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Abstract 

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central nervous system 

(CNS) in which demyelination and neurodegeneration occurs. The immune system of MS patients is 

characterized by a dysregulation in the balance between pro- and anti-inflammatory immune cells, 

whereby both the innate and adaptive immune system are involved. Dimethyl fumarate (DMF) was 

licensed in 2013 as an oral first-line therapy for relapsing-remitting (RR)MS patients. It has a strong 

efficacy with neuroprotective and immunomodulatory effects and a favourable benefit-risk profile. 

However, the effects of DMF on the immune system of MS patients were not clear before entering 

the market. During the last years, numerous in vitro and ex vivo studies have clarified the working 

mechanism of DMF in MS. Here, we discuss the pharmacokinetics of DMF and its effect on molecular 

immune-related pathways, which is further linked to the clinical and immunological effects of DMF 

treatment. The efficacy and safety of DMF treatment for RRMS is discussed as reported from clinical 

trials. Further, the immunological effects of DMF treatment in RRMS patients are addressed in more 

detail, including the distribution and function of immune cells. Taken together, evidence from recent 

studies points to a multifactorial working mechanism of DMF treatment in MS which leads to a 

restored immune balance favouring a more tolerogenic or anti-inflammatory immune profile. 
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1. Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous system (CNS) in 

which infiltrated autoreactive immune cells damage the myelin resulting in a chronic demyelinating 

and neurodegenerative disease (1). MS is generally diagnosed in young adults and affects 

approximately 2.3 million people worldwide (1, 2). Relapsing-remitting (RR) MS is the most common 

form of the disease that occurs in 80 % of all MS patients and shows periods of clinical relapses 

alternated with periods of remission (1, 3). Different neuroanatomical locations are affected in MS, 

which results in a wide range of clinical symptoms such as sensory loss, fatigue, widespread 

weakness, blurred vision, depression and cognitive symptoms (1, 4). Within 20 years of diagnosis, 

half of the MS patients need mobility assistance and eventually develop extensive cognitive decline 

(1). MS is thought to have a multi-causal character, in which a combination of genetic and 

environmental risk factors are involved (1). 

 

The pathogenesis of MS features CNS-directed autoimmune responses that lead to the formation of 

sclerotic plaques via demyelination, astrocytosis, oligodendrocyte depletion and axonal degeneration 

(1, 5). Autoreactive CD4+ T cells are activated in secondary lymphoid organs via molecular mimicry, 

bystander effects or cross-reactivity following a failure of tolerance checkpoints (6-9). These CD4+ T 

cells migrate to the CNS where they are reactivated and produce inflammatory mediators such as 

cytokines and chemokines (6, 10). The inflammatory mediators attract other immune cells such as B 

cells, CD8+ T cells and macrophages. Together, the infiltrated immune cells cause an inflammatory 

reaction which leads to demyelinated lesions throughout the CNS (5, 9). Next to this “outside-in” 

model, the “inside-out” hypothesis states that the pathological processes in MS start in the CNS with 

the activation and infiltration of autoreactive lymphocytes occurring as a secondary event (10).  

 

The immune system of MS patients is characterized by a dysregulated balance favouring pro-

inflammatory responses. T cells have long been thought to be the most important players in MS 

pathogenesis. Effector memory CD4+ T cells can differentiate into T helper 1 (Th) 1 and Th17 cells, 

which produce pro-inflammatory cytokines including interferon-γ (IFN- γ) or interleukin-17 (IL-17), 

respectively, and granulocyte macrophage colony-stimulating factor (GM-CSF) (11, 12). CD8+ T cells 

exert cytotoxic functions (13) while central memory CD4+ T cells are prevalent in the cerebrospinal 

fluid of MS patients, provide help for B cell activation and stimulate dendritic cells (9). More recently, 

the emergence of B cell depleting treatment has emphasized the importance of B cells in MS 

pathogenesis (10, 14). Memory B cells, both IgD-CD27+ class-switched memory (CSM) and IgD+CD27+ 

non class-switched memory (NCSM), are involved in MS pathology by antigen presentation, cytokine 

production and costimulation of T cells (15-17). Further, IgD-CD27- double negative (DN) B cells with 

pro-inflammatory characteristics were recently described to be abnormally elevated in a proportion 

of MS patients (18). For the innate immune system, monocytes act as phagocytes, produce pro-

inflammatory factors and reactive oxygen species (ROS) (9). Natural killer (NK) cells, including 

CD56dimCD16+ NK cells and CD56brightCD16dim NK cells, are involved in the pathogenesis of MS by a 

disrupted killing activity and a lowered suppression of CD4+ T cell proliferation (19-21). Responses of 

non-pathological and anti-inflammatory immune cells are underrepresented in MS, which is one of 

the underlying causes of the immune imbalance observed in MS patients (22-24). These non-

pathological immune cells include naive T and B cells, T helper 2 (Th2) cells, producing IL-4, and 

regulatory T and B cells (Treg and Breg), producing IL-10. 
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Dimethyl fumarate (DMF, Tecfidera®, also known as BG-12) was licensed as the first oral first-line 

therapy for RRMS in 2013. Although it was known that DMF treatment had neuroprotective and 

immunomodulatory effects (25, 26), its multifactorial working mechanism was not fully unravelled at 

that time. In this review, we describe the molecular, clinical and immunological studies that have 

contributed to clarifying the mode of action of DMF. 

 

2. History of DMF as a therapeutic agent 

DMF is a fumaric acid ester, a small molecule with immunomodulating, anti-inflammatory and anti-

oxidative effects. Fumaric acids are intermediates of the citric acid cycle in humans, which is used by 

cells to produce energy. Fumaric acid esters have been used for years as a therapy for psoriasis, a 

chronic inflammatory skin disease mediated by skin-directed T cells resulting in scaly plaques (27-29). 

In 1959 the chemist Schweckendiek, who suffered from psoriasis, hypothesized that psoriasis is 

caused by a disturbance in the citric acid cycle as a result of decreased levels of its component 

fumaric acid. As free fumaric acid has a gastrointestinal irritating effect and is poorly absorbed by the 

intestines, he developed a mixture of fumaric acid esters out of the Fumaria officinalis plant which 

cleared his psoriasis (30). Since 1994, a mixture of ethyl hydrogen fumarates and DMF (60 %) has 

been licensed in Germany as Fumaderm® for the systemic treatment of severe psoriasis. Studies of 

Fumaderm® reported high efficacy in psoriasis patients with an immunomodulatory potential of 

fumaric acid esters and a positive long-term safety profile, which made it a potential candidate for 

the treatment of MS (31-33). An exploratory open-label pilot study with Fumaderm® was conducted 

in 6 RRMS patients already in 2006. This study reported an improvement of disease activity by 

reducing the brain lesion number and volume after 18 weeks of treatment (34). Furthermore, this 

pilot study revealed immunomodulatory effects of fumaric acids in RRMS patients, such as an 

increase in anti-inflammatory IL-10 expressing CD4+ T cells. Regardless of the small number of 

included patients, this first study suggested that clinical trials of fumaric acid esters in RRMS patients 

were warranted (34). 

