects. 

Third, the activation of receptors can elicit changes in the cells’ metabolic system. Among these, 

the before mentioned nuclear receptor PPARγ plays an important role. As described above, CLA 

is among its strongest activators and its target genes include not only immunologic but also 

metabolic ones (188). Its activation has an impact on the glucose and lipid metabolism (83) and 

could therefore change the immunological cell phenotype in this way as well (44, 136). 

Finally, the gut microbiota composition can likely influence the metabolic system in intestinal 

immune cells (23, 139) and since CLA can alter this composition (33), this could be a mode of 

action for the beneficial CLA effects as well. This is further discussed in the following section 

1.2.4.3. 

1.2.4.3 CLA influencing the gut microbiota 

Third, CLA could exert its anti-inflammatory effects via modulating the gut microbiota composi-

tion (33). Its alteration is suggested to be able to influence immune cell functions and the im-

mune cell subset composition directly or via influencing the immune cell metabolism (21, 23, 

139). 

So far, only few data is available regarding the specific effects of a dietary CLA supplementation 

on the gut microbiota composition (33). However, studies have suggested that CLA indeed is 
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capable to act as a prebiotic promoting the expansion of certain bacterial species in the intesti-

nal system (33, 112). Among these promoted bacterial species are, according to a study by Chap-

lin et al., bacteria from the Bacteroides / Prevotella genera and the A. muciniphila species (33). 

The impact, that changes in the gut microbiota have on the immune system function directly, 

are summarized in section 1.1.4.3. In the context of CLA the effects evoked by members of the 

Bacteroides genus are of special interest since the number of intestinal Bacteroides bacteria is 

influenced by dietary CLA consumption as described above (21, 33, 133). B. fragilis from the 

Bacteroides genus supports the anti-inflammatory activity of cTreg cells and expresses PSA, which 

has an impact on the risk for CNS autoimmunity as demonstrated in animal studies (133, 134, 

157). 

Also, the effects that SCFAs have on autoimmunity, which are described in section 1.1.4.3, are 

relevant in the context of CLA since CLA administration has been shown to increase the concen-

tration of SCFAs in the intestinal lumen by promoting microbial fermentation (67, 112, 183). 

Indirect effects of an altered gut microbiota composition on the immune cell function could be 

mediated by influencing the immune cell metabolism. For example, as mentioned in section 

1.1.4.4, the bacterial product soraphen A can inhibit the FAS and thereby shift the balance be-

tween regulatory and pro-inflammatory T cells towards the regulatory side and has beneficial 

effects on the course of an MS mouse model (23, 139). 

Considering the impact of alterations in the gut microbiota composition on the immune system 

function, future research is crucial to reveal the exact influences that dietary CLA exerts on the 

human gut microbiota (21, 53). 

1.2.4.4 CLA metabolites as key molecules 

Finally, also enzymatically generated metabolites of CLA could be responsible for the beneficial 

effects of a dietary CLA supplement. For example, results from experiments with murine T cells 

raised the hypothesis that the enzyme 12/15 lipoxygenase (12/15 LOX) is essential for the effects 

of CLA. These effects were diminished in cells lacking the enzyme due to genetic modification 

(79). 12/15 LOX catalyzes reactions generating eicosanoids out of CLA which might act immune-

regulatory in a PPARγ-dependent fashion, e.g. HODE. These metabolites could at least in part be 

responsible for the beneficial CLA effects (79, 90). However, substantial inter-species variations 
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in the functionality of 12/15 LOX require caution when concluding from animal study results to 

the human disease (43). 

1.3 Aim of the thesis 

Considering the numerous beneficial effects CLA is suggested to have based on results from an-

imal experiments and clinical trials (79, 188), aim of this work was to further elucidate the prop-

erties of CLA in the context of human MS disease. 

In in vitro experiments, the effect of a direct CLA exposure on the cytokine production capacity 

of HC CD4+ T cells was examined employing two different methods. Furthermore, its impact on 

the cell metabolism of HC CD4+ T cells was studied in an Agilent Seahorse Mito Stress Test. 

The major part of this work was an exploratory clinical study employing 15 patients whose diet 

was supplemented with 2,100 mg CLA daily for a total of 24 weeks. Baseline demographical and 

clinical data was collected. Clinical study endpoints were adherence to the study medication, 

EDSS development, relapse frequency and adverse events. Furthermore, the patients’ natural 

fat and CLA intake were measured with food diaries. 

Blood samples collected during the treatment were analyzed to gain an insight into the effects 

of an intervention with CLA in vivo on human MS. With in-depth functional immune phenotyp-

ing, potential changes in the composition of the different peripheral blood immune cell subsets 

were investigated. Peripheral blood CD4+ T cells’ cytokine production capacity was examined 

using flow cytometry and the Luminex® technique comparing samples generated before, during 

(only flow cytometry) and after the treatment. Changes in the metabolic activity of CD4+ T cells 

during the CLA treatment were studied employing an Agilent Seahorse Mito Stress Test. 

Besides that, stool samples were collected before and after the treatment to study the effects 

of CLA on the gut microbiota in MS affected individuals. The analysis of these samples, however, 

is not part of the present work. 
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2 Material 

Apart from the standard laboratory equipment and agents the devices and substances listed in 

the following tables were used for the experiments. 

2.1 Devices 

Device Manufacturer 

Bio-Plex® MAGPIX™ Multiplex Reader Bio-Rad Laboratories, Inc., Hercules, CA, USA  

CASY® TT Cell Counter and Analyzer 
OLS OMNI Life Science GmbH & Co. KG, Bre-
men, Germany  

counting chamber Neubauer Improved 
bright-line 

Glaswarenfabrik Karl Hecht GmbH & Co KG, 
Sondheim / Rhön, Germany 

Gallios Flow Cytometer (for in vitro experi-
ments) 

Beckman Coulter Inc., Brea, CA, USA  

Navios Flow Cytometer (for in vivo experi-
ments) 

Beckman Coulter Inc., Brea, CA, USA  

OctoMACS™ Separator 
Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany  

Seahorse XFe96 Analyzer 
Agilent Technologies, Inc., Santa Clara, CA, 
USA  

 

2.2 Disposables 

Product Manufacturer 

MACS® MS columns  
Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany 
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2.3 Study medication 

Product Manufacturer 

CLA 70plus-Trofocell™ 
- 1000 mg soft gelatin capsules 
- ≥ 70% CLA1 
- ≥ 34% cis-9, trans-11 CLA 
- ≥ 34% trans-10, cis-12 CLA 
- ≤ 3% linoleic acid (cis-9, cis-12 C18:2) 
- free of preservatives 

TrofoCell Research and Trade GmbH, 
Hamburg, Germany 

 

2.4 Constituents of media and buffers 

Medium Manufacturer 

Dulbecco’s Phosphate Buffered Saline (PBS) Sigma-Aldrich, Inc., St. Louis, MO, USA  

fetal calf serum (FCS) Sigma-Aldrich, Inc., St. Louis, MO, USA 

PBMC cryopreservation medium: CTL-Cryo™ 
ABC Media kit 

Cellular Technology Limited (CTL), Cleveland, 
OH, USA 

RPMI-1640 medium Sigma-Aldrich, Inc., St. Louis, MO, USA 

XF Base Medium Minimal DMEM 
Agilent Technologies, Inc., Santa Clara, CA, 
USA 

X-VIVO 15™ medium Lonza Group AG, Basel, Switzerland 

 

 
1 CLA for the study medication was synthesized out of natural safflower oil. The concentration of CLA in the synthesis 
product depends on the concentration of linoleic acid in the starting material which can vary. However, the product 
is guaranteed to contain at least 70% CLA. For this work, the administered study medication was considered to contain 
70% (700 mg) CLA per capsule with a 1 : 1 ratio of the isomers cis-9, trans-11 CLA and trans-10, cis-12 CLA. 
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2.5 Composition of media and buffers 

Medium Contents 

ELISA stop solution 
- 189.4 ml ddH2O 
- 10.6 ml H2SO4 

FACS buffer 
- PBS (1X) 
- 2% (v/v) FCS 
- 2 mM EDTA 

FCS-supplemented RPMI 
- RPMI-1640 medium 
- 10% (v/v) FCS 

MACS® buffer 
- PBS (1X) 
- 1% (v/v) FCS 
- 2 mM EDTA 

Mito Stress medium 

- XF Base Medium Minimal DMEM 
- 10 mM glucose 
- 1 mM pyruvate 
- 2 mM glutamine 
- NaOH 0.1 M until pH = 7.4 
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2.6 Chemicals and reagents 

Chemical Manufacturer 

antimycin A Sigma-Aldrich, Inc., St. Louis, MO, USA 

CLA for in vitro treatment Sigma-Aldrich, Inc., St. Louis, MO, USA 

FCCP (carbonyl cyanide-p-trifluoromethoxy-
phenylhydrazone) 

Sigma-Aldrich, Inc., St. Louis, MO, USA 

ionomycin 
Cayman Chemical Company, Ann Arbor, MI, 
USA 

Leukocyte Activation Cocktail, with BD Gol-
giPlug™ (LAC) 

BD Pharmingen™, BD Biosciences, Franklin 
Lakes, NJ, USA 

Lymphoprep™ 
STEMCELL Technologies Inc., Vancouver, Ca-
nada 

MACS® CD4 MicroBeads, human 
Miltenyi Biotec GmbH, Bergisch Gladbach, 
Germany 

oligomycin Sigma-Aldrich, Inc., St. Louis, MO, USA 

phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich, Inc., St. Louis, MO, USA 

phytohemagglutinin-L (PHA) 
Roche Diagnostics GmbH, Mannheim, Ger-
many 

propidium iodide 
ImmunoChemistry Technologies, LLC, 
Bloomington, MN, USA 

rotenone Sigma-Aldrich, Inc., St. Louis, MO, USA 

trypan blue Sigma-Aldrich, Inc., St. Louis, MO, USA 

 

2.7 Assay kits 

Kit Manufacturer 

Human IFN gamma ELISA Ready-SET-Go! Kit 
eBioscience, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Human TNF alpha ELISA Ready-SET-Go! Kit 
eBioscience, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

ProcartaPlex Mix&Match Human 10-plex 
(PPX-10-MXAAACA) 

Thermo Fisher Scientific Inc., Waltham, MA, 
USA 

Th1/Th2/Th9/Th17/Th22/Treg Cytokine 18-
Plex Human ProcartaPlex™ Panel (EPX180-
12165-901) 

eBioscience, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 
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2.8 Antibodies for cell activation 

Antigen Antibody Clone Manufacturer 

CD3 purified, Ultra-LEAF™ Okt3 BioLegend, San Diego, CA, USA 

CD28 purified 28.2 
eBioscience, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

 

2.9 Antibodies for flow cytometry 

FL Antigen Fluorochrome Clone Manufacturer 

FL01 CD1c/BDCA-1 FITC AD5-8E7 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 

FL01 CD25 FITC 7G7B6 Ancell Corporation, Bayport, MN, USA 

FL01 CD45RA FITC ALB11 Beckman Coulter Inc., Brea, CA, USA 

FL01 CD45RO FITC UCHL1 BioLegend, San Diego, CA, USA 

FL01 CD80 FITC 2D10 BioLegend, San Diego, CA, USA 

FL01 CD161 FITC DX12 BD Biosciences, Franklin Lakes, NJ, USA 

FL01 CD183/CXCR3 FITC G025H7 BioLegend, San Diego, CA, USA 

FL01 CD206 FITC 15-2 BioLegend, San Diego, CA, USA 

FL01 Granzyme K 
[GrK] 

FITC GM6C3 Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA 

FL01 Helios FITC 22F6 BioLegend, San Diego, CA, USA 

FL01 IFNγ FITC 4S.B3 BioLegend, San Diego, CA, USA 

FL01 IgD FITC IA6-2 BioLegend, San Diego, CA, USA 

FL01 Lin-3 
(CD3/14/19/20) 

FITC SK7 (CD3) 
SJ25C1 
(CD19) L27 
(CD20) MφP9 
(CD14) 

BD Biosciences, Franklin Lakes, NJ, USA 

FL01 mIgG1 FITC MOPC-21 BD Biosciences, Franklin Lakes, NJ, USA 

FL01 mIgG2a FITC G155-178 BD Biosciences, Franklin Lakes, NJ, USA 

FL01 TNFα FITC MAb11 BioLegend, San Diego, CA, USA 

FL02 CD27 PE 1A4CD27 Beckman Coulter Inc., Brea, CA, USA 

FL02 CD57 PE HCD57 BioLegend, San Diego, CA, USA 

FL02 CD69 PE TP1.55.3 Beckman Coulter Inc., Brea, CA, USA 

FL02 CD80 PE L307.4 BD Biosciences, Franklin Lakes, NJ, USA 

FL02 CD195/CCR5 PE J418F1 BioLegend, San Diego, CA, USA 

FL02 CD200R PE OX-108 BioLegend, San Diego, CA, USA 

FL02 CD215/IL-15Ra PE eBioJM7A4 eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL02 FOXP3 PE PCH101 eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL02 Granzyme B 
[GrB] 

PE REA226 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 
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FL02 IL-17A PE eBio64CAP17 eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL02 IL-22 PE 22URTI eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL02 IL-23R PE 218213 R&D Systems, Inc., Bio-Techne Corpo-
ration, Minneapolis, MN, USA 

FL02 mIgG1 PE MOPC-21 BD Biosciences, Franklin Lakes, NJ, USA 

FL02 mIgG2b PE 27-35 (RUO) BD Biosciences, Franklin Lakes, NJ, USA 

FL02 rIgG2b PE Clone A95-1 
(RUO) 

BD Biosciences, Franklin Lakes, NJ, USA 

FL03 CD3 ECD UCHT1 Beckman Coulter Inc., Brea, CA, USA 

FL03 CD4 ECD SFCI12T4D11 Beckman Coulter Inc., Brea, CA, USA 

FL03 CD8 ECD SFCI21Thy2D
3 

Beckman Coulter Inc., Brea, CA, USA 

FL03 CD16 ECD 3G8 Beckman Coulter Inc., Brea, CA, USA 

FL03 CD24 ECD ALB9 Beckman Coulter Inc., Brea, CA, USA 

FL03 CD31 PE-Dazzle594 
[Dazzle] 

WM59 BioLegend, San Diego, CA, USA 

FL03 CD56 ECD N901 Beckman Coulter Inc., Brea, CA, USA 

FL03 HLA-DR ECD Immu-357 Beckman Coulter Inc., Brea, CA, USA 

FL04 CD3 PC5.5 UCHT1 Beckman Coulter Inc., Brea, CA, USA 

FL04 CD8 PC5.5 SFCI21THy2D
3 (T8) 

Beckman Coulter Inc., Brea, CA, USA 

FL04 CD38 PC5.5 HIT2 BioLegend, San Diego, CA, USA 

FL04 CD45RO PerCP/Cy5.5 UCHL1 BioLegend, San Diego, CA, USA 

FL04 CD56 PC5.5 N901 
(HLDA6) 

Beckman Coulter Inc., Brea, CA, USA 

FL04 CD68 PerCP/Cy5.5 Y1/82A BioLegend, San Diego, CA, USA 

FL04 CD86 PC5.5 HA5.2B7 Beckman Coulter Inc., Brea, CA, USA 

FL04 CD152/CTLA-4 PerCP-e-
Fluor710 
[PeF710] 

14D3 eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL04 CD163 PerCP/Cy5.5 GHI/61 BioLegend, San Diego, CA, USA 

FL04 CD194/CCR4 PC5.5 L291H4 BioLegend, San Diego, CA, USA 

FL04 CD335/NKp46 PerCP/Cy5.5 9E2 BioLegend, San Diego, CA, USA 

FL04 mIgG2b PC5.5 MPC11 BioLegend, San Diego, CA, USA 

FL05 CD1c/BDCA-1 PE/Cy7 L161 BioLegend, San Diego, CA, USA 

FL05 CD25/IL2RA PC7 B1.49.9 Beckman Coulter Inc., Brea, CA, USA 

FL05 CD27 PC7 1A4CD27 Beckman Coulter Inc., Brea, CA, USA 

FL05 CD56 PC7 N901 
(HLDA6) 

Beckman Coulter Inc., Brea, CA, USA 

FL05 CD123 PC7 6H6 BioLegend, San Diego, CA, USA 

FL05 CD196/CCR6 PE/PC7 [PC7] 11A9 BD Biosciences, Franklin Lakes, NJ, USA 

FL05 CX3CR1 PECy7 2A9-1 BioLegend, San Diego, CA, USA 

FL05 Granzyme A 
[GrA] 

PECy7 CB9 eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL06 CD3 APC Hit3a BioLegend, San Diego, CA, USA 

FL06 CD4 APC 13B8.2 Beckman Coulter Inc., Brea, CA, USA 
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FL06 CD19 APC HIB19 BioLegend, San Diego, CA, USA 

FL06 CD23 APC EBVCS-5 BioLegend, San Diego, CA, USA 

FL06 CD40 APC 5C3 BioLegend, San Diego, CA, USA 

FL06 CD56 APC AF12-7H3 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 

FL06 CD117/cKit APC 104D2 BioLegend, San Diego, CA, USA 

FL06 CD124/IL-4R APC G077F6 BioLegend, San Diego, CA, USA 

FL06 CD226/DNAM-1 APC 11A8 BioLegend, San Diego, CA, USA 

FL06 Granzyme M 
[GrM] 

eFluor660 
[eF660] 

4B2G4  eBioscience, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL06 mIgG1 APC MOPC-21 BD Biosciences, Franklin Lakes, NJ, USA 

FL06 mIgG2a APC G155-178 BD Biosciences, Franklin Lakes, NJ, USA 

FL07 CD8 APC-A700 
[A700] 

B9.11 Beckman Coulter Inc., Brea, CA, USA 

FL07 CD11c Alexa Fluor 700 
[A700] 

Bu15 BioLegend, San Diego, CA, USA 

FL07 CD14 Alexa Fluor 700 
[A700] 

M5E2 BioLegend, San Diego, CA, USA 

FL07 CD19 APC-A700 
[A700] 

J3-119 Beckman Coulter Inc., Brea, CA, USA 

FL07 CD45RO Alexa Fluor 700 
[A700] 

UCHL1 BioLegend, San Diego, CA, USA 

FL07 CD127 APC-A700 
[A700] 

R34.34 Beckman Coulter Inc., Brea, CA, USA 

FL08 CD3 APC-A750 
[A750] 

UCHT1 Beckman Coulter Inc., Brea, CA, USA 

FL08 CD16 APC-A750 
[A750] 

3G8 Beckman Coulter Inc., Brea, CA, USA 

FL08 CD20 APC-Fire750 2H7 BioLegend, San Diego, CA, USA 

FL08 CD56 APC-A750 
[A750] 

N901 Beckman Coulter Inc., Brea, CA, USA 

FL08 CD62-L APC-A750 
[A750] 

Dreg-56 Invitrogen, Thermo Fisher Scientific 
Inc., Waltham, MA, USA 

FL08 CD141/BDCA-3 APC-Vio770 AD5-14H12 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 

FL08 CD294/CRTH2 APC/Cy7 BM16 BioLegend, San Diego, CA, USA 

FL09 CD8 PacB B9.11 Beckman Coulter Inc., Brea, CA, USA 

FL09 CD16 PacB 3G8 Beckman Coulter Inc., Brea, CA, USA 

FL09 CD21 VioBlue HB5 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 

FL09 CD39 BV421 A1 BioLegend, San Diego, CA, USA 

FL09 CD45RO BV421 UCHL1 BioLegend, San Diego, CA, USA 

FL09 CD192/CCR2 BV421 K036C2 BioLegend, San Diego, CA, USA 

FL09 CD303/BDCA-2 VioBlue AC144 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 

FL09 GM-CSF BV421 BVD2-21C11 BD Biosciences, Franklin Lakes, NJ, USA 

FL09 IL-4 V-450 8D4-8 BD Biosciences, Franklin Lakes, NJ, USA 

FL09 mIgG1 BV421 MOPC-21 BioLegend, San Diego, CA, USA 

FL09 Perforin VioBlue delta G9 Miltenyi Biotec GmbH, Bergisch Glad-
bach, Germany 
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FL10 CD4 BV510 OKT4 BioLegend, San Diego, CA, USA 

FL10 CD14 BV510 M5E2 BioLegend, San Diego, CA, USA 

FL10 CD127 BV510 A019D5 BioLegend, San Diego, CA, USA 

FL10 CD146 BV510 P1H12 BD Biosciences, Franklin Lakes, NJ, USA 

FL10 HLA-DR BV510 L243 BioLegend, San Diego, CA, USA 

FL10 IgM BV510 MHM-88 BioLegend, San Diego, CA, USA 

Table 2.1 Information about the antibodies employed in flow cytometry 
Fluorescence channel, antigen, conjugated fluorochrome, clone and manufacturer for each antibody are listed. Ab-
breviations used for antigens and fluorochromes in section 3.3.4 are indicated in brackets. FL = fluorescence channel. 

2.10 Software 

Software Publisher 

Wave Desktop (for Seahorse data analysis) 
Agilent Technologies, Inc., Santa Clara, CA, 
USA 

GraphPad Prism 6 and 7 Graphpad Software, Inc., La Jolla, CA, USA 

cyt (embedding viSNE algorithm) 
Dana Pe’er lab, Columbia University, New 
York City, NY, USA 

MATLAB The MathWorks, Inc., Natick, MA, USA 

FlowJo FlowJo, LLC, Ashland, OR, USA 

ProcartaPlex Analyst 1.0 
Thermo Fisher Scientific Inc., Waltham, MA, 
USA 

Kaluza Analysis Software 1.5a Beckman Coulter Inc., Brea, CA, USA 
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3 Methods 

3.1 Biological sample acquisition 

In the following, the origin of the biological material used in the experiments presented in this 

thesis is described: On the one hand, blood and stool samples were acquired during a clinical 

study with MS patients, on the other hand, blood samples from HCs were collected for several 

in vitro experiments. 

3.1.1 Clinical study 

Between April and June 2016, 15 patients with diagnosed RRMS were included in the clinical 

study in the “Department of Neurology with Institute of Translational Neurology” at the Univer-

sity Hospital Münster. All participants signed informed consent to the planned procedures and 

the study was approved by the responsible ethics committee (Ethik-Kommission der Ärztekam-

mer Westfalen-Lippe und der Westfälischen Wilhelms-Universität Münster; registration number 

2016-053-f-S, approved on 05.04.2016). 

3.1.1.1 Inclusion and exclusion criteria 

Table 3.1 describes the inclusion and exclusion criteria for the clinical study. 
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Inclusion criteria 

age between 18 and 55 years 

diagnosed RRMS (according to revised McDonald criteria 2010)2 

stable immunomodulatory therapy with IFNβ preparation or glatiramer acetate since 
≥ 3 months 

Exclusion criteria 

MS relapse within the previous 3 months 

presence of another autoimmune disease 

adherence to a specific diet 

intake of other dietary supplements 

presence of a gastrointestinal disease with malabsorption 

intake of systemic glucocorticoids, immune suppressive drugs or cholestyramine 

severe liver or kidney disease 

status post organ transplantation 

pregnancy and lactation 

limited or lacking capacity for consent 

Table 3.1 Inclusion and exclusion criteria for the clinical study 
 

3.1.1.2 Study design 

After their inclusion, the participants were asked to take 2,100 mg CLA (3 capsules CLA 70plus-

Trofocell™, 1 : 1 ratio of the isomers cis-9, trans-11 CLA and trans-10, cis-12 CLA, refer to section 

2.3 for more details) daily per os for a total of 24 weeks. 

Prior to the treatment start, blood and stool samples were acquired. The blood samples were 

processed immediately isolating PMBCs which then were deep-frozen and stored in a liquid ni-

trogen tank at -180 °C. The stool samples were deep-frozen at -80 °C until the further analysis 

which is not part of this work. 

 
2 since study patients were recruited in 2016, the 2010 revised McDonald criteria were applied and not the 2017 
revised criteria. 
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The patients were asked to record the intake of the study medication in a diary. Additionally, 

the emptied capsule packages were collected and the amount of taken capsules documented. 

Out of this data, the patients’ adherence to the study medication was calculated in percent. 

Further blood samples were acquired and processed to isolate peripheral blood mononuclear 

cells (PBMCs) after 8, 16 and 24 treatment weeks. After the 24 weeks treatment, also another 

stool sample was collected and deep-frozen. 

During their treatment time the patients were asked to record all food and drink items they 

consumed within seven consecutive days with the dietary protocol “Freiburger Ernährung-

sprotokoll” (132). The food questionnaires were analyzed to get an impression of the patient’s 

natural, alimentary fat and CLA intake. 

Fig. 3.1 summarizes the study’s general structure. 

 

Fig. 3.1 Scheme of the clinical study setup 
The diagram illustrates the general structure of the clinical study which is further explained in the text. GLAT = glati-
ramer acetate. 

3.1.1.3 Analysis of baseline demographical and clinical data 

At the baseline timepoint, relevant demographical and clinical data has been collected by ap-

probated physicians. Age, sex, EDSS score (52), time since first MS symptoms, time since MS 

diagnosis and the current immunomodulatory treatment were analyzed to get an overview over 

the study cohort. 

The EDSS score (52) was assessed another time after the study period and changes in the score 

were evaluated. 

All MS relapses and adverse events occurring during the study period were documented and 

their incidence was determined. 

CLA 2,100 mg/d p.o. 15 RRMS patients 
 

 baseline disease onset 24 weeks 8 weeks 16 weeks 

PBMC samples 

stool samples 

X X X X 

X X 
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3.1.1.4 Analysis of natural fat and CLA intake 

CLA is a PUFA and occurs naturally in several foodstuffs, especially dairy products and meat 

(188). To investigate how much fat in general and how much CLA the study participants ingested 

besides the study medication as part of their alimentation, the collected food questionnaires (n 

= 14) were analyzed. 

To calculate the natural total fat intake, for most of the relevant food items in the alimentary 

diaries (i.e. those with a not neglectable fat concentration) the best corresponding entry was 

chosen in the Swiss Food Composition Database, Version 5.3, published by the Federal Food 

Safety and Veterinary Office FSVO, Switzerland (48). It lists the average total fat contents in a 

wide range of food items. If there was more than one entry corresponding equally well to a food 

questionnaire item, the average of all corresponding entries has been used for the further cal-

culations. 

Using the value for the average total fat content and the recorded consumed amount within one 

week of each product, the average daily alimentary fat intake was determined for each patient. 

To calculate also the natural CLA intake, for most food items with a not neglectable CLA concen-

tration the best corresponding entries were selected in a second database, a publication by Chin 

et al. (34). The publication lists the result of the measurement of the CLA content in several food 

items in mg CLA / g fat. Out of the information from the two named data sources the food items’ 

CLA content in mg CLA / 100 g food was calculated. 

With this value and the recorded consumption data, the average daily alimentary CLA intake 

was calculated for each patient as well. 

Mean and standard deviation (SD) were determined for the natural fat and CLA intake out of the 

cohort’s values. 

3.1.2 HC samples 

For further in vitro experiments, blood samples were obtained from several voluntary, informed 

and consenting HCs. PBMCs were isolated out of the blood samples immediately to be then 

deep-frozen and stored in liquid nitrogen at -180 °C until the experiment. 
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3.2 Cell culture 

3.2.1 PBMC isolation 

All experiments except the gut microbiota analysis (which was part of the clinical trial but not of 

the present work) were performed using PBMCs. They were isolated out of venous blood anti-

coagulated with EDTA. 

Under sterile conditions, at room temperature, the blood was diluted with phosphate buffered 

saline (PBS) and then pipetted gently over a phase of Lymphoprep™ density gradient medium 

without mixing the two phases. During a following centrifugation step with minimal acceleration 

and break forces the erythrocytes and polymorphonuclear blood cells sunk to the bottom under 

the Lymphoprep™ medium while the PBMCs built an interphase between the Lymphoprep™ and 

the topmost phase of plasma. The PBMC phase was carefully extracted and the cells washed 

with PBS once. After resuspension in PBS the PBMC concentration was determined and the iso-

lated number of cells calculated. The PBS was removed. 

For cryopreservation, the PBMCs were resuspended in the necessary volume of CTL-C solution 

to reach a concentration of 2x107 cells/ml. An equal volume of prepared CTL-A + B solution was 

then added slowly, reaching the target concentration of 107 cells/ml. 

The cell solution was distributed into Cryo vials, deep-frozen for at least 48 h (maximum: one 

week) at -80 °C in a Nalgene® cryofreezing container (Mr. Frosty) to ensure a slow and steady 

cool down pace and then transferred into a liquid nitrogen tank at ca. -180 °C. 

To achieve an enhanced comparability between the different experiments, all of them were per-

formed with thawed and not with freshly isolated PBC samples and all used samples were stored 

for a minimum of two weeks at -180 °C prior to the experiment. 

3.2.2 PBMC thawing 

For use in the experiments the PBMC samples were rapidly thawed in a 37 °C water bath. The 

cell suspension was then immediately diluted with warm cell culture medium (X-Vivo 15™ me-

dium, PBS or FCS-supplemented RPMI, depending on the experiment). After centrifugation the 

supernatant was discarded, and the cells resuspended in the adequate medium or buffer for the 

further processing. 
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3.2.3 Determination of cell concentrations 

Two methods were employed to determine cell concentrations, manual cell counting in a hemo-

cytometer and automatic cell counting by a CASY® Cell Counter. 

3.2.3.1 Manual cell counting 

For manual cell concentration determination, the cells were resuspended in a distinct volume 

and a sample of this suspension stained with trypan blue. Doing so, the sample was diluted in a 

known ratio. Using a Neubauer Improved hemocytometer the number of vital cells in a chamber 

of known volume was counted and the concentration and cell count in the original cell suspen-

sion calculated considering the total suspension volume, the dilution ratio, the chamber volume, 

and the cell count. 

3.2.3.2 Automatic cell counting 

To determine cell concentrations automatically, a sample of the cell suspension with a distinct 

volume was drawn and diluted in CASYton buffer. The cell concentration in the diluted sample 

was quantified in a CASY® Cell Counter measuring the electrical current exclusion (ECE®) by vital 

cells. The cell concentration in the original suspension was calculated by the CASY® Cell Counter 

considering the dilution ratio and the measured concentration in the diluted sample. The total 

cell count was then calculated by multiplying the concentration with the original suspension’s 

volume. 

3.2.4 Adjustment of cell concentrations 

If a specific number of cells was to be used in an experiment, one of the two following methods 

was applied. 

If the volume in which the requested number of cells was suspended was of no relevance (e.g. 

since the following procedure was a wash step), the volume containing the needed number of 

cells was calculated and drawn from the original cell suspension. 

If, however, the volume containing the necessary cell number had to be specific (e.g. for seeding 

the cells in a cell culture) either an adequate volume of the same medium or buffer to reach the 
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target concentration was added to the cell suspension or the sample was centrifugated, the su-

pernatant decanted and the cells resuspended in an appropriate volume of buffer or medium to 

reach the target concentration. 

3.2.5 CD4+ T cell isolation 

In the experiments in which only CD4+ T cells were analyzed those were isolated out of PBMC 

samples using positive selecting magnetic-activated cell sorting (MACS®). 

Performing this method, the target cells are labeled with MACS® MicroBeads, magnetic nano-

particles conjugated with specific antibodies for cell surface markers expressed only on the cells 

to be isolated. While a strong magnetic field retains the labeled cells, all other particles can be 

washed out. After removing the magnetic field, the target cells can be eluted (see (118) for basic 

methodological approach). 

After centrifugation and decanting of the supernatant, the PBMCs were resuspended in MACS® 

buffer and incubated with MACS® CD4 MicroBeads at 4 °C for at least 10 min. After a wash step 

they were resuspended in MACS® buffer and added to the prepared MACS® column on the mag-

netic MACS® separator. The column was washed three times to remove all unlabeled cells. After 

taking the column off the separator, the labelled CD4+ T cells were eluted with MACS® buffer 

and further processed. 

3.2.6 Cell activation 

To not only observe the analyzed cells’ basal state but to also measure their reactions upon 

confrontation with stimulating factors, they were activated with different methods in several 

experiments. 

3.2.6.1 PHA activation 

In all experiments analyzing the cells’ cytokine production capabilities as well as in the cytotoxi-

city analysis for CLA the respective cells were exposed to 5 µg/ml phytohemagglutinin-L (PHA) 

in the cell culture medium for 72 h. In all these experiments, however, negative, not activated 

controls for all treatment groups and biological replicates were examined as well. 
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3.2.6.2 LAC activation 

Cell activation with LAC was employed only in the context of the flow cytometry measurements 

and is described in section 3.3.4.5. 

3.2.6.3 PMA / ionomycin activation 

In the experiments analyzing the cell metabolism of in vivo treated samples, a short-time acti-

vation with phorbol 12-myristate 13-acetate (PMA) and ionomycin was applied. Since this acti-

vation was part of the Agilent Seahorse XF assay itself, it is further described in the correspond-

ent section 3.3.5. 

3.2.6.4 anti-CD3 and anti-CD28 activation 

In contrast, prior to the analysis of the metabolism of in vitro treated CD4+ T cells, those were 

activated during their treatment time with antibodies against the surface proteins CD3 and 

CD28. This activation method is further described in the context of the methods employed for 

the metabolism analyses in section 3.3.5. 

