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A B S T R A C T   

More than 10 disease-modifying therapies (DMT) are approved by the European Medicines Agency (EMA) and 
the US Food and Drug Administration (FDA) for the treatment of multiple sclerosis (MS) and new therapeutic 
options are on the horizon. Due to different underlying therapeutic mechanisms, a more individualized selection 
of DMTs in MS is possible, taking into account the patient’s current situation. Therefore, concomitant treatment 
of various comorbid conditions, including autoimmune mediated disorders such as rheumatoid arthritis, should 
be considered in MS