 

3. Pharmacokinetics of DMF   

DMF is hydrolysed into MMF by esterases in the small intestine. It was previously shown that an 

alkaline environment (pH 8), as is present in the small intestine, is necessary for this hydrolysis and 

that no hydrolysis of DMF occurs in an acidic environment (pH 1) resembling the stomach (35). Since 

only MMF and no DMF is detectable in the serum following DMF intake, it has long been thought 

that DMF is completely hydrolysed to MMF (36, 37). However, it has become clear that one part of 

DMF is hydrolysed into MMF while another reacts with glutathione (GSH) to form long-lived GSH-

conjugates that were detected in the urine of DMF-treated psoriasis patients (37-40). Thus, both 

MMF and DMF can exert biologically relevant activities. Furthermore, lymphocytes and monocytes 

were shown to effectively hydrolyse MMF and DMF, which resulted in a faster removal of MMF and 

DMF from whole blood than from serum (35). Plasma levels of MMF are highly variable, ranging from 

1 to 5 µg/ml  (equivalent to 10 – 40 µM), and are dependent on food intake (36, 41). Furthermore, 

DMF and MMF are physiologically active between 5.5 and 50 µM (toxic at 150 µM) and 50 and 150 

µM (toxic at 450 µM), respectively (42). DMF and MMF exhibited a similar response profile in vitro 

but at distinctly different doses, namely 16.7 µM for DMF and 150 µM for MMF. Together, these 

findings could imply that different anatomic compartments and immune cell populations are exposed 

to different doses of DMF and MMF, which could have an influence on the working mechanism and 

therapeutic effects. 
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4. Molecular mechanism of action of DMF 
 

4.1 Nuclear factor erythroid-derived 2 (Nrf2) pathway activation 

The neuroprotective effect of DMF and MMF is caused by activation of the transcription factor 

nuclear factor erythroid-derived 2 (Nrf2) (26). Nrf2 is expressed as a redox sensor in every cell of the 

body, including neurons, astrocytes, microglia and immune cells (26, 43, 44). In vitro MMF treatment 

of human and rodent astrocytes led to a covalent modification of cysteine residue 151 of keap1 

protein, which is the inhibitor or Nrf2 (Figure 1A) (26). This resulted in the dissociation of keap1 from 

Nrf2, Nrf2 activation and increased transcription of anti-oxidant target genes, including aldo–keto 

reductase family 1 member B10 (AKR1B10) and NADP(H) quinoline oxidoreductase-1 (NQO-1) (26). In 

this way, DMF/MMF could exert neuroprotective and cell survival effects (26, 45). Both DMF and 

MMF can covalently bind to cysteine residues of proteins via a process called protein succination. 

However, DMF and MMF have differing degrees of activity, which resulted in a greater accumulation 

of Nrf2 in human astrocytes treated in vitro with DMF than with MMF (46). In vivo, DMF treatment of 

mice with experimental autoimmune encephalomyelitis (EAE), the animal model for MS, induced an 

increase in free Nrf2 in neuronal and glial cells, resulting in a beneficial effect on disease score (26). 

This effect was almost completely abolished when using Nrf2 knockout mice. 

However, EAE studies using Nrf2 knockout mice also showed that not all immune modulating activity 

of DMF is dependent of the Nrf2 pathway. DMF treatment of both Nrf2 knockout and wild-type mice 

reduced EAE susceptibility (47, 48). Further, both Nrf2 knockout and wild-type EAE mice showed 

reduced frequencies of Th1 and Th17 cells and reduced B cell MHCII expression (48). In addition, 

downregulation of the adhesion molecule very late antigen-4 (VLA-4) was observed on T cells and B 

cells of EAE mice following DMF treatment in a Nrf2-independent manner (47). Other molecular 

pathways involved in the neuroprotective and immune modulating effects of DMF are described 

below. 

 

4.2 Nuclear factor (NF)-κB pathway inhibition 

DMF, but not MMF, was shown to interact with cysteines in several proteins involved in the nuclear 

factor (NF)-κB pathway, such as IκB kinase β (IKKβ). Consistent with these targets, DMF blocked the 

nuclear translocation of p65 and p52 in the NF-κB pathway (Figure 1B) (42, 49). One of the main 

targets of DMF was protein kinase C theta (PKC-θ) (49), which is expressed in T cells where it is 

responsible for the engagement of the T cell receptor and the costimulatory molecule CD28. By 

blocking cysteine residues in PKC-θ, DMF inhibited IL-2 secretion by activated T cells (Figure 1C). 

Consequently, DMF inhibited the production of NF-κB driven pro-inflammatory factors such as IL-6, 

interferon-γ induced protein 10 (IP10) and macrophage inflammatory protein (MIP)-1β by 

polyclonally stimulated human peripheral blood mononuclear cells (PBMCs) (42). Correspondingly, 

another study indicated that DMF but not MMF inhibited the nuclear binding of NF-κB in purified 

human T cells, although the used concentration of MMF was probably too low (50). 

 

4.3 Hydroxycarboxylic acid receptor 2 (HCAR2) activation 

The contribution of the hydroxycarboxylic acid receptor 2 (HCAR2) to the clinical efficacy of DMF was 

shown in EAE mice where DMF treatment had positive effects on disease score, immune cell 

infiltration and demyelination in wild-type but not HCAR2 knockout mice (51). HCAR2 is a G protein-

coupled receptor that is expressed by immune cells such as macrophages, microglia, neutrophils, 

epidermal Langerhans cells and dendritic cells, but not by lymphocytes (52-57). HCAR2 was indicated 
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to exert an anti-inflammatory effect by inhibiting transcription of NF-κB related genes, which led to a 

switch from classically activated pro-inflammatory microglia to alternatively activated anti-

inflammatory microglia in the CNS of EAE mice and the inhibition of pro-inflammatory molecule 

secretion (Figure 1D) (58). Further, HCAR2 activation was shown to induce apoptosis via decreasing 

cyclic adenosine monophosphate (AMP), to induce post-translational modification of B-cell 

lymphoma 2 (Bcl-2) family members and to reduce monocyte/macrophage chemotaxis and adhesion 

to endothelial cells (53, 57, 59, 60). The interaction of MMF with HCAR2 was also detected in vivo, 

since HCAR2 could cause flushing, a side effect of DMF treatment in MS patients, via the release of 

prostaglandin 2 (52, 61). 