3.2.7 in vitro CLA Treatment 

For in vitro CLA treatment the two isomers cis-9, trans-11 CLA and trans-10, cis-12 CLA, consti-

tuting together almost 100% of the naturally consumed CLA (188), were added to the cell culture 

media. The indicated concentrations (25 µM, 50 µM or 75 µM) in this work always refer to the 

concentration of each of these two isomers in the cell culture medium. The cells were exposed 

to CLA in vitro for 72 h (cytotoxicity assay, cytokine production analyses) or 24 h (metabolism 

experiments). An untreated negative control group was employed in every experiment with an 

in vitro CLA treatment. 

3.3 Analytical methods 

3.3.1 Enzyme-linked immunosorbent assay (ELISA) 

Direct sandwich ELISA was performed to measure the concentrations of cytokines in cell culture 

supernatants. 
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The method is based on specific capture and detection antibodies binding different epitopes of 

the target cytokine. While the capture antibody is coated to the bottom of a 96-well microtiter 

plate and therefore retains the bound substance in the well during the following wash steps, the 

detection antibody is biotinylated. Therefore, it binds horseradish peroxidase (HRP)-conjugated 

streptavidin. The HRP catalyzes a reaction of its substrate TMB with a color development which 

can be quantified by measuring the spectral absorbance at 450 nm wavelength. The absorbance 

is then compared between the samples and a set of serially diluted standards with known cyto-

kine concentration to achieve absolute concentration values as a result (see (129) and (103) for 

basic methodological approach). 

Ready-SET-Go!™ ELISA kits were used to measure the concentration of TNFα and IFNγ in cell 

culture supernatants. 

One day prior to the assay the 96-well microtiter plates were coated with the respective coating 

antibody and incubated overnight. 

On the day of the assay, all plates were washed and then blocked for at least 1 h. 

After another washing step the samples, as well as the serially diluted standards and blanks only 

containing cell culture medium, were added to the wells on the TNFα plates. After 2 h incubation 

time the cell culture supernatants were transferred gently to the before washed IFNγ plates on 

which also the respective standard series and blanks were pipetted. The IFNγ plates were incu-

bated for 2 h. 

After their respective sample incubation step, the plates were washed, the adequate detection 

antibody was added, and the plates were incubated for 1 h, followed by another wash step. 

After adding Avidin-HRP the plates were incubated for another 30 min. 

The plates were washed and then incubated with the TMB substrate. The proceeding reaction 

was stopped after a visually judged time by adding ELISA stop solution. The absorbance was then 

measured at 450 nm. 

Analyzing the results, the cytokine concentrations in the samples was extrapolated via a stand-

ard curve calculated out of the absorbance values of the serially diluted standards and blanks. 
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3.3.2 Luminex® assay 

The Luminex® xMAP® technology was used to measure the concentration of several cytokines 

in a single reaction volume of cell culture supernatant simultaneously. 

Similar to an ELISA, the technology is based on the binding of specific capture and detection 

antibodies to the analyte. However, the capture antibodies are not coated to the well bottom, 

but to fluorescence-labelled magnetic microspheres (beads). For each analyte one specific type 

of beads is employed, having a distinct color and being coated with only the respective capture 

antibody. After binding the analyte to the capture antibody, biotinylated detection antibodies 

are added which then first bind to the analyte as well, and then also to the further added Strep-

tavidin-PE (see (75) for basic methodological approach). 

The samples are then analyzed with a MAGPIX® instrument which is based on quantitative fluo-

rescence microscopy. While a magnetic field holds the beads in a monolayer, LED inside the 

instrument excite the classification (bead dyes) and reporter (PE) fluorescent molecules. With a 

CCD imager the emitted fluorescence signals from the classification and the reporter fluoro-

chromes are quantified as mean fluorescence intensity for each bead (see (75) for basic meth-

odological approach). 

With this information, and by measuring a standard series with all analyzed cytokines and blanks 

as well, via standard curves, the concentration of all analytes in the samples can be calculated 

(see (75) for basic methodological approach). 

According to the manufacturer’s instructions, the experiments were performed using a hand-

held magnetic plate washer which retains the magnetic microspheres in the wells during the 

wash steps. All incubation steps were performed in darkness, the plates were sealed before and 

gently agitated during the incubation period. 

First, the magnetic beads were added to the wells and washed with wash buffer. Next, the cell 

culture supernatant samples as well as the prepared standard series and blanks (cell culture 

medium only) were added to the wells. The plates were incubated for 2 h. 

After two wash steps, the detection antibody mixture was added to the wells and incubated for 

30 min. The plates were then washed twice again before adding streptavidin-PE, which was in-

cubated for 30 min. 
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Two more wash steps were performed. Then, reading buffer was added to the wells and after 

additional 5 min incubation time, the plates were read on the MAGPIX® instrument. 

Two Luminex® assays were performed. In the first one, analyzing in vitro treated samples, the 

concentration of 18 cytokines (IFNγ, TNFα, GM-CSF, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-

12p70, IL-13, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-27) was measured with a 

“Th1/Th2/Th9/Th17/Th22/Treg Cytokine 18-Plex Human ProcartaPlex™ Panel”. 

The second one analyzed samples from before and after an in vivo CLA treatment. Therefore, 

the concentrations of ten different cytokines (IFNγ, TNFα, GM-CSF, IL-1β, IL-2, IL-4, IL-10, IL-17A, 

IL-21, IL-22) were determined with a “ProcartaPlex Mix&Match Human 10-plex” kit. 

In the second experiment, cytokine concentration values had to be excluded from further anal-

ysis if the cytokine production profile clearly indicated technical problems during the experi-

ment. 

3.3.3 Propidium iodide (PI) staining 

Cell staining with PI and analysis by flow cytometry were performed to measure the portion of 

living and dead cells. 

PI is a fluorochrome intercalating with DNA. Lacking the ability to cross the cell membrane of 

living cells, PI can only be detected in dead cells characterized by a damaged membrane. By 

analysis with flow cytometry, this property can be used to measure the amount of living and 

dead cells in a sample (see (41) for underlying methodological principles). 

Therefore, the cells were washed with MACS® buffer and incubated with the PI staining solution 

(1.25 µg/ml) for 10 min on ice. The staining process was then stopped by adding MACS® buffer 

which diluted the PI in the reaction volume. The samples were then measured in a flow cytom-

eter. During the analysis a cut-off value for the fluorescence intensity was determined and cells 

exhibiting a higher fluorescence intensity were considered dead. 

3.3.4 Flow cytometry 

Ten color flow cytometry analyses were performed to gain a profound insight into the immune 

cell subset composition in the examined blood samples. 
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Investigation subjects were PBMC samples from all 15 study patients collected before and after 

8, 16 and 24 weeks of CLA in vivo treatment. 

All 60 samples were analyzed using a total of 14 different staining panels to assess different 

branches of the immune system. For four of these panels, all samples were additionally stained 

with a respective staining panel replacing some of the antibodies by their respective isotype 

control antibodies to enable a more accurate identification of specific immune cell subsets in 

the ensuing data analysis. 

The exact procedure in the staining process differed slightly depending on the staining panel 

considering the different targets of the staining antibodies and their different requirements for 

optimal binding. 

However, for all staining panels, deep-frozen PBMCs were thawed and their concentration was 

determined. Depending on the panel, 2 x 105 or 5 x 105 cells were withdrawn (cell number spec-

ified in Table 3.2 - Table 3.6) and further processed as described below. 

Besides the stained cell numbers, Table 3.2 - Table 3.6 indicate the used antibodies for each 

panel sorted by the fluorescence channel (FL01 - FL10) in which their fluorescence could be best 

detected as well as the volume of each antibody concentrate added to FACS buffer or permea-

bilization working solution per 1 ml working staining solution. 

3.3.4.1 Surface staining at 4 °C 

For the staining panels in Table 3.2, the PBMCs were stained with 100 µl antibody staining mix-

ture for 30 min at 4 °C. After washing with FACS buffer, the stained cells were analyzed by flow 

cytometry, diluted in FACS buffer. 
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Panel 
PBMC 
count 

FL01 FL02 FL03 FL04 FL05 FL06 FL07 FL08 FL09 FL10 

Basic  
2x105 

10 µl 
CD1c-FITC 

5 µl 
CD69-PE 

5 µl 
HLA-DR- 
ECD 

5 µl 
CD3-
PC5.5 

5 µl 
CD56- 
PC7 

5 µl 
CD4-APC 

5 µl 
CD19-
A700 

5 µl 
CD16- 
A750 

5 µl 
CD8- 
PacB 

10 µl 
CD14- 
BV510 

T dev 
2x105 

10 µl 
CD45RO-
FITC 

10 µl 
CD27-PE 

10 µl 
CD3-ECD 

10 µl 
CD8-
PC5.5 

5 µl 
CD25-
PC7 
 

5 µl 
CD56-APC 

10 µl 
CD127-
A700 

5 µl 
CD62L-
A750 
 

5 µl 
CD39- 
BV421 
 

10 µl 
CD4-
BV510 

CD8 
2x105 

5 µl 
CD45RA- 
FITC 

20 µl 
CD57-PE 

5 µl 
CD31- 
Dazzle 

5 µl 
CD56- 
PC5.5 

5 µl 
CD27- 
PC7 

10 µl 
CD226-APC 

5 µl 
CD45RO- 
A700 

5 µl 
CD3- 
A750 

5 µl 
CD8- 
PacB 

10 µl 
CD4- 
BV510 

B cell 
5x105 

10 µl 
anti-IgD- 
FITC 

10 µl 
CD80-PE 

10 µl 
CD24- 
ECD 

5 µl 
CD38- 
PC5.5 

5 µl 
CD27- 
PC7 

5 µl 
CD23-APC 

5 µl 
CD19- 
A700 

10 µl 
CD20-
APC-
Fire750 

5 µl 
CD21-
VioBlue 

5 µl 
IgM-
BV510 

DC 
5x105 

10 µl 
CD25-FITC 

10 µl 
IL-15Ra-
PE 

5 µl 
HLA-DR-
ECD 

10 µl 
CD86-
PC5.5 
 

5 µl 
CD1c-
PE/Cy7 

LinX-APC = 
5 µl CD3-APC + 
5 µl CD19-APC + 
5 µl CD56-APC 

10 µl 
CD11c-
A700 

5 µl 
CD141-
APC-
Vio770 

10 µl 
CD303-
VioBlue 

10 µl 
CD14-
BV510 

DC iso 
5x105 

10 µl 
mIgG2a-
FITC 

10 µl 
mIgG2b-
PE 

5 µl 
HLA-DR-
ECD 

10 µl 
mIgG2b 
-PC5.5 

5 µl 
CD1c-
PE/Cy7 

LinX-APC = 
5 µl CD3-APC + 
5 µl CD19-APC + 
5 µl CD56-APC 

10 µl 
CD11c-
A700 

5 µl 
CD141-
APC-
Vio770 

10 µl 
CD303-
VioBlue 

10 µl 
CD14-
BV510 

ILC 
5x105 

10 µl 
Lin-3-FITC 

 10 µl 
CD56-
ECD 

20 µl 
NKp46-
PerCP/ 
Cy5.5 

10 µl 
CD123-
PC7 

10 µl 
CD117-APC 

10 µl 
CD11c-
A700 

10 µl 
CRTH2-
APC/Cy7 

10 µl 
CD16-
PacB 

20 µl 
CD127-
BV510 

Table 3.2 Employed PMBC cell counts and antibodies in the 4 °C surface staining panels 
The table indicates the number of PBMCs and the volume of antibody concentrate (per 1 ml working staining solution) 
used in each staining panel. The staining solution was based of FACS buffer. T dev = T development. iso = isotype 
antibody panel. FL = fluorescence channel. 

3.3.4.2 Surface staining at 37 °C 

The procedure was very similar for the staining panels in Table 3.3. After staining with 100 µl 

antibody staining mixture for 30 min at 37 °C, the PBMCs also were washed with FACS buffer 

and analyzed in the flow cytometer, diluted in FACS buffer. 
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Panel 
PBMC 
count 

FL01 FL02 FL03 FL04 FL05 FL06 FL07 FL08 FL09 FL10 

TH1 
2x105 

5 µl 
CD183-
FITC 

10 µl 
CD195-PE 

5 µl 
CD8-
ECD 

5 µl 
CD194-PC5.5 

5 µl 
CD196-
PC7 

5 µl 
CD56-APC 

10 µl 
CD14-
A700 

5 µl 
CD3-
A750 

10 µl 
CD45RO-
BV421 

10 µl 
CD4-
BV510 

TH17 
2x105 

10 µl 
CD161-
FITC 

20 µl 
IL-23R-PE 

10 µl 
CD56-
ECD 

5 µl 
CD194-PC5.5 

5 µl 
CD196-
PC7 

10 µl 
CD4-APC 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

10 µl 
CD45RO-
BV421 

10 µl 
CD146-
BV510 

TH17 iso 
2x105 

10 µl 
CD161-
FITC 

20 µl 
mIgG2b-PE 

10 µl 
CD56-
ECD 

5 µl 
CD194-PC5.5 

5 µl 
CD196-
PC7 

10 µl 
CD4-APC 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

10 µl 
CD45RO-
BV421 

10 µl 
CD146-
BV510 

Mono 2 
5x105 

20 µl 
CD206-
FITC 
 

10 µl 
CD200R-PE 

2 µl 
CD16-
ECD 

20 µl 
CD163-
PerCP/Cy5.5 

3.3 µl 
CX3CR1-
PECy7 

10 µl 
CD124-
APC 

10 µl 
CD14-
A700 

5 µl 
CD56-
A750 

3.3 µl 
CD39-
BV421 

10 µl 
HLA-DR-
BV510 

Mono 2 
iso 
5x105 

20 µl 
mIgG1-
FITC 

10 µl 
mIgG1-PE 

2 µl 
CD16-
ECD 

20 µl 
CD163-
PerCP/Cy5.5 

3.3 µl 
CX3CR1-
PECy7 

10 µl 
mIgG2a -
APC 

10 µl 
CD14-
A700 

5 µl 
CD56-
A750 

3.3 µl 
mIgG1-
BV421 

10 µl 
HLA-DR-
BV510 

Table 3.3 Employed PMBC cell counts and antibodies in the 37 °C surface staining panels 
The table indicates the number of PBMCS and the volume of antibody concentrate (per 1 ml working staining solution) 
used in each staining panel. The staining solution was based of FACS buffer. Mono = monocyte. iso = isotype antibody 
panel. FL = fluorescence channel. 

3.3.4.3 Combined surface and intracellular staining at 4 °C 

With the panels in Table 3.4 both surface and intracellular markers were stained. 

First, the surface staining was performed. Therefore, the PBMCS were incubated for 30 min at 

4 °C with 100 µl of the FACS buffer based surface staining solution which contained only the 

antibodies indicated in the white cells of Table 3.4. 

After washing them with FACS buffer, the cells were incubated for 20 min at 4 °C in permeabili-

zation / fixation working solution. Next, after washing with permeabilization working solution, 

the cells were stained with 100 µl permeabilization working solution based staining mixture con-

taining only the antibodies for intracellular staining, named in the gray cells of Table 3.4, for 30 

min at 4 °C. 

Then, after washing with FACS buffer, the cells were resuspended in FACS buffer and analyzed 

with the flow cytometer. 
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Panel 
PBMC count 

FL01 FL02 FL03 FL04 FL05 FL06 FL07 FL08 FL09 FL10 

Treg 
5x105 

25 µl 
Helios-
FITC 

10 µl 
FOXP3-
PE 

5 µl 
CD4-ECD 

20 µl 
CTLA-4-
PeF710 

10 µl 
CD25-
PC7 

10 µl 
CD56-
APC 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

10 µl 
CD45RO-
BV421 

5 µl 
CD127-
BV510 

Granzymes 
5x105 

20 µl 
GrK-FITC 

5 µl 
GrB-PE 

20 µl 
CD56-
ECD 

5 µl 
CD45RO-
PerCP/Cy5.5 

5 µl 
GrA-
PECy7  

10 µl 
GrM-
eF660 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

10 µl 
Perforin-
VioBlue 

10 µl 
CD4-
BV510 

Table 3.4 Employed PMBC cell counts and antibodies in the 4 °C combined surface and intracellular staining panels 
The table indicates the number of PBMCS and the volume of antibody concentrate (per 1 ml working staining solution) 
used in each staining panel. Two staining solutions were prepared for each panel: The surface staining solution was 
based on FACS buffer and contained the dyed antibodies in the white table cells. The intracellular staining solution 
was based on permeabilization working solution and contained the antibodies indicated in the gray table cells. FL = 
fluorescence channel. 

3.3.4.4 Combined surface and intracellular staining at 37 °C / 4 °C 

Similarly, the staining for the panels indicated in Table 3.5 was conducted. After staining with 

100 µl surface staining solution for 30 min at 37 °C, the cells were washed with FACS buffer and 

then incubated with permeabilization / fixation working solution for 20 min at 4 °C. After the 

following washing with permeabilization working solution, 100 µl of the intracellular staining 

mixture were added and the cells incubated for 30 min at 4 °C. Thereafter, the cells were washed 

with and then resuspended in FACS buffer for analysis by flow cytometry. 

Panel 
PBMC count 

FL01 FL02 FL03 FL04 FL05 FL06 FL07 FL08 FL09 FL10 

Mono 1 
5x105 

20 µl 
CD80-
FITC 

10 µl 
CD195-
PE 

2 µl 
CD16-
ECD 

5 µl 
CD68-
PerCP/Cy5.5 

 10 µl 
CD40-
APC 

10 µl 
CD14-
A700 

5 µl 
CD56-
A750 

3.3 µl 
CD192-
BV421 

10 µl 
HLA-DR-
BV510 

Mono 1 iso 
5x105 

20 µl 
mIgG1-
FITC 

10 µl 
rIgG2b -
PE 

2 µl 
CD16-
ECD 

5 µl 
mIgG2b-
PC5.5 

 10 µl 
mIgG1-
APC 

10 µl 
CD14-
A700 

5 µl 
CD56-
A750 

3.3 µl 
CD192-
BV421 

10 µl 
HLA-DR-
BV510 

Table 3.5 Employed PMBC cell counts and antibodies in the 37 °C / 4 °C combined surface and intracellular staining 
panels 
The table indicates the number of PBMCS and the volume of antibody concentrate (per 1 ml working staining solution) 
used in each staining panel. Two staining solutions were prepared for each panel: The surface staining solution was 
based on FACS buffer and contained the dyed antibodies in the white table cells. The intracellular staining solution 
was based on permeabilization working solution and contained the antibodies indicated in the gray table cells. Mono 
= monocyte. iso = isotype antibody panel. FL = fluorescence channel. 

3.3.4.5 Combined surface and intracellular staining at 4 °C after LAC stimulation 

Finally, to analyze the cytokine production capacity of the immune cells, they were also meas-

ured after activation with LAC with a combined surface marker and intracellular staining. 

For this, the cells were, after thawing, incubated overnight at 37 °C in a 5% CO2 atmosphere in 

100 µl X-Vivo 15™ medium. The medium was then changed into 100 µl X-Vivo 15™ medium 

supplemented with 1 µl LAC and the cells incubated another 4 h under the same conditions. 



Methods 

63 
 

For the surface staining, the PBMCS were then incubated with 100 µl surface staining solution 

for 30 min at 4 °C. The staining mixture was prepared as described in Table 3.6. After a wash 

step with FACS buffer, the cells were then resuspended in permeabilization / fixation working 

solution and incubated for 20 min at 4 °C. Next, they were washed with permeabilization work-

ing solution and stained by incubating with 100 µl intracellular staining mixture for 30 min at 4 

°C. Table 3.6 indicates the composition of the intracellular staining solution. 

After washing with FACS buffer, the cells were analyzed by flow cytometry, resuspended in FACS 

buffer. 

Panel 
PBMC count 

FL01 FL02 FL03 FL04 FL05 FL06 FL07 FL08 FL09 FL10 

TH stim 1 
5x105 

25 µl 
IFNγ-FITC 

25 µl 
IL-17A-PE 

5 µl 
CD4-ECD 

5 µl 
CD45RO-
PerCP/Cy5.5 

 
 

10 µl 
CD56-
APC 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

5 µl 
GM-CSF-
BV421 

10 µl 
CD146-
BV510 

TH stim 2 
5x105 

10 µl 
TNFα-
FITC 

25 µl 
IL-22-PE 

5 µl 
CD4-ECD 

5 µl 
CD45RO- 
PerCP/Cy5.5 

 10 µl 
CD56-
APC 

5 µl 
CD8-
A700 

5 µl 
CD3-
A750 

5 µl 
IL-4- 
V-450 

10 µl 
CD146-
BV510 

Table 3.6 Employed PMBC cell counts and antibodies in the 4 °C combined surface and intracellular staining panels 
after LAC stimulation 
The table indicates the number of PBMCS and the volume of antibody concentrate (per 1 ml working staining solution) 
used in each staining panel. Two staining solutions were prepared for each panel: The surface staining solution was 
based on FACS buffer and contained the dyed antibodies in the white table cells. The intracellular staining solution 
was based on permeabilization working solution and contained the antibodies indicated in the gray table cells. stim 
= stimulation. FL = fluorescence channel. 

3.3.4.6 Data analysis 

The resulting flow cytometry raw data was analyzed with two methods independently from each 

other. 

First, using the Kaluza Analysis software, after appropriate compensation, classical flow cytom-

etry gating strategies were applied to the datasets manually to identify and quantify distinct 

known and described immune cell populations. Table 3.7 lists the defining marker combinations 

applied to identify the immune cell subsets which are the subject of the y-scatter plots in section 

4.2.4. Out of the resulting numbers of cells their percentage in superordinate subsets could be 

calculated. The changes of these portions are illustrated in the y-scatter plots in section 4.2.4. 
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Immune cell subset Defining marker combination 

Fig. 4.9 

CD4+ memory cells CD3+ CD56- CD4+ CD8- CD45RO+ 

CD4+ memory cells CD146+ (TH17 cells) CD3+ CD56- CD4+ CD8- CD45RO+ CD146+ 

CD4+ CD3+ CD56- CD4+ CD8- 

CD4+ memory cells CD194+ CD196+ 
CD161+ CD146+ (TH17 cells) 

CD3+ CD56- CD4+ CD8- CD45RO+ CD194+ CD196+ 
CD161+ CD146+ 

CD4+ memory cells IL-23R+  CD3+ CD56- CD4+ CD8- CD45RO+ IL-23R+ 

Fig. 4.11 

CD4+ CD3+ CD56- CD4+ CD8- 

CD4+ IL-17A CD3+ CD56- CD4+ CD8- IL-17A+ 

CD4+ IL-22 CD3+ CD56- CD4+ CD8- IL-22+ 

CD4+ memory cells  CD3+ CD56- CD4+ CD8- CD45RO+ 

CD4+ memory cells IL-17A CD3+ CD56- CD4+ CD8- CD45RO+ IL-17A+ 

CD4+ memory cells IL-22 CD3+ CD56- CD4+ CD8- CD45RO+ IL-22+ 

Fig. 4.13 

CD8+ CD3+ CD56- CD4- CD8+ 

CD8+ CD226+ CD3+ CD56- CD4- CD8+ CD226+ 

CD8+ central memory cells CD3+ CD56- CD4- CD8+ CD27+ CD45RA- 

CD8+ central memory cells CD226+ CD3+ CD56- CD4- CD8+ CD27+ CD45RA- CD226+ 

CD8+ TEMRA CD3+ CD56- CD4- CD8+ CD27- CD45RA+ 

CD8+ TEMRA CD226+ CD3+ CD56- CD4- CD8+ CD27- CD45RA+ CD226+ 

Fig. 4.15 

CD8+ CD3+ CD56- CD4- CD8+ 

CD8+ IL-17A CD3+ CD56- CD4- CD8+ IL-17A+ 

CD8+ IL-22 CD3+ CD56- CD4- CD8+ IL-22+ 

CD8+ memory cells CD3+ CD56- CD4- CD8+ CD45RO+ 

CD8+ memory cells IL-17A CD3+ CD56- CD4- CD8+ CD45RO+ IL-17A+ 

CD8+ memory cells IL-22 CD3+ CD56- CD4- CD8+ CD45RO+ IL-22+ 

Fig. 4.16 

B cells CD19+ CD20+ 

naïve (CD27-) B cells CD19+ CD20+ CD27- 

memory (CD27+) B cells CD19+ CD20+ CD27+ 
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Fig. 4.18 

CD4+ CD3+ CD56- CD4+ CD8- 

Treg cells CD3+ CD56- CD4+ CD8- CD45RO+ CD127low CD25+ 

pTreg cells 
CD3+ CD56- CD4+ CD8- CD45RO+ CD127low CD25+ 
FoxP3+ HELIOS- 

tTreg cells 
CD3+ CD56- CD4+ CD8- CD45RO+ CD127low CD25+ 
FoxP3+ HELIOS+ 

Table 3.7 Defining marker combinations applied to identify the immune cell subsets which are the subject of the 
y-scatter plots in section 4.2.4 
 

Data points from the functional stimulation panels employing cytokine staining after LAC stimu-

lation were excluded from this analysis if the measured values clearly indicated that the cell 

activation had not been successful. In these cases, the reduced number of study subjects is in-

dicated in the figure legends of the related graphs in section 4.2.4. 

Second, and independently from the classical manual gating analysis, unsupervised machine 

learning technologies (159) were applied to the raw data from the most interesting staining pan-

els (“T development”, “CD8”, “B cell”, “TH17”, “Treg”, “TH stim 1”, “TH stim 2”) for an additional, 

less biased (159) analysis. This work was performed in collaboration with working group col-

leagues. 

Two recently developed and published algorithms were the core of this automated analysis, vis-

ual stochastic network embedding (viSNE) and PhenoGraph. viSNE (6) is an application of the t-

distributed stochastic neighbor embedding (t-SNE) algorithm (184) optimized for the computa-

tion of high dimensional single cell data as for example generated by flow cytometry. It is a non-

linear dimensionality reduction algorithm which interprets every measured cell as a data point 

in high-dimensional space with each dimension representing one measured variable. Its aim is 

to map all datapoints individually (single cell resolution) onto a two-dimensional plot yet pre-

serving the complex organization of the measured cells in high-dimensional space as far as pos-

sible. The similarity of each pair of cells is calculated based on their Euclidian distance in high 

dimensional space and the 2D graph is created by approximating that distribution of the data 

points on the graph which best reproduces these pairwise similarities between each couple of 

data points. Thus, cells which appear similar (i.e. which are close) in high dimensional space are 

mapped in vicinity of each other on the 2D graph, the so-called viSNE map (6). Further details 

on the methodology of the viSNE and the underlying t-SNE algorithm can be found in the publi-

cations (6) and (184), respectively. 
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PhenoGraph is a clustering algorithm aiming to identify clusters of cells (i.e. cells with a similar 

phenotype) in high dimensional space. To this end, it identifies a specified number of nearest 

neighbors of each cell based on their Euclidean distance in high dimensional space and subse-

quently maps the cells based on the number of shared nearest neighbors between each pair of 

cells (100). With the Louvain community detection method (25), individual clusters are then 

identified (100). 

In practice, after appropriate compensation, the data was normalized using an algorithm devel-

oped to decrease the sample-to-sample acquisition variability (50). Next, a manual pre-gating 

step using FlowJo software was applied to the data in order to extract only those cells from the 

data sets which were specifically meant to be investigated by each staining panel (e.g. in the 

compensated data from the “B cell” panel, B cells were pre-gated and only their flow cytometry 

data was exported and subsequently analyzed with viSNE and PhenoGraph). The figure legends 

of the viSNE maps in section 4.2.4 indicate which cell population was pre-gated prior to the au-

tomated analysis for each staining panel, respectively. 

Next, all samples were subsampled to avoid the problem of “crowding”. If the number of cells 

analyzed by the viSNE algorithm is too high, data points which are far away from each other in 

high dimensional space tend to collapse and aggregate resulting in a single large area of the 2D 

plot without segregation of populations (6). The number of cells which were analyzed by the 

viSNE and PhenoGraph algorithms after subsampling and merging (see next step) is indicated in 

the respective figure legends in section 4.2.4. 

Then, the subsampled cells from all patients at both analyzed treatment conditions (baseline, 

24 weeks CLA treatment) were merged to be then analyzed together. Otherwise, the two algo-

rithms would analyze each sample / condition individually, resulting in multiple viSNE maps and 

cell cluster structures which could not easily be compared with each other. However, it was kept 

track of which cell in the merged file originates from which treatment condition. 

Next, the viSNE algorithm was run using the interactive visualization tool cyt written in MATLAB 

(6). Clustering with the PhenoGraph algorithm, implemented in MATLAB (100), was applied to 

identify distinct cell populations. 
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Then, the merged data was divided in two parts based on the sample origination from before or 

after the 24 weeks CLA in vivo treatment. Thus, two viSNE maps were generated for each ana-

lyzed staining panel and the datapoints colored based on their affiliation to the cell populations 

identified by PhenoGraph. These viSNE maps comparing the baseline and post treatment state 

are shown in section 4.2.4. 

Cell clusters which have been substantially up- or downregulated during the CLA in vivo treat-

ment were identified and the fold change of their size is indicated in the figures. Based on the 

marker expression of the cells in these clusters, these populations were assigned names of 

known immune cell subsets applying expert knowledge. 

3.3.5 Metabolism analysis 

CD4+ T cells‘ metabolism was examined using Agilent Seahorse XF technology. 

This method allows to analyze the OXPHOS and glycolysis in a cell sample label-free. It is mainly 

based on the measurement of two parameters: The oxygen consumption rate (OCR) indicates 

how fast oxygen is consumed and correlates with the activity of OXPHOS in the cells, which is 

the main metabolic pathway consuming oxygen and the last step in aerobic ATP generation. The 

extracellular acidification rate (ECAR) quantifies how fast the acidity in the cell culture medium 

is increased, mainly by the production of lactate in glycolysis (2, 3). 

OCR and ECAR can be measured during a so-called Mito Stress Test for two reasons: First, this 

allows to distinguish between the oxygen consumption by OXPHOS and the non-mitochondrial 

oxygen consumption. Second, in this way it is possible to not only measure the basal respiration 

(BR) but also the maximal respiration (MR) and the spare respiratory capacity (SRC) regarding 

the aerobic metabolic pathways, and not only the basal glycolysis (BG) but also the glycolytic 

capacity (GC) and the glycolytic reserve (GR) regarding the anaerobic ATP generation (see (2) 

and (3) for underlying methodological principles). 

The theoretic background of the investigation of the OXPHOS in a Mito Stress Test, which is 

explained hereinafter, is illustrated in Fig. 3.2. 
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Fig. 3.2 Idealized progression of the OCR during a Mito Stress Test 
The graph shows a theoretic OCR curve progression during a Mito Stress Test in which oligomycin, FCCP and rote-
none / antimycin A are added as indicated. Each dot represents one measurement (3). The calculation of the param-
eters for the OXPHOS is visualized in the graph and further explained in Table 3.8. AA = antimycin A. Graphic based 
on “Figure 1. Agilent Seahorse XF Cell Mito Stress Test profile, showing the key parameters of mitochondrial function“ 
in Agilent Seahorse XF Cell Mito Stress Test Kit User Guide (3). 

The Mito Stress Test is performed by adding subsequently oligomycin, then FCCP and then sim-

ultaneously rotenone and antimycin A. The targets of these substances in the OXPHOS are illus-

trated in Fig. 3.3 (3). 
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Fig. 3.3 Schematic diagram of the OXPHOS and targets of the Mito Stress Test substances 
The complexes of the OXPHOS are situated at the inner mitochondrial membrane. The complexes I to IV, coenzyme 
Q (ubiquinone) and cytochrome c form the electron transport chain (ETC) which transports electrons from the reduc-
ing equivalents generated in the citric acid cycle to oxygen. The oxygen, the accepted electrons and surrounding 
protons finally react to form water. The energy released by this exergonic electron transport is used by complexes I, 
III, IV and coenzyme Q to carry protons across the inner mitochondrial membrane into the intermembrane space. This 
establishes an electrochemical gradient across the inner mitochondrial membrane. From the intermembrane space, 
the protons flow back following the gradient through complex V which uses this exergonic process to synthesize ATP 
out of adenosine diphosphate (ADP) and phosphate (27). Oligomycin blocks complex V while rotenone and antimy-
cin A block complexes I and III, respectively. FCCP is an uncoupling protein which allows protons to freely cross the 
inner mitochondrial membrane aside from the complexes of the OXPHOS (3). Complex I = NADH-coenzyme Q oxi-
doreductase, complex II = succinate-coenzyme Q oxidoreductase, complex III = coenzyme Q-cytochrome c oxidore-
ductase, complex IV = cytochrome c oxidase, complex V = ATP synthase, Cyt C = cytochrome C, Q = coenzyme Q = 
ubiquinone. Graphic based on “Figure 2. Agilent Seahorse XF Cell Mito Stress Test modulators of the ETC“ in Agilent 
Seahorse XF Cell Mito Stress Test Kit User Guide (3). 

Before adding any of these substances, oxygen is consumed by two processes: First, complex IV 

of the ETC consumes oxygen to enable the transport of protons from the mitochondrial matrix 

into the intermembrane space by complex I, coenzyme Q, complex III and complex IV. This basal 

oxygen consumption of complex IV is referred to as the BR. Second, oxygen is consumed by 

other processes not located in the mitochondria (non-mitochondrial respiration, NMR) (3). 