 

4.4 Glutathione depletion 

Glutathione (GSH) is an anti-oxidant thiol that protects cells from oxidative stress, regulates cell 

proliferation, apoptosis and immune function (62). DMF can cause depletion of circulating GSH levels 

by binding to its free cysteines and forming GSH conjugates (Figure 1E) (63). Differential effects of 

DMF and MMF on GSH depletion from human astrocytes were observed, as DMF treatment 

transiently depleted intra- and extracellular GSH levels during 10 h after which GSH levels gradually 

increased while MMF increased GSH levels after 24 h of treatment (46). GSH depletion could 

contribute to the immunosuppressive and anti-inflammatory properties of DMF as it leads to an 

induction of the anti-inflammatory stress protein heme oxygenase 1 (HO-1), which reduces pro-

inflammatory cytokine secretion in activated human PBMCs (64). The increase in total GSH after 

depletion may be a compensatory response or may be the result of GSH synthesis induced via the 

Nrf2 pathway by DMF and MMF (Figure 1A) (46, 62, 65). Additionally, DMF can induce GSH recycling 

via increasing glutathione reductase (GSR) which catalyses glutathione disulphide (GSSG) reduction 

to GSH by using NADPH (Figure 1E). The increase in GSH is important for the neuroprotective effect 

of DMF since it makes the cells resistant against oxidative stress (46, 65, 66). 

 

4.5 Inhibition of aerobic glycolysis 

DMF and MMF were shown to interact with cysteine residues of the glycolytic enzyme 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), both in vitro and in vivo (Figure 1F) (67, 68). 

Consequently, GAPDH is inactivated which results in an inhibition of the aerobic glycolysis in myeloid 

and lymphoid cells. Effector lymphocytes, such as Th1 and Th17 cells, require glycolysis for their 

proliferation, survival and effector functions such as cytokine production (69). On the contrary, 

differentiation of regulatory immune cells is driven by oxidative metabolism (68-70). Thus, DMF 

could mediate anti-inflammatory effects in lymphocytes by downregulating the glycolysis (68). 

 

5. Efficacy of DMF in animal models for MS 

Based on the results and the clinical success of the 2006 pilot study in RRMS patients (34), Schilling et 

al. investigated the efficacy of DMF in EAE (71). Prophylactic administration of DMF or MMF resulted 

in a decreased disease activity and reduced spinal cord infiltration of T cells and macrophages 

compared to control animals receiving vehicle alone (71). Later, Linker et al. reported a reduced 

disease activity following both prophylactic and therapeutic DMF treatment in the chronic phase of 

EAE (26). DMF exerted neuroprotective effects reflected by a 60 % reduction of demyelination, by 

neuronal and myelin preservation and by a reduced activation of astrocytes (26). In a spontaneous 

chronic EAE model in which both T and B cell receptors were specific for myelin oligodendrocyte 

glycoprotein (MOG), low dose DMF treatment resulted in a decreased disease activity, less 
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demyelination and less macrophage infiltration in the spinal cord compared to control mice treated 

with vehicle alone and to mice treated with a high dose of DMF (72). Schulze-Topphoff et al. 

confirmed a reduced severity and incidence of spontaneous chronic EAE after DMF treatment (48).  

Furthermore, in an acute EAE model, combination treatment of DMF and IFN-β ameliorated the EAE 

disease course (73). Hereby, DMF-treated mice showed higher axonal densities and milder 

demyelination compared to control mice receiving vehicle and compared to mice receiving IFN-β 

monotherapy.  

 

6. Clinical trials of DMF treatment in RRMS patients 

 

6.1 Efficacy 

In 2006, Biogen started to develop Tecfidera® for the treatment of RRMS. Tecfidera® is a 

combination of DMF and several galenics that improve gastric tolerability of the drug when 

compared to previous formulations (74). The efficacy of DMF in enteric-coated capsules in the 

treatment of RRMS in adults was evaluated in 2008 in a randomized, multi-center, double blind, 

placebo controlled phase II trial (75). Patients were randomized to receive either placebo, 120 mg 

DMF once daily, 120 mg DMF three times daily or 240 mg DMF three times daily for 24 weeks. The 

mean total number of new gadolinium enhancing (GdE) lesions on brain magnetic resonance imaging 

(MRI, primary endpoint) was reduced by 69 % from week 12 to 24 in the 240 mg three times daily 

treated RRMS patients (75). Subsequently, two phase III trials were conducted, namely 

Determination of the Efficacy and Safety of Oral Fumarate in RRMS (DEFINE) and Comparator and an 

Oral Fumarate In RRMS (CONFIRM) (61, 76). The DEFINE study was a double blind study where 

patients were randomly assigned to receive either placebo, DMF at 240 mg twice daily or three times 

daily. The proportion of RRMS patients who had a relapse within 2 years of DMF treatment (primary 

endpoint, 27 % for DMF twice daily and 26 % for DMF three times daily) reduced significantly 

compared to placebo (46 %) (61). In the CONFIRM study, patients were randomly assigned to receive 

placebo, DMF twice or three time daily and patients taking glatiramer acetate were used as a 

comparator. After 2 years of treatment, the annualized relapse rate (primary endpoint) was 

significantly reduced in the two DMF-treated groups (0.22 for DMF twice daily and 0.20 for DMF 

three times daily) and the glatiramer actetate treated group (0.29) compared to placebo (0.40) (76). 

As a result, DMF was approved by the Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) to be prescribed as a first-line therapy for RRMS patients at a dosing of 240 

mg twice a day. Integrated analyses of the two phase III studies showed a high efficacy of DMF in 

newly diagnosed RRMS patients with a low EDSS score (77). 

 

Disability was measured using the Multiple Sclerosis Functional Composite (MSFC) in the DEFINE and 

CONFIRM studies (78). The MSFC assesses motor function of the leg and ambulation with the Timed 

25-Foot Walk (T25W), arm and hand function with the 9-Hole Peg Test (9HPT), and cognitive function 

with Paced Auditory Serial Addition Test (PASAT-3). MS patients treated with DMF showed an 

improved and superior MSFC compared to placebo (78). These results were reinforced by our own 

study, including mostly newly diagnosed RRMS patients, since 9/9 and 7/9 DMF-treated MS patients 

demonstrated a stable T25W and 9HPT, respectively, and an improvement was detected in the 

PASAT-3 score after 1 year of DMF treatment compared to baseline (79). 
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6.2 Safety 

The DEFINE and CONFIRM studies showed mild to moderate side effects of DMF including gastro-

intestinal events and flushing which decreased after 1-2 months (61, 76). To increase tolerability, 

patients are recommended to start with 120 mg for a week after which the dose should be increased 

up to 240 mg twice a day. The patients of the DEFINE and CONFIRM studies were followed for 

another 3 years in a long-term extension study (ENDORSE), which resulted in a total follow-up of 5 

years (80). The safety profile of DMF was acceptable and comparable with the DEFINE/CONFIRM 

studies. However, a case of progressive multifocal leukoencephalopathy (PML), an opportunistic 

brain infection caused by the John Cunningham (JC) virus, was reported in a DMF-treated MS patient 

with severe prolonged lymphopenia (81). In 2016, already four other cases of PML were reported 

(81). Nonetheless, in RRMS patients continuing DMF treatment, mean white blood cells and 

lymphocyte counts remained stable throughout time (80). To reduce the risk of PML, it is 

recommended to monitor lymphocyte counts before treatment and every 3 months (EMA) or every 

6-12 months (FDA) thereafter. Discontinuation of DMF should be considered for MS patients 

experiencing lymphopenia (< 500 cells/mm3) persisting for more than 6 months (80).  

 

In conclusion, clinical trials of DMF have shown strong efficacy and a sustained and favourable 

benefit-risk profile for RRMS patients. Detailed analysis of clinical parameters indicated that DMF 

treatment protects MS patients from a progressive decline in motor and cognitive function. 

 

7. Immunological studies of DMF treatment in RRMS patients  
 

Several studies have investigated the effects of DMF treatment on immune cell number, frequency 

and function in RRMS patients. An overview of these studies and the most important reported 

effects of DMF treatment are presented in Figure 2 and Tables 1-3. 

 

7.1 Effects of DMF treatment on the number and frequency of immune cell subtypes 

DMF treatment has been shown to have immunosuppressive effects. In addition, differential effects 

on the distribution of specific immune cell subtypes have been demonstrated. 

 

7.1.1 DMF treatment can induce lymphopenia 

DMF treatment significantly decreased the total number of leukocytes and lymphocytes (Table 1), 

however it did not affect the number of monocytes, neutrophils and basophils (82, 83). This suggests 

that DMF particularly targets the adaptive immune system. Fleisher et al. found an association 

between lymphopenia and disease activity with a lower number of T cells, NK cells and B cells in 

lymphopenic versus non-lymphopenic DMF-treated MS patients (84). Similar results were reported at 

the same time by Chaves et al., although NK cells were not affected in this study (85). Lymphopenia 

could thus protect DMF-treated MS patients from inflammatory MS disease activity, although it is 

also a risk factor for the development of PML. An integrated analysis of phase IIb/III long-term 

extension studies (DEFINE, CONFIRM, ENDORSE) in MS patients treated with DMF for 1-7 years 

indicated an incidence of grade 3 lymphopenia of 7 % (86). An absolute lymphocyte number lower 

than 500/mm3 persisting for more than 6 months was proposed as effective early predictor for 

developing prolonged lymphopenia. Following one year of DMF treatment, the absolute lymphocyte 

number remained stable (86). In conclusion, the risk of PML should be taken into consideration, 

although the monitoring of the absolute lymphocyte number could reduce this risk, and long-term 

use of DMF results in a stable absolute lymphocyte number. 
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7.1.2 DMF treatment preferentially reduces cytotoxic T cells  

When considering the absolute number of lymphocyte subtype populations, DMF treatment 

decreased B cells, CD4+ T cells and CD8+ T cells (Figure 2, Table 2, 3) (67, 82-84, 87, 88). However, 

several studies indicated an increased CD4+/CD8+ T cell ratio after DMF treatment, indicating a 

preferential loss of CD8+ T cells (67, 82-84, 87, 88). This reduction of CD8+ T cells is a general 

characteristic of DMF treatment since it was also detected in psoriasis patients treated with 

Fumaderm (89). When compared to MS patients with active disease, MS patients with a stable 

disease course presented with a lower number of lymphocytes, CD4+ T cells, CD8+ T cells and B cells 

and an increased CD4+/CD8+ T cell ratio following DMF treatment (84). Moreover, the number of 

CD8+ T cells, lymphocytes and B cells were indicated as predictors of treatment response (84). 

Additionally, the number of CD8+ T cells was preferentially decreased compared to CD4+ T cells and B 

cells in lymphopenic DMF-treated MS patients when compared to non-lymphopenic DMF-treated MS 

patients (84, 85). 

 

In the studies of Khatri et al. and Spencer et al., a decline of CD8+ T cells below the lower limit of 

normal (LLN, 200 cells/µl) was observed in half or the majority of the DMF-treated MS patients, 

respectively (82, 88). Since CD8+ T cells are thought to contribute to the defence against the JC virus, 

it was suggested that a sustained reduction of CD8+ T cells could be a risk factor for PML (82, 88). 

However, we previously identified only 14% of the DMF-treated MS patients with a CD8+ T cell 

number below the LLN in our longitudinal study (79). The inclusion of older MS patients previously 

treated with second-line treatments in the first studies and the lower patient number in the latter 

study could account for the discrepancy in CD8+ T cell number. 

 

In conclusion, we and other research groups have observed that one of the important effects of DMF 

treatment in MS is the reduction of CD8+ T cells. 

 

7.1.3 DMF treatment preferentially reduces memory and effector memory T and B cells 

When analysing the absolute number of B and T cell subtypes, we showed a decreased absolute 

number of memory CD4+ and CD8+ T cells, memory B cells (class-switched and non class-switched) 

and DN B cells after 12 months of DMF treatment (79). Naive CD4+ and CD8+ T cells, naive and 

transitional B cells, that are not involved in MS pathology, were decreased or unchanged following 

DMF treatment (Table 2, 3) (79). Li et al. showed that already after 3 months of DMF treatment, 

mature and differentiated B cells, but not transitional B cells, are preferentially lost in the circulation 

(Table 3) (90). These data suggest that the output of immature B cells from the bone marrow is not 

prevented by DMF (79, 90). 