Oligomycin blocks the ATP synthase (complex V of the ETC). As long as the ETC is completely 

working, the protons in the intermembrane space flow back into the matrix through complex V 

which uses the electrochemical gradient driving this flow to generate ATP. If complex V is 

blocked, the protons accumulate in the intermembrane space. This increases the electrochemi-

cal gradient against which complex IV must work resulting in a reduction of the complex IV ac-

tivity and therefore of the OCR (3). 

Nevertheless, also after reaching a steady state, oxygen is further consumed, what cannot be 

attributed to the aerobic ATP production since complex V is blocked. Two mechanisms are re-

sponsible for the remaining oxygen consumption: First, some protons can still flow back from 
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the intermembrane space to the matrix through the inner mitochondrial membrane bypassing 

complex V. This causes complex IV to not completely stop working and therefore to remain con-

suming oxygen (OCR attributed to the proton leak). The second mechanism is the NMR de-

scribed above. The decrease in the OCR after oligomycin addition is attributed to the aerobic 

ATP production (3). 

FCCP is an uncoupling protein. It is a proton channel that is inserted in the inner mitochondrial 

membrane and lets the protons in the intermembrane space flow back into the matrix bypassing 

complex V following the electrochemical gradient very fast. The rapid depletion of the proton 

gradient causes complex IV to work as fast as possible eliciting the highest possible OCR. This 

resulting oxygen consumption is composed of the MR and the NMR (3, 116). 

rotenone and antimycin A block complexes I and III of the ETC, respectively. Hence, no electrons 

are transported to complex IV which therefore cannot work as well and consumes no oxygen. 

The remaining oxygen consumption is caused by the NMR only (3). 

By measuring the OCR during the Mito Stress Test, the parameters NMR, BR, MR and SRC can 

be calculated according to the formulas listed in Table 3.8 (1). 

Parameter Calculation 

non-mitochondrial respiration (NMR) lowest OCR after rotenone / antimycin A injection 

basal respiration (last OCR before oligomycin injection) – NMR 

maximal respiration (highest OCR after FCCP injection) – NMR 

spare respiratory capacity (maximal respiration) – (basal respiration) 

Table 3.8 Calculation of OXPHOS activity parameters 
The activity parameters of OXPHOS were calculated as stated according to the manufacturer’s recommendations (1). 

Since the analyzer measures the ECAR simultaneously, information about the glycolytic activity 

of the cells can be generated in the same setup (2). A theoretic ECAR curve progression during 

a Mito Stress Test and the calculation of the glycolysis parameters are featured in Fig. 3.4 and 

further explained below (see (2) for underlying methodological principles). 
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Fig. 3.4 Idealized progression of the ECAR during a Mito Stress Test 
The graph shows a theoretic ECAR curve progression during a Mito Stress Test in which oligomycin is added as indi-
cated. Each dot represents one measurement (see (2) for underlying methodological principles). The calculation of 
the parameters for the glycolysis is visualized in the graph and further explained in Table 3.9. Graphic based on “Figure 
1. Agilent Seahorse XF Glycolysis Stress Test profile of the key parameters of glycolytic function. Sequential compound 
injections measure glycolysis, glycolytic capacity, and allow calculation of glycolytic reserve and nonglycolytic acidifi-
cation.“ in Agilent Seahorse XF Glycolysis Stress Test Kit User Guide (2). 

Before adding oligomycin, the cells are completely unaffected and the ECAR is considered to 

represent the BG. Oligomycin inhibits completely the aerobic ATP generation. After its addition, 

the cells are fully dependent on anaerobic glycolysis for producing ATP. Therefore, the ECAR 

after oligomycin addition represents the maximal possible glycolytic activity (GC). The difference 

between BG and GC is referred to as the GR. The formulas used to calculate these parameters 

are listed in Table 3.9 (see (2) for underlying methodological principles). 

Parameter Calculation 

basal glycolysis mean ECAR in last 3 measurements before oligomycin injection 

glycolytic capacity highest ECAR after oligomycin injection 

glycolytic reserve (glycolytic capacity) – (basal glycolysis) 

Table 3.9 Calculation of glycolysis activity parameters 
The activity parameters of glycolysis were calculated as stated. 
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The Mito Stress Test can be performed with unstimulated, but also with stimulated cells to ob-

serve the effect of a cell activation on the cells’ metabolic behavior. 

For this assay, special 96-well cell culture microplates and sensor cartridges compatible with the 

XFe96 Analyzer were used. The cells were seeded in Mito Stress medium on the cell culture 

microplates. The solutions for cell stimulation and ETC affection were loaded into the cartridge 

ports where they stayed until the analyzer injected each solution simultaneously into all wells 

to achieve maximal comparability between the wells. Between the injections OCR and ECAR 

were measured several times in distinct intervals. 

For this work, in the in vitro CLA treatment experiments, CD4+ T cells were isolated out of freshly 

thawed HC PBMC samples and then stimulated for 24 h in the cell culture while being treated or 

not with 75 µM CLA simultaneously. The stimulation was performed with purified antibodies 

against the CD3 and CD28 surface proteins in a concentration of 4 µg/ml each. These in vitro 

treated samples were then not re-stimulated inside the analyzer. 

For the in vivo CLA treatment experiments, in contrast, CD4+ T cells were isolated out of freshly 

thawed PBMC samples collected before and after 24 weeks CLA in vivo treatment and measured 

immediately without overnight incubation and stimulation. The measurement was performed 

both in cells not stimulated in vitro at all and in cells short-time stimulated with PMA and iono-

mycin in the analyzer for 160 min. For the unstimulated samples, Mito Stress medium was in-

jected simultaneously to the PMA / ionomycin injection in the other wells. 

Fig. 3.5 illustrates the sequence of injections and measurements in the XFe96 Analyzer. Table 

3.10 gives an overview over the applied concentrations of the cell stimulating and the ETC af-

fecting substances. All substances were diluted in Mito Stress medium. 

 

Fig. 3.5 Sequence of injections and measurements in metabolism analysis 
The red markers symbolize the measurements between the injections of the cell stimulating and ETC affecting sub-
stances. AA = antimycin A. 

50 100 150 200 250

time [minutes]

PMA / ionomycin rotenone / AAFCCPoligomycin
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Substance Concentration 

PMA 50 ng/ml 

ionomycin 500 ng/ml 

anti-CD3 antibody 4 µg/ml 

anti-CD28 antibody 4 µg/ml 

oligomycin 2 µM 

FCCP 1.5 µM 

rotenone 0.1 µM 

antimycin A 1 µM 

Table 3.10 Concentrations of cell stimulating and ETC affecting substances in metabolism analysis 
 

The in vivo samples had to be measured on two 96-well plates on two consecutive days. It was 

ensured that all samples of one patient (before and after treatment, each restimulated and not 

restimulated) were measured on the same plate and therefore simultaneously. However, to 

achieve maximal comparability also between the samples on different plates, the resulting val-

ues were standardized. Therefore, on both days one additional HC sample from the same person 

and the same blood withdrawal was processed parallelly to the study samples and measured 

concurrently. Its resulting values were used to standardize the study samples’ values. 

3.4 Statistical methods 

The automated flow cytometry data analysis using the viSNE and PhenoGraph algorithms is de-

scribed in detail in section 3.3.4.6. All other data was graphed and statistically analyzed as de-

scribed below using the software GraphPad Prism. 

3.4.1 Descriptive statistics 

The graphed data points represent either one individual’s value or the mean value of one indi-

vidual’s technical replicates. 

All data is graphed as mean ± SD. For graphs comparing different groups (n > 1), mean and SD 

were calculated out of the individuals’ values or out of the mean values of their respective tech-

nical replicates. For exemplary graphs comparing data from only one individual (n = 1), mean 

and SD were calculated for the different technical replicates. 
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3.4.2 Inferential statistics 

Except of for the analysis of the data resulting from the Luminex® assay performed after in vitro 

CLA treatment, for all group comparisons, Wilcoxon signed-rank tests were performed. This test 

was chosen because there was no justification to assume normally distributed data and because 

this test takes account of the fact that all samples were related since representing different 

treatment states of the same individual’s cells. 

To analyze the data from the experiment measuring cytokine concentrations in a Luminex® as-

say after in vitro CLA treatment (results in section 4.1.2.2), paired t-tests were performed. Since 

the n in this explorative experiment was only n = 4, a Wilcoxon signed-rank-test is not capable 

to show significant results, no matter how large and clear group differences are. Although nor-

mally distributed data cannot be assumed, the results from a paired t-test can give an explora-

tory impression of the group differences in this case. 

The results of all statistical tests are illustrated in the graphs as * (p ≤ 0.05), ** (p ≤ 0.01), ***(p 

≤ 0.001) or “n.s.” (not significant). 

3.4.3 Handling of values < LLOQ or > ULOQ 

The assays measuring cytokine concentrations have a lower (LLOQ) and an upper (ULOQ) limit 

of quantitation. Below or above these values, respectively, the calculated cytokine concentra-

tion cannot be considered being accurately measured. 

To avoid measuring cytokine concentrations outside the range between LLOQ and ULOQ, sam-

ples were measured after a calculated dilution if concentrations higher than the respective 

ULOQ could be expected. 

However, only having at best a rough estimation of the real value before the experiment and – 

in case of the Luminex® assay – measuring different cytokines with different needs for pre-meas-

urement dilution in a single reaction volume, this procedure could not suffice to completely 

avoid measuring data < LLOQ or > ULOQ. These data was appropriately handled as described 

below. 
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3.4.3.1 Values < LLOQ 

For presentation in the graphs, values < LLOQ and mean values of technical replicates of which 

at least one was < LLOQ were plotted as measured and colored blue. Values lower than zero 

(which can result from the calculations due to comparing the samples with blanks) were re-

placed by zero. The LLOQ was delineated in the graphs as a blue line when reasonable. 

When measuring a value < LLOQ it can be assumed that the real value is between zero and the 

LLOQ. Therefore, for the statistical tests, both these most extreme values between which the 

actual value must lie, were inserted once in the calculation for the p-value. In all cases presented 

in this work, both calculations led to a result within the same range of p-values (regarding the 

illustration with *, **, *** or “n.s.”). The respective symbol was inserted in the graph. 

For the calculation of mean and SD, however, this method was not applied since this would lead 

to two values for mean and SD and therefore to confusing graphs. Instead, mean and SD were 

not calculated for groups containing values < LLOQ. 

3.4.3.2 Values > ULOQ 

In the graphs, values > ULOQ and mean values of technical replicates of which at least one was 

> ULOQ were plotted as measured and colored green. 

It can be assumed that above the ULOQ the assays rather measure false-low than false-high 

values. If a false-low measurement would rather contradict the experimental hypothesis (i.e. 

false-low pro-inflammatory cytokine concentrations before CLA treatment), mean, SD and a p-

value were calculated with the measured value. If, however, a false-low result would rather 

wrongly support the hypothesis (i.e. false-low pro-inflammatory cytokine concentrations after 

CLA treatment), mean, SD and a p-value were not calculated. 
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4 Results 

Considering the indications for beneficial capabilities of CLA in the context of several autoim-

mune diseases (188), its disease-ameliorating effects in a spontaneous MS mouse model and its 

anti-inflammatory influence on healthy controls’ and RRMS patients’ CD4+ T cells in vitro (un-

published data by Hucke, Hartwig et al. (79)), aim of this thesis was to further investigate the 

effects of CLA on the human immune system and human MS disease as well as to find evidence 

by which mechanisms such effects could be mediated. 

4.1 in vitro experiments 

With in vitro experiments conducted in isolated and cultured healthy controls’ peripheral blood 

CD4+ T cells, possible cytotoxic effects of CLA on CD4+ T cells were examined and the capability 

of CLA to reduce their cytokine production capacity as well as its effects on their metabolic ac-

tivity were analyzed. 

4.1.1 Cytotoxicity investigation 

To exclude that potential suppressive effects of CLA on the pro-inflammatory cytokine produc-

tion capacity or metabolism of CD4+ T cells could be only wrongly suggested by a cytotoxic effect 

of CLA on these cells, a relevant cytotoxicity of CLA in the concentrations used in the further in 

vitro experiments had to be ruled out. Therefore, the portion of living HC CD4+ T cells after 72 h 

CLA treatment under PHA stimulation in comparison to a negative control without treatment 

was measured by performing a PI staining. 

Fig. 4.2 illustrates the resulting data: The portion of living stimulated CD4+ T cells is similar in all 

treatment groups, from the negative control without CLA treatment to the maximum tested 

concentration of 75 µM CLA (each isomer). Thus, the experiment revealed no relevant cytotoxic 

effects of CLA. 
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Fig. 4.1 Effect of CLA in vitro on activated HC CD4+ T cells’ survival 
Portion of living HC CD4+ T cells stimulated with PHA and treated with different concentrations of CLA for 72 h, meas-
ured after PI staining. n = 6. All data is presented as mean ± SD. 

4.1.2 CD4+ T cell cytokine production upon activation 

4.1.2.1 Quantification in an ELISA assay 

By directly measuring the cytokine production with an ELISA assay, the hypothesis was tested 

that CLA is capable to reduce the pro-inflammatory cytokine production capacity of HC CD4+ T 

cells in vitro. After 72 h PHA-activation and CLA treatment or not the concentrations of TNFα 

and IFNγ produced by the cultured CD4+ T cells were measured with an ELISA assay. 

The resulting data (Fig. 4.2) shows a profound reduction in the CD4+ T cells’ production capacity 

for both investigated cytokines. Moreover, the data illustrates that the effect was dose-depend-

ent: the exposure to increasing concentrations of CLA was associated with a lower cytokine pro-

duction by the activated CD4+ T cells. 
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Fig. 4.2 Effect of CLA in vitro on activated HC CD4+ T cells’ cytokine production capacity (ELISA) 
Quantity of the respective cytokine produced by HC CD4+ T cells stimulated with PHA and treated with different con-
centrations of CLA for 72 h. n = 6. All data is presented as mean ± SD. Results from Wilcoxon test control vs. CLA 
75 µM: * p ≤ 0.05. Blue dots represent values < LLOQ, green dots values > ULOQ. The cytokine concentration in all 
measured unstimulated samples was close to or lower than the LLOQ (1 of 24 could not be measured due to technical 
issues). 

4.1.2.2 Quantification in a Luminex® assay 

To reproduce these findings in a different assay and to expand the range of investigated cyto-

kines, the experiment was repeated measuring the cytokine concentration in the cell culture 

supernatants with a Luminex® assay. Since a CLA concentration of 75 µM showed the largest 

effects in the ELISA assay but no relevant cytotoxic effects in the cytotoxicity assay, it was em-

ployed for this experiment. The supernatants of HC CD4+ T cells, again PHA-stimulated and CLA-

treated or not for 72 h, were analyzed regarding 18 different cytokine concentrations employing 

Luminex® technique. 

The results for the 15 most interesting cytokines are presented in Fig. 4.3. The cytokine produc-

tion under PHA activation for all measured cytokines was significantly lower after 72 h in vitro 

CLA treatment in comparison to the untreated control group. This includes a wide range of pro-

inflammatory cytokines, such as TNFα, IFNγ, GM-CSF or IL-17A. However, also the production of 

cytokines showing a rather anti-inflammatory phenotype as IL-4 and IL-10 was lowered during 

the CLA treatment. 
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Fig. 4.3 Effect of CLA in vitro on activated HC CD4+ T cells’ cytokine production capacity (Luminex®) 
Quantity of the respective cytokine produced by HC CD4+ T cells stimulated with PHA and treated or not with 75 µM 
CLA in vitro for 72 h. n = 4. All data is presented as mean ± SD. Results from paired t-test: * p ≤ 0.05   ** p ≤ 0.01   ***p 
≤ 0.001   n.s. = not significant. Blue dots represent values < LLOQ, green dots values > ULOQ. The cytokine concentra-
tion in all unstimulated samples was < LLOQ. 

c
(I

L
-1

8
) 

[p
g

/m
l]

control CLA 75µM
0

50

100

150

LLOQ

***

IL-18

c
(I

L
-2

1
) 

[p
g

/m
l]

control CLA 75µM
0

1000

2000

3000

4000

LLOQ   

IL-21

n.s.

c
(I

L
-2

2
) 

[p
g

/m
l]

control CLA 75µM
0

500

1000

1500

2000

LLOQ   

**

IL-22

c
(I

L
-2

7
) 

[p
g

/m
l]

control CLA 75µM
0

50

100

150

LLOQ

*

IL-27

c
(T

N
F


) 
[p

g
/m

l]

control CLA 75µM
0

1000

2000

3000

4000
**

TNF

c
(G

M
-C

S
F

) 
[p

g
/m

l]

control CLA 75µM
0

5000

10000

15000

20000
*

GM-CSF

c
(I

F
N
)

 [
p

g
/m

l]

control CLA 75µM
0

5000

10000

15000

20000

*

IFN
c

(I
L

-1


) 
[p

g
/m

l]

control CLA 75µM
0

50

100

150
*

IL-1

c
(I

L
-2

) 
[p

g
/m

l]

control CLA 75µM
0

500

1000

1500

IL-2

n.s.

c
(I

L
-4

) 
[p

g
/m

l]

control CLA 75µM
0

200

400

600

800

1000
***

IL-4

c
(I

L
-6

) 
[p

g
/m

l]

control CLA 75µM
0

5000

10000

15000

20000

25000

*

IL-6

c
(I

L
-9

) 
[p

g
/m

l]

control CLA 75µM
0

1000

2000

3000

LLOQ   

IL-9

n.s.

c
(I

L
-1

0
) 

[p
g

/m
l]

control CLA 75µM
-1000

0

1000

2000

3000

4000

5000

IL-10

n.s.

c
(I

L
-1

3
) 

[p
g

/m
l]

control CLA 75µM
0

2000

4000

6000
*

IL-13

c
(I

L
-1

7
A

) 
[p

g
/m

l]

control CLA 75µM
0

500

1000

1500

IL-17A

n.s.



Results 

80 
 

4.1.3 CD4+ T cell metabolism 

As described in the introduction (sections 1.1.4.4 and 1.2.4.2), the metabolic and the immuno-

logic function of immune cells are closely interlinked, and it has been hypothesized that CLA can 

influence the metabolic activity of immune cells (44, 77). To test the hypothesis that an in vitro 

CLA treatment reprograms the metabolism of immune cells towards a phenotype which is asso-

ciated with an immunomodulatory cell function, the metabolism of HC CD4+ T cells was analyzed 

after an in vitro CLA treatment. Results from such an experiment could give indications regarding 

the mechanism of action of CLA. 

For this experiment, HC CD4+ T cells were isolated from freshly thawed PBMC samples and incu-

bated overnight (24 h) under stimulation with anti-CD3 and anti-CD28 antibodies and treatment 

with 75 µM CLA or not. Afterwards, their metabolic activity was measured under Mito Stress 

conditions employing Agilent Seahorse XF technology. 

Analyzing the cells’ OCR during the Mito Stress Test, which is representing the activity of the 

OXPHOS (3), it could be found that the CLA treated CD4+ T cells exposed a significantly lower 

activity of mitochondrial respiration (Fig. 4.4). BR, MR and SRC were reduced. 
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Fig. 4.4 Effect of CLA in vitro on activated HC CD4+ T cells’ OXPHOS 
Top. Representative OCR curves during Mito Stress Test of HC CD4+ T cells activated with anti-CD3 and anti-CD28 
antibodies and treated or not with 75 µM CLA in vitro for 24 h. Oligomycin, FCCF and rotenone / antimycin A were 
added as indicated. The calculations for the parameters NMR, BR, MR and SRC are illustrated. All data points are 
presented as mean ± SD of the technical replicates. AA = antimycin A. Button. BR, MR and SRC HC CD4+ T cells acti-
vated with anti-CD3 and anti-CD28 antibodies and treated or not with 75 µM CLA in vitro for 24 h. n = 6. All data is 
presented as mean ± SD. Results from Wilcoxon test: * p ≤ 0.05   n.s. = not significant 

The ECAR in Agilent Seahorse XF assays represents the activity of lactate-producing glycolysis 

(2). Its analysis revealed the data presented in Fig. 4.5, illustrating the effect of an in vitro CLA 

treatment on the glycolytic activity of HC CD4+ T cells: The BG, the GC and the GR were reduced 

after the treatment. 
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Fig. 4.5 Effect of CLA in vitro on activated HC CD4+ T cells’ glycolytic activity 
Top. Representative ECAR curves during Mito Stress Test of HC CD4+ T cells activated with anti-CD3 and anti-CD28 
antibodies and treated or not with 75 µM CLA in vitro for 24 h. Oligomycin, FCCF and rotenone / antimycin A were 
added as indicated. The calculations for the parameters BG, GC and GR are illustrated. All data points are presented 
as mean ± SD of the technical replicates. AA = antimycin A. Button. BG, GC and GR of HC CD4+ T cells activated with 
anti-CD3 and anti-CD28 antibodies and treated or not with 75 µM CLA in vitro for 24 h. n = 6. All data is presented as 
mean ± SD. Results from Wilcoxon test: * p ≤ 0.05   n.s. = not significant 

4.2 Clinical study 

Considering the beneficial effects of CLA in the context of autoimmunity suggested by various 

preclinical and clinical studies previously (16, 17, 79, 188), it was of high interest to examine the 

effects of CLA in the in vivo situation of MS. To gain insight into the function of CLA in MS pa-

tients, a clinical study was performed. 

4.2.1 Baseline demographical and clinical data 

Table 4.1 shows the baseline demographical and clinical data of the study participants. The col-

lective was predominantly female (73,3% women) and aged in average 36.7 years (SD = 

10.9 years). The mean baseline EDSS score was 0.8 (SD = 0.9). 
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age (years) 36.7 (10.9) 

women 11 (73.3%) 

baseline EDSS score 0.8 (0.9) 

time since first MS symptoms (years) 8.5 (9.7) 

time since MS diagnosis (years) 6.5 (9.3) 

current immunomodulatory treatment  

     glatiramer acetate 5 (33.3%) 

     interferon beta-1a 9 (60%) 

     peginterferon beta-1a 1 (6.7%) 

Table 4.1 Baseline demographical and clinical data in the study cohort 
Values are mean (SD) or n (%). (n = 15) 

4.2.2 Natural fat and CLA intake 

4.2.2.1 Fat intake 

The analysis of the food diaries kept by the study patients revealed that the average natural fat 

intake was approximately 72 g/d (SD = 23 g/d). Fig. 4.6 illustrates the distribution of the natural 

fat intake among the study patients. 

 

Fig. 4.6 Distribution of natural fat intake among study patients 
Histogram of the average daily fat intake by the study patients. n = 14. 
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4.2.2.2 CLA intake 

Regarding the natural CLA intake, the food diary analysis showed an average intake of approxi-

mately 100 mg/d (SD = 41 mg/d). This Is less than 5% of the study medication the patients re-

ceived during the clinical trial. Fig. 4.7 shows the distribution of the natural CLA intake within 

the study cohort and Fig. 4.8 compares the natural CLA intake with the study medication. 

 

Fig. 4.7 Distribution of natural CLA intake among study patients 
Histogram of the average daily CLA intake by the study patients. n = 14. 

 

Fig. 4.8 Comparison between natural CLA intake and study medication 
Comparison of the average natural CLA intake by the study patients with the study medication. n = 14. Data for natural 
CLA intake is presented as mean ± SD. 
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4.2.3 Clinical study endpoints 

4.2.3.1 Adherence to study medication 

The results of the measurement of the patients’ adherence to the study medication resulted in 

the data presented in Table 4.2. 

Adherence to study medication n (%) 

≥ 95% 11 (73.3%) 

≥ 90%, but < 95% 3 (20%) 

≥ 85%, but < 90% 1 (6.7%) 

Table 4.2 Adherence to study medication in the study cohort 
Values are n (%). (n = 15) 

4.2.3.2 Relapses 

The number of relapses sustained by the patients during the clinical study is shown in Table 4.3. 

Number of relapses n (%) 

no relapse 14 (93.3%) 

one relapse 1 (6.7%) 

Table 4.3 Number of relapses sustained by the study patients during the study period 
Values are n (%). (n = 15) 

This is equivalent to an average annualized relapse rate of 0.14 (SD = 0.56) relapses per year. In 

comparison, the average annualizes relapse rate in the last year before study inclusion was 0.27 

(SD = 0.46) relapses per year (no relapse in 11 patients, one relapse in 4 patients). The sole pa-

tient who suffered a relapse during the study had no relapse in the year prior to the study. 

4.2.3.3 EDSS during follow-up 

Table 4.4 describes the change in the study patients’ EDSS scores over the time of the CLA treat-

ment. 
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EDSS during follow-up n (%) Δ EDSS 

EDSS value increase ≥ 0.5 after 24 weeks 2 (13.3%) 1; 1.5 

     of which relapse-independent increase 2 (13.3%) 1; 1.5 

EDSS value decrease ≥ 0.5 after 24 weeks 1 (6.7%) -0.5 

EDSS value stable after 24 weeks 12 (80%)  

Table 4.4 Change of EDSS value within the 24 CLA treatment weeks 
Δ EDSS = absolute change of EDSS score over study period in respective patients. Values are n (%). (n = 15) 

4.2.3.4 Paraclinical data 

MRI scans were not part of the study protocol in the present exploratory clinical trial. Neverthe-

less, MRI was obtained from several patients during the study period for other reasons, e.g. as 

part of the routine periodic clinical and paraclinical evaluation, in the context of other studies 

conducted parallelly or in case of neurological symptoms (MS relapse). 

In total, MRI scans were conducted in 7 of the 15 participants during the study period. Of these, 

in comparison to the respective previous examination, four patients exhibited a stable paraclin-

ical development while three patients presented with new, enlarging and / or Gd-enhancing 

lesions. 

In this regard it must be noted that the mentioned MRI scans were performed at random time 

points during the study and compared to images obtained unequal time periods prior to the 

study inclusion. Thus, it cannot be stated if the neuropathologic processes underlying the para-

clinical instability observed in three patients have taken place before or during the study. There-

fore, and because of the small study size and lack of a control group, as well as because MRI was 

obtained only in part of the study subjects, no conclusions about the efficacy of CLA on paraclin-

ical parameters can be drawn from these observations. 

4.2.3.5 Correlation of relapses, EDSS during follow-up and paraclinical data 

As described above, during the study, one patient suffered a relapse but no EDSS increase (com-

paring study beginning and ending), two patients a relapse-independent EDSS increase and in 

three patients MRI scans revealed paraclinical instability (comparing an MRI obtained at a ran-

dom timepoint during the study with an MRI obtained unequal time periods prior to the study 

inclusion). These events were partly correlated as follows: One patient suffered a relapse asso-

ciated with paraclinical instability. In another patient, a relapse-independent EDSS increase and 
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changes on MRI were observed. One patient exhibited only a relapse-independent EDSS increase 

(but no MRI was obtained during the study from this patient) and a fourth one only paraclinical 

instability. 

4.2.3.6 Adverse events 

The adverse events observed during the study period in the participants are listed with their 

respective incidence in Table 4.5. One MS relapse requiring an in-patient therapy was the only 

recorded serious adverse event (SAE). 
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Adverse events, categorized by organ system Incidence Relation to CLA intake 

Dermatological 

contact allergy 1 improbable 

Gastrointestinal 

abdominal fullness 1 possible 

abdominal pain 1 possible 

elevated liver enzymes 1 improbable 

enteritis 1 possible 

nausea 2 possible 

Infectious 

cold 5 improbable 

gastrointestinal 1 improbable 

urinary tract 2 improbable 

Neurologic 

migraine 1 improbable 

MS relapse (SAE) 1 improbable 

Ophthalmologic 

reddening and dryness of the eye 1 improbable 

Otorhinolaryngological 

allergic rhinitis 1 improbable 

dysphagia 1 improbable 

sore throat 1 improbable 

Other 

influenza vaccination 1 improbable 

iron deficiency 1 improbable 

Table 4.5 Adverse events and their incidence sustained by the patients during the study period 
Values are absolute numbers. (n = 15) 

4.2.4 In-depth functional immune phenotyping 

To gain a broad insight into the effects of CLA on the immune system in vivo, changes in the 

immune cell subset composition were analyzed performing an in-depth functional immune phe-

notyping by flow cytometry as an exploratory and orientating investigation. The immune cells’ 

cytokine production capacity was measured in this setup as well. 
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The underlying hypothesis was that pro-inflammatory immune cell subsets and their pro-inflam-

matory cytokine production capacity are downregulated while immune cells exhibiting a more 

regulatory phenotype are upregulated during the CLA treatment. 

PBMC samples collected before and after 8, 16 and 24 weeks of CLA in vivo treatment were 

analyzed. The resulting data from all staining panels was analyzed with conventional gating strat-

egies identifying distinct known immune cell subsets. The most interesting results from this anal-

ysis are shown in the following figures. 

Additionally, in collaboration with the working group team, the data from the most promising 

staining panels (“T development”, “CD8”, “B cell”, “TH17”, “Treg”, “TH stim 1”, “TH stim 2”) was 

also analyzed independently with an automated, less biased method employing the viSNE and 

PhenoGraph algorithms. The resulting viSNE maps showing cells either from before or after the 

24 weeks CLA in vivo treatment with the individual cells colored according to their assignment 

to clusters identified by the PhenoGraph algorithm are presented in the following figures if in-

teresting alterations in the immune cell subset composition could be observed during the treat-

ment period. 

In this section, all figures with y-scatter plots present results from the conventional gating anal-

ysis and figures with viSNE maps the results from the less biased automated data analysis. 

4.2.4.1 CD4+ T cells  

Fig. 4.9 illustrates the effect of the CLA in vivo treatment on different CD4+ memory T cell sub-

sets. TH17 cells, defined either as CD146+ CD4+ memory T cells (38, 39) or more strictly as CD194+ 

CD196+ CD161+ CD146+ CD4+ memory T cells (22, 106) were downregulated during the CLA treat-

ment. This result reached statistical significance for the wider definition of TH17 cells as CD146+ 

CD4+ memory T cells. CD4+ memory T cells expressing IL-23R were significantly downregulated 

as well. 
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Fig. 4.9 Effect of CLA in vivo on the CD4+ memory T cell subset composition in MS patients 
Share of the respective indicated CD4+ memory T cell subset as a percentage of the respective indicated superordinate 
T cell subset determined in a conventional gating analysis and compared before, during and after 24 weeks CLA in 
vivo treatment. n = 14 (CD4+ memory cells CD146+ baseline and 24 weeks) or n = 15 (all other groups). All data is 
presented as mean ± SD. Results from Wilcoxon test baseline vs. 24 weeks: * p ≤ 0.05   ***p ≤ 0.001   n.s. = not 
significant. 

A similar effect could be observed after applying the viSNE and PhenoGraph algorithms to the 

data from lymphocytes (pre-gated before automated analysis) activated and stained according 

to the “TH stim 1” panel protocol. CD146 positive CD4+ T cells were decreased 1.9-fold after the 

CLA in vivo treatment in comparison to before (Fig. 4.10). 

 

Fig. 4.10 Effect of CLA in vivo on lymphocytes in MS patients 
viSNE maps of all lymphocytes (pre-gated before automated analysis) before and after 24 weeks CLA in vivo treat-
ment, measured by 9 color flow cytometry after 4 h LAC stimulation and staining with the “TH stim 1” panel. Each dot 
represents one individual cell. The cells are colored according to their assignment to distinct cell clusters by the Phe-
noGraph algorithm. Each graph maps a total of 45,000 cells merged from all study participants. The axes are given in 
arbitrary units. n = 15. 

Alterations in the cytokine production of CD4+ T cells and CD4+ memory T cells during the in vivo 
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general and the CD4+ memory T cells produced significantly less IL-17A and IL-22 upon activation 

after the CLA treatment. 

 

Fig. 4.11 Effect of CLA in vivo on CD4+ T cell subset cytokine production capacity in MS patients 
Share of the cytokine-producing CD4+ (memory) T cells as a percentage of all CD4+ (memory) T cells determined in a 
conventional gating analysis and compared before, during and after 24 weeks CLA in vivo treatment, measured after 
4 h LAC stimulation. n = 14 (baseline and 24 weeks groups) or n = 15 (8 and 16 weeks groups). All data is presented as 
mean ± SD. Results from Wilcoxon test baseline vs. 24 weeks: * p ≤ 0.05. 

In the automated analysis of all lymphocytes (pre-gated before applying viSNE and PhenoGraph 

algorithms) after PBMC activation and staining according to the “TH stim 2” panel protocol, a 

1.46-fold decrease of IL-22 producing CD4+ CD146+ T cells could be detected (Fig. 4.12). 
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Fig. 4.12 Effect of CLA in vivo on lymphocytes in MS patients 
viSNE maps of all lymphocytes (pre-gated before automated analysis) before and after 24 weeks CLA in vivo treat-
ment, measured by 9 color flow cytometry after 4 h LAC stimulation and staining with the “TH stim 2” panel. Each dot 
represents one individual cell. The cells are colored according to their assignment to distinct cell clusters by the Phe-
noGraph algorithm. Each graph maps a total of 42,000 cells merged from all study participants. The axes are given in 
arbitrary units. n = 15. 

4.2.4.2 CD8+ T cells  

Fig. 4.13 focusses on the expression of CD226 (DNAX accessory molecule-1 [DNAM-1]) on CD8+ 

T cells and subordinate subsets. CD226 was upregulated on CD8+ T cells, CD8+ central memory T 

cells and CD8+ T effector memory RA (TEMRA) cells during the CLA in vivo treatment. 