 

Next to the absolute cell number, it is important to consider the frequencies of the immune cell 

subtypes in order to determine the changes in the relative composition of the remaining cell 

population following DMF treatment. Several groups have shown that DMF treatment decreased the 

frequencies of central memory and effector memory CD4+ and CD8+ T cells, while naive CD4+ and 

CD8+ T cell frequencies were increased in DMF-treated MS patients (Figure 2, Table 2) (25, 79, 83, 91, 

92). Medina et al. reported similar effects of DMF treatment on effector memory and naive T cells 

but could not confirm the decrease in central memory T cell subtypes (93). This discrepancy with the 

other studies could be due to the limited follow-up period of 6 months in the latter study. Ghadiri et 
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al. showed a continued reduction in the frequency of central memory T cells after 6 months that was 

statistically significant after 12 months of DMF treatment (91). DMF treatment exhibited similar 

effects on B cells by decreasing the frequencies of non class-switched memory B cells, class-switched 

memory B cells and DN B cells while increasing naive and transitional B cells in MS patients (Figure 2, 

Table 3) (79, 93-95).  

 

In conclusion, depletion of memory and effector memory T and B cells is one of the effects of DMF in 

MS (Figure 2). In this way, DMF is capable of redirecting the disrupted immune balance of MS 

patients away from the pro-inflammatory immune response.   

 

7.1.4 DMF treatment increases the anti-inflammatory Treg and Breg 

Differences are found concerning the effect of DMF treatment on the frequency of Treg. Most 

studies did not find a change in the frequency of Treg (CD4+CD127lowCD25+ or CD4+CD25+Foxp3+) in 

DMF-treated MS patients (79, 91-94). However, Treg can be subdivided into different subtypes 

depending on the expression of several functional markers (96-98). Longbrake et al. did not find an 

effect of DMF treatment on the CD39+ Treg subtype (Table 2) (94), which was previously shown to 

suppress IFN-γ and IL-17 production by effector cells more efficiently than CD39- Treg (99). Further, 

Gross et al. reported an increase in the frequency of the peripheral derived Treg 

(CD4+CD127lowCD25highFoxP3+Helios-) under DMF treatment (Table 2) (25). DMF can thus influence 

specific Treg subtypes and more research is needed to evaluate this further. 

 

The frequency of transitional B cells, that can differentiate into Breg, was increased following DMF 

treatment in MS patients (Table 3) (79). Lundy et al. described an increase in the frequency of Breg in 

DMF-treated MS patients although the extent of the increase varied greatly between patients, a 

finding that might explain the lack of an effect on Breg in the study of Medina et al. (Table 3) (93, 

100). Furthermore, using in vitro experiments we showed that DMF could directly increase the 

frequency of Breg (79). Breg suppress Th1 and Th17 cell differentiation while inducing the generation 

of Treg and could therefore contribute to the efficacy of DMF in MS treatment (101). 

 

Taken together, DMF has the capacity to increase the frequency of 

CD4+CD127lowCD25highFoxP3+Helios- Treg and Breg (Figure 2), although differences were observed 

between studies. These data again contribute to the DMF induced shift in the immune balance to a 

more anti-inflammatory profile.  

 

7.1.5 DMF treatment decreases the CD56dim NK cell number and increases the CD56bright NK cell 

frequency 

The absolute number and frequency of total NK cells was not changed in DMF-treated MS patients 

(83, 85, 93, 102). However, when considering different subtypes of NK cells, DMF treatment was 

shown to decrease the absolute number of CD56dim NK cells while CD56bright NK cells were not 

affected in a cross-sectional study but increased in 2 follow-up studies (Figure 2, Table 1) (79, 92, 

102). Further, the frequency of CD56bright NK cells was increased to a greater extent than the 

frequency of CD56dim NK cells in DMF-treated MS patients (Table 1) (79, 93). CD56bright NK cells have 

been considered to be different from CD56dim NK cells because they showed a reduced cytotoxicity 

and an enhanced cytokine production (19). The beneficial role of CD56bright NK cells in the 

pathogenesis of MS patients was highlighted when their expansion was correlated with the efficacy 
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of daclizumab, a humanized anti-CD25 monoclonal antibody, in MS treatment (103). Since CD56bright 

NK cells can lyse autoreactive T cells, harbour a high migratory capacity across the blood-brain 

barrier and are enriched in the cerebrospinal fluid of MS patients (104, 105), they are potentially 

important to limit autoimmunity following DMF treatment. 

 

7.2 Effects of DMF treatment on the function of immune cells 

When considering the function of specific immune cell subtypes, DMF has been reported to affect 

the cytolytic function of NK cells, apoptosis, cytokine production, T cell activation and proliferation 

and B cell costimulation and antigen presentation. 

 

7.2.1 DMF treatment restores the cytolytic function of NK cells  

Although DMF treatment increased the frequency of CD56bright NK cells in MS patients, it is also 

important to investigate the effect of DMF on the killing activity of NK cells as this NK cell function is 

disrupted in MS patients and is correlated with symptomatic relapse (21). In vitro treatment of 

human NK cells with MMF increased the killing activity of CD56+ NK cells but not of CD56- NK cells 

towards tumor cells (106, 107). Furthermore, NK cells of DMF-treated MS patients presented with an 

increased cell degranulation and cytotoxicity towards activated autologous T cells when treated with 

DMF or MMF compared to vehicle (Figure 2) (102). Expression of CD155, involved in NK cell cytolysis 

(104), was preferentially expressed on CD8+ T cells and central memory T cells compared to CD4+ T 

cells and naive T cells, respectively (102). This could point to the involvement of CD56bright NK cells in 

the preferential loss of memory CD8+ T cells, which was also suggested by the finding of a negative 

correlation between the frequency of CD56bright NK cells and memory CD8+ T cells (93, 102). In 

conclusion, the restored cytolytic function of NK cells in DMF-treated MS patients could play a role in 

controlling autoimmunity via preferential targeting of CD8+ T cells and memory T cells.  

 

7.2.2 DMF treatment induces apoptosis of immune cells  

Several studies investigated whether the reduction in peripheral blood lymphocyte subtypes in DMF-

treated MS patients was the result of apoptosis of these cells. DMF, but not MMF, was shown to 

induce a dose- and time-dependent apoptosis of preferably activated human T cells (CD4+, CD8+ and 

memory) by downregulating Bcl-2 expression (Figure 2) (108). When considering T cell subtypes, 

Ghadiri et al. and Wu et al. detected a preferential effect of DMF on apoptosis induction of CD8+ T 

cells compared to CD4+ T cells of healthy controls (83, 91). Moreover, central memory and effector 

memory CD4+ and CD8+ T cells exhibited greater susceptibility to DMF-induced apoptosis compared 

to naive T cells and Treg (91). For B cells, we showed that in vitro treatment with DMF, but not MMF, 

induced apoptosis of polyclonally stimulated B cells from healthy controls and untreated MS patients 

in a concentration-dependent manner with B cells of MS patients appearing to be more vulnerable 

(79). Additionally, Li et al. detected a preferential effect of in vitro DMF induced apoptosis on mature 

B cells compared to transitional B cells of healthy controls (90). In conclusion, these data suggest that 

DMF but not MMF can directly induce apoptosis in T cells and B cells and the preferential reduction 

of CD8+ T cells and memory immune cell subtypes detected ex vivo in DMF-treated MS patients can 

be the result of their greater susceptibility to DMF-induced apoptosis. 

  

7.2.3 DMF treatment inhibits pro-inflammatory cytokines 

Several studies indicated reduced frequencies of pro-inflammatory GM-CSF+, IFN-γ+, TNFα+, IL-22+ 

and IL-17+ CD4+ T cells of DMF-treated MS patients following ex vivo stimulation, while the frequency 
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of IL-4+ and IL-10+ CD4+ T cells remained unchanged (Figure 2) (25, 79, 83, 91, 94). However, another 

study could not find an effect of DMF treatment on GM-CSF+, TNFα+ and IL17+ CD4+ T cells, possibly by 

the use of different stimulation conditions (93). Furthermore, the latter study was limited to 6 

months of follow-up while our study as well as the study of Wu et al. showed that IL17+ CD4+ T cells 

were reduced after a longer period of DMF treatment (79, 83, 93). For CD8+ T cells, DMF treatment 

reduced the frequency of pro-inflammatory IFN-γ+ and TNF-α+ CD8+ T cells while the frequency of IL-

10+ CD8+ T cells did not change in MS patients (Figure 2) (91, 93, 94). Medina et al. further described 

an increased frequency of GM-CSF+ CD8+ T cells (93) which was not confirmed by Longbrake et al. 

(94).  

 

Similar to its effect on T cells, DMF treatment decreased the absolute number and frequency of pro-

inflammatory TNF-α+, GM-CSF+ and IL-6+ B cells while no effect was observed on IL-10+ B cells in MS 

patients (Figure 2) (90, 95). When analysing B cells of DMF-treated MS patients stimulated in vitro 

with CD40 ligand, Lundy et al. found an increased B cell IL-10 production following 4-6 months of 

treatment compared to baseline (100). In addition, reductions of IFN-y+ CD4+ and CD8+ T cells, TNF-α+ 

CD8+ T cells and B cells could be predictors for stable disease in DMF-treated MS patients (93). In 

conclusion, DMF treatment shifts the inflammatory Th1, Th17 and B cell response to a more 

tolerogenic response in MS patients. 

 

7.2.4 DMF treatment inhibits T cell activation and proliferation 

DMF treatment has been shown to interfere with the activation and proliferation of T cells. The 

frequency of activated CD69+ T cells was reduced in DMF-treated MS patients, particularly in the 

memory T cell subtype and even beyond 18 months of treatment (Figure 2) (83). DMF directly 

inhibited activation of T cells from healthy controls, as shown by in vitro experiments (83). DMF 

further interferes with immune cell activation by blocking aerobic glycolysis of lymphoid cells by 

inactivation GAPDH, as described above (Figure 1F) (68). In addition, DMF directly inhibited T cell 

proliferation in a dose-dependent manner whereby CD8+ T cells were more vulnerable than CD4+ or 

total CD3+ T cells (83). Interestingly, this anti-proliferative effect was alleviated under in vivo DMF 

treatment of MS patients (67). The anti-proliferative function of DMF is probably the result of the 

reduced nuclear translocation of the p65 subunit of NF-κB in PBMCs (Figure 1B) (67). Although DMF 

treatment did not abrogate the generation and release of CD4+ recent thymic emigrants (RTEs), the 

resulting increased frequency of new CD4+ T cells was not sufficient to replete the DMF induced T cell 

loss (91). 

 

It has been suggested that DMF could protect the immune cells from oxidative stress via activation of 

the Nrf2 signaling pathway (26). Indeed, DMF reduced levels of reactive oxygen species (ROS) in 

activated T cells of healthy controls in vitro (83). However, in MS patients, DMF treatment induced 

oxidative stress in T cells, which was shown by increased levels of cytosolic oxidants in T cells, 

decreased levels of anti-oxidative compounds and increased GSH metabolism in serum of DMF-

treated MS patients (67). This increased oxidative stress in T cells contributes to both the inhibition 

of T cell proliferation and induction of apoptosis by DMF (67) and in turn also to the in vivo 

redistribution of T cell subtypes. 

 

Additionally, one study reported a repair of the Treg suppression capacity, which is decreased in 

treatment naive MS patients (109), in DMF-treated MS patients by reducing the IL-6 receptor on 
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effector T cells (110). Together, DMF treatment dampens the response of pro-inflammatory effector 

T cells in MS by blocking their activation and proliferation and making them more responsive for 

suppression by Treg.   

 

7.2.5 DMF treatment interferes with antibody-independent functions of B cells 

DMF treatment did not change serum levels of total immunoglobulin M (IgM), IgG or IgA, nor did it 

change the frequencies of IgG+, IgM+ or IgA+ B cells in MS patients (67, 79, 94). Ex vivo analysis 

indicated a decrease in B cell expression of surface markers that are important for B cell - T cell 

interactions, such as CD11c, CD43, CD80 and CD83, following DMF treatment (Figure 2) (90). 

Longbrake et al. detected a decrease in the frequency of CD80+ non class-switched memory B cells 

while CD86+ B cell subtypes were not affected in DMF-treated MS patients (94). Furthermore, our 

study demonstrated that DMF directly decreased expression of antigen presentation molecule HLA-

DR/DP/DQ, costimulatory molecule CD40 and survival marker B-cell activating factor receptor 

(BAFFR) on B cells of MS patients using in vitro experiments (Figure 2) (79). In addition, polyclonal 

activation of B cells from DMF-treated MS patients could be eliminated and even inversed by in vitro 

DMF stimulation via decreasing CD40, CD86 and CD150 expression (67). Interestingly, after 3 months 

of DMF treatment the activation potential of B cells decreased in MS patients compared to baseline 

(67). In conclusion, DMF downregulates expression of functional markers on B cells which are 

involved in antigen presentation, B cell activation and survival. This contributes to the clinical effect 

and the reduction of the autoimmune response in DMF-treated MS patients.  