 

Fig. 4.13 Effect of CLA in vivo on expression of CD226 in different CD8+ T cell subsets in MS patients 
Share of the CD226+ fraction in different CD8+ T cell subsets expressed in percent determined in a conventional gating 
analysis and compared before, during and after 24 weeks CLA in vivo treatment. n = 15. All data is presented as mean 
± SD. Results from Wilcoxon test baseline vs. 24 weeks: * p ≤ 0.05. 

Similar results were found in the automated analysis of the data from T cells (pre-gated before 

automated analysis) colored with the “CD8” staining panel. CD8+ memory T cells expressing 

CD226 on their surface were found to be 1.37-fold increased (Fig. 4.14). 
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Fig. 4.14 Effect of CLA in vivo on T cells in MS patients 
viSNE maps of all T cells (pre-gated before automated analysis) before and after 24 weeks CLA in vivo treatment, 
measured by 10 color flow cytometry after staining with the “CD8” panel. Each dot represents one individual cell. The 
cells are colored according to their assignment to distinct cell clusters by the PhenoGraph algorithm. Each graph maps 
a total of 84,000 cells merged from all study participants. The axes are given in arbitrary units. n = 15. 

The effects of the treatment on the production of IL-17A and IL-22 by activated CD8+ T cells in 

general and by CD8+ memory T cells are shown in Fig. 4.15. The production of both cytokines 

was decreased in both groups during the treatment. 
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Fig. 4.15 Effect of CLA in vivo on CD8+ T cell subset cytokine production capacity in MS patients 
Share of the cytokine-producing CD8+ (memory) T cells as a percentage of all CD8+ (memory) T cells determined in a 
conventional gating analysis and compared before, during and after 24 weeks CLA in vivo treatment, measured after 
4 h LAC stimulation. n = 14 (baseline and 24 weeks groups) or n = 15 (8 and 16 weeks groups). All data is presented as 
mean ± SD. Results from Wilcoxon test baseline vs. 24 weeks: * p ≤ 0.05   ** p ≤ 0.01   n.s. = not significant. 

4.2.4.3 B cells 

Next, the B cell subset composition was altered during the treatment as well. Fig. 4.16 shows 

the upregulation of naïve B cells and the reciprocal downregulation memory B cells, each calcu-

lated as percent of total B cells. 
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Fig. 4.16 Effect of CLA in vivo on B cell subset composition in MS patients 
Share of the respective indicated B cell subset as a percentage of all B cells determined in a conventional gating 
analysis and compared before, during and after 24 weeks CLA in vivo treatment. n = 15. All data is presented as mean 
± SD. Results from Wilcoxon test baseline vs. 24 weeks: * p ≤ 0.05. The outliers at all timepoints in both graphs are 
representing one individual. 

The automated analysis of the data from B cells (pre-gated before algorithm application) stained 

with the “B cell” panel also revealed a 1.32-fold upregulation of naïve B cells after the CLA in 

vivo treatment (Fig. 4.17). 

 

Fig. 4.17 Effect of CLA in vivo on B cells in MS patients 
viSNE maps of all B cells (pre-gated before automated analysis) before and after 24 weeks CLA in vivo treatment, 
measured by 10 color flow cytometry after staining with the “B cell” panel. Each dot represents one individual cell. 
The cells are colored according to their assignment to distinct cell clusters by the PhenoGraph algorithm. Each graph 
maps a total of 56,000 cells merged from all study participants. The axes are given in arbitrary units. n = 15. 
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4.2.4.4 CD4+ Treg cells 

Ultimately, Fig. 4.18 shows the effect of CLA on Treg cells and their major subsets, peripherally 

(pTreg) and thymus (tTreg) derived Treg cells. While the share of pTreg cells slightly, but statistically 

significantly decreased both in all Treg cells and in all CD4+ T cells, the share of tTreg cells in all Treg 

cells slightly increased and the share of tTreg and of total Treg cells in all CD4+ T cells remained 

more or less constant during the treatment period. 

 

Fig. 4.18 Effect of CLA in vivo on Treg cells in MS patients 
Share of Treg cells as a percentage of all CD4+ T cells and share of pTreg and tTreg cells as a percentage of all Treg and of 
all CD4+ T cells determined in a conventional gating analysis and compared before, during and after 24 weeks CLA in 
vivo treatment. n = 15. All data is presented as mean ± SD. Results from Wilcoxon test baseline vs. 24 weeks: ** p ≤ 
0.01   ***p ≤ 0.001   n.s. = not significant. 

Also this effect was reproducible in the automated flow cytometry data analysis. After applying 

the viSNE and the PhenoGraph algorithms to the data from CD25+ CD4+ memory T cells (pre-

gated before automated analysis) stained with the “Treg“ panel, pTreg cells were found 1.39-fold 

reduced after the CLA treatment period (Fig. 4.19). 
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Fig. 4.19 Effect of CLA in vivo on CD25+ CD4+ memory T cells in MS patients 
viSNE maps of all CD25+ CD4+ memory T cells (pre-gated before automated analysis) before and after 24 weeks CLA 
in vivo treatment, measured by 10 color flow cytometry after staining with the “Treg” panel. Each dot represents one 
individual cell. The cells are colored according to their assignment to distinct cell clusters by the PhenoGraph algo-
rithm. Each graph maps a total of 16,296 cells merged from all study participants. The axes are given in arbitrary units. 
n = 15. 

4.2.5 CD4+ T cell cytokine production upon activation  

The in vitro treatment of HC CD4+ T cells (measured with ELISA and Luminex® technique – section 

4.1.2) and the in vivo treatment of RRMS patients’ CD4+ T cells (measured by flow cytometry – 

section 4.2.4) with CLA resulted in lower cytokine production capacities of these cells. Next, the 

hypothesis that an in vivo CLA treatment lowers the pro-inflammatory cytokine production ca-

pacity of RRMS patients’ CD4+ T cells was tested with the a Luminex® assay as an additional 

method, analyzing more cytokines simultaneously than the flow cytometry. Therefore, study 

patients’ CD4+ T cells from before and after the 24 weeks CLA treatment were stimulated with 

PHA for 72 h without in vitro exposure to CLA. The cell culture supernatants were analyzed in a 

Luminex® assay to determine several cytokine concentrations. 

The resulting data for the nine most interesting cytokines is presented in Fig. 4.20. No significant 

changes could be detected between the cytokine production capacity before and after the treat-

ment. 
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Fig. 4.20 Effect of CLA in vivo on MS patients’ CD4+ T cells’ cytokine production capacity  
Quantity of the respective cytokine produced by MS patients’ CD4+ T cells before and after 24 weeks in vivo CLA 
treatment, measured after 72 h stimulation with PHA. baseline: n = 12 (due to technical issues), 24 weeks: n = 15. All 
data is presented as mean ± SD. Results from Wilcoxon test: n.s. = not significant. Blue dots represent values < LLOQ, 
green dots values > ULOQ. The cytokine concentration in all unstimulated samples was < LLOQ. 

4.2.6 CD4+ T cell metabolism 

To reproduce the findings from the corresponding in vitro experiment and to gain insight into 

the effects of an in vivo CLA treatment on the immune cell metabolism, the metabolic activity 

was measured and compared in CD4+ T cells collected before and after the CLA treatment under 

Mito Stress conditions. The underlying hypothesis was that an in vivo CLA treatment would 

change the cells’ metabolic activity towards a rather immunomodulatory phenotype. In contrast 

to the corresponding in vitro experiment, since no in vivo CLA treatment was necessary, the CD4+ 

T cells were isolated from freshly thawed PBMC samples and their metabolic activity during a 

Mito Stress Test was measured immediately. 
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4.2.6.1 Oxidative phosphorylation (OXPHOS) 

First, the CD4+ T cells’ metabolic activity was measured without any in vitro stimulation. In this 

case, the analysis of the OXPHOS activity (represented by the OCR (3)) during the Mito Stress 

Test revealed that the CD4+ T cells collected after the treatment exhibited a significantly lower 

mitochondrial respiration (Fig. 4.21). The cells’ BR as well as their MR and SRC were on a lower 

level than in the cells collected before the treatment. 

 

Fig. 4.21 Effect of CLA in vivo on MS patients’ unstimulated CD4+ T cells’ OXPHOS 
Top. Representative OCR curves of MS patients’ CD4+ T cells isolated before or after 24 weeks in vivo CLA treatment 
during Mito Stress Test without stimulation. Oligomycin, FCCF and rotenone / antimycin A were added as indicated. 
The calculations for the parameters NMR, BR, MR and SRC are illustrated. All data points are presented as mean ± SD 
of the technical replicates. AA = antimycin A. Button. BR, MR and SRC of MS patients’ unstimulated CD4+ T cells before 
and after 24 weeks in vivo CLA treatment. n = 14. All data is presented as mean ± SD. Results from Wilcoxon test: * p 
≤ 0.05   ** p ≤ 0.01 

In comparison, Fig. 4.22 shows the corresponding results when performing the Mito Stress Test 

after a short time activation with PMA and ionomycin for 2:40 h. A reduction in the CD4+ T cells’ 

activity performing OXPHOS, represented by the basal and MR and the SRC, could be seen here 

as well. 
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Fig. 4.22 Effect of CLA in vivo on MS patients’ stimulated CD4+ T cells’ OXPHOS 
Top. Representative OCR curves of MS patients’ CD4+ T cells isolated before or after 24 weeks in vivo CLA treatment 
during Mito Stress Test with PMA / ionomycin stimulation. PMA / ionomycin, oligomycin, FCCF and rotenone / anti-
mycin A were added as indicated. All data points are presented as mean ± SD of the technical replicates. AA = anti-
mycin A. Button. BR, MR and SRC of MS patients’ CD4+ T cells collected before and after 24 weeks in vivo CLA treat-
ment, measured after PMA / ionomycin stimulation. n = 14. All data is presented as mean ± SD. Results from Wilcoxon 
test: ** p ≤ 0.01   n.s. = not significant 

Comparing the effect of a stimulation with PMA and ionomycin on the MR and the SRC in CD4+ 

T cells collected before versus after the treatment, it could be seen, that the stimulation-induced 

increase in both parameters was significantly lower after the 24 weeks in vivo treatment, ex-

pressed by the ratio of the respective values with and without stimulation (Fig. 4.23). 
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Fig. 4.23 Effect of CLA in vivo on MS patients’ CD4+ T cells’ stimulation-induced increase in MR and SRC 
Ratio of MR and SRC values measured in samples stimulated or not with PMA / ionomycin (stimulated / unstimulated) 
calculated for CD4+ T cell samples collected before and after 24 weeks in vivo CLA treatment. n = 14. All data is pre-
sented as mean ± SD. Results from Wilcoxon test: * p ≤ 0.05 

 

4.2.6.2 Glycolysis 

The effect of a 24 weeks in vivo CLA treatment on the glycolytic activity of CD4+ T cells from MS 

patients, measured without in vitro stimulation, is shown in Fig. 4.24: The BG, the GC and espe-

cially the GR were reduced after the treatment. 
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Fig. 4.24 Effect of CLA in vivo on MS patients’ unstimulated CD4+ T cells’ glycolytic activity 
Top. Representative ECAR curves of MS patients’ CD4+ T cells isolated before or after 24 weeks in vivo CLA treatment 
during Mito Stress Test without stimulation. Oligomycin, FCCF and rotenone / antimycin A were added as indicated. 
The calculations for the parameters BG, GC and GR are illustrated. All data points are presented as mean ± SD of the 
technical replicates. AA = antimycin A. Button. BG, GC and GR of MS patients’ unstimulated CD4+ T cells before and 
after 24 weeks in vivo CLA treatment. n = 14. All data is presented as mean ± SD. Results from Wilcoxon test: * p ≤ 
0.05   n.s. = not significant 

Performing the same experiment after short time activation with PMA and ionomycin for 2:40 h, 

similar changes could be observed (Fig. 4.25). All three parameters were reduced in the CD4+ T 

cells collected after the treatment. 
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Fig. 4.25 Effect of CLA in vivo on MS patients’ stimulated CD4+ T cells’ glycolytic activity 
Top. Representative ECAR curves of MS patients’ CD4+ T cells isolated before or after 24 weeks in vivo CLA treatment 
during Mito Stress Test with PMA / ionomycin stimulation. PMA / ionomycin, oligomycin, FCCF and rotenone / anti-
mycin A were added as indicated. All data points are presented as mean ± SD of the technical replicates. AA = anti-
mycin A. Button. BG, GC and GR of MS patients’ CD4+ T cells collected before and after 24 weeks in vivo CLA treatment, 
measured after PMA / ionomycin stimulation. n = 14. All data is presented as mean ± SD. Results from Wilcoxon test: 
* p ≤ 0.05   n.s. = not significant 

Again, also a comparison between the stimulation-induced increase of the glycolytic activity be-

fore and after the treatment was performed (Fig. 4.26). It could be observed that this increase 

of the BG and the GC, represented by the ratio of the respective values with and without stimu-

lation, was higher in the baseline samples than in those collected after the treatment. 

exemplary ECAR development
PMA / ionomycin stimulated

time [minutes]

E
C

A
R

 [
m

p
H

/m
in

]

0 50 100 150 200 250
0

20

40

60

24 weeks

baseline
P
M

A
 / 

io
no

m
yc

in

ol
ig

om
yc

in

F
C

C
P

ro
te

no
ne

 / 
A
A

basal glycolysis
PMA / ionomycin stimulated

E
C

A
R

 [
m

p
H

/m
in

]

baseline 24 weeks
0

20

40

60

80
*

glycolytic capacity
PMA / ionomycin stimulated

E
C

A
R

 [
m

p
H

/m
in

]

baseline 24 weeks
0

20

40

60

80 *

glycolytic reserve
PMA / ionomycin stimulated

E
C

A
R

 [
m

p
H

/m
in

]

baseline 24 weeks
-2

0

2

4

6

8
n.s.



Results 

104 
 

 
 

 

Fig. 4.26 Effect of CLA in vivo on MS patients’ CD4+ T cells’ stimulation-induced increase in BG and GC 
Ratio of BG and GC values measured in samples stimulated or not with PMA / ionomycin (stimulated / unstimulated) 
calculated for CD4+ T cell samples generated before and after 24 weeks in vivo CLA treatment. n = 14. All data is 
presented as mean ± SD. Results from Wilcoxon test: * p ≤ 0.05   n.s. = not significant 
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5 Discussion 

In current neuroimmunology research, rising attention is being paid to the effects of environ-

mental and especially nutritional factors on CNS autoimmunity. Since the identification of pro-

tective nutritional factors could lead to novel treatment approaches for MS by supplementing 

them with the diet or by targeting their mechanisms of action with new drugs, further research 

on this complex field of neuroinflammation is urgently needed (40, 156). 

CLA was identified as a promising candidate for the complementary treatment of MS. It was 

demonstrated to exert beneficial effects in the context of various immune-related diseases (16, 

17, 188) and – most interestingly – in a spontaneous MS mouse model in vivo and in human 

healthy controls’ and RRMS patients’ immune cells in vitro (79). Moreover, CLA can change the 

immune cell metabolism (83, 188) and the gut microbiota composition (33), both being factors 

influencing the immune system function and thereby potentially CNS autoimmunity (21, 23, 44, 

77, 133, 139). 

Therefore, it was aim of the present work to gain a deeper insight into the effects of CLA on 

human MS disease. With in vitro experiments and an exploratory clinical trial, the impact of a 

CLA treatment on clinical parameters, the immune cell subset composition, the CD4+ T cell cyto-

kine production and their cell metabolism were studied. Furthermore, the natural CLA intake by 

the study patients and their adherence to the study medication were measured. 

5.1 Clinical data 

5.1.1 Baseline demographical and clinical data 

In the study, 15 RRMS patients in an early disease phase were included, relapse free and on a 

stable first-line immunomodulatory medication for at least 3 months prior to the study. The 

cohort was predominantly female (73,3%) what is in accordance with the share of women in the 

general Central European MS-affected population (89). In average, the patients were diagnosed 

with MS 6.5 years before inclusion and had experienced the first symptoms 2 years earlier. The 

mean EDSS score at the time of inclusion was 0.8. To sum up, the study cohort constituted an 

average group of RRMS patients in an early disease phase. 
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5.1.2 Natural fat and CLA intake 

Since CLA is also consumed naturally with the diet (188), it was necessary to measure this con-

sume to make valid statements about the effects of dietary supplemented CLA on MS. Only if 

the amount of additionally consumed CLA would be remarkably higher, potential effects could 

possibly be attributed to the supplemented CLA. Moreover, it was of interest, how much the 

natural fat and especially CLA intake vary across the study cohort. 

The analysis of the food diaries filled out by the study patients revealed an approximate daily fat 

intake of 72 g with individual values ranging from 35 to 107 g/d. The average fat consume of the 

general German population was measured in 2008 with a survey asking about the food intake 

during a period of 4 weeks. The study was conducted in 15,371 individuals representative for 

the German population. It revealed an average daily fat intake of 73,8 g (women) and 102 g 

(men), respectively (115). Therefore, the fat intake of the CLA study cohort seems to have been 

slightly lower but considering the share of women in the study cohort above the general popu-

lation’s average, the difference is marginal. The World Health Organization recommends a fat 

consume constituting less than 30% of the total calorie intake (195). Depending on the study 

patients’ daily energy demand which has not been surveyed this target could have been reached 

by the participants. Calculating with an energy density of 9 kcal/g for fat (155), the average cal-

orie intake from fat in the study cohort was 648 kcal/d. 

The natural intake of CLA by the study participants was measured with the nutrition diaries to 

be approximately 100 mg/d with values ranging from 27 to 167 mg/d. Different studies meas-

ured the natural CLA intake by the average population. They came to largely varying results 

which may be due to regional and cultural differences (127). However, the study method plays 

an important role for the accuracy of the results (154), and different employed methods may be 

partially responsible for the highly varying results (127). One US-American study by Ritzenthaler 

et al. compared different methods to estimate the dietary CLA intake in a single study cohort. 

Thereby, dietary records and food-frequency questionnaires underestimated the amount of di-

etary CLA in comparison to the results from chemical food duplicate analyses which revealed a 

natural CLA intake of 212 and 151 mg/d by men and women, respectively (154). When compar-

ing the values from the present work with the results from Ritzenthaler et al., the increased 

share of female study participants must be considered again, as the sex obviously is a major 

determinant for the dietary CLA intake (154) as it is for the overall fat consume (see above) (115). 
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Nevertheless, the present work estimates the natural CLA intake by the participants lower than 

Ritzenthaler et al. in their study population with the food duplicate method. This may be due to 

methodological impairments as the food diary method cannot be considered as accurate as for 

example a food duplicate analysis and could underestimate the dietary CLA intake (154). This 

could be explained by, inter alia, incomplete dietary recording, wrong estimation of consumed 

amounts, difficulties when categorizing food items and insufficient knowledge about their exact 

chemical composition. However, also a lower real CLA intake due to different dietary habits is 

conceivable. This could represent either statistical coincidence evoked by the selection of par-

ticipants in the two rather small studies (n = 14 in present work; n = 93 in study by Ritzenthaler 

et al. (154)) or different cultural habits between the US-American and German population. 

The natural CLA intake varied up to 6-fold between the individual study patients. However, this 

fact as well as the natural CLA consumption in general probably did not influence the study re-

sults since the interventional CLA supplementation with 2,100 mg/d was by far, at least 10-fold, 

higher than any individual natural intake value. In average, the natural CLA intake was lower 

than 5% of the supplementary consume. 

To sum up, the fat and CLA intake values surveyed with food intake diaries for this study cannot 

be considered as optimally reliable. However, the results for the fat consume are approximately 

in accordance with those of the average German population (115) and those for the study co-

hort’s natural CLA intake lie within the range of estimates made by different methods published 

previously (127). Considering that the supplementary CLA consume was much higher than the 

natural one, the reliability of the natural CLA intake calculation might be considered sufficient 

to state that the natural CLA intake did not substantially influence the study results. 

5.1.3 Adherence to study medication 

Patients’ adherence to the medication is crucial for every medicinal therapeutic intervention 

(98). To validate the results of the study and to determine the readiness for a daily CLA supple-

mentation, the participants’ adherence to the study medication was surveyed with intake diaries 

and empty package counting. The investigation revealed a remarkable adherence to the study 

medication of ≥ 95% in 73.3% (11/15) of the participants and ≥ 90% in 93.3% (14/15). One pa-

tient (6.7% of the study cohort) showed an adherence of 88.1%. It must be considered that the 
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adherence may differ in potential patients treated with CLA regularly and long-termed in com-

parison to the present cohort under study conditions. However, these values promise a potential 

of CLA as a supplementation with high adherence. 

5.1.4 Relapses, EDSS and paraclinical development during follow-up 

In the long term, the aim of an MS therapy should be a reduction of the frequency of relapses, 

of the chronic accumulation of disability (as reflected by the EDSS score) and / or of mortality. 

The analysis of the study patients’ clinical course revealed no major clinical effects of the 24 

weeks CLA treatment. 

With one out of 15 patients suffering a relapse, the average annualized relapse rate during the 

24 weeks study period (0.14 relapses per year) was lower than in the year before study inclusion 

(0.27 relapses per year; 4 out of 15 patients suffered one relapse each). However, the small 

study size and the lack of a control group limit the reliability of these results. Especially in view 

of the lacking control group it must be considered that on the one hand a recent MS relapse 

might have motivated patients to participate in the study, and that on the other hand a relapse 

in the last three months prior to the study was an exclusion criterion. In which way these cir-

cumstances might have caused a selection bias is unclear, but they certainly limit the compara-

bility of the annualized relapse rates before and during the study. Anyway, due to the study-

independent development of diseases like MS a comparison between relapse rates before and 

during the study can never be as informative as a comparison between the relapse rates during 

the study in a treated and an untreated group. 

Interestingly, the sole patient suffering a relapse during the study reported not to have applied 

the prescribed DMT (IFNβ-1a, Rebif®) regularly in the months prior to the relapse. However, it 

cannot be stated if this has directly caused or favored the attack and the adherence to their 

basic DMT was not systematically measured in the study participants, neither before nor during 

the study. 

The EDSS score remained stable in 12 out of 15 patients, one participant had a reduced and two 

an increased score after the study compared with the inclusion timepoint. In these two patients 

with an increased score, the increase was relapse-independent. However, a control group would 

be necessary to draw conclusions about the effect of CLA on the chronic accumulation of disa-

bility from this observation. 
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As explained in section 4.2.3.4, the data about the paraclinical development of the study partic-

ipants is very limited. Therefore, this study cannot give information about the effect of CLA on 

paraclinical processes in MS. However, in a putative RCT investigating the influence of CLA on 

MS, changes on MRI scans should be included in the study endpoints. 

In the experiments investigating the effects of CLA on murine CNS autoimmunity presented in 

the introduction (see section 1.2.3.3), also an effect on the clinical course could be demon-

strated represented by the development of the clinical disease score (unpublished data by 

Hucke, Hartwig et al. (79)). However, several major methodological differences must be consid-

ered when comparing these findings with the present human trial. For example, in the mouse 

model, the beneficial clinical effect was not observed by comparing different timepoints (end of 

treatment vs. baseline) but by comparing to a control group. In both study groups, the average 

clinical score increased continuously. Furthermore, OSE develops much more rapidly than hu-

man MS and therefore the CLA treatment and the observation period in comparison to the dis-

ease development in the murine experiment were much longer than in the present clinical trial. 

Also, the CLA treatment was started with conception in the murine experiment while it was ini-

tiated after disease onset (8.5 years in average) in the human trial. Moreover, the study groups 

were larger in the animal model experiment (n (OSECLA) = 40; n (OSEctrl) = 83) (79). 

Difficulties when translating animal model findings about CLA into human disease have been 

reported in the context of several other autoimmune conditions (188). Nevertheless, for exam-

ple a small (n = 13) clinical trial by Bassaganya-Riera et al. investigating the effects of CLA on 

human IBD could also reveal an ameliorated clinical disease activity and in improved quality of 

life after a 12 week CLA treatment. With 6 g CLA daily, a higher dosage was applied to the study 

participants in this trial compared to the present study (16). 

Reliable statements on the clinical efficacy of CLA in MS could only be made in a double-blind 

randomized placebo-controlled clinical trial with a much higher number of study participants, 

especially considering the fact that the hypothesized CLA effect would be rather small and there-

fore more difficult to detect and a potential treatment would have only a complementary char-

acter. Results would be even more reliable when prolonging the CLA treatment period and add-

ing MRI scans as additional paraclinical endpoints. 

However, the aim of the present pilot study was not more than a first, exploratory investigation 

of the effects of CLA on human MS and the main read-outs were not the clinical parameters, but 
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the analysis of the immune cell subset composition, the CD4+ T cell cytokine production and 

their cell metabolism. 

5.1.5 Adverse events 

Also, a highly important characteristic of any medicinal treatment is the risk of adverse reactions. 

Therefore, it was of interest to systematically document adverse events occurring during the 

CLA supplementation period. 

The collected data is presented in section 4.2.3.4. In total, 23 adverse events were recorded, 

mostly infections and gastrointestinal symptoms / disorders. One SAE occurred, an MS relapse 

leading to hospitalization of the affected patient. In five of the recorded AEs (abdominal pain, 

abdominal fullness, enteritis, 2 x nausea) a relation to the CLA supplementation appeared pos-

sible. 

In other studies investigating CLA in humans, CLA generally appeared to be well-tolerated (16, 

188). However, after long-term CLA supplementation, some patients exhibited an elevated in-

sulin resistance and mild gastrointestinal irritations (188). 

With the acquired data of the present study, no conclusions about the capacity of CLA to evoke 

adverse reactions can be drawn. Also other studies on CLA in humans so far were methodologi-

cally not suitable to make final statements about adverse reactions to a CLA treatment (188). 

Only a large-scale double-blind randomized placebo-controlled clinical trial could confirm state-

ments about this topic. However, the findings in the present trial are in line with previously pub-

lished data about adverse reactions to CLA supplementation and underline CLA as a potential 

complementary treatment in MS with few side effects. 

5.2 In-depth functional immune phenotyping 

Considering the various effects on different parts of the immune system attributed to CLA and 

the influence it seems to have on several immune system-driven diseases, including CNS auto-

immunity (16, 79, 188), it was of high interest to analyze the impact of a dietary CLA supplemen-

tation on different immune system components in vivo in the context of human MS. 

A broad overview over this impact was gained by flow cytometry analysis of PBMC samples col-

lected before and after 8, 16 and 24 weeks of dietary CLA supplementation from RRMS patients. 
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The data was subsequently analyzed both with manual gating strategies (all four treatment 

timepoints) and in an automated, less biased approach applying a dimensionality reduction and 

a clustering algorithm to the data (before vs. after treatment). The effect of CLA on both pheno-

typical (shares of different types of immune cells) and functional (activity of immune cells) pa-

rameters were analyzed. 

The underlying hypothesis was that the CLA supplementation would reduce the shares of pro-

inflammatory immune cell subsets and decrease their pro-inflammatory cytokine production 

capacity while promoting immune-regulatory cell types. 

5.2.1 CD4+ T cells  

5.2.1.1 TH17 cells and related immune cell subsets 

The conventional gating analysis revealed a downregulation of TH17 cells, defined either as 

CD146+ CD4+ memory T cells (statistically significant downregulation) or more strictly as CD194+ 

CD196+ CD161+ CD146+ CD4+ memory T cells (statistically not significant downregulation). The 

automated data analysis showed a 1.9-fold reduction of CD146+ CD4+ T cells. The manual gating 

further revealed a statistically significant downregulation of IL-23R+ memory CD4+ T cells during 

the CLA treatment. 

These observations imply an anti-inflammatory effect of CLA. The concurrent expression of 

CD194, CD196, CD146 and CD161 (CD194 = CCR4; CD196 = CCR6; CD146 = MCAM) on CD4+ 

memory T cells is a well-established criterion for the flow cytometric identification of TH17 cells 

(22, 106). However, also the downregulation of CD146+ CD4+ memory T cells and of CD146+ CD4+ 

T cells upon CLA treatment detected in the manual and automated data analysis, respectively, 

can be interpreted as an effect on TH17 cells. CD146+ CD4+ T cells both from HCs and from pa-

tients with different autoimmune diseases exhibit an effector memory phenotype and partial 

co-expression of the above mentioned TH17 cell-associated cell surface markers CD194, CD196 

and CD161. Most importantly, CD146+ CD4+ T cells produce IL-17A and show several other char-

acteristics of TH17 cells, thus resembling a TH17 phenotype (38). CD146, also called melanoma 

cell adhesion molecule (MCAM), plays an important role in the migration of TH17 cells into the 

CNS (28). 

TH17 cells are a highly pro-inflammatory type of T helper cells characterized by the production 

of IL-17A (synonym IL-17). Additionally, they secrete a variety of other cytokines including IL-17F 
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and IL-21. While IL-21 is involved in the signaling to other immune cells and promotes the gen-

eration of further TH17 cells, IL-17A and IL-17F are pro-inflammatory effector cytokines directly 

causing local inflammation. TH17 cells play an important role in the control of specific bacterial 

and fungal pathogens which are not sufficiently combated by TH1 and TH2 cells. However, since 

their cytokine secretion profile enables them to evoke profound tissue inflammation, their ac-

tion also contributes to the pathogenesis of several autoimmune diseases (93, 189). 

One of these diseases is MS. Due to many experimental observations, TH17 cells are considered 

a key pathogenic contributor to MS development. Several effector mechanisms and character-

istics are underlying the pathogenic potential of this cell type in MS. Among these are their abil-

ity to enter the CNS by crossing the BBB and to facilitate the entry for other immune cells, po-

tential neurotoxic and anti-remyelinating properties and the secretion of pro-inflammatory ef-

fector cytokines. Many new therapeutic approaches are currently being developed and tested 

for a possible application in MS treatment which interfere with TH17 cell differentiation or effec-

tor activity (189). Also the CD146+ CD4+ T cells, which seem to be TH17 cells or at least to strongly 

resemble their phenotype, as described above, are suggested by experimental findings to be 

implicated in the pathogenesis of several autoimmune diseases (38). 

IL-23R, which is one subunit of the heterodimeric receptor for IL-23, is another marker of TH17 

cells (90, 141). IL-23 signaling is important for their terminal differentiation and survival (7, 93). 

Several research findings suggested an implication of IL-23A (synonym IL-23p19; one subunit of 

the heterodimeric cytokine IL-23) and IL-23R in the pathogenesis of MS and various other auto-

immune diseases (93, 101). These findings include the resistance of IL-23A knockout mice to EAE 

(36), elevated IL-23A serum levels in MS patients and the association of variants in the IL-23A 

and IL-23R genes with MS risk (101). Interestingly, IL-23R+ CD4+ T cell levels were found to be 

decreased upon treatment with the first line drug for DMT IFNβ-1a, suggesting that the effect 

of IFNβ-1a on MS could at least partially be mediated via downregulation of this cell type. How-

ever, the very low number of study participants (n = 6) reduces the reliability of this result (42, 

94). 

Considering this information, the observed downregulation upon CLA treatment of immune cell 

subsets exhibiting TH17 phenotypic characteristics suggests an anti-inflammatory effect of CLA 

in the context of MS. This effect on TH17 cells could mediate potential beneficial effects of CLA 

on the risk for or course of MS. 
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The finding that CLA acts in an anti-inflammatory fashion on TH17 cells is consistent with previ-

ous experimental results. In CD patients, dietary CLA supplementation reduced the IL-17A pro-

duction by CD4+ T cells (16). Also in OSE mice, the IL-17A production by peripheral CD4+ T cells 

was lowered upon oral CLA treatment. Furthermore, CLA exposition in vitro inhibited the polar-

ization of both murine and human naïve CD4+ T cells towards TH17 cells. Finally, also the IL-17A 

production of stimulated peripheral blood effector CD4+ T cells isolated from HCs and RRMS 

patients was reduced under in vitro exposition to CLA (79). 

Interestingly, the nuclear receptor PPARγ, which has been described in the introductory section 

1.2.4, and which can be activated by CLA (188), has been found to be a key specific inhibitor of 

TH17 cell differentiation both in the murine and the human system while not interfering with TH1 

and TH2 differentiation. In this context, PPARγ activation also reduced the IL-23R expression by 

human CD4+ T cells. The inhibition of TH17 cell differentiation by activation of PPARγ could be a 

mechanisms of action of potential protective effects of CLA in the context of CNS autoimmunity 

as this has been found to mediate EAE-protective effects of pioglitazone, another activator of 

PPARγ (90). 

5.2.1.2 CD4+ T cell cytokine production 

Focusing on the cytokine production of CD4+ T cells, the flow cytometry analysis revealed a sta-

tistically significant downregulation of IL-17A and IL-22 producing CD4+ T cells and CD4+ memory 

T cells (manual gating analysis) and a reduction of IL-22 producing CD4+ CD146+ T cells (auto-

mated analysis), respectively, all measured after 4 h LAC activation. 