 

8. Conclusions 

DMF is considered to be a treatment with a strong persistent efficacy and a favourable benefit-risk 

profile for RRMS patients. It reduces the relapse rate and the number of brain lesions and thereby 

protects MS patients from a further decline in motor and cognitive function. Because of the 

convenient oral administration, DMF provides an alternative for MS patients who refuse or cannot 

tolerate injectable therapies because of anxiety or injection related effects. The mechanism behind 

the beneficial clinical effect of DMF in MS patients is multifactorial and is still being unravelled. In 

general, DMF has an immune modulating effect shifting the disturbed immune balance of MS 

patients away from the pro-inflammatory profile. DMF treatment selectively reduces CD8+ T cells and 

inflammatory memory subtypes of T and B cells while increasing Treg and Breg in MS patients. This is 

partly due to the restored cytolytic function of CD56bright
 NK cells in DMF-treated MS patients. 

Furthermore, pro-inflammatory cytokine expression or production by T cells and B cells is reduced in 

DMF-treated MS patients, shifting the Th1/Th17 and pro-inflammatory B cell response to an anti-

inflammatory response. Functionally, DMF treatment inhibits the activation and proliferation of T 

cells as well as the expression of antigen presentation and costimulatory markers on B cells. The 

molecular mechanism behind the selective reductions of specific immune subtypes can be explained 

by the interference of DMF in several molecular pathways (Nrf2, NF-κB, HCAR2, GSH, glycolysis) via 

covalently modifying different cysteine residues of molecules in these pathways. In conclusion, DMF 

treatment can reduce the autoimmune processes in MS pathogenesis via inhibiting the pro-

inflammatory immune cells by interfering with the molecular mechanism responsible for their 

harmful functions and by enhancing regulatory immune cells.  
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9. Take home messages 

 DMF treatment has a favourable benefit-risk profile in MS patients. 

 DMF treatment is an immune modulating therapy that preferentially targets CD8+ T cells and pro-

inflammatory memory T and B cells in MS patients. 

 Treg and Breg frequencies can be enhanced by DMF treatment in MS patients. 

 The preferential reduction of CD8+ T cells and memory immune cells is probably due their higher 

susceptibility for DMF-induced apoptosis, interference with aerobic glycolysis and decreased 

activation and proliferation. 

 DMF treatment inhibits the pro-inflammatory functions of immune cells such as cytokine 

production by T and B cells, antigen presentation and costimulation by B cells and induces 

apoptosis in immune cells. 

 Neuroprotective effects of DMF and reduction of the pro-inflammatory response in MS patients 

by DMF treatment can be regulated via activation of the Nrf2 and the HCAR2 pathways and 

inhibition of the NF-κB pathway. 
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Table 1. The effects of DMF on lymphocyte and monocyte number and frequency 

DMF = dimethyl fumarate, m = months, NK = natural killer cell, HC = healthy control, UT = untreated. 
 

Immune cell 

subtype 

Effect of DMF treatment Duration 

(m) 

Study design Reference 

Leukocytes Number: decreased 

  

12 Follow-up (82) 

4-6, 18-26 Cross-sectional (83), (84) 

Percentage: decreased 

 

12 Follow-up 

 

(67, 79) 

Lymphocytes Number: decreased 

 

3, 6, 9, 12 Follow-up (67, 79, 82, 

87, 88, 91, 95) 

4-6, 18-26 Cross-sectional (83), (84) 

Monocytes Number: no effect 12 Follow-up (67, 79, 82) 

4-6, 18-26 Cross-sectional (83), (84) 

Total NK cells Number: no effect 4-6, 18-26 Follow-up 

Cross-sectional 

(83) 

 

Percentage: no effect 6 Follow-up (93) 

CD56bright NK 

cells 

Number: no effect 12 Follow-up (82) 

≥ 6 Cross-sectional (84, 92) 

Number + percentage: 

decreased 

12 Follow-up 

 

(67) 

(79) 

Percentage: increased 6 Follow-up (93) 

CD56dim NK cells Number: decreased; 

Percentage: increased 

12 Follow-up (79) 

Number: decreased 

 

≥ 6 

 

Cross-sectional (92) 

NKT cells Number: decreased 

 

18-26 Follow-up 

Cross-sectional 

(83) 

Percentage: decreased 6 Follow-up (93) 
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Table 2. The effects of DMF on T cell number and frequency  

DMF = dimethyl fumarate, m = months, HC = healthy control, UT = untreated, NEDA = no evidence of 

disease activity, Treg = regulatory T cell. 

Immune cell 

subtype 

Effect of DMF treatment Duration (m) Study design Reference 

CD3+ T cells Number: decreased 4, 6, 12 Follow-up (67, 79, 82, 

87, 91) 

6 Cross-sectional (84) 

Percentage: no effect 6 Follow-up (25) 

CD4+ T cells Number: decreased 3, 4, 6, 9, 12, 

18-26 

Follow-up (67, 79, 82, 

83, 87, 88, 91) 

4-6, ≥ 6, 18-

26 

Cross-sectional (83, 84, 92) 

Percentage: no effect 6, 12 Follow-up (25, 79, 93) 

CD8+ T cells Number: decreased 3, 4, 6, 9, 12, 

18-26 

Follow-up (67, 79, 82, 

83, 87, 88, 91) 

4-6, ≥ 6, 18-

26 

Cross-sectional (83, 84, 92) 

Percentage: decreased 6 Follow-up (25, 79, 93) 

CD4+ T cell 

subtypes 

Number memory: decreased; 

Number naive: no effect 

12 Follow-up (79) 

Percentage naive: increased; 

Percentage (effector) memory: 

decreased 

3, 6, 12 Follow-up 

 

(25, 67, 79, 

83, 91, 93) 

4-6, 6-12, 

>12 

Cross-sectional (79, 83, 92) 

CD8+ T cell 

subtypes 

Number memory: decreased; 

Number naive: no effect 

12 Follow-up (79) 

Percentage effector memory: 

decreased; Percentage naive: 

no effect 

3 Follow-up 

 