IL-17A and IL-22 are two signature cytokines of the highly pro-inflammatory TH17 cells which are 

assumed to play an important role in the pathogenesis of MS as described in the previous section 

5.2.1.1. While IL-17A is well-known as a pro-inflammatory cytokine, the exact role of IL-22 is less 

well-established (93, 189). On the one hand, a genetic knockout of the gene encoding IL-22 has 

no influence on the risk for or course of EAE what does not support a key pathogenic role of the 

cytokine in CNS autoimmunity (95). On the other hand, several observations suggest IL-22 to 

contribute to the pathogenic role of TH17 cells in the context of CNS autoimmunity. IL-22 pro-

motes the secretion of various antimicrobial molecules by epithelial cells (161), MS patients ex-

hibit elevated IL-22 levels in their peripheral blood and CSF (189) and the cytokine is suggested 

to contribute to the BBB damage in MS lesions (87). 
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The observation of a reduced IL-17A and IL-22 production by activated CD4+ T cells upon CLA 

treatment is in line with previous experimental results. Since these are signature cytokines of 

TH17 cells (189), the inhibitory effect of the PPARγ agonists CLA and pioglitazone on TH17 cell 

differentiation in both the murine and the human system described in the previous section 

5.2.1.1 corresponds to the present findings (79, 90). The IL-17A production by peripheral CD4+ T 

cells was reduced upon in vivo CLA treatment of OSE mice (79) and CD patients (16). Upon in 

vitro CLA treatment, peripheral blood CD4+ T cells from HCs and RRMS patients exhibited a di-

minished production of IL-17A (79). Regarding IL-22, Klotz et al. observed a reduced expression 

by murine and human CD4+ T cells exposed in vitro to the PPARγ agonist pioglitazone (90). Fi-

nally, also the observation in the present work that an in vitro CLA treatment reduced the IL-17A 

and IL-22 production capacity of HC CD4+ T cells (4.1.2.2), is in line with the findings from the 

immune phenotyping of the study participants’ PBMC samples. 

To sum up, the observed downregulation of the IL-17A and IL-22 production by activated CD4+ 

T cells, CD4+ memory T cells and CD4+ CD146+ T cells, which can be regarded as TH17 cells as 

described in the previous section 5.2.1.1 (38), upon in vivo CLA treatment further suggests an 

anti-inflammatory effect of the dietary supplement mediated by dampening the frequency 

and / or activity of TH17 cells. 

5.2.2 CD8+ T cells 

5.2.2.1 CD226 expression on CD8+ T cells 

The immune phenotyping revealed an upregulation of the surface marker CD226 (DNAM-1) on 

CD8+ T cells, CD8+ central memory T cells, CD8+ TEMRA cells (manual gating analysis) and on CD8+ 

memory T cells (automated analysis) upon 24 weeks CLA in vivo treatment. 

CD226 is an adhesion and signaling protein expressed by most T cells, natural killer cells, mono-

cytes and some B cell subsets (170). 

The observed downregulation of CD226 on different CD8+ T cell subsets upon CLA treatment 

cannot clearly be interpreted as a protective or detrimental effect of CLA on MS since the role 

of CD226 in MS and other autoimmune diseases is discussed controversially. GWAS identified 

the rs763361 C>T (Gly307Ser) genetic variant of the CD226 gene to confer susceptibility to vari-

ous autoimmune diseases, including MS (61, 66, 149). This risk variant in the CD226 gene results 

in a decreased CD226 expression suggesting a protective effect of the surface marker in the 
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context of autoimmune diseases (104). CD226 is suggested to be important for the function of 

the immune-regulatory cell network (64, 144). The observed downregulation of CD226 on the 

surface of immune-regulatory cells in MS is hypothesized to lead to their compromised function 

(64). 

EAE experiments were performed to further elucidate the role of CD226 in CNS autoimmunity. 

However, their results were inconsistent. While in a study by Piédavent et al. mice with a genetic 

knockout of CD226 suffered from an exacerbated disease course (144), Zhang et al. described 

an ameliorated EAE course and an elevated IL-10 production upon CD226 knockout in mice 

(199). 

Also in the human system, some experimental results suggested a pro-inflammatory role of 

CD226. Lozano et al. investigated the role of the protein in CD4+ T cells from HCs. Most IFNγ-

producing and all IL-17A-producing T helper cells also expressed CD226. A knockdown of CD226 

with small hairpin RNA (shRNA) in CD4+ T cells from HCs resulted in a decreased expression of 

IFNγ and an elevated expression of IL-4 (108). Moreover, in this study and another one by Zhang 

et al., antibody-mediated CD226 blockade impaired the proliferation, activation and IFNγ- and 

IL-17A-production of human HC CD4+ T cells while elevating their IL-10 expression (108, 199). 

Less information is available about CD226 expressing CD8+ T cells. A study by Ayano et al. inves-

tigated their role in systemic sclerosis (SSc), another autoimmune disease. The authors reported 

that HC CD226+ CD8+ T cells exhibited an elevated expression of IFNγ, IL-13 and IL-4 in compari-

son to CD226- CD8+ T cells. They found CD226+ CD8+ T cells, CD226+ CD8+ effector memory T cells 

and CD226high CD8+ T cells to be upregulated in SSc patients compared to HCs and the amount 

of CD226high CD8+ T cells to correlate with disease severity. Furthermore, their data suggested 

that CD226 could be pathogenetically involved in SSc by enhancing the cytotoxicity of CD8+ T 

cells and elevating the expression of profibrotic IL-13 (11). Taken together, these observations 

suggest a rather detrimental role of CD226 in autoimmunity. However, the findings regarding IL-

13 somewhat contradict the observation in the above-mentioned study by Lozano et al. that the 

production of IL-13 by human HC CD4+ T cells is elevated upon CD226 knockdown (108). 

Considering these inconsistent and contradictory observations regarding CD226 positive im-

mune cells, it is difficult to interpret the reported upregulation of CD226 on different CD8+ T cell 

subsets upon CLA in vivo treatment in the present study. The inconsistency in previous study 

results regarding CD226 may be due to a differing function of the protein in the various analyzed 
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conditions (EAE, HCs, SSc) and on the different examined immune cells (regulatory cells, CD4+ 

and CD8+ T cells). Therefore, further research is necessary to elucidate the specific role of CD226+ 

CD8+ T cells in MS immunopathology and to interpret the results of the present study. Finally, 

also experimental information about the effect of CLA or other PPARγ agonists on CD226+ in the 

context of other autoimmune diseases would help to clarify the relevance of the effect observed 

in this study. 

5.2.2.2 CD8+ T cell cytokine production 

Similar as observed regarding the CD4+ T cells, also the share of IL17A and IL-22 producing CD8+ 

T cells and CD8+ memory T cells was reduced upon 24 weeks CLA in vivo treatment, measured 

after 4 h LAC activation and calculated by manual gating analysis. 

As described in detail in section 5.2.1.2, IL-17A and IL-22 are well-established as two key cyto-

kines of TH17 cells which largely contribute to the immunopathology of MS. In this context IL-17A 

plays a clearly pro-inflammatory role and some research evidence also suggests a pathogenic 

function of IL-22 in CNS autoimmunity (87, 93, 161, 189). 

Various experimental observations also suggested an involvement of IL-17A or IL22 producing 

CD8+ T cells in the pathogenesis of CNS autoimmunity and other autoimmune disorders. For 

example, these cell types were found in elevated numbers in lesional skin from patients with 

psoriasis, a probably autoimmune mediated disease, compared with healthy skin (153). Evi-

dence from research in mice and humans suggests a pathogenic function of type 17 cytotoxic T 

(TC17) cells (CD8+ T cells defined by the production of IL-17A) in the development of CNS auto-

immunity (78). During relapse, TC17 cells were upregulated in the peripheral blood of RRMS pa-

tients (191). The share of TC17 cells in all peripheral blood CD8+ T cells was positively correlated 

with T1 and T2 MRI lesion volumes in patients with active RRMS (176). Huber et al. observed 

that in CIS and early stage MS patients the share of TC17 cells in the CSF is higher than in the 

peripheral blood, what was different in control patients suffering from noninfectious headache. 

Also, the CIS and early stage MS patients had higher TC17 cell concentrations in their CSF than 

the control patients (78). A study by Tzartos et al. also suggested elevated numbers of TC17 cells 

in active MS lesions (181). Finally, findings by Tao et al. suggested that the involvement of TC17 

cells in MS immunopathology might even have therapeutic implications, as their study revealed 

a downregulation of TC17 cells in the peripheral blood upon IFNβ-1a treatment (176). Evidence 

supporting a pathogenic role of IL-22+ CD8+ T cells in MS includes the observations that RRMS 
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patients have higher shares of IL-22+ cells within all peripheral blood CD8+ T cells than HCs and 

that in patients with active MS, this share is positively correlated with T2 lesion volume (176). 

While various previous studies demonstrated a dampening effect of PPARγ agonists such as CLA 

on the IL-17A and IL-22 production of CD4+ T cells under different conditions (see section 5.2.1.2) 

(16, 79, 90), information about their effect on the respective cytokine production by CD8+ T cells 

is more limited. However, Bassaganya-Riera et al. observed a reduced IL-17A production by pe-

ripheral blood CD8+ T cells from CD patients upon 12 weeks in vivo CLA treatment (16). 

In summary, the observed dampening effect of a 24 weeks CLA in vivo treatment on the IL-17A 

and IL-22 production by activated peripheral blood CD8+ T cells from RRMS patients in the pre-

sent study supports a beneficial effect of the substance in the context of MS and is in line with 

previous experimental findings. 

5.2.3 B cells 

Both automated and manual gating analyses demonstrated an upregulation of naïve (CD27-) B 

cells and the manual gating analysis additionally revealed a downregulation of memory (CD27+) 

B cells, each calculated as a percentage of all B cells, upon 24 weeks CLA in vivo treatment. 

CD27- B cells are termed naïve after maturing from the transitional B cell state. After antigen 

exposure and germinal center reaction they can differentiate to memory B cells (CD27+), which 

are rather quiescent cells ready to initiate a faster immune response when re-encountering their 

specific target antigen (13, 167). The surface marker CD27 is widely used to distinguish between 

naïve (CD27-) and memory (CD27+) B cells (102, 106, 167). 

Especially observations from studies in MS with B cell depleting therapies led to the assumption 

that particularly memory B cells might play a pathogenic role in MS. After an anti-CD20 treat-

ment, which targets both naïve and memory B cells, the repopulation with naïve B cells tends to 

occur faster than the generation of new memory B cells. While this prolonged memory B cell 

depletion seems to correlate with a longer MS disease suppression, the eventual repopulation 

with memory B cells in other autoimmune diseases treated with anti-CD20 therapies was shown 

to coincide with increasing disease activity. Furthermore, experimental treatment of MS pa-

tients with Atacicept, an agent which predominantly depletes naïve B cells but less affects 

memory B cells, was shown to exacerbate the disease activity. Taken together, these observa-

tions indicate that memory B cells are driving MS pathology more than naïve B cells (13, 102). 
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Interestingly, many of the approved DMTs influence the peripheral blood B cell subset compo-

sition in MS patients (107). Most of them, including glatiramer acetate (80), fingolimod (26, 35, 

121) and dimethyl fumarate (37, 124), increase the proportion of naïve B cells while decreasing 

the share of memory B cells within the total peripheral blood B cell pool (107). In the assumption 

that memory B cells are more pathogenic in the context of MS than naïve B cells, these effects 

of the named DMTs could partly explain their efficacy in MS treatment (107). 

Considering these observations about the involvement of different B cell subsets in the patho-

genesis of MS, the effect of CLA on naïve and memory B cells observed in the present study 

suggests a beneficial, protective effect of CLA in MS. The observations are in line with the hy-

pothesis that CLA increases the share of rather protective and decreases the proportion of ra-

ther harmful immune cell subsets in the peripheral blood of MS patients. Regarding the B cell 

subset composition, the effects of CLA seem to resemble those that most approved MS DMTs 

have. 

5.2.4 CD4+ Treg cells 

The manual gating analysis of the flow cytometry data revealed a downregulation of pTreg cells, 

calculated as a percentage both of all CD4+ T cells and of total Treg cells, a slight upregulation of 

the share of tTreg cells in all Treg cells and constant proportions of total Treg cells and tTreg cells in 

all CD4+ T cells. The downregulation of pTreg cells was also observed in the automated data anal-

ysis after pre-gating to CD25+ CD4+ memory T cells. 

As described in detail in section 1.1.4.1, Treg cells play a crucial role in the maintenance of pe-

ripheral tolerance and help to prevent the development of various autoimmune diseases (40, 

169). Although there is conflicting evidence regarding the precise characteristics, the dysregula-

tion of the immune-regulatory cell network has repeatedly been implicated in the pathogenesis 

of MS (40, 54). Different investigations revealed not entirely consistent information about the 

number and functionality of Treg cells in MS patients (54). However, most authors proposed Treg 

cells to be present in reduced numbers and with impaired functionality in RRMS patients, similar 

as it has been reported also in other autoimmune diseases (31, 82, 185, 186). These observations 

as well as several other experimental findings strongly suggest Treg cells to play a protective role 

in the context of CNS autoimmunity (82). 
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Two subsets of Treg cells can be distinguished. While most Treg cells arise in the thymus (thymus 

derived Treg cells, tTreg cells), some also develop in the periphery from activated non-regulatory 

CD4+ T cells under exposure to certain signals (peripherally derived Treg cells, pTreg cells). It is 

assumed that this development of pTreg cells can be induced by activated tTreg cells (31, 169). 

Although having been discussed controversially, the transcription factor Helios is currently 

widely accepted as a good marker for distinguishing tTreg (Helios+) from pTreg (Helios-) FoxP3+ Treg 

cells (169, 179). 

Research is ongoing to elucidate if and how Helios+ and Helios- Treg cells functionally differ from 

each other. Findings from several in vitro and in vivo experiments revealed functional differences 

between both Treg cell subsets and mostly suggested either an overall equal suppressive capacity 

of both cell types or a slightly superior regulative function and increased stability of Helios+ (tTreg) 

cells (169, 179). In the context of CNS autoimmunity, little is known about the differential in-

volvement of pTreg versus tTreg cells, but both cell types have been supposed to be implicated in 

the pathogenesis of EAE or MS (82, 140). 

The influence of glucocorticoids and established MS DMTs on peripheral Treg cell populations is 

only partly known. For example, in a small trial with 15 RRMS patients, a six months dimethyl 

fumarate treatment was shown to elevate the share of pTreg cells in all peripheral blood CD4+ T 

cells (63). While most studies suggested a glucocorticoid treatment to expand the Treg cell pop-

ulation of patients with different autoimmune diseases, data is not entirely consistent and es-

pecially in the context of MS, studies investigating the effect of glucocorticoids on Treg cells had 

contradictory results (31). 

Several PPARγ agonists, including pioglitazone (128), eicosapentaenoic acid (182, 197) and α-

lipoic acid (192), have been shown to increase the number, proportion or functionality of Treg 

cells in the peripheral blood, in lymph nodes or in the spleen and to be capable to ameliorate 

parameters of CNS inflammation. However, also regarding the influence of PPARγ agonists on 

the promotion of Treg cells, experimental data is not completely consistent. For example, the 

PPARγ agonist pioglitazone was not able to enhance the cytokine-mediated in vitro induction of 

Treg cells (90). 

In several murine in vivo experiments, CLA was demonstrated to expand the population of Treg 

cells at different body sites, probably at least partly mediated by PPARγ activation (46, 79). 
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The observed downregulation of pTreg cells upon 24 weeks CLA in vivo treatment observed in the 

present trial contradicts the hypothesis that CLA would promote the expansion of immune-reg-

ulatory cell types in the peripheral blood of MS patients. Although the precise characteristics of 

the disturbances in the immune-regulatory cell network in MS pathogenesis are not entirely 

clear and although there have been conflicting results regarding the numbers of Treg cells in the 

peripheral blood of MS patients, most research findings suggest Treg cells to play a protective 

role in MS immunopathology (54, 82). Thus, the downregulation of pTreg cells in this study ap-

pears as a detrimental effect of CLA in MS. Furthermore, this finding is not in line with the ob-

servations from the previous studies summarized above which predominantly suggested a pro-

motion of Treg cell development by exposure to MS DMTs, PPARγ agonists in general or CLA spe-

cifically (46, 63, 79, 128, 192, 197). 

However, several considerations must be made when interpreting these results. First, and most 

importantly, only the share of the pTreg cell subset (in all Treg cells and in all CD4+ T cells) was 

found decreased after CLA treatment. In contrast, the percentage of tTreg cells (in all Treg cells) 

was slightly – although not statistically significantly – increased. And the share of total Treg cells 

(in all CD4+ T cells) fluctuated during the treatment course, overall decreasing only marginally 

and not statistically significantly. Since pTreg cells anyway represent the minor part of all Treg cells 

– in this and in previous (169) studies – their downregulation might not be of high relevance, 

especially since the share of total Treg cells (in all CD4+ T cells) remains relatively constant during 

the treatment period. The increased share of tTreg cells (in all Treg cells) might even not only be a 

relative increase due to the reduction of pTreg cells but also represent a true expansion of tTreg 

cells what would suggest a beneficial effect of CLA on the Treg cell population. This is especially 

important since the results from several experiments suggested tTreg cells to have a higher im-

munoregulatory capacity than pTreg cells (169, 179). 

Furthermore, it must be noted that numbers or proportions of different Treg cell subsets do not 

necessarily reflect their collective immunoregulatory capacity. While for non-regulatory CD4+ T 

cells and CD8+ T cells this study also evaluated functional properties (cytokine staining in flow 

cytometry [section 4.2.4] and cytokine production measurement with Luminex® technique [sec-

tion 4.2.5, only for CD4+ T cells]), the investigations regarding Treg cells were limited to a pheno-

typical characterization. Thus, the reduced proportion of pTreg cells might have been compen-

sated by an increased suppressive function of pTreg or tTreg cells. However, this study provides 

no evidence for such a phenomenon. 
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Next, although many studies suggested Treg cell promoting effects of MS DMTs, CLA and other 

PPARγ agonists (46, 63, 79, 128, 192, 197), not all studies could reproduce these findings. For 

example, research concerning the effect of glucocorticoids on Treg cells in MS led to contradictory 

results (31) and the PPARγ agonist pioglitazone could not promote the in vitro induction of Treg 

cells (90). Therefore, the role of Treg cells in MS pathophysiology and the influence that MS ther-

apeutics and PPARγ agonists have on this cell population appear very complex (54) and future 

research will be necessary to further clarify these interactions. The results from such investiga-

tions might also help interpreting the relevance of the observed pTreg cell downregulation in the 

present study better. 

Finally, it could be hypothesized that the decrease of pTreg cells in the peripheral blood is at least 

partly due to their recruitment into organs of relevance in the pathogenesis of MS. As described 

in detail in section 1.1.4.3, many observations suggested that processes in the gut involving nu-

tritional factors, the gut microbiota and cTreg cells play a role in MS pathogenesis (21, 53, 133, 

134, 157, 183). In the experiments described in section 1.2.3.3, the authors investigated how a 

dietary CLA supplement influences the disease course and the immune system in OSE mice 

which develop spontaneous autoimmunity. Regarding Treg cells, they observed that the CLA 

treated mice had higher shares of Treg cells (in all CD4+ T cells) in the small intestine lamina pro-

pria and in the spleen than their littermates fed with a control diet (79). Thus, it appears possible 

that CLA promotes a recruitment of Treg cells from the peripheral blood into peripheral lymphoid 

tissues. It is also conceivable, that Treg cells are recruited from the peripheral blood into the CNS 

and exert beneficial functions there. In these cases, the decrease of pTreg cells in the peripheral 

blood of the MS patients in the present study could even represent a beneficial therapeutic ef-

fect of the dietary CLA supplement. However, it would be difficult to prove such a redistribution 

of Treg cells from the peripheral blood into peripheral lymphoid tissues or into the CNS in humans 

since biopsies from the gut, the spleen or the CNS of study participants would be necessary but 

ethically not justifiable for this purpose. 

To sum up, the observed decrease of pTreg cell proportions in the peripheral blood in the present 

study is contradictory to the experimental hypothesis. But several considerations require a care-

ful interpretation of this result. Several hypotheses could at least partly explain the effects with-

out implicating a detrimental effect of CLA on MS and future research is necessary to interpret 

the findings properly. This research needs to further clarify (1) the differential role of pTreg and 

tTreg cells in MS, (2) the influence of other PPARγ agonists and MS DMTs on pTreg and tTreg cells, 
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(3) the effect of CLA on these Treg cell subsets focusing also on their functionality, (4) if the ob-

servations from the present study are reproducible also in a larger patient cohort and (5) if a 

redistribution of Treg cells from the peripheral blood to organs such as the gut or the CNS could 

be responsible for the effects observed here. 

5.2.5 Methodological limitations 

Both analyses of the flow cytometry data have some methodological limitations. One main prob-

lem of the manual gating analysis is its subjectivity. The position and size of the applied gates is 

dependent on the investigator leading to a reduced inter-rater-reproducibility of the results. 

Also the order of the gating steps influences the results what contributes to the bias introduced 

by the investigator. Furthermore, the manual analysis can only identify previously described and 

purposively examined cell subsets, thus potentially missing relevant, but so far never identified 

or in the applied gating strategy not included cell populations. Finally, manual gating employs 

hard threshold values for distinguishing positive and negative (and sometimes intermediately 

expressing) cells regarding one marker. This dichotomous approach neglects a potential contin-

uum of marker expression between different cell subsets (159). 

Automated analyses with unsupervised machine learning technologies such as the viSNE and 

PhenoGraph algorithms overcome these problems by working investigator-independently, by 

simultaneously including all markers in the analysis, by not being biased towards pre-described 

cell populations and by not working with dichotomous cell classifications (159). However, also 

these techniques entail methodological limitations. The 2D viSNE map never can reflect the 

whole complexity of the underlying data set. The subsampling of data points prior to the viSNE 

analysis – necessary to avoid the “crowding” problem – potentially impedes or even precludes 

the identification of changes in small cell populations (6). And the interpretation of the results 

from the automated analysis in the context of the current literature can be difficult when it 

shows alterations of completely unknown, never pre-described cell populations. 

5.3 CD4+ T cell cytokine production upon activation 

An influence of CLA on the cytokine production by immune cells has been demonstrated in var-

ious in vitro and in vivo experiments (17, 79, 188). The immune phenotyping of the clinical study 

samples revealed a diminished number of pro-inflammatory cytokine producing immune cells 
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(see section 4.2.4). Considering these findings, the results from direct measurements of the cy-

tokine production after in vitro CLA treatment of HC CD4+ T cells and in vivo CLA treatment in 

the clinical trial are of high interest. The hypothesis behind these experiments was that both an 

in vitro treatment of HC CD4+ T cells and an in vivo CLA treatment of MS patients would lead to 

a reduced pro-inflammatory CD4+ T cell cytokine production capacity. 

However, a relevant cytotoxicity of CLA had to be ruled out before since any reduction of cyto-

kine production otherwise could be due to cell death only. A potential cytotoxicity on human HC 

PHA-activated CD4+ T cells was investigated with a PI staining, the results of which are presented 

in section 4.1.1. It revealed no relevant cytotoxicity of a 72 h exposure to CLA in the concentra-

tions 25 µM, 50 µM and 75 µM (each isomer) which were employed in the further in vitro ex-

periments. 

Hucke, Hartwig et al. investigated a potential cytotoxic effect of CLA on CD4+ T cells as well. On 

murine CD4+ T cells activated with purified antibodies against CD3 and CD28, a cytotoxic effect 

was observed only for 75 µM CLA (each isomer). For any examined lower concentration (25 µM, 

50 µM) of the mix and for 25 µM, 50 µM and 75 µM of any of the two isomers alone, no relevant 

cytotoxicity was found. Importantly, investigating human HC CD4+ T cells, activated with anti-

CD3 and anti-CD28 antibodies and treated with 75 µM CLA (each isomer) for 96 h, no relevant 

cytotoxicity of CLA was observed (79). This is in accordance to the data acquired in the present 

work and in conclusion, it can be assumed that a reduced cytokine production was not caused 

by cell death. 

Measuring the cytokine production of PHA-activated human HC CD4+ T cells in an ELISA assay it 

was found that a 72 h CLA treatment potently reduced the production of the pro-inflammatory 

cytokines TNFα and IFNγ in a dose-dependent fashion. Higher CLA concentrations (25 µM, 

50 µM, 75 µM – each isomer, respectively) resulted in a lower TNFα and IFNγ production. These 

findings are in line with results from various in vitro and in vivo studies. CLA has been demon-

strated to reduce the production of TNFα and IFNγ in several in vitro studies (188) as well as in 

in vivo studies conducted in humans (16) and mice (latter regarding TNFα) (17). Notably, Hucke, 

Hartwig et al. observed a reduced IFNγ production by in vitro CLA treated LAC-restimulated CD4+ 

T cells collected from the peripheral blood of HCs and RRMS patients and from the CSF of RRMS 

patients, measured by flow cytometry. Furthermore, they found diminished numbers of IFNγ 
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producing CD4+ T cells in the periphery and in the CNS of CLA-treated OSE mice (unpublished 

data, (79)). 

The results from the ELISA experiment could be reproduced in a similar setup investigating the 

effect of a 72 h CLA treatment on the cytokine production of PHA-activated HC CD4+ T cells, 

measuring the produced amount of 18 cytokines with the Luminex® technique. Thereby, the 

production of many pro-inflammatory cytokines (including TNFα, IFNγ, IL-1β, IL-6, IL-17A) was 

reduced upon CLA exposure. However, also the production of anti-inflammatory IL-4 and IL-10 

was reduced. 

Regarding the pro-inflammatory cytokines these findings are in accordance to the literature as 

the above mentioned publications reported similar effects of CLA on the synthesis of IL-6, Il-1β 

(both (188)) and IL-17A (16, 79) as on the TNFα and IFNγ production. 

However, the observed reduction of the anti-inflammatory cytokine production (IL-4 and IL-10) 

is irritating on the first view. Since no data is available concerning specifically the production of 

anti-inflammatory cytokines by CD4+ T cells in the above-mentioned studies (16, 17, 79, 188), 

and barely information about the effects of CLA on their production in literature, a comparison 

to previous findings is difficult. But since no cytotoxicity of CLA can be made responsible for the 

reduced cytokine production, the present data suggests that CLA rather generally dampens the 

cytokine production activity of CD4+ T cells than specifically inhibiting the pro-inflammatory cy-

tokine synthesis in the used experimental setup. However, further experimental research is re-

quired to elucidate the level of specificity of the dampening effect of CLA on the CD4+ T cell 

cytokine production. 

The conduction of a Luminex® assay comparing the cytokine production capacity of CD4+ T cells 

collected before and after 24 weeks in vivo CLA treatment of RRMS patients revealed disappoint-

ing results. No changes in the production could be detected regarding any of the 10 investigated 

pro- and anti-inflammatory cytokines. These findings are not in line with those from the in vitro 

experiments, from the immune phenotyping and not with those published before (16, 17, 79, 

188). 

Basically, two different theories could explain this observation. First, it could be that 24 weeks 

in vivo CLA treatment of MS patients indeed has no effects on their peripheral blood CD4+ T cells’ 

cytokine production capacity in contrast to what the in vitro experiments suggested. However, 
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the findings from other in vivo settings in mice (17, 79) and humans (16) and especially the find-

ings from the immune phenotyping in the present work with clear reductions of the numbers of 

pro-inflammatory cytokine producing CD4+ and CD8+ T cells speak against this possibility. 

The second option would be that the experimental setup was not suitable to detect a reduction 

in the cytokine production capacity which was actually there. Several circumstances could ex-

plain such a failure of this experimental setup. 

First, the effects of CLA in vivo on the cytokine production could be much smaller than the mas-

sive reduction observed in the in vitro experiments. Two differences between the in vitro and 

the in vivo experiment in the present work could be responsible for this. First, the direct expo-

sure of the immune cells to CLA in vivo could be reduced compared with the in vitro situation. 

Second, RRMS patients’ CD4+ T cells might react differently to the CLA treatment than healthy 

controls’ cells. MS patients’ immune cells are generally more activated (40) and could be less 

susceptible to the immunomodulatory effects of CLA. If – due to one of these reasons – the CLA 

effect in the in vivo situation is much smaller than in the in vitro experiments of the present 

work, the quite strong and rather unphysiological PHA stimulation (88) could have “overshad-

owed” the CLA effect. It could have activated the cells collected before and after the in vivo 

treatment so strongly that the rather small in vivo effect of CLA was no longer detectable with a 

Luminex® assay. The previously cited literature contradicts the idea that the two above-men-

tioned circumstances could be responsible for an effect of CLA in vivo in MS patients which is 

negligibly small and therefore uninteresting as a treatment approach. Data from the in vivo ex-

periments in mouse models of MS (unpublished data by Hucke, Hartwig et al. (79)) and IBD (17) 

as well as in IBD-affected humans (16) demonstrated that also a CLA exposure in vivo can affect 

the immune cells’ cytokine production. Furthermore, the unpublished data by Hucke, Hartwig 

et al. showed that CLA also has profound effects on the cytokine production of generally more 

highly activated CD4+ T cells from RRMS patients (observed after in vitro treatment) (79). How-

ever, the named possible mechanisms could cause the CLA effect in vivo in MS to be so much 

smaller than in the HC in vitro situation – though still potentially therapeutically relevant – that 

the PHA stimulation „overshadowed” it and therefore made it unable to be detected in the used 

analytical setup. 

Second, it is conceivable that the dampening effect of CLA in vivo on the cytokine production in 

MS which could clearly be observed in the immune phenotyping in the present study is largely 
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dependent on the mediation by for example regulatory cells. Those were never separated from 

the pro-inflammatory cytokine producing CD4+ T cells in the flow cytometry setup but they were 

separated in the Luminex® experiment for 72 h between thawing and measuring, i.e. during the 

PHA stimulation period. This could explain the differences in comparison to the findings from 

the immune phenotyping and to those from other in vivo experiments which used methods for 

measuring the cytokine production which did not require a separation of the CD4+ T cells from 

regulatory cells before analysis (e.g. flow cytometry in human IBD trial (16) and quantitative real-

time reverse-transcriptase polymerase chain reaction (PCR) of total colonic RNA and therefore 

also of cytokine mRNA in murine IBD trial (17)). However, it could not explain the differences to 

the findings in the in vitro experiments of the present study in which CD4+ T cells were PHA-

stimulated and CLA-treated for 72 h alone, in the absence of regulatory cells. 

Third, and maybe most importantly, the CD4+ T cells the cytokine production of which was later 

measured with the Luminex® technique were deep-frozen directly after acquisition from the 

study participants (as PMBC samples). After thawing they were immediately isolated and then 

stimulated for 72 h with PHA. During this stimulation period they were not exposed to CLA to 

only measure the effects of an in vivo treatment. Therefore, they could only be subject to any 

potential direct or indirect beneficial effect of CLA while they were in the patient’s blood. A 

theory explaining the disappointing results in the in vivo Luminex® measurement could be that 

the effect of CLA on the cytokine production by CD4+ T cells is a rather short-term effect and 

dependent on the continuous presence of CLA. This could explain the different findings com-

pared with the immune phenotyping results where the cells for the cytokine production meas-

urement were analyzed on the day after thawing and therefore after much shorter absence of 

CLA. Also the differences in comparison with the other in vivo experiments using different meth-

ods for the cytokine production measurement which do not require such a long incubation of 

the CD4+ T cells in the absence of CLA (16, 17) could be explained by this theory. 

To conclude, it could be demonstrated that CLA is capable to potently reduce the cytokine pro-

duction capacity of CD4+ T cells by in vitro treatment. This affected the production of pro- and 

anti-inflammatory cytokines, a result which suggests a rather unspecific dampening effect of the 

CD4+ T cell activity by CLA. Further research must clarify in more detail the effects of CLA on the 

production of anti-inflammatory cytokines and the potential clinical relevance of this. 
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During an in vivo treatment of RMMS patients, these results could be reproduced by immune 

phenotyping but not by direct measurement of the produced quantity of cytokines. However, 

the disappointing latter observation could have been evoked by methodological impairments 

only. For further measurements in similar conditions, the CD4+ T cells of which the cytokine pro-

duction capacity shall be measured, should be incubated shorter in absence of CLA and should 

be stimulated less strongly. 

In total, the results regarding the influence of CLA on the CD4+ T cell pro-inflammatory cytokine 

production capacity promise beneficial capabilities of CLA in the treatment of autoimmune-

driven diseases like MS. 

The direct measurements of produced cytokines were conducted in the cell culture superna-

tants of CD4+ T cells because many of the previous data showing beneficial effects of CLA on the 

immune system was acquired in experiments with this cell type (16, 79) and because CD4+ T cells 

are assumed to be the main drivers of CNS autoimmunity in EAE (148). However, the relative 

importance on CD4+ vs. CD8+ T cells seems to differ between murine and human CNS autoim-

munity and CD8+ T cells might play a larger role in human MS than they do in EAE (40, 148). 

Therefore, and because the immune phenotyping also showed reduced numbers of pro-inflam-

matory cytokine producing CD8+ T cells (see section 4.2.4), a future conduction of the presented 

or similar direct cytokine production measurements in the cell culture supernatants of CD8+ T 

cells would be interesting as well. Nevertheless, the presented findings in CD4+ T cells from the 

in vitro experiments and the immune phenotyping are of high interest in the context of human 

MS since this cell type plays an important role in the pathogenesis of MS, too (73, 90, 148). 

5.4 CD4+ T cell metabolism 

Rising interest in immunology research is currently being paid to the effects that the immune 

cell metabolism has on the immune cell function. Interventions influencing the immune cell me-

tabolism appear as promising treatment strategies to control aberrant immune responses (77, 

136). 

It has been demonstrated that various interventions in the immune cell metabolism can alter 

their function (44, 77, 136). Some of them showed beneficial effects in mouse models of MS (23, 

198) and some have even been tested in clinical trials with MS patients (58, 84, 145). It is con-

ceivable that also potential MS-protective effects of CLA could be mediated at least partly via 
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affection of the immune cell metabolism. CLA could influence the metabolism for example by 

binding to specific cell surface or nuclear receptors, of which PPARγ is of outstanding interest, 

or by altering the gut microbiota composition, favoring the expansion of bacterial strains which 

produce cell metabolism-affecting substance such as soraphen A (23, 33, 77, 139, 188). 

Considering these potential mechanisms of action of CLA, the results of the in vitro and in vivo 

experiments analyzing the effects of CLA on the metabolism of healthy controls’ and RRMS pa-

tients’ CD4+ T cells are of high interest. The underlying hypothesis of these analyses was that an 

in vitro or an in vivo CLA treatment would shift the metabolic signature of CD4+ T cells towards 

a less inflammatory, more regulatory phenotype. 

In the in vitro experiment, HC CD4+ T cells were treated or not for 24 h in vitro with CLA under 

simultaneous stimulation with antibodies directed against CD3 and CD28. Afterwards, their met-

abolic profile was measured in a Mito Stress assay. 

In the in vivo experiment, CD4+ T cells were isolated from MS patients’ PBMC samples collected 

before and after 24 weeks of dietary CLA supplementation and their metabolic activity during a 

Mito Stress Test was compared. The Mito Stress Test was performed both without any previous 

cell activation and after a short time stimulation with PMA and ionomycin. 

The results suggest that CLA indeed influences the metabolism of CD4+ T cells. Both the in vitro 

treatment of activated HC CD4+ T cells and the in vivo treatment of RRMS patients’ CD4+ T cells, 

measured with and without previous short-time activation, resulted in a reduced activity of the 

OXPHOS and glycolysis metabolic systems, reflected by a lowered BR and BG as well as by de-

creased MR / GC and SRC / GR. 

As described in detail in section 1.1.4.4, immune cells exhibit various specific characteristics 

compared with other body cells (139). In a simplified model, they can be categorized in two 

major groups according to their cell metabolic profile. Naïve, memory and regulatory T cells 

largely rely on the highly efficient ATP generation in the TCA cycle and OXPHOS using metabo-

lites generated by glycolysis, FAO and the amino acid catabolism (44, 58, 105, 136, 139). In con-

trast, highly inflammatory cells like TH1, TH17 and effector CD8+ T cells feature high rates of aer-

obic glycolysis using glucose as energy and carbon source to ensure a rapid upregulation of ATP 

production and the generation of intermediate metabolites for biosynthetic purposes (44, 105, 

136). 



Discussion 

129 
 

Seeing the experimental results only in the light of these two major groups of immune cells, 

characterized by their contrasting metabolic signatures, the downregulation of both OXPHOS 

and glycolysis upon CLA treatment could be surprising. However, importantly, upon antigen- or 

cytokine dependent activation T cells strongly increase their rates of both OXPHOS and glycolysis 

to meet their rapidly growing demand for ATP and precursor molecules for biosynthesis (105, 

139). During the development from a naïve to an effector T cell, the shift in the signature meta-

bolic pathway from OXPHOS to glycolysis may be due to a more emphasized upregulation of 

glycolysis than of OXPHOS because glycolysis can be increased much faster (no need for the 

generation of mitochondria) and it is needed not only for the generation of ATP but also for the 

provision of intermediate metabolites for biosynthesis (44, 136). However, the activation of T 

cells is accompanied by an upregulation of both these major metabolic pathways (105, 139). 

Considering this, the results from the present CLA experiments could indicate that the CD4+ T 

cells indeed exhibited a less activated, inflammatory metabolic phenotype upon CLA treatment 

with an overall reduced metabolic activity regarding both glycolysis and OXPHOS. The con-

sistency of this result between the in vitro and the in vivo setup with healthy controls’ and RRMS 

patients’ CD4+ T cells, respectively, underlines the credibility of this observation. CLA might have 

reduced the metabolic activity of the examined cells which could be a mechanism of action un-

derlying the hypothesized anti-inflammatory effects of CLA. 

In the in vivo setup, it could be observed that the CD4+ T cells collected after 24 weeks in vivo 

CLA treatment were less strongly activated by the exposition to PMA and ionomycin. The stim-

ulation-induced increase was calculated for the metabolic parameters by dividing the respective 

value after PMA / ionomycin stimulation by the value measured without previous stimulation. 

After 24 weeks of in vivo CLA treatment, the stimulation-induced increase of the MR, SRC, BG 

and GC was reduced in comparison to before the treatment. 

This suggests that the CLA treatment might not only have reduced the cells’ overall metabolic 

activity but might also have impeded their activation by PMA and ionomycin. The untreated cells 

may have been more readily and strongly activatable than the CLA treated cells. Translated to 

the in vivo system this indicates that CLA could potentially reduce the responsiveness of CD4+ T 

cells to aberrant inflammatory stimuli. 
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However, one observation concerning the stimulation-induced increase of the named parame-

ters is surprising. For the two parameters of glycolysis (BG, GC) the values of almost all individ-

uals both before and after CLA treatment are greater than 1.0 what means that the PMA / iono-

mycin stimulation resulted in an elevation of the parameters as it was expected since the stim-

ulation was supposed to increase the cells’ metabolic activity. In contrast, the values for the 

stimulation-induced increase of the OXPHOS parameters (MR, SRC) are lower than 1.0 in most 

individuals at both treatment conditions indicating that the cells were metabolically less active 

after stimulation. 

This finding and that it was only observed for the OXPHOS parameters could be explained by the 

following considerations. First, as described above, the activation of T cells causes the upregu-

lation of both OXPHOS and glycolysis (105, 139) but glycolysis in general is probably more 

strongly increased than OXPHOS (44, 136). Second, the PMA / ionomycin stimulation might have 

been too strong, leading to an “exhaustion” of the cells’ metabolic system, thus lowering its 

responsiveness to the stimuli of the Mito Stress Test. This could have resulted in an apparently 

less active metabolic system after stimulation as a false result representing only a damage to 

the cells’ metabolic system due to overstimulation. If now this damage was not very severe its 

effect could have only been visible in the parameters of OXPHOS and not of glycolysis because 

the potential overstimulation might have damaged the glycolytic system less strongly. This could 

have been either because it might be generally less susceptible to such a damage or because its 

in comparison to OXPHOS stronger upregulation in the inflammatory RRMS patients’ CD4+ T cells 

(44, 136) might have made it less susceptible. 

However, even if this finding is indeed the consequence of a damaging overstimulation of the 

cells and the results from the measurements after PMA / ionomycin stimulation thus are not 

fully reliable, the observations in the completely unstimulated in vivo treated cells as well as the 

findings in the in vitro experiments strongly suggest a beneficial, anti-inflammatory effect of CLA 

on the cell metabolism of CD4+ T cells in MS. 

Further research is urgently needed regarding the immune cell metabolism in general and the 

effects that CLA exerts on it, especially in the context of autoimmune diseases. Gene expression 

analyses could reveal mechanisms underlying a potential effect of CLA on the immune cell me-

tabolism. Distinct gene expression profiles could give evidence for certain receptors the activa-
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tion of which could be key to the mediation of CLA effects. One promising candidate in this con-

text is PPARγ, a nuclear receptor activated by CLA having an impact on cell metabolic functions 

(188). Apart from a direct mediation by receptors, another discussed mechanism underlying the 

potential effect of CLA on the immune cell metabolism is the alteration of the gut microbiota 

increasing or decreasing the share of bacterial strains with effect on the metabolism (23, 33, 

139). The finding in this work that also direct exposition to CLA in vitro influenced the CD4+ T cell 

metabolism indicates that a mediation via the gut microbiota would at least not be the sole 

explanation of such a CLA effect. However, it could also play a role in the in vivo situation and 

further research regarding the effect of CLA on the gut microbiota composition and the effect 

of certain bacterial strains on the metabolism of immune cells is necessary to elucidate the 

mechanisms of action of CLA. 

5.5 Study limitations 

The in vitro experiments and the exploratory clinical trial in the present work gave a first insight 

into the effects CLA exerts on the human immune system in the context of MS. Although some 

findings did not prove the previously hypothesized effects, most of the results let CLA appear as 

a promising new complementary therapy approach for RRMS patients. 

However, several limitations of the present work must be considered when interpreting the re-

sults. It must be noted that the clinical trial can only be considered a first exploratory pilot study 

and is not capable to prove the presence or absence of any beneficial effect of CLA on MS. 

To prove the assumed beneficial properties of CLA with regard to efficacy, a large-scale double-

blind randomized placebo-controlled clinical trial would be necessary. The small number of par-

ticipants in the present study, the lack of a placebo-treated control group and the unblinded 

design require a cautious interpretation of the clinical results. 

Especially considering that MS is a slowly progressing disease (180), the relatively short treat-

ment duration in the present trial is another limitation of the study. Although previous human 

CLA in vivo experiments were also conducted with even shorter treatments (e.g. 12 weeks in the 

human IBD trial by Bassaganya-Riera et al. (16)), a longer supplementation and observation pe-

riod might reveal more profound effects. Especially the findings concerning the effects of CLA 

on clinical parameters would be much more reliable. 
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Furthermore, in a larger future clinical trial, investigations on the optimal dosage of CLA would 

be reasonable. Therefore, the effects in different treatment groups with distinct CLA dosages 

could be compared. In previous human in vivo experiments investigating the effects of CLA, the 

applied dosages of CLA varied largely with frequently used dosages ranging between 1.7 g/d and 

6 g/d (119, 135, 150). Comparing with these, the dosage applied in the present study (2.1 g/d) 

was rather low. A higher dosage could potentially evoke stronger effects. However, a higher risk 

for adverse reactions must be considered in this context. 

In the clinical study – as well as in the in vitro experiments –, the effects of a 1 : 1 mixture of the 

two main natural CLA isomers – cis-9, trans-11 and trans-10, cis-12 CLA (188) – on the human 

immune system were investigated. However, it must be considered that various previous studies 

identified these two main isomers to have differential effects (24, 188). The 1 : 1 mix was chosen 

for the present work because it had been demonstrated to more efficiently exert beneficial ef-

fects than the individual isomers alone in previous investigations (17, 79). Nevertheless, since 

the precise differences in the properties of individual CLA isomers so far remain elusive (188), 

further research on this topic is essential. 

The readouts are another limitation of the present clinical trial. First, the effects of CLA on com-

ponents of the immune system were only observed in the peripheral blood. It would be of high 

interest to examine also the impact CLA in vivo has on immune cells residing in the gut and the 

CNS. In the OSE experiment by Hucke, Hartwig et al., increased numbers of Treg cells in the small 

intestine lamina propria upon CLA treatment were detected (79). To prove such an effect also 

in humans would be intriguing. However, ethical reasons would prohibit to perform otherwise 

unnecessary intestinal biopsies only for this purpose. With in vitro experiments conducted in 

CSF residing immune cells extracted from RRMS patients’ CSF samples taken during the clinical 

routine as well as with the OSE in vivo experiment, Hucke, Hartwig et al. also demonstrated an 

anti-inflammatory effect of CLA on CSF-residing immune cells (79). These cells may reflect more 

directly inflammatory processes taking place in the CNS. However, an observation of the effects 

of CLA on CSF residing immune cells during a clinical trial again would not be ethically reasonable 

since the necessary lumbar punctures would be a too invasive intervention for research pur-

poses only. Therefore, the peripheral blood immune cells remain as the only easily accessible 

part of the immune system in a human clinical study. 
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The cytokine production and cell metabolism experiments in the present study focused on pe-

ripheral blood CD4+ T cells. Especially considering the diverse effects of CLA on different immune 

cell subsets revealed in the flow cytometry assay, it would be interesting to also analyze the 

effects of CLA on other peripheral blood immune cell subsets such as CD8+ T cells or B cells in 

further experimental setups as well. For example, it could be of interest if the findings regarding 

the metabolism of CD4+ T cells upon CLA treatment can be reproduced in other cell types. 

Clinical and paraclinical readouts besides immunological parameters would be important in a 

future clinical trial. The clinical readouts in the present study can only be considered orientating 

due to the methodological impairments described in section 5.1.4. But in a larger, placebo-con-

trolled trial, clinical readouts like relapse rates and EDSS development could potentially prove a 

clinical efficacy of a CLA treatment with a measurable benefit for the patient. Of high importance 

in such a future study would also be the comparison of paraclinical MRI parameters between 

the treatment and the control group. Information about the number of Gd-enhancing and of T2 

hyperintense lesions can give a direct insight into the degree of inflammation in the CNS and 

could serve as an additional readout proving potential clinical efficacy of CLA in MS. 

Furthermore, in the above-mentioned murine in vivo experiments by Bassaganya-Riera et al. 

and Hucke, Hartwig et al. on colitis and CNS autoimmunity, respectively, CLA was administered 

very early in life, i.e. already before birth by feeding to the dams (17, 79). This is a major differ-

ence to the present clinical trial where CLA was administered after onset of the disease. An ear-

lier administration could possibly influence earlier phases of immune system development and 

disease formation and thus be more effective. This hypothesis is supported by the finding that 

even a CLA feeding beginning after weaning was associated with diminished protective effects 

in comparison to the administration via placenta and milk by feeding CLA already to the dams in 

the in vivo colitis model (17). To translate these observations into human MS, however, would 

pose difficulties since a prophylactic interventional trial would not be easy to conduct. 

But observational studies like case-control or especially cohort studies could reveal associations 

between the natural CLA consumption and the risk for MS and therefore give information also 

about the effects of CLA consumed before the disease onset and of long term CLA exposure. In 

this context, it must be kept in mind that the natural CLA consumption is quite low in comparison 

to dosages commonly used in interventional studies (see section 5.1.2 and above in this section, 

(119, 135, 150, 154)) and potential effects of CLA therefore might be much smaller if CLA is only 
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consumed with the diet than if it is supplemented. Nevertheless, an investigation of associations 

between the amount of naturally consumed CLA and the risk for MS would be highly interesting. 

This is especially true since the natural CLA intake might vary even much more strongly in the 

general population than suggested by the findings from the food diaries kept by the participants 

of the present study, because patients following specific diets were excluded from this trial to 

observe only the effects of the study medication (see Table 3.1). Since the natural occurrence of 

CLA is highly variable in different foods (34, 188), a great variation concerning the natural CLA 

consumption could exist between individuals having specific dietary habits (e.g. vegan diet, 

meat- and dairy product-rich diet etc.) and the effects of these on the risk for MS could be ob-

servable in a cohort study. Also, the highly varying data for the dietary CLA consumption pub-

lished previously (127) might be not only due to methodological differences between the studies 

but also due to actual differences in the CLA intake between the investigated populations. This 

further suggests that indeed the natural CLA intake highly varies in the general population and 

effects of this variation on the MS risk could possibly be detected in large cohort studies. 

To sum up, the present clinical trial has several limitations which require a cautious interpreta-

tion of the results. However, the study was intended to be the first interventional trial with CLA 

in MS patients and thus to be a first, exploratory pilot project. Since the immunologic study 

endpoints were in the focus of interest and revealed interesting anti-inflammatory properties of 

CLA also in the context of human MS, the chosen experimental setting seems to have been suit-

able for the aims of this investigation. The results from this work might pave the way for a future 

larger clinical study with interventional CLA supplementation in RRMS patients. 

5.6 Gut microbiota 

The in vitro experiments in this and in previous works demonstrated that CLA is capable to in-

fluence mechanisms and pathways in immune cells directly. For example, it can directly exert 

effects on immunologic cell functions and on the immune cell metabolism which itself is closely 

interlinked with the immunologic cell activity (44, 77, 90, 188) (see section 1.2.4). 

However, the capacity of CLA to interact directly with immune cells does not exclude that in vivo 

also other, indirect mechanisms play a role in the mediation of CLA effects. As described in sec-

tion 1.2.4.3, CLA is capable to change the gut microbiota composition (33, 112) and several con-

nections between this composition and immunologic as well as metabolic cell functions have 

been described previously (21, 23, 139) (see section1.2.4.3). 
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Therefore, it is of high interest to further investigate the exact effects of CLA on the human gut 

microbiota and to clarify if these could also be partly responsible for immunomodulatory capa-

bilities of CLA in vivo. 

To this end, during the clinical trial, patient stool staples were collected before and after the 

24 weeks CLA supplementation. In these, the composition of the bacterial microbiota shall be 

analyzed by sequencing of the bacterial DNA. The analysis of these data is still ongoing in the 

working group and not part of this work. However, the results might reveal an impact of CLA 

in vivo on the human gut microbiota composition. But like regarding the other readouts of the 

clinical trial, it must be noted that these data will be only orientating and will not be able to 

prove the presence or absence of such an impact. However, the results of this analysis might 

encourage to analyze the gut microbiota composition also in a potential future RCT investigating 

CLA in MS which then could confirm hypothesized effects. 

But even if CLA could be proven to alter the gut microbiota composition in MS patients and to 

exert beneficial effects on the disease course in an RCT, this would not necessarily mean that 

the influence on the gut microbiota would be partly responsible for the beneficial effects on the 

disease course since both effects of CLA could be independent from each other. To prove that 

alterations in the gut microbiota composition can ameliorate the course of MS, it would be nec-

essary to specifically eradicate or administer single bacterial species or genera which are sus-

pected to be detrimental or beneficial, respectively, in an RCT and observe the effects on the 

disease course. However, this would be so far impossible (eradication) or ethically not justifiable 

in humans (administration). Such experiments can only be conducted in mouse models of MS 

and there reveal interesting new information about the effects of the gut microbiota on CNS 

autoimmunity. 

5.7 Outlook 

Further animal, translational and clinical research is needed to investigate the effects of CLA on 

CNS autoimmunity in more detail. It should be targeted on the elucidation of the mechanisms 

of action, isomer-specific effects and optimal timing and dosing of a CLA treatment and a large 

RCT with clinical and radiologic endpoints should be used to prove the clinical efficacy of CLA in 

MS treatment. 
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But the results from the present work suggest that the previously demonstrated anti-inflamma-

tory properties of CLA (16, 17, 79, 188) could also be valuable in the treatment of MS. The great 

advantage of a CLA treatment for MS would be its very low potential for side effects and the 

possibility to be administrated complementary to the standard medication, thus offering pa-

tients substantial benefits without causing major adverse events (16, 188). In addition, patients 

could profit from further potential health benefits of CLA simultaneously, as for example anti-

carcinogenic effects or the enhancement of specific immune responses against viral and bacte-

rial infections, which could be of especially high value in patients with potentially impaired im-

munity due to immunosuppressive MS treatment (74, 138, 188). 
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6 Summary 

The influence of environmental and especially nutritional factors on the pathophysiology of mul-

tiple sclerosis (MS) is in the focus of current research. Results from previous studies in the con-

text of various autoimmune diseases suggest a dietary supplementation with conjugated linoleic 

acid (CLA) to be a promising approach for the complementary treatment of MS. Here, the influ-

ence of CLA on systemic human immune responses was further investigated. 

The in vitro treatment of healthy controls’ CD4+ T cells with CLA resulted in a reduced secretion 

of pro-inflammatory cytokines and a downregulated cell metabolism not caused by cytotoxicity. 

In an exploratory clinical pilot trial, 15 patients with relapsing-remitting MS were treated with 

2.1 g CLA per os daily for 24 weeks. In comparison to the baseline status, CD4+ T cells in their 

peripheral blood exhibited a less active cell metabolism after the treatment as well. The flow 

cytometric phenotyping of peripheral immune cells revealed a downregulation of several pro-

inflammatory cell types and a reduced secretion of pro-inflammatory cytokines by CD4+ and 

CD8+ T cells. The interpretation of other observations requires further investigations. Clinically, 

no major changes occurred and the dietary supplementation with CLA was overall well toler-

ated. 

To sum up, most of the results suggest anti-inflammatory effects of CLA in the context of MS. 

Future, larger and placebo-controlled trials should further investigate the mechanism of action, 

efficacy and tolerability of CLA in MS. 

 



 

138 
 

Figures 

Fig. 1.1 Structural formulas of cis-9, trans-11 CLA and trans-10, cis-12 CLA ......................... 31 

Fig. 1.2 Effect of a dietary CLA supplementation on CNS autoimmunity in OSE mice 

measured by clinical score ......................................................................................... 33 

Fig. 1.3 Effect of a dietary CLA supplementation on the number of cytokine producing 

CD4+ T cells in OSE mice ............................................................................................. 34 

Fig. 1.4 Effect of CLA in vitro on stimulated peripheral blood CD4+ T cells’ cytokine 

production capacity ................................................................................................... 35 

Fig. 1.5 Overview over possible mechanisms underlying the anti-inflammatory effects 

of CLA ......................................................................................................................... 35 

Fig. 3.1 Scheme of the clinical study setup ............................................................................ 50 

Fig. 3.2 Idealized progression of the OCR during a Mito Stress Test ..................................... 68 

Fig. 3.3 Schematic diagram of the OXPHOS and targets of the Mito Stress Test 

substances ................................................................................................................. 69 

Fig. 3.4 Idealized progression of the ECAR during a Mito Stress Test .................................... 71 

Fig. 3.5 Sequence of injections and measurements in metabolism analysis ......................... 72 

Fig. 4.1 Effect of CLA in vitro on activated HC CD4+ T cells’ survival ...................................... 77 

Fig. 4.2 Effect of CLA in vitro on activated HC CD4+ T cells’ cytokine production capacity 

(ELISA) ........................................................................................................................ 78 

Fig. 4.3 Effect of CLA in vitro on activated HC CD4+ T cells’ cytokine production capacity 

(Luminex®) ................................................................................................................. 79 

Fig. 4.4 Effect of CLA in vitro on activated HC CD4+ T cells’ OXPHOS ..................................... 81 

Fig. 4.5 Effect of CLA in vitro on activated HC CD4+ T cells’ glycolytic activity ....................... 82 

Fig. 4.6 Distribution of natural fat intake among study patients ........................................... 83 

Fig. 4.7 Distribution of natural CLA intake among study patients ......................................... 84 

Fig. 4.8 Comparison between natural CLA intake and study medication .............................. 84 

Fig. 4.9 Effect of CLA in vivo on the CD4+ memory T cell subset composition in MS 

patients ...................................................................................................................... 90 

Fig. 4.10 Effect of CLA in vivo on lymphocytes in MS patients ................................................. 90 

Fig. 4.11 Effect of CLA in vivo on CD4+ T cell subset cytokine production capacity in MS 

patients ...................................................................................................................... 91 

Fig. 4.12 Effect of CLA in vivo on lymphocytes in MS patients ................................................. 92 

Fig. 4.13 Effect of CLA in vivo on expression of CD226 in different CD8+ T cell subsets in 

MS patients ................................................................................................................ 92 



 

139 
 

Fig. 4.14 Effect of CLA in vivo on T cells in MS patients ........................................................... 93 

Fig. 4.15 Effect of CLA in vivo on CD8+ T cell subset cytokine production capacity in MS 

patients ...................................................................................................................... 94 

Fig. 4.16 Effect of CLA in vivo on B cell subset composition in MS patients ............................ 95 

Fig. 4.17 Effect of CLA in vivo on B cells in MS patients ........................................................... 95 

Fig. 4.18 Effect of CLA in vivo on Treg cells in MS patients ........................................................ 96 

Fig. 4.19 Effect of CLA in vivo on CD25+ CD4+ memory T cells in MS patients ......................... 97 

Fig. 4.20 Effect of CLA in vivo on MS patients’ CD4+ T cells’ cytokine production capacity ..... 98 

Fig. 4.21 Effect of CLA in vivo on MS patients’ unstimulated CD4+ T cells’ OXPHOS ............... 99 

Fig. 4.22 Effect of CLA in vivo on MS patients’ stimulated CD4+ T cells’ OXPHOS .................. 100 

Fig. 4.23 Effect of CLA in vivo on MS patients’ CD4+ T cells’ stimulation-induced increase 

in MR and SRC .......................................................................................................... 101 

Fig. 4.24 Effect of CLA in vivo on MS patients’ unstimulated CD4+ T cells’ glycolytic 

activity...................................................................................................................... 102 

Fig. 4.25 Effect of CLA in vivo on MS patients’ stimulated CD4+ T cells’ glycolytic activity .... 103 

Fig. 4.26 Effect of CLA in vivo on MS patients’ CD4+ T cells’ stimulation-induced increase 

in BG and GC ............................................................................................................ 104 

 



 

140 
 

Tables 

Table 2.1 Information about the antibodies employed in flow cytometry ............................... 47 

Table 3.1 Inclusion and exclusion criteria for the clinical study ................................................ 49 

Table 3.2 Employed PMBC cell counts and antibodies in the 4 °C surface staining panels ...... 60 

Table 3.3 Employed PMBC cell counts and antibodies in the 37 °C surface staining panels .... 61 

Table 3.4 Employed PMBC cell counts and antibodies in the 4 °C combined surface and 

intracellular staining panels ....................................................................................... 62 

Table 3.5 Employed PMBC cell counts and antibodies in the 37 °C / 4 °C combined 

surface and intracellular staining panels ................................................................... 62 

Table 3.6 Employed PMBC cell counts and antibodies in the 4 °C combined surface and 

intracellular staining panels after LAC stimulation .................................................... 63 

Table 3.7 Defining marker combinations applied to identify the immune cell subsets 

which are the subject of the y-scatter plots in section 4.2.4 .................................... 65 

Table 3.8 Calculation of OXPHOS activity parameters .............................................................. 70 

Table 3.9 Calculation of glycolysis activity parameters ............................................................. 71 

Table 3.10 Concentrations of cell stimulating and ETC affecting substances in metabolism 

analysis ....................................................................................................................... 73 

Table 4.1 Baseline demographical and clinical data in the study cohort .................................. 83 

Table 4.2 Adherence to study medication in the study cohort ................................................. 85 

Table 4.3 Number of relapses sustained by the study patients during the study period ......... 85 

Table 4.4 Change of EDSS value within the 24 CLA treatment weeks ...................................... 86 

Table 4.5 Adverse events and their incidence sustained by the patients during the study 

period ......................................................................................................................... 88 

  



 

141 
 

Literature 

(1) Agilent Technologies, Inc. (2016) Report Generator user guide Agilent Seahorse XF Cell Mito 

Stress Test, Online unter: https://tinyurl.com/DissertationTeipelQuelle1 [Abrufdatum: 

31.07.2019] 

(2) Agilent Technologies, Inc. (2017) Agilent Seahorse XF Glycolysis Stress Test kit user guide: 

first edition, Online unter: https://tinyurl.com/DissertationTeipelQuelle2 [Abrufdatum: 

02.09.2019] 

(3) Agilent Technologies, Inc. (2019) Agilent Seahorse XF Cell Mito Stress Test kit user guide: 

second edition, Online unter: https://tinyurl.com/DissertationTeipelQuelle3 [Abrufdatum: 

02.09.19] 

(4) Almohmeed YH, Avenell A, Aucott L, Vickers MA (2013) Systematic review and meta-analysis 

of the sero-epidemiological association between Epstein Barr virus and multiple sclerosis. PLoS 

ONE 8, 4: e61110, Online unter: doi: 10.1371/journal.pone.0061110 

(5) Alonso A, Hernán MA (2008) Temporal trends in the incidence of multiple sclerosis: a 

systematic review. Neurology 71, 2: 129–135, Online unter: doi: 

10.1212/01.wnl.0000316802.35974.34 

(6) Amir E-aD, Davis KL, Tadmor MD, Simonds EF, Levine JH, Bendall SC, Shenfeld DK, 

Krishnaswamy S, Nolan GP, Pe'er D (2013) viSNE enables visualization of high dimensional single-

cell data and reveals phenotypic heterogeneity of leukemia. Nat Biotechnol 31, 6: 545–552, 

Online unter: doi: 10.1038/nbt.2594 

(7) Annunziato F, Cosmi L, Santarlasci V, Maggi L, Liotta F, Mazzinghi B, Parente E, Filì L, Ferri S, 

Frosali F, Giudici F, Romagnani P, Parronchi P, Tonelli F, Maggi E, Romagnani S (2007) Phenotypic 

and functional features of human Th17 cells. J Exp Med 204, 8: 1849–1861, Online unter: doi: 

10.1084/jem.20070663 

(8) Ascherio A, Munger KL (2007) Environmental risk factors for multiple sclerosis. Part II: 

noninfectious factors. Ann Neurol 61, 6: 504–513, Online unter: doi: 10.1002/ana.21141 

(9) Ascherio A, Munger KL, White R, Köchert K, Simon KC, Polman CH, Freedman MS, Hartung H-

P, Miller DH, Montalbán X, Edan G, Barkhof F, Pleimes D, Radü E-W, Sandbrink R, Kappos L, Pohl 

C (2014) Vitamin D as an early predictor of multiple sclerosis activity and progression. JAMA 

Neurol 71, 3: 306–314, Online unter: doi: 10.1001/jamaneurol.2013.5993 



 

142 
 

(10) Astier AL, Meiffren G, Freeman S, Hafler DA (2006) Alterations in CD46-mediated Tr1 

regulatory T cells in patients with multiple sclerosis. J Clin Invest 116, 12: 3252–3257, Online 

unter: doi: 10.1172/JCI29251 

(11) Ayano M, Tsukamoto H, Kohno K, Ueda N, Tanaka A, Mitoma H, Akahoshi M, Arinobu Y, 

Niiro H, Horiuchi T, Akashi K (2015) Increased CD226 expression on CD8+ T cells is associated 

with upregulated cytokine production and endothelial cell injury in patients with systemic 

sclerosis. J Immunol 195, 3: 892–900, Online unter: doi: 10.4049/jimmunol.1403046 

(12) Bagur MJ, Murcia MA, Jiménez-Monreal AM, Tur JA, Bibiloni MM, Alonso GL, Martínez-

Tomé M (2017) Influence of diet in multiple sclerosis: a systematic review. Adv Nutr 8, 3: 463–

472, Online unter: doi: 10.3945/an.116.014191 

(13) Baker D, Pryce G, Amor S, Giovannoni G, Schmierer K (2018) Learning from other 

autoimmunities to understand targeting of B cells to control multiple sclerosis. Brain 141, 10: 

2834–2847, Online unter: doi: 10.1093/brain/awy239 

(14) Balcer LJ (2006) Clinical practice. Optic neuritis. N Engl J Med 354, 12: 1273–1280, Online 

unter: doi: 10.1056/NEJMcp053247 

(15) Barnett MH, Henderson APD, Prineas JW (2006) The macrophage in MS: just a scavenger 

after all? Pathology and pathogenesis of the acute MS lesion. Mult Scler 12, 2: 121–132, Online 

unter: doi: 10.1191/135248506ms1304rr 

(16) Bassaganya-Riera J, Hontecillas R, Horne WT, Sandridge M, Herfarth HH, Bloomfeld R, Isaacs 

KL (2012) Conjugated linoleic acid modulates immune responses in patients with mild to 

moderately active Crohn's disease. Clin Nutr 31, 5: 721–727, Online unter: doi: 

10.1016/j.clnu.2012.03.002 

(17) Bassaganya-Riera J, Reynolds K, Martino-Catt S, Cui Y, Hennighausen L, Gonzalez F, Rohrer 

J, Benninghoff AU, Hontecillas R (2004) Activation of PPAR γ and δ by conjugated linoleic acid 

mediates protection from experimental inflammatory bowel disease. Gastroenterology 127, 3: 

777–791, Online unter: doi: 10.1053/j.gastro.2004.06.049 

(18) Bassaganya-Riera J, Viladomiu M, Pedragosa M, Simone C de, Hontecillas R (2012) 

Immunoregulatory mechanisms underlying prevention of colitis-associated colorectal cancer by 

probiotic bacteria. PLoS ONE 7, 4: e34676, Online unter: doi: 10.1371/journal.pone.0034676 

(19) Beecham AH, Patsopoulos NA, Xifara DK, Davis MF, Kemppinen A, Cotsapas C, Shah TS, 

Spencer C, Booth D, Goris A, Oturai A, Saarela J, Fontaine B, Hemmer B, Martin C, Zipp F, 



 

143 
 

D'Alfonso S, Martinelli-Boneschi F, Taylor B, Harbo HF, et al. (2013) Analysis of immune-related 

loci identifies 48 new susceptibility variants for multiple sclerosis. Nat Genet 45, 11: 1353–1360, 

Online unter: doi: 10.1038/ng.2770 

(20) Belbasis L, Bellou V, Evangelou E, Ioannidis JPA, Tzoulaki I (2015) Environmental risk factors 

and multiple sclerosis: an umbrella review of systematic reviews and meta-analyses. The Lancet 

Neurology 14, 3: 263–273, Online unter: doi: 10.1016/S1474-4422(14)70267-4 

(21) Belkaid Y, Hand TW (2014) Role of the microbiota in immunity and inflammation. Cell 157, 

1: 121–141, Online unter: doi: 10.1016/j.cell.2014.03.011 

(22) Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, Liu C, Klotz L, Stauffer U, Baranzini 

SE, Kümpfel T, Hohlfeld R, Krishnamoorthy G, Wekerle H (2017) Gut microbiota from multiple 

sclerosis patients enables spontaneous autoimmune encephalomyelitis in mice. Proc Natl Acad 

Sci U S A 114, 40: 10719–10724, Online unter: doi: 10.1073/pnas.1711233114 

(23) Berod L, Friedrich C, Nandan A, Freitag J, Hagemann S, Harmrolfs K, Sandouk A, Hesse C, 

Castro CN, Bähre H, Tschirner SK, Gorinski N, Gohmert M, Mayer CT, Huehn J, Ponimaskin E, 

Abraham W-R, Müller R, Lochner M, Sparwasser T (2014) De novo fatty acid synthesis controls 

the fate between regulatory T and T helper 17 cells. Nat Med 20, 11: 1327–1333, Online unter: 

doi: 10.1038/nm.3704 

(24) Bhattacharya A, Banu J, Rahman M, Causey J, Fernandes G (2006) Biological effects of 

conjugated linoleic acids in health and disease. J Nutr Biochem 17, 12: 789–810, Online unter: 

doi: 10.1016/j.jnutbio.2006.02.009 

(25) Blondel VD, Guillaume J-L, Lambiotte R, Lefebvre E (2008) Fast unfolding of communities in 

large networks. J. Stat. Mech. 2008, 10: P10008, Online unter: doi: 10.1088/1742-

5468/2008/10/P10008 

(26) Blumenfeld S, Staun-Ram E, Miller A (2016) Fingolimod therapy modulates circulating B cell 

composition, increases B regulatory subsets and production of IL-10 and TGFβ in patients with 

multiple sclerosis. J Autoimmun 70: 40–51, Online unter: doi: 10.1016/j.jaut.2016.03.012 

(27) Brandt U (2014) Mitochondrien - Organellen der ATP-Gewinnung. In: Heinrich P C, Müller 

M, Graeve L (Hrsg) Löffler/Petrides Biochemie und Pathobiochemie. Springer Medizin, Berlin, 

Heidelberg, Deutschland, S. 235–251 [Abrufdatum: 31.07.19] 

(28) Breuer J, Korpos E, Hannocks M-J, Schneider-Hohendorf T, Song J, Zondler L, Herich S, 

Flanagan K, Korn T, Zarbock A, Kuhlmann T, Sorokin L, Wiendl H, Schwab N (2018) Blockade of 



 

144 
 

MCAM/CD146 impedes CNS infiltration of T cells over the choroid plexus. J Neuroinflammation 

15, 1: 236, Online unter: doi: 10.1186/s12974-018-1276-4 

(29) Brodin P, Jojic V, Gao T, Bhattacharya S, Angel CJL, Furman D, Shen-Orr S, Dekker CL, Swan 

GE, Butte AJ, Maecker HT, Davis MM (2015) Variation in the human immune system is largely 

driven by non-heritable influences. Cell 160, 1-2: 37–47, Online unter: doi: 

10.1016/j.cell.2014.12.020 

(30) Browne P, Chandraratna D, Angood C, Tremlett H, Baker C, Taylor BV, Thompson AJ (2014) 

Atlas of multiple sclerosis 2013: a growing global problem with widespread inequity. Neurology 

83, 11: 1022–1024, Online unter: doi: 10.1212/WNL.0000000000000768 

(31) Cari L, Rosa F de, Nocentini G, Riccardi C (2019) Context-dependent effect of glucocorticoids 

on the proliferation, differentiation, and apoptosis of regulatory T cells: a review of the empirical 

evidence and clinical applications. Int J Mol Sci 20, 5: 1142, Online unter: doi: 

10.3390/ijms20051142 

(32) Chang A, Tourtellotte WW, Rudick R, Trapp BD (2002) Premyelinating oligodendrocytes in 

chronic lesions of multiple sclerosis. N Engl J Med 346, 3: 165–173, Online unter: doi: 

10.1056/NEJMoa010994 

(33) Chaplin A, Parra P, Serra F, Palou A (2015) Conjugated linoleic acid supplementation under 

a high-fat diet modulates stomach protein expression and intestinal microbiota in adult mice. 

PLoS ONE 10, 4: e0125091, Online unter: doi: 10.1371/journal.pone.0125091 

(34) Chin SF, Liu W, Storkson JM, Ha YL, Pariza MW (1992) Dietary sources of conjugated dienoic 

isomers of linoleic acid, a newly recognized class of anticarcinogens. Journal of Food 

Composition and Analysis 5, 3: 185–197, Online unter: doi: 10.1016/0889-1575(92)90037-K 

(35) Claes N, Dhaeze T, Fraussen J, Broux B, van Wijmeersch B, Stinissen P, Hupperts R, Hellings 

N, Somers V (2014) Compositional changes of B and T cell subtypes during fingolimod treatment 

in multiple sclerosis patients: a 12-month follow-up study. PLoS ONE 9, 10: e111115, Online 

unter: doi: 10.1371/journal.pone.0111115 

(36) Cua DJ, Sherlock J, Chen Y, Murphy CA, Joyce B, Seymour B, Lucian L, To W, Kwan S, 

Churakova T, Zurawski S, Wiekowski M, Lira SA, Gorman D, Kastelein RA, Sedgwick JD (2003) 

Interleukin-23 rather than interleukin-12 is the critical cytokine for autoimmune inflammation 

of the brain. Nature 421, 6924: 744–748, Online unter: doi: 10.1038/nature01355 



 

145 
 

(37) Cunill V, Massot M, Clemente A, Calles C, Andreu V, Núñez V, López-Gómez A, Díaz RM, 

Jiménez MdLR, Pons J, Vives-Bauzà C, Ferrer JM (2018) Relapsing-remitting multiple sclerosis is 

characterized by a T follicular cell pro-inflammatory shift, reverted by dimethyl fumarate 

treatment. Front Immunol 9: 1097, Online unter: doi: 10.3389/fimmu.2018.01097 

(38) Dagur PK, Biancotto A, Wei L, Sen HN, Yao M, Strober W, Nussenblatt RB, McCoy JP (2011) 

MCAM-expressing CD4(+) T cells in peripheral blood secrete IL-17A and are significantly elevated 

in inflammatory autoimmune diseases. J Autoimmun 37, 4: 319–327, Online unter: doi: 

10.1016/j.jaut.2011.09.003 

(39) Dagur PK, McCoy JP (2015) Endothelial-binding, proinflammatory T cells identified by 

MCAM (CD146) expression: characterization and role in human autoimmune diseases. 

Autoimmun Rev 14, 5: 415–422, Online unter: doi: 10.1016/j.autrev.2015.01.003 

(40) Dendrou CA, Fugger L, Friese MA (2015) Immunopathology of multiple sclerosis. Nat Rev 

Immunol 15, 9: 545–558, Online unter: doi: 10.1038/nri3871 

(41) Dengler WA, Schulte J, Berger DP, Mertelsmann R, Fiebig HH (1995) Development of a 

propidium iodide fluorescence assay for proliferation and cytotoxicity assays. Anticancer Drugs 

6, 4: 522–532 

(42) Deutsche Gesellschaft für Neurologie (2012) S2e Leitlinie: Diagnose und Therapie der 

Multiplen Sklerose, Online unter: https://tinyurl.com/DissertationTeipelQuelle42 [Abrufdatum: 

02.09.2019] 

(43) Dobrian AD, Lieb DC, Cole BK, Taylor-Fishwick DA, Chakrabarti SK, Nadler JL (2011) 

Functional and pathological roles of the 12- and 15-lipoxygenases. Prog Lipid Res 50, 1: 115–131, 

Online unter: doi: 10.1016/j.plipres.2010.10.005 

(44) Donnelly RP, Finlay DK (2015) Glucose, glycolysis and lymphocyte responses. Mol Immunol 

68, 2 Pt C: 513–519, Online unter: doi: 10.1016/j.molimm.2015.07.034 

(45) Erny D, Hrabě de Angelis AL, Prinz M (2017) Communicating systems in the body: how 

microbiota and microglia cooperate. Immunology 150, 1: 7–15, Online unter: doi: 

10.1111/imm.12645 

(46) Evans NP, Misyak SA, Schmelz EM, Guri AJ, Hontecillas R, Bassaganya-Riera J (2010) 

Conjugated linoleic acid ameliorates inflammation-induced colorectal cancer in mice through 

activation of PPARgamma. J Nutr 140, 3: 515–521, Online unter: doi: 10.3945/jn.109.115642 



 

146 
 

(47) Farez MF, Fiol MP, Gaitán MI, Quintana FJ, Correale J (2015) Sodium intake is associated 

with increased disease activity in multiple sclerosis. J Neurol Neurosurg Psychiatr 86, 1: 26–31, 

Online unter: doi: 10.1136/jnnp-2014-307928 

(48) Federal Food Safety and Veterinary Office FSVO, Switzerland (2017) Swiss Food Composition 

Database: version 5.3, Online unter: https://tinyurl.com/DissertationTeipelQuelle48 

[Abrufdatum: 02.09.2019] 

(49) Feinstein DL, Galea E, Gavrilyuk V, Brosnan CF, Whitacre CC, Dumitrescu-Ozimek L, Landreth 

GE, Pershadsingh HA, Weinberg G, Heneka MT (2002) Peroxisome proliferator-activated 

receptor-gamma agonists prevent experimental autoimmune encephalomyelitis. Ann Neurol 

51, 6: 694–702, Online unter: doi: 10.1002/ana.10206 

(50) Finak G, Jiang W, Krouse K, Wei C, Sanz I, Phippard D, Asare A, Rosa SC de, Self S, Gottardo 

R (2014) High-throughput flow cytometry data normalization for clinical trials. Cytometry A 85, 

3: 277–286, Online unter: doi: 10.1002/cyto.a.22433 

(51) Flachenecker P, Zettl UK (2018) Epidemiologie. In: Schmidt R M, Hoffmann F A, Faiss J H, 

Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, Deutschland, German 

Medical Collection, Bd 74, 7. Auflage, S. 11–17 [Abrufdatum: 24.10.18] 

(52) Flachenecker P, Zettl UK (2018) Krankheitsverlauf und Prognose. In: Schmidt R M, Hoffmann 

F A, Faiss J H, Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, 

Deutschland, German Medical Collection, Bd 74, 7. Auflage, S. 63–72 [Abrufdatum: 24.10.18] 

(53) Fleck A-K, Schuppan D, Wiendl H, Klotz L (2017) Gut-CNS-axis as possibility to modulate 

inflammatory disease activity - implications for multiple sclerosis. Int J Mol Sci 18, 7: 1526, Online 

unter: doi: 10.3390/ijms18071526 

(54) Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, O'Farrelly C, Tubridy N, Mills KHG 

(2009) CD39+Foxp3+ regulatory T cells suppress pathogenic Th17 cells and are impaired in 

multiple sclerosis. J Immunol 183, 11: 7602–7610, Online unter: doi: 10.4049/jimmunol.0901881 

(55) Ford ML, Evavold BD (2005) Specificity, magnitude, and kinetics of MOG-specific CD8+ T cell 

responses during experimental autoimmune encephalomyelitis. Eur J Immunol 35, 1: 76–85, 

Online unter: doi: 10.1002/eji.200425660 

(56) Forero-Peña DA, Gutierrez FRS (2013) Statins as modulators of regulatory T-cell biology. 

Mediators Inflamm 2013: 167086, Online unter: doi: 10.1155/2013/167086 



 

147 
 

(57) Franklin RJM (2002) Why does remyelination fail in multiple sclerosis? Nature Reviews 

Neuroscience 3, 9: 705–714, Online unter: doi: 10.1038/nrn917 

(58) Freitag J, Berod L, Kamradt T, Sparwasser T (2016) Immunometabolism and autoimmunity. 

Immunol Cell Biol 94, 10: 925–934, Online unter: doi: 10.1038/icb.2016.77 

(59) Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, Nakanishi Y, Uetake C, Kato 

K, Kato T, Takahashi M, Fukuda NN, Murakami S, Miyauchi E, Hino S, Atarashi K, Onawa S, 

Fujimura Y, Lockett T, Clarke JM, et al. (2013) Commensal microbe-derived butyrate induces the 

differentiation of colonic regulatory T cells. Nature 504, 7480: 446–450, Online unter: doi: 

10.1038/nature12721 

(60) Geurts JJG, Calabrese M, Fisher E, Rudick RA (2012) Measurement and clinical effect of grey 

matter pathology in multiple sclerosis. The Lancet Neurology 11, 12: 1082–1092, Online unter: 

doi: 10.1016/S1474-4422(12)70230-2 

(61) Ghavimi R, Alsahebfosoul F, Salehi R, Kazemi M, Etemadifar M, Zavaran Hosseini A (2018) 

High-resolution melting curve analysis of polymorphisms within CD58, CD226, HLA-G genes and 

association with multiple sclerosis susceptibility in a subset of Iranian population: a case-control 

study. Acta Neurol Belg, Online unter: doi: 10.1007/s13760-018-0992-y 

(62) Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, Ng LG, 

Stanley ER, Samokhvalov IM, Merad M (2010) Fate mapping analysis reveals that adult microglia 

derive from primitive macrophages. Science 330, 6005: 841–845, Online unter: doi: 

10.1126/science.1194637 

(63) Gross CC, Schulte-Mecklenbeck A, Klinsing S, Posevitz-Fejfár A, Wiendl H, Klotz L (2016) 

Dimethyl fumarate treatment alters circulating T helper cell subsets in multiple sclerosis. Neurol 

Neuroimmunol Neuroinflamm 3, 1: e183, Online unter: doi: 10.1212/NXI.0000000000000183 

(64) Gross CC, Schulte-Mecklenbeck A, Rünzi A, Kuhlmann T, Posevitz-Fejfár A, Schwab N, 

Schneider-Hohendorf T, Herich S, Held K, Konjević M, Hartwig M, Dornmair K, Hohlfeld R, 

Ziemssen T, Klotz L, Meuth SG, Wiendl H (2016) Impaired NK-mediated regulation of T-cell 

activity in multiple sclerosis is reconstituted by IL-2 receptor modulation. Proc Natl Acad Sci U S 

A 113, 21: E2973-E2982, Online unter: doi: 10.1073/pnas.1524924113 

(65) Gupta G, Gelfand JM, Lewis JD (2005) Increased risk for demyelinating diseases in patients 

with inflammatory bowel disease. Gastroenterology 129, 3: 819–826, Online unter: doi: 

10.1053/j.gastro.2005.06.022 



 

148 
 

(66) Hafler JP, Maier LM, Cooper JD, Plagnol V, Hinks A, Simmonds MJ, Stevens HE, Walker NM, 

Healy B, Howson JMM, Maisuria M, Duley S, Coleman G, Gough SCL, Worthington J, Kuchroo VK, 

Wicker LS, Todd JA (2009) CD226 Gly307Ser association with multiple autoimmune diseases. 

Genes Immun 10, 1: 5–10, Online unter: doi: 10.1038/gene.2008.82 

(67) Haghikia A, Jörg S, Duscha A, Berg J, Manzel A, Waschbisch A, Hammer A, Lee D-H, May C, 

Wilck N, Balogh A, Ostermann AI, Schebb NH, Akkad DA, Grohme DA, Kleinewietfeld M, Kempa 

S, Thöne J, Demir S, Müller DN, et al. (2015) Dietary fatty acids directly impact central nervous 

system autoimmunity via the small intestine. Immunity 43, 4: 817–829, Online unter: doi: 

10.1016/j.immuni.2015.09.007 

(68) Handel AE, Williamson AJ, Disanto G, Dobson R, Giovannoni G, Ramagopalan SV (2011) 

Smoking and multiple sclerosis: an updated meta-analysis. PLoS ONE 6, 1: e16149, Online unter: 

doi: 10.1371/journal.pone.0016149 

(69) Handel AE, Williamson AJ, Disanto G, Handunnetthi L, Giovannoni G, Ramagopalan SV 

(2010) An updated meta-analysis of risk of multiple sclerosis following infectious mononucleosis. 

PLoS ONE 5, 9: 1–5, Online unter: doi: 10.1371/journal.pone.0012496 

(70) Hardt C (2018) Genetik und Umweltfaktoren. In: Schmidt R M, Hoffmann F A, Faiss J H, 

Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, Deutschland, German 

Medical Collection, Bd 74, 7. Auflage, S. 19–34 [Abrufdatum: 24.10.18] 

(71) Haupts M (2018) Lebensqualität – gesundheitsökonomische Aspekte. In: Schmidt R M, 

Hoffmann F A, Faiss J H, Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, 

Deutschland, German Medical Collection, Bd 74, 7. Auflage, S. 421–428 [Abrufdatum: 24.10.18] 

(72) Hedström AK, Åkerstedt T, Hillert J, Olsson T, Alfredsson L (2011) Shift work at young age is 

associated with increased risk for multiple sclerosis. Ann Neurol 70, 5: 733–741, Online unter: 

doi: 10.1002/ana.22597 

(73) Hemmer B, Kerschensteiner M, Korn T (2015) Role of the innate and adaptive immune 

responses in the course of multiple sclerosis. The Lancet Neurology 14, 4: 406–419, Online unter: 

doi: 10.1016/S1474-4422(14)70305-9 

(74) Hoffmann FA, Köhler W, Pöhlau D, Alvermann S, Stangel M, Faiss JH, Schippling S, Martin R 

(2018) Pathophysiologisch ansetzende Therapie. In: Schmidt R M, Hoffmann F A, Faiss J H, Köhler 

W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, Deutschland, German Medical 

Collection, Bd 74, 7. Auflage, S. 261–352 [Abrufdatum: 24.10.18] 



 

149 
 

(75) Houser B (2012) Bio-Rad's Bio-Plex® suspension array system, xMAP technology overview. 

Arch Physiol Biochem 118, 4: 192–196, Online unter: doi: 10.3109/13813455.2012.705301 

(76) Howell OW, Reeves CA, Nicholas R, Carassiti D, Radotra B, Gentleman SM, Serafini B, Aloisi 

F, Roncaroli F, Magliozzi R, Reynolds R (2011) Meningeal inflammation is widespread and linked 

to cortical pathology in multiple sclerosis. Brain 134, Pt 9: 2755–2771, Online unter: doi: 

10.1093/brain/awr182 

(77) Howie D, Bokum A ten, Necula AS, Cobbold SP, Waldmann H (2017) The role of lipid 

metabolism in T lymphocyte differentiation and survival. Front Immunol 8: 1949, Online unter: 

doi: 10.3389/fimmu.2017.01949 

(78) Huber M, Heink S, Pagenstecher A, Reinhard K, Ritter J, Visekruna A, Guralnik A, Bollig N, 

Jeltsch K, Heinemann C, Wittmann E, Buch T, Prazeres da Costa O, Brüstle A, Brenner D, Mak 

TW, Mittrücker H-W, Tackenberg B, Kamradt T, Lohoff M (2013) IL-17A secretion by CD8+ T cells 

supports Th17-mediated autoimmune encephalomyelitis. J Clin Invest 123, 1: 247–260, Online 

unter: doi: 10.1172/JCI63681 

(79) Hucke S, Hartwig M, Herold M, Berer K, Liebmann M, Kuzmanov I, Grützke B, Sagredos A, 

Eveslage M, Krishnamoorthy G, Kuhlmann T, Wiendl H, Klotz L (2019) Dietary conjugated linoleic 

acid supplementation ameliorates spontaneous CNS autoimmunity. (unpublished manuscript) 

(80) Ireland SJ, Guzman AA, O'Brien DE, Hughes S, Greenberg B, Flores A, Graves D, Remington 

G, Frohman EM, Davis LS, Monson NL (2014) The effect of glatiramer acetate therapy on 

functional properties of B cells from patients with relapsing-remitting multiple sclerosis. JAMA 

Neurol 71, 11: 1421–1428, Online unter: doi: 10.1001/jamaneurol.2014.1472 

(81) Jäger A, Dardalhon V, Sobel RA, Bettelli E, Kuchroo VK (2009) Th1, Th17, and Th9 effector 

cells induce experimental autoimmune encephalomyelitis with different pathological 

phenotypes. J Immunol 183, 11: 7169–7177, Online unter: doi: 10.4049/jimmunol.0901906 

(82) Jones A, Hawiger D (2017) Peripherally induced regulatory T cells: recruited protectors of 

the central nervous system against autoimmune neuroinflammation. Front Immunol 8: 532, 

Online unter: doi: 10.3389/fimmu.2017.00532 

(83) Jones JR, Barrick C, Kim K-A, Lindner J, Blondeau B, Fujimoto Y, Shiota M, Kesterson RA, Kahn 

BB, Magnuson MA (2005) Deletion of PPARgamma in adipose tissues of mice protects against 

high fat diet-induced obesity and insulin resistance. Proc Natl Acad Sci U S A 102, 17: 6207–6212, 

Online unter: doi: 10.1073/pnas.0306743102 



 

150 
 

(84) Kappos L, Barkhof F, Desmet A, Tremblay G, Brault Y, Edan G, Montalban X, Polman C, Pozzilli 

C (2005) The effect of oral temsirolimus on new magnetic resonance imaging scan lesions, brain 

atrophy, and the number of relapses in multiple sclerosis: results from a randomised, controlled 

clinical trial. J Neurol 252, [Suppl 2]: II/46, Online unter: doi: 10.1007/s00415-005-2001-7 

(85) Kappos L, Li D, Calabresi PA, O'Connor P, Bar-Or A, Barkhof F, Yin M, Leppert D, Glanzman 

R, Tinbergen J, Hauser SL (2011) Ocrelizumab in relapsing-remitting multiple sclerosis: a phase 

2, randomised, placebo-controlled, multicentre trial. The Lancet 378, 9805: 1779–1787, Online 

unter: doi: 10.1016/S0140-6736(11)61649-8 

(86) Karni A, Abramsky O (1999) Association of MS with thyroid disorders. Neurology 53, 4: 883–

885 

(87) Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M, Giuliani F, Arbour 

N, Becher B, Prat A (2007) Human TH17 lymphocytes promote blood-brain barrier disruption 

and central nervous system inflammation. Nat Med 13, 10: 1173–1175, Online unter: doi: 

10.1038/nm1651 

(88) Khalil G, El-Sabban M, Al-Ghadban S, Azzi S, Shamra S, Khalifé S, Maroun R (2008) Cytokine 

expression profile of sensitized human T lymphocytes following in vitro stimulation with 

amoxicillin. Eur Cytokine Netw 19, 3: 131–141, Online unter: doi: 10.1684/ecn.2008.0132 

(89) Kingwell E, Marriott JJ, Jetté N, Pringsheim T, Makhani N, Morrow SA, Fisk JD, Evans C, 

Béland SG, Kulaga S, Dykeman J, Wolfson C, Koch MW, Marrie RA (2013) Incidence and 

prevalence of multiple sclerosis in Europe: a systematic review. BMC Neurol 13, 1: 128, Online 

unter: doi: 10.1186/1471-2377-13-128 

(90) Klotz L, Burgdorf S, Dani I, Saijo K, Flossdorf J, Hucke S, Alferink J, Nowak N, Novak N, Beyer 

M, Mayer G, Langhans B, Klockgether T, Waisman A, Eberl G, Schultze J, Famulok M, Kolanus W, 

Glass C, Kurts C, et al. (2009) The nuclear receptor PPAR gamma selectively inhibits Th17 

differentiation in a T cell-intrinsic fashion and suppresses CNS autoimmunity. J Exp Med 206, 10: 

2079–2089, Online unter: doi: 10.1084/jem.20082771 

(91) Koch-Henriksen N, Sørensen PS (2010) The changing demographic pattern of multiple 

sclerosis epidemiology. The Lancet Neurology 9, 5: 520–532, Online unter: doi: 10.1016/S1474-

4422(10)70064-8 



 

151 
 

(92) Köhler W, Hoffmann FA (2018) Klinik. In: Schmidt R M, Hoffmann F A, Faiss J H, Köhler W, 

Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, Deutschland, German Medical 

Collection, Bd 74, 7. Auflage, S. 55–62 [Abrufdatum: 24.10.18] 

(93) Korn T, Bettelli E, Oukka M, Kuchroo VK (2009) IL-17 and Th17 cells. Annu Rev Immunol 27, 

1: 485–517, Online unter: doi: 10.1146/annurev.immunol.021908.132710 

(94) Kress-Bennett JM, Ehrlich GD, Bruno A, Post JC, Hu FZ, Scott TF (2011) Preliminary study: 

treatment with intramuscular interferon beta-1a results in increased levels of IL-12Rβ2+ and 

decreased levels of IL23R+ CD4+ T - lymphocytes in multiple sclerosis. BMC Neurol 11, 1: 155, 

Online unter: doi: 10.1186/1471-2377-11-155 

(95) Kreymborg K, Etzensperger R, Dumoutier L, Haak S, Rebollo A, Buch T, Heppner FL, Renauld 

J-C, Becher B (2007) IL-22 is expressed by Th17 cells in an IL-23-dependent fashion, but not 

required for the development of autoimmune encephalomyelitis. J Immunol 179, 12: 8098–

8104, Online unter: doi: 10.4049/jimmunol.179.12.8098 

(96) Krumbholz M, Meinl E (2018) Immunpathogenese. In: Schmidt R M, Hoffmann F A, Faiss J 

H, Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, Deutschland, German 

Medical Collection, Bd 74, 7. Auflage, S. 41–52 [Abrufdatum: 24.10.18] 

(97) Kutzelnigg A, Lassmann H (2014) Pathology of multiple sclerosis and related inflammatory 

demyelinating diseases. Handb Clin Neurol 122: 15–58, Online unter: doi: 10.1016/B978-0-444-

52001-2.00002-9 

(98) Lam WY, Fresco P (2015) Medication adherence measures: an overview. Biomed Res Int 

2015: 217047, Online unter: doi: 10.1155/2015/217047 

(99) Langer-Gould A, Brara SM, Beaber BE, Zhang JL (2013) Incidence of multiple sclerosis in 

multiple racial and ethnic groups. Neurology 80, 19: 1734–1739, Online unter: doi: 

10.1212/WNL.0b013e3182918cc2 

(100) Levine JH, Simonds EF, Bendall SC, Davis KL, Amir E-aD, Tadmor MD, Litvin O, Fienberg HG, 

Jager A, Zunder ER, Finck R, Gedman AL, Radtke I, Downing JR, Pe'er D, Nolan GP (2015) Data-

driven phenotypic dissection of AML reveals progenitor-like cells that correlate with prognosis. 

Cell 162, 1: 184–197, Online unter: doi: 10.1016/j.cell.2015.05.047 

(101) Li F-F, Zhu X-D, Yan P, Jin M-H, Yue H, Zhang Q, Fu J, Liu S-L (2016) Characterization of 

variations in IL23A and IL23R genes: possible roles in multiple sclerosis and other 



 

152 
 

neuroinflammatory demyelinating diseases. Aging (Albany NY) 8, 11: 2734–2746, Online unter: 

doi: 10.18632/aging.101058 

(102) Li R, Patterson KR, Bar-Or A (2018) Reassessing B cell contributions in multiple sclerosis. 

Nature Immunology 19, 7: 696–707, Online unter: doi: 10.1038/s41590-018-0135-x 

(103) Li Y, Nath N, Reichert WM (2003) Parallel comparison of sandwich and direct label assay 

protocols on cytokine detection protein arrays. Anal. Chem. 75, 19: 5274–5281, Online unter: 

doi: 10.1021/ac034563f 

(104) Liu G, Hu Y, Jin S, Jiang Q (2017) Genetic variant rs763361 regulates multiple sclerosis 

CD226 gene expression. Proc Natl Acad Sci U S A 114, 6: E906-E907, Online unter: doi: 

10.1073/pnas.1618520114 

(105) Loftus RM, Finlay DK (2016) Immunometabolism: cellular metabolism turns immune 

regulator. J Biol Chem 291, 1: 1–10, Online unter: doi: 10.1074/jbc.R115.693903 

(106) Lohmann L, Janoschka C, Schulte-Mecklenbeck A, Klinsing S, Kirstein L, Hanning U, Wirth 

T, Schneider-Hohendorf T, Schwab N, Gross CC, Eveslage M, Meuth SG, Wiendl H, Klotz L (2018) 

Immune cell profiling during switching from natalizumab to fingolimod reveals differential 

effects on systemic immune-regulatory networks and on trafficking of non-T cell populations 

into the cerebrospinal fluid-results from the ToFingo successor study. Front Immunol 9: 1560, 

Online unter: doi: 10.3389/fimmu.2018.01560 

(107) Longbrake EE, Cross AH (2016) Effect of multiple sclerosis disease-modifying therapies on 

B cells and humoral immunity. JAMA Neurol 73, 2: 219–225, Online unter: doi: 

10.1001/jamaneurol.2015.3977 

(108) Lozano E, Joller N, Cao Y, Kuchroo VK, Hafler DA (2013) The CD226/CD155 interaction 

regulates the proinflammatory (Th1/Th17)/anti-inflammatory (Th2) balance in humans. J 

Immunol 191, 7: 3673–3680, Online unter: doi: 10.4049/jimmunol.1300945 

(109) Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sørensen PS, Thompson AJ, Wolinsky JS, 

Balcer LJ, Banwell B, Barkhof F, Bebo B, Calabresi PA, Clanet M, Comi G, Fox RJ, Freedman MS, 

Goodman AD, Inglese M, Kappos L, Kieseier BC, et al. (2014) Defining the clinical course of 

multiple sclerosis: the 2013 revisions. Neurology 83, 3: 278–286, Online unter: doi: 

10.1212/WNL.0000000000000560 



 

153 
 

(110) Luthold RV, Fernandes GR, Franco-de-Moraes AC, Folchetti LGD, Ferreira SRG (2017) Gut 

microbiota interactions with the immunomodulatory role of vitamin D in normal individuals. 

Metab Clin Exp 69: 76–86, Online unter: doi: 10.1016/j.metabol.2017.01.007 

(111) Macintyre AN, Rathmell JC (2013) Activated lymphocytes as a metabolic model for 

carcinogenesis. Cancer Metab 1, 1: 1–12, Online unter: doi: 10.1186/2049-3002-1-5 

(112) Marques TM, Wall R, O'Sullivan O, Fitzgerald GF, Shanahan F, Quigley EM, Cotter PD, Cryan 

JF, Dinan TG, Ross RP, Stanton C (2015) Dietary trans-10, cis-12-conjugated linoleic acid alters 

fatty acid metabolism and microbiota composition in mice. Br J Nutr 113, 5: 728–738, Online 

unter: doi: 10.1017/S0007114514004206 

(113) Marrie RA, Reider N, Cohen J, Stuve O, Sorensen PS, Cutter G, Reingold SC, Trojano M 

(2015) A systematic review of the incidence and prevalence of autoimmune disease in multiple 

sclerosis. Mult Scler 21, 3: 282–293, Online unter: doi: 10.1177/1352458514564490 

(114) Martinez-Forero I, Garcia-Munoz R, Martinez-Pasamar S, Inoges S, Lopez-Diaz de Cerio A, 

Palacios R, Sepulcre J, Moreno B, Gonzalez Z, Fernandez-Diez B, Melero I, Bendandi M, Villoslada 

P (2008) IL-10 suppressor activity and ex vivo Tr1 cell function are impaired in multiple sclerosis. 

Eur J Immunol 38, 2: 576–586, Online unter: doi: 10.1002/eji.200737271 

(115) Max Rubner-Institut; Bundesforschungsinstitut für Ernährung und Lebensmittel (2008) 

Nationale Verzehrs Studie II: Ergebnisbericht, Teil 2, Online unter: 

https://tinyurl.com/DissertationTeipelQuelle115 [Abrufdatum: 02.09.19] 

(116) McLaughlin S, Benz R (1983) The molecular mechanism of action of the proton ionophore 

FCCP (carbonylcyanide p-trifluoromethoxyphenylhydrazone). Biophysical Journal 41, 3: 381–

398, Online unter: doi: 10.1016/S0006-3495(83)84449-X 

(117) Mielcarz DW, Kasper LH (2015) The gut microbiome in multiple sclerosis. Curr Treat 

Options Neurol 17: 18, Online unter: doi: 10.1007/s11940-015-0344-7 

(118) Miltenyi S, Müller W, Weichel W, Radbruch A (1990) High gradient magnetic cell 

separation with MACS. Cytometry 11, 2: 231–238, Online unter: doi: 10.1002/cyto.990110203 

(119) Mirzaii S, Mansourian M, Derakhshandeh-Rishehri S-M, Kelishadi R, Heidari-Beni M (2016) 

Association of conjugated linoleic acid consumption and liver enzymes in human studies: a 

systematic review and meta-analysis of randomized controlled clinical trials. Nutrition 32, 2: 

166–173, Online unter: doi: 10.1016/j.nut.2015.08.013 



 

154 
 

(120) Mische LJ, Mowry EM (2018) The evidence for dietary interventions and nutritional 

supplements as treatment options in multiple sclerosis: a review. Curr Treat Options Neurol 20: 

8, Online unter: doi: 10.1007/s11940-018-0494-5 

(121) Miyazaki Y, Niino M, Fukazawa T, Takahashi E, Nonaka T, Amino I, Tashiro J, Minami N, 

Fujiki N, Doi S, Kikuchi S (2014) Suppressed pro-inflammatory properties of circulating B cells in 

patients with multiple sclerosis treated with fingolimod, based on altered proportions of B-cell 

subpopulations. Clin Immunol 151, 2: 127–135, Online unter: doi: 10.1016/j.clim.2014.02.001 

(122) Mokry LE, Ross S, Ahmad OS, Forgetta V, Smith GD, Goltzman D, Leong A, Greenwood CMT, 

Thanassoulis G, Richards JB (2015) Vitamin D and risk of multiple sclerosis: a Mendelian 

randomization study. PLoS Med 12, 8: e1001866, Online unter: doi: 

10.1371/journal.pmed.1001866 

(123) Moloney F, Toomey S, Noone E, Nugent A, Allan B, Loscher CE, Roche HM (2007) 

Antidiabetic effects of cis-9, trans-11-conjugated linoleic acid may be mediated via anti-

inflammatory effects in white adipose tissue. Diabetes 56, 3: 574–582, Online unter: doi: 

10.2337/db06-0384 

(124) Montes Diaz G, Fraussen J, van Wijmeersch B, Hupperts R, Somers V (2018) Dimethyl 

fumarate induces a persistent change in the composition of the innate and adaptive immune 

system in multiple sclerosis patients. Sci Rep 8, 1: 8194, Online unter: doi: 10.1038/s41598-018-

26519-w 

(125) Mowry EM, Waubant E, McCulloch CE, Okuda DT, Evangelista AA, Lincoln RR, Gourraud P-

A, Brenneman D, Owen MC, Qualley P, Bucci M, Hauser SL, Pelletier D (2012) Vitamin D status 

predicts new brain magnetic resonance imaging activity in multiple sclerosis. Ann Neurol 72, 2: 

234–240, Online unter: doi: 10.1002/ana.23591 

(126) Munger KL, Bentzen J, Laursen B, Stenager E, Koch-Henriksen N, Sørensen TIA, Baker JL 

(2013) Childhood body mass index and multiple sclerosis risk: a long-term cohort study. Mult 

Scler 19, 10: 1323–1329, Online unter: doi: 10.1177/1352458513483889 

(127) Mushtaq S, Heather Mangiapane E, Hunter KA (2010) Estimation of cis-9, trans-11 

conjugated linoleic acid content in UK foods and assessment of dietary intake in a cohort of 

healthy adults. Br J Nutr 103, 9: 1366–1374, Online unter: doi: 10.1017/S000711450999328X 



 

155 
 

(128) Negrotto L, Farez MF, Correale J (2016) Immunologic effects of metformin and pioglitazone 

treatment on metabolic syndrome and multiple sclerosis. JAMA Neurol 73, 5: 520–528, Online 

unter: doi: 10.1001/jamaneurol.2015.4807 

(129) Nemzek JA, Siddiqui J, Remick DG (2001) Development and optimization of cytokine ELISAs 

using commercial antibody pairs. Journal of Immunological Methods 255, 1-2: 149–157, Online 

unter: doi: 10.1016/S0022-1759(01)00419-7 

(130) Nielsen NM, Westergaard T, Frisch M, Rostgaard K, Wohlfahrt J, Koch-Henriksen N, Melbye 

M, Hjalgrim H (2006) Type 1 diabetes and multiple sclerosis: a Danish population-based cohort 

study. Arch Neurol 63, 7: 1001–1004, Online unter: doi: 10.1001/archneur.63.7.1001 

(131) Nolan D, Castley A, Tschochner M, James I, Qiu W, Sayer D, Christiansen FT, Witt C, 

Mastaglia F, Carroll W, Kermode A (2012) Contributions of vitamin D response elements and HLA 

promoters to multiple sclerosis risk. Neurology 79, 6: 538–546, Online unter: doi: 

10.1212/WNL.0b013e318263c407 

(132) Nutri-Science GmbH (2016) Freiburger Ernährungsprotokoll, Online unter: 

http://www.ernaehrung.de/static/pdf/freiburger-ernaehrungsprotokoll.pdf [Abrufdatum: 

02.09.2019] 

(133) Ochoa-Repáraz J, Kasper LH (2017) The influence of gut-derived CD39 regulatory T cells in 

CNS demyelinating disease. Transl Res 179: 126–138, Online unter: doi: 

10.1016/j.trsl.2016.07.016 

(134) Ochoa-Repáraz J, Mielcarz DW, Ditrio LE, Burroughs AR, Begum-Haque S, Dasgupta S, 

Kasper DL, Kasper LH (2010) Central nervous system demyelinating disease protection by the 

human commensal Bacteroides fragilis depends on polysaccharide A expression. J Immunol 185, 

7: 4101–4108, Online unter: doi: 10.4049/jimmunol.1001443 

(135) Onakpoya IJ, Posadzki PP, Watson LK, Davies LA, Ernst E (2012) The efficacy of long-term 

conjugated linoleic acid (CLA) supplementation on body composition in overweight and obese 

individuals: a systematic review and meta-analysis of randomized clinical trials. Eur J Nutr 51, 2: 

127–134, Online unter: doi: 10.1007/s00394-011-0253-9 

(136) O'Neill LAJ, Kishton RJ, Rathmell J (2016) A guide to immunometabolism for 

immunologists. Nat Rev Immunol 16, 9: 553–565, Online unter: doi: 10.1038/nri.2016.70 

(137) Orton S-M, Wald L, Confavreux C, Vukusic S, Krohn JP, Ramagopalan SV, Herrera BM, 

Sadovnick AD, Ebers GC (2011) Association of UV radiation with multiple sclerosis prevalence 



 

156 
 

and sex ratio in France. Neurology 76, 5: 425–431, Online unter: doi: 

10.1212/WNL.0b013e31820a0a9f 

(138) O'Shea M, Bassaganya-Riera J, Mohede ICM (2004) Immunomodulatory properties of 

conjugated linoleic acid. Am J Clin Nutr 79, 6 Suppl: 1199S-1206S, Online unter: doi: 

10.1093/ajcn/79.6.1199S 

(139) O'Sullivan D, Pearce EL (2015) Targeting T cell metabolism for therapy. Trends Immunol 

36, 2: 71–80, Online unter: doi: 10.1016/j.it.2014.12.004 

(140) Pannemans K, Broux B, Goris A, Dubois B, Broekmans T, van Wijmeersch B, Geraghty D, 

Stinissen P, Hellings N (2014) HLA-E restricted CD8+ T cell subsets are phenotypically altered in 

multiple sclerosis patients. Mult Scler 20, 7: 790–801, Online unter: doi: 

10.1177/1352458513509703 

(141) Parham C, Chirica M, Timans J, Vaisberg E, Travis M, Cheung J, Pflanz S, Zhang R, Singh KP, 

Vega F, To W, Wagner J, O'Farrell A-M, McClanahan T, Zurawski S, Hannum C, Gorman D, Rennick 

DM, Kastelein RA, Waal Malefyt R de, et al. (2002) A receptor for the heterodimeric cytokine IL-

23 is composed of IL-12Rbeta1 and a novel cytokine receptor subunit, IL-23R. J Immunol 168, 

11: 5699–5708 

(142) Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, Schmidbauer M, Laursen H, Sorensen 

PS, Brück W, Lucchinetti C, Lassmann H (2006) Remyelination is extensive in a subset of multiple 

sclerosis patients. Brain 129, Pt 12: 3165–3172, Online unter: doi: 10.1093/brain/awl217 

(143) Patterson E, O' Doherty RM, Murphy EF, Wall R, O' Sullivan O, Nilaweera K, Fitzgerald GF, 

Cotter PD, Ross RP, Stanton C (2014) Impact of dietary fatty acids on metabolic activity and host 

intestinal microbiota composition in C57BL/6J mice. Br J Nutr 111, 11: 1905–1917, Online unter: 

doi: 10.1017/S0007114514000117 

(144) Piédavent-Salomon M, Willing A, Engler JB, Steinbach K, Bauer S, Eggert B, Ufer F, Kursawe 

N, Wehrmann S, Jäger J, Reinhardt S, Friese MA (2015) Multiple sclerosis associated genetic 

variants of CD226 impair regulatory T cell function. Brain 138, Pt 11: 3263–3274, Online unter: 

doi: 10.1093/brain/awv256 

(145) Pihl-Jensen G, Tsakiri A, Frederiksen JL (2015) Statin treatment in multiple sclerosis: a 

systematic review and meta-analysis. CNS Drugs 29, 4: 277–291, Online unter: doi: 

10.1007/s40263-015-0239-x 



 

157 
 

(146) Platten M, Lanz T, Bendszus M, Diem R (2013) Klinisch isoliertes Syndrom. Nervenarzt 84, 

10: 1247–1259, Online unter: doi: 10.1007/s00115-013-3845-1 

(147) Procaccini C, Rosa V de, Galgani M, Abanni L, Calì G, Porcellini A, Carbone F, Fontana S, 

Horvath TL, La Cava A, Matarese G (2010) An oscillatory switch in mTOR kinase activity sets 

regulatory T cell responsiveness. Immunity 33, 6: 929–941, Online unter: doi: 

10.1016/j.immuni.2010.11.024 

(148) Procaccini C, Rosa V de, Pucino V, Formisano L, Matarese G (2015) Animal models of 

multiple sclerosis. Eur J Pharmacol 759: 182–191, Online unter: doi: 

10.1016/j.ejphar.2015.03.042 

(149) Qiu Z-X, Zhang K, Qiu X-S, Zhou M, Li W-M (2013) CD226 Gly307Ser association with 

multiple autoimmune diseases: a meta-analysis. Hum Immunol 74, 2: 249–255, Online unter: 

doi: 10.1016/j.humimm.2012.10.009 

(150) Rahbar AR, Ostovar A, Derakhshandeh-Rishehri S-M, Janani L, Rahbar A (2017) Effect of 

conjugated linoleic acid as a supplement or enrichment in foods on blood glucose and waist 

circumference in humans: a metaanalysis. Endocr Metab Immune Disord Drug Targets 17, 1: 5–

18, Online unter: doi: 10.2174/1570161115999170207113803 

(151) Ramagopalan SV, Dyment DA, Valdar W, Herrera BM, Criscuoli M, Yee IML, Sadovnick AD, 

Ebers GC (2007) Autoimmune disease in families with multiple sclerosis: a population-based 

study. The Lancet Neurology 6, 7: 604–610, Online unter: doi: 10.1016/S1474-4422(07)70132-1 

(152) Reich DS, Lucchinetti CF, Calabresi PA (2018) Multiple sclerosis. N Engl J Med 378, 2: 169–

180, Online unter: doi: 10.1056/NEJMra1401483 

(153) Res PCM, Piskin G, Boer OJ de, van der Loos CM, Teeling P, Bos JD, Teunissen MBM (2010) 

Overrepresentation of IL-17A and IL-22 producing CD8 T cells in lesional skin suggests their 

involvement in the pathogenesis of psoriasis. PLoS ONE 5, 11: e14108, Online unter: doi: 

10.1371/journal.pone.0014108 

(154) Ritzenthaler KL, McGuire MK, Falen R, Shultz TD, Dasgupta N, McGuire MA (2001) 

Estimation of conjugated linoleic acid intake by written dietary assessment methodologies 

underestimates actual intake evaluated by food duplicate methodology. J Nutr 131, 5: 1548–

1554, Online unter: doi: 10.1093/jn/131.5.1548 

(155) Rolls BJ (2017) Dietary energy density: applying behavioural science to weight 

management. Nutr Bull 42, 3: 246–253, Online unter: doi: 10.1111/nbu.12280 



 

158 
 

(156) Rothhammer V, Quintana FJ (2016) Environmental control of autoimmune inflammation 

in the central nervous system. Curr Opin Immunol 43: 46–53, Online unter: doi: 

10.1016/j.coi.2016.09.002 

(157) Round JL, Mazmanian SK (2010) Inducible Foxp3+ regulatory T-cell development by a 

commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A 107, 27: 12204–

12209, Online unter: doi: 10.1073/pnas.0909122107 

(158) Rumah KR, Vartanian TK, Fischetti VA (2017) Oral multiple sclerosis drugs inhibit the in 

vitro growth of epsilon toxin producing gut bacterium, Clostridium perfringens. Front Cell Infect 

Microbiol 7: 11, Online unter: doi: 10.3389/fcimb.2017.00011 

(159) Saeys Y, van Gassen S, Lambrecht BN (2016) Computational flow cytometry: helping to 

make sense of high-dimensional immunology data. Nat Rev Immunol 16, 7: 449–462, Online 

unter: doi: 10.1038/nri.2016.56 

(160) Sailer M, Köhler W, Hoffmann FA (2018) Magnetresonanztomografie. In: Schmidt R M, 

Hoffmann F A, Faiss J H, Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, 

Deutschland, German Medical Collection, Bd 74, 7. Auflage, S. 135–172 [Abrufdatum: 24.10.18] 

(161) Satoh-Takayama N, Vosshenrich CAJ, Lesjean-Pottier S, Sawa S, Lochner M, Rattis F, 

Mention J-J, Thiam K, Cerf-Bensussan N, Mandelboim O, Eberl G, Di Santo JP (2008) Microbial 

flora drives interleukin 22 production in intestinal NKp46+ cells that provide innate mucosal 

immune defense. Immunity 29, 6: 958–970, Online unter: doi: 10.1016/j.immuni.2008.11.001 

(162) Sawcer S, Franklin RJM, Ban M (2014) Multiple sclerosis genetics. The Lancet Neurology 

13, 7: 700–709, Online unter: doi: 10.1016/S1474-4422(14)70041-9 

(163) Sawcer S, Hellenthal G, Pirinen M, Spencer CCA, Patsopoulos NA, Moutsianas L, Dilthey A, 

Su Z, Freeman C, Hunt SE, Edkins S, Gray E, Booth DR, Potter SC, Goris A, Band G, Oturai AB, 

Strange A, Saarela J, Bellenguez C, et al. (2011) Genetic risk and a primary role for cell-mediated 

immune mechanisms in multiple sclerosis. Nature 476, 7359: 214–219, Online unter: doi: 

10.1038/nature10251 

(164) Scalfari A, Knappertz V, Cutter G, Goodin DS, Ashton R, Ebers GC (2013) Mortality in 

patients with multiple sclerosis. Neurology 81, 2: 184–192, Online unter: doi: 

10.1212/WNL.0b013e31829a3388 



 

159 
 

(165) Schmitz K, Barthelmes J, Stolz L, Beyer S, Diehl O, Tegeder I (2015) "Disease modifying 

nutricals" for multiple sclerosis. Pharmacol Ther 148: 85–113, Online unter: doi: 

10.1016/j.pharmthera.2014.11.015 

(166) Schneider A, Long SA, Cerosaletti K, Ni CT, Samuels P, Kita M, Buckner JH (2013) In active 

relapsing-remitting multiple sclerosis, effector T cell resistance to adaptive Tregs involves IL-6-

mediated signaling. Sci Transl Med 5, 170: 170ra15, Online unter: doi: 

10.1126/scitranslmed.3004970 

(167) Schrezenmeier E, Jayne D, Dörner T (2018) Targeting B cells and plasma cells in glomerular 

diseases: translational perspectives. J Am Soc Nephrol 29, 3: 741–758, Online unter: doi: 

10.1681/ASN.2017040367 

(168) Shahi SK, Freedman SN, Mangalam AK (2017) Gut microbiome in multiple sclerosis: the 

players involved and the roles they play. Gut Microbes 8, 6: 607–615, Online unter: doi: 

10.1080/19490976.2017.1349041 

(169) Shevach EM, Thornton AM (2014) tTregs, pTregs, and iTregs: similarities and differences. 

Immunol Rev 259, 1: 88–102, Online unter: doi: 10.1111/imr.12160 

(170) Shibuya A, Campbell D, Hannum C, Yssel H, Franz-Bacon K, McClanahan T, Kitamura T, 

Nicholl J, Sutherland GR, Lanier LL, Phillips JH (1996) DNAM-1, a novel adhesion molecule 

involved in the cytolytic function of T lymphocytes. Immunity 4, 6: 573–581 

(171) Simpson S, Blizzard L, Otahal P, van der Mei I, Taylor B (2011) Latitude is significantly 

associated with the prevalence of multiple sclerosis: a meta-analysis. J Neurol Neurosurg 

Psychiatr 82, 10: 1132–1141, Online unter: doi: 10.1136/jnnp.2011.240432 

(172) Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M, Glickman JN, 

Garrett WS (2013) The microbial metabolites, short-chain fatty acids, regulate colonic Treg cell 

homeostasis. Science 341, 6145: 569–573, Online unter: doi: 10.1126/science.1241165 

(173) Stadelmann-Nessler C, Brück W (2018) Pathologie und Pathophysiologie. In: Schmidt R M, 

Hoffmann F A, Faiss J H, Köhler W, Zettl U K (Hrsg) Multiple Sklerose. Elsevier GmbH, München, 

Deutschland, German Medical Collection, Bd 74, 7. Auflage, S. 35–40 [Abrufdatum: 24.10.18] 

(174) Sundqvist E, Bergström T, Daialhosein H, Nyström M, Sundström P, Hillert J, Alfredsson L, 

Kockum I, Olsson T (2014) Cytomegalovirus seropositivity is negatively associated with multiple 

sclerosis. Mult Scler 20, 2: 165–173, Online unter: doi: 10.1177/1352458513494489 



 

160 
 

(175) Syndulko K, Jafari M, Woldanski A, Baumhefner RW, Tourtellotte WW (1996) Effects of 

temperature in multiple sclerosis: a review of the literature. Neurorehabilitation and Neural 

Repair 10, 1: 23–34, Online unter: doi: 10.1177/154596839601000104 

(176) Tao Y, Zhang X, Zivadinov R, Dwyer MG, Kennedy C, Bergsland N, Ramasamy D, Durfee J, 

Hojnacki D, Hayward B, Dangond F, Weinstock-Guttman B, Markovic-Plese S (2015) Immunologic 

and MRI markers of the therapeutic effect of IFN-β-1a in relapsing-remitting MS. Neurol 

Neuroimmunol Neuroinflamm 2, 6: e176, Online unter: doi: 10.1212/NXI.0000000000000176 

(177) Telesford KM, Yan W, Ochoa-Reparaz J, Pant A, Kircher C, Christy MA, Begum-Haque S, 

Kasper DL, Kasper LH (2015) A commensal symbiotic factor derived from Bacteroides fragilis 

promotes human CD39(+)Foxp3(+) T cells and Treg function. Gut Microbes 6, 4: 234–242, Online 

unter: doi: 10.1080/19490976.2015.1056973 

(178) Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, Correale J, Fazekas 

F, Filippi M, Freedman MS, Fujihara K, Galetta SL, Hartung HP, Kappos L, Lublin FD, Marrie RA, 

Miller AE, Miller DH, Montalban X, Mowry EM, et al. (2018) Diagnosis of multiple sclerosis: 2017 

revisions of the McDonald criteria. Lancet Neurol 17, 2: 162–173, Online unter: doi: 

10.1016/S1474-4422(17)30470-2 

(179) Thornton AM, Lu J, Korty PE, Kim YC, Martens C, Sun PD, Shevach EM (2019) Helios+ and 

Helios- Treg subpopulations are phenotypically and functionally distinct and express dissimilar 

TCR repertoires. Eur J Immunol 49, 3: 398–412, Online unter: doi: 10.1002/eji.201847935 

(180) Tremlett H, Paty D, Devonshire V (2006) Disability progression in multiple sclerosis is 

slower than previously reported. Neurology 66, 2: 172–177, Online unter: doi: 

10.1212/01.wnl.0000194259.90286.fe 

(181) Tzartos JS, Friese MA, Craner MJ, Palace J, Newcombe J, Esiri MM, Fugger L (2008) 

Interleukin-17 production in central nervous system-infiltrating T cells and glial cells is associated 

with active disease in multiple sclerosis. Am J Pathol 172, 1: 146–155, Online unter: doi: 

10.2353/ajpath.2008.070690 

(182) Unoda K, Doi Y, Nakajima H, Yamane K, Hosokawa T, Ishida S, Kimura F, Hanafusa T (2013) 

Eicosapentaenoic acid (EPA) induces peroxisome proliferator-activated receptors and 

ameliorates experimental autoimmune encephalomyelitis. J Neuroimmunol 256, 1-2: 7–12, 

Online unter: doi: 10.1016/j.jneuroim.2012.12.003 



 

161 
 

(183) van den Hoogen WJ, Laman JD, Hart BA 't (2017) Modulation of multiple sclerosis and its 

animal model experimental autoimmune encephalomyelitis by food and gut microbiota. Front 

Immunol 8: 1081, Online unter: doi: 10.3389/fimmu.2017.01081 

(184) van der Maaten L, Hinton G (2008) Visualizing data using t-SNE. Journal of Machine 

Learning Research 9, Nov: 2579–2605, Online unter: 

http://www.jmlr.org/papers/volume9/vandermaaten08a/vandermaaten08a.pdf 

(185) Venken K, Hellings N, Broekmans T, Hensen K, Rummens J-L, Stinissen P (2008) Natural 

naive CD4 + CD25 + CD127 low regulatory T cell (Treg) development and function are disturbed 

in multiple sclerosis patients: recovery of memory Treg homeostasis during disease progression. 

J Immunol 180, 9: 6411–6420, Online unter: doi: 10.4049/jimmunol.180.9.6411 

(186) Venken K, Hellings N, Thewissen M, Somers V, Hensen K, Rummens J-L, Medaer R, 

Hupperts R, Stinissen P (2008) Compromised CD4+ CD25high regulatory T-cell function in patients 

with relapsing-remitting multiple sclerosis is correlated with a reduced frequency of FOXP3-

positive cells and reduced FOXP3 expression at the single-cell level. Immunology 123, 1: 79–89, 

Online unter: doi: 10.1111/j.1365-2567.2007.02690.x 

(187) Vighi G, Marcucci F, Sensi L, Di Cara G, Frati F (2008) Allergy and the gastrointestinal 

system. Clin Exp Immunol 153 Suppl 1: 3–6, Online unter: doi: 10.1111/j.1365-

2249.2008.03713.x 

(188) Viladomiu M, Hontecillas R, Bassaganya-Riera J (2016) Modulation of inflammation and 

immunity by dietary conjugated linoleic acid. Eur J Pharmacol 785: 87–95, Online unter: doi: 

10.1016/j.ejphar.2015.03.095 

(189) Volpe E, Battistini L, Borsellino G (2015) Advances in T helper 17 cell biology: pathogenic 

role and potential therapy in multiple sclerosis. Mediators Inflamm 2015: 475158, Online unter: 

doi: 10.1155/2015/475158 

(190) Wallin MT, Culpepper WJ, Coffman P, Pulaski S, Maloni H, Mahan CM, Haselkorn JK, 

Kurtzke JF (2012) The Gulf War era multiple sclerosis cohort: age and incidence rates by race, 

sex and service. Brain 135, Pt 6: 1778–1785, Online unter: doi: 10.1093/brain/aws099 

(191) Wang HH, Dai YQ, Qiu W, Lu ZQ, Peng FH, Wang YG, Bao J, Li Y, Hu XQ (2011) Interleukin-

17-secreting T cells in neuromyelitis optica and multiple sclerosis during relapse. J Clin Neurosci 

18, 10: 1313–1317, Online unter: doi: 10.1016/j.jocn.2011.01.031 



 

162 
 

(192) Wang K-C, Tsai C-P, Lee C-L, Chen S-Y, Lin G-J, Yen M-H, Sytwu H-K, Chen S-J (2013) α-Lipoic 

acid enhances endogenous peroxisome-proliferator-activated receptor-γ to ameliorate 

experimental autoimmune encephalomyelitis in mice. Clin Sci 125, 7: 329–340, Online unter: 

doi: 10.1042/CS20120560 

(193) Weinshenker BG, Bass B, Rice GPA, Noseworthy J, Carriere W, Baskerville J, Ebers GC 

(1989) The natural history od multiple sclerosis: a geographically based study - I. Clinical course 

and disability. Brain 112, 1: 133–146, Online unter: doi: 10.1093/brain/112.1.133 

(194) Willer CJ, Dyment DA, Risch NJ, Sadovnick AD, Ebers GC (2003) Twin concordance and 

sibling recurrence rates in multiple sclerosis. Proc Natl Acad Sci U S A 100, 22: 12877–12882, 

Online unter: doi: 10.1073/pnas.1932604100 

(195) World Health Organization (2015) Healthy diet: fact sheet N°394, Online unter: 

http://www.who.int/elena/healthy_diet_fact_sheet_394.pdf?ua=1 [Abrufdatum: 02.09.19] 

(196) Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, Wu PM, Doykan CE, Lin J, 

Cotleur AC, Kidd G, Zorlu MM, Sun N, Hu W, Liu L, Lee J-C, Taylor SE, Uehlein L, Dixon D, Gu J, et 

al. (2014) Differential roles of microglia and monocytes in the inflamed central nervous system. 

J Exp Med 211, 8: 1533–1549, Online unter: doi: 10.1084/jem.20132477 

(197) Ye P, Li J, Wang S, Xie A, Sun W, Xia J (2012) Eicosapentaenoic acid disrupts the balance 

between Tregs and IL-17+ T cells through PPARγ nuclear receptor activation and protects cardiac 

allografts. J Surg Res 173, 1: 161–170, Online unter: doi: 10.1016/j.jss.2010.08.052 

(198) Youssef S, Stüve O, Patarroyo JC, Ruiz PJ, Radosevich JL, Hur EM, Bravo M, Mitchell DJ, 

Sobel RA, Steinman L, Zamvil SS (2002) The HMG-CoA reductase inhibitor, atorvastatin, 

promotes a Th2 bias and reverses paralysis in central nervous system autoimmune disease. 

Nature 420, 6911: 78–84, Online unter: doi: 10.1038/nature01158 

(199) Zhang R, Zeng H, Zhang Y, Chen K, Zhang C, Song C, Fang L, Xu Z, Yang K, Jin B, Wang Q, 

Chen L (2016) CD226 ligation protects against EAE by promoting IL-10 expression via regulation 

of CD4+ T cell differentiation. Oncotarget 7, 15: 19251–19264, Online unter: doi: 

10.18632/oncotarget.7834 



 

163 
 

Acknowledgments 

I would like to thank Univ.-Prof. Prof. h.c. Dr. Heinz Wiendl for giving me the opportunity to 

realize this project in the Department of Neurology with Institute of Translational Neurology at 

Münster University Hospital. 

I especially thank Univ.-Prof. Dr. Luisa Klotz for offering me this thesis project and for her excel-

lent, encouraging, support of my work as well as Univ.-Prof. Dr. Judith Alferink for her engage-

ment as my second supervisor. 

Furthermore, I am very grateful for the scientific and practical training as well as for the constant 

encouragement I received from the whole working group and the ICB team. Representatively, 

I would like to acknowledge the support by Ann-Katrin Fleck, Claudia Janoschka, Dr. Marie 

Liebmann and Dr. Melanie Eschborn. 

Moreover, I would like to thank Julia Sundermeier and the working group’s technical assistants 

for their excellent practical support. 

I acknowledge the financial and the non-material support of this work received from the 

Medizinerkolleg Münster, initiated and maintained by the University of Münster Faculty of 

Medicine.



 

164 
 

Curriculum vitae 

 



 

I 
 

Appendix 

Approval for the clinical study by the responsible ethics committee (Ethik-Kommission der Ärz-

tekammer Westfalen-Lippe und der Westfälischen Wilhelms-Universität Münster; registration 

number 2016-053-f-S, approved on 05.04.2016) – page 1 

 



 

II 
 

Approval for the clinical study by the responsible ethics committee (Ethik-Kommission der Ärz-

tekammer Westfalen-Lippe und der Westfälischen Wilhelms-Universität Münster; registration 

number 2016-053-f-S, approved on 05.04.2016) – page 2 

 



 

III 
 

Approval for the clinical study by the responsible ethics committee (Ethik-Kommission der Ärz-

tekammer Westfalen-Lippe und der Westfälischen Wilhelms-Universität Münster; registration 

number 2016-053-f-S, approved on 05.04.2016) – page 3 

 



 

IV 
 

Approval for the clinical study by the responsible ethics committee (Ethik-Kommission der Ärz-

tekammer Westfalen-Lippe und der Westfälischen Wilhelms-Universität Münster; registration 

number 2016-053-f-S, approved on 05.04.2016) – page 4 

 


	Abbreviations
	1 Introduction
	1.1 Multiple sclerosis
	1.1.1 Epidemiology
	1.1.2 Clinic
	1.1.2.1 Symptoms
	1.1.2.2 Clinical course
	1.1.2.3 Diagnosis

	1.1.3 Current therapy options
	1.1.4 Pathogenesis
	1.1.4.1 Lesional and systemic immune system alterations
	1.1.4.2 Genetic influences
	1.1.4.3 Environmental influences
	1.1.4.4 Immune cell metabolism in MS


	1.2 Conjugated linoleic acid
	1.2.1 Chemical aspects
	1.2.2 Occurrence in food items and natural intake
	1.2.3 Effects in the context of inflammatory diseases
	1.2.3.1 Effects on the immune system
	1.2.3.2 Effects on inflammatory diseases
	1.2.3.3 Effects in the context of CNS autoimmunity

	1.2.4 Discussed modes of action
	1.2.4.1 CLA influencing the immune system directly
	1.2.4.2 CLA influencing the immune cell metabolism
	1.2.4.3 CLA influencing the gut microbiota
	1.2.4.4 CLA metabolites as key molecules


	1.3 Aim of the thesis

	2 Material
	2.1 Devices
	2.2 Disposables
	2.3 Study medication
	2.4 Constituents of media and buffers
	2.5 Composition of media and buffers
	2.6 Chemicals and reagents
	2.7 Assay kits
	2.8 Antibodies for cell activation
	2.9 Antibodies for flow cytometry
	2.10 Software

	3 Methods
	3.1 Biological sample acquisition
	3.1.1 Clinical study
	3.1.1.1 Inclusion and exclusion criteria
	3.1.1.2 Study design
	3.1.1.3 Analysis of baseline demographical and clinical data
	3.1.1.4 Analysis of natural fat and CLA intake

	3.1.2 HC samples

	3.2 Cell culture
	3.2.1 PBMC isolation
	3.2.2 PBMC thawing
	3.2.3 Determination of cell concentrations
	3.2.3.1 Manual cell counting
	3.2.3.2 Automatic cell counting

	3.2.4 Adjustment of cell concentrations
	3.2.5 CD4+ T cell isolation
	3.2.6 Cell activation
	3.2.6.1 PHA activation
	3.2.6.2 LAC activation
	3.2.6.3 PMA / ionomycin activation
	3.2.6.4 anti-CD3 and anti-CD28 activation

	3.2.7 in vitro CLA Treatment

	3.3 Analytical methods
	3.3.1 Enzyme-linked immunosorbent assay (ELISA)
	3.3.2 Luminex® assay
	3.3.3 Propidium iodide (PI) staining
	3.3.4 Flow cytometry
	3.3.4.1 Surface staining at 4  C
	3.3.4.2 Surface staining at 37  C
	3.3.4.3 Combined surface and intracellular staining at 4  C
	3.3.4.4 Combined surface and intracellular staining at 37  C / 4  C
	3.3.4.5 Combined surface and intracellular staining at 4  C after LAC stimulation
	3.3.4.6 Data analysis

	3.3.5 Metabolism analysis

	3.4 Statistical methods
	3.4.1 Descriptive statistics
	3.4.2 Inferential statistics
	3.4.3 Handling of values < LLOQ or > ULOQ
	3.4.3.1 Values < LLOQ
	3.4.3.2 Values > ULOQ



	4 Results
	4.1 in vitro experiments
	4.1.1 Cytotoxicity investigation
	4.1.2 CD4+ T cell cytokine production upon activation
	4.1.2.1 Quantification in an ELISA assay
	4.1.2.2 Quantification in a Luminex® assay

	4.1.3 CD4+ T cell metabolism

	4.2 Clinical study
	4.2.1 Baseline demographical and clinical data
	4.2.2 Natural fat and CLA intake
	4.2.2.1 Fat intake
	4.2.2.2 CLA intake

	4.2.3 Clinical study endpoints
	4.2.3.1 Adherence to study medication
	4.2.3.2 Relapses
	4.2.3.3 EDSS during follow-up
	4.2.3.4 Paraclinical data
	4.2.3.5 Correlation of relapses, EDSS during follow-up and paraclinical data
	4.2.3.6 Adverse events

	4.2.4 In-depth functional immune phenotyping
	4.2.4.1 CD4+ T cells
	4.2.4.2 CD8+ T cells
	4.2.4.3 B cells
	4.2.4.4 CD4+ Treg cells

	4.2.5 CD4+ T cell cytokine production upon activation
	4.2.6 CD4+ T cell metabolism
	4.2.6.1 Oxidative phosphorylation (OXPHOS)
	4.2.6.2 Glycolysis



	5 Discussion
	5.1 Clinical data
	5.1.1 Baseline demographical and clinical data
	5.1.2 Natural fat and CLA intake
	5.1.3 Adherence to study medication
	5.1.4 Relapses, EDSS and paraclinical development during follow-up
	5.1.5 Adverse events

	5.2 In-depth functional immune phenotyping
	5.2.1 CD4+ T cells
	5.2.1.1 TH17 cells and related immune cell subsets
	5.2.1.2 CD4+ T cell cytokine production

	5.2.2 CD8+ T cells
	5.2.2.1 CD226 expression on CD8+ T cells
	5.2.2.2 CD8+ T cell cytokine production

	5.2.3 B cells
	5.2.4 CD4+ Treg cells
	5.2.5 Methodological limitations

	5.3 CD4+ T cell cytokine production upon activation
	5.4 CD4+ T cell metabolism
	5.5 Study limitations
	5.6 Gut microbiota
	5.7 Outlook

	6 Summary
	Figures
	Tables
	Literature
	Acknowledgments
	Curriculum vitae
	Appendix