(67) 

 

Percentage naive: increased; 

Percentage (effector) memory: 

decreased 

6, 12, 18-26 Follow-up (25, 79, 83, 

91, 93) 

4-6, 6-12,  

>12, 18-26 

Cross-sectional (79, 83, 92) 

Treg Number: decreased; 

Percentage: no effect 

(CD25hiCD127low, CD127+Foxp3+) 

6, 12 Follow-up (79, 91, 93) 

≥ 6 Cross-sectional (92) 

Percentage: increased 

(CD25+CD127-Foxp3+) 

3 Follow-up (67) 

 

Percentage: increased 

(CD127lowCD25hiFoxp3+Helios-) 

6 Follow-up (25) 

Percentage: no effect (CD39+ 

Treg) 

6-30 Cross-sectional (94) 
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Table 3. The effect of DMF treatment on B cells  

DMF = dimethyl fumarate, m = months, HC = healthy control, UT = untreated, CSM = class-switched 

memory, NCSM = non class-switched memory, DN = double negative, Breg = regulatory B cell. 

Immune cell 

subtype 

Effect of DMF treatment Duration (m) Study design Reference 

B cells Number: decreased 3, 4, 4-6, 12, 

18 - 26 

Follow-up (67, 82, 87, 

90, 95, 100) 

≥ 6,  18 - 26 Cross-sectional (83, 84, 92) 

Percentage: no effect 6, 12 Follow-up (79, 93, 95) 

B cell subtypes Number naive, memory, CSM, 

NCSM, DN: decreased; Number 

transitional: no effect 

3 Follow-up (90) 

 

 

Number memory: decreased; 

Number Breg: increased 

4-6 Follow-up 

 

(100) 

Percentage naive: increased 6, 12 Follow-up (79, 95) 

6-30 Cross-sectional (94) 

Percentage memory: decreased; 

Percentage Breg: no effect 

6 Follow-up (93) 

 

Percentage CSM, NCSM, DN: 

decreased 

6, 12 Follow-up (79, 95) 

Percentage CSM, DN, CD80+ 

NCSM: decreased; Percentage 

NCSM, CD80+ CSM, IgM, IgG, 

IgA: no effect 

6-30 Cross-sectional 

 

(94) 

 

 

 
  



18 
 

 

 
 

Figure 1.  Molecular pathways of DMF treatment. (A) DMF and MMF react with cysteine residues of Keap1, 

which causes Keap1 to dissociate from Nrf2 leading to the nuclear translocation of Nrf2. Nrf2 then binds to the 

antioxidant response element (ARE) and drives the expression of anti-oxidant target genes, which leads to 

neuroprotection, reduction of astrocyte activation and cell survival. (B) DMF modifies cysteine residues of 

proteins involved in the NF-κB pathway (IKKβ, p65, p52), which leads to the inhibition of p65 and p52 

translocation. Inhibition of NF-κB then leads to inhibition of pro-inflammatory cytokine production and 

inhibition of cell activation and proliferation. (C) In T cells, DMF modifies cysteine residues of PKC-θ resulting in 

impaired activation of T cells and interruption of NF-κB activation. (D) MMF is a potent agonist of HCAR2, which 

results in reduced migration and infiltration of immune cells in the CNS. HCAR2 inhibits the NF-κB pathway, 

which results in a switch of classically activated pro-inflammatory microglia to alternatively activated microglia 

and the inhibition of pro-inflammatory molecule production. The binding of MMF to HCAR2 also results in the 

induction of apoptosis and causes flushing in MS patients. (E) DMF induces a transient GSH depletion by 

interacting with cysteine residues of GSH and subsequently forming DMF-GSH conjugates, which leads to 

apoptosis induction, immunosuppressive and anti-inflammatory effects. GSH depletion induces GSH synthesis 

directly, but DMF and MMF also induce GSH synthesis indirectly via GSH recycling by increasing the enzyme 

GSR which converts GSSG into GSH. An increase in GSH exerts a neuroprotective effect by inducing an anti-

oxidant response. (F) DMF and MMF inhibit aerobic glycolysis in immune cells by modifying cysteine residues of 

GAPDH, which results in inhibition of immune cell activation and a shift from a pro-inflammatory to an anti-

inflammatory response. DMF = dimethyl fumarate, MMF = monomethyl fumarate, Keap1 = Kelch-like ECH-

associated protein 1, Nrf2 = nuclear factor (erythroid-derived 2)-like 2, ARE = antioxidant response element, 

AKR1B10 = aldo-keto reductase family 1 member B10, NADPH = nicotinamide adenine dinucleotide fosfaat, 

NQO-1 =  NAD(P)H dehydrogenase (quinone 1), GSH = glutathione, IKKβ = IκB kinase β, NF-κB = nuclear factor – 

κB, HCAR2 = hydroxycarboxylic acid receptor 2, PKC-θ = protein kinase C-theta, GAPDH = glyceraldehyde-3-

phosphate dehydrogenase, GSR = glutathione reductase, GSSG = glutathione disulfide. 
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Figure 2. Effects of DMF treatment on immune cells of MS patients. (1) DMF treatment shifts the immune 

balance of MS patients from a pro-inflammatory (CD4+ T cells, CD8+ T cells, effector memory T and B cells, DN B 

cells, CD56dim NK cells) to an anti-inflammatory profile (naive T and B cells, Breg and Treg, CD56bright NK cells, 

transitional B cells). (2) DMF treatment restores the cytolytic function of CD56bright NK cells towards activated T 

cells, which results in increased degranulation and cytotoxicity. (3) DMF treatment induces apoptosis of T and B 

cells. (4) DMF treatment inhibits the expression of pro-inflammatory cytokines by CD4+ T cells (GM-CSF, IFN-γ, 

TNF-α, IL-17), CD8+ T cells (IFN-γ, TNF-α) and B cells (GM-CSF, TNF-α, IL-6). (5) DMF treatment inhibits T cell 

activation by reducing CD69 expression and inhibits T cell proliferation. (6) DMF inhibits B cell expression of 

surface markers important for B cell – T cell interaction (CD11c, CD43, CD80, CD83), of costimulatory molecule 

CD40, of antigen presentation molecule HLA-DR/DP/DQ and of survival marker BAFFR. DMF = dimethyl 

fumarate, GM-CSF = granulocyte-macrophage colony-stimulating factor, IFN-γ = interferon – γ, TNF- α = tumor 

necrosis factor alpha, BAFFR = B-cell activating factor receptor.  
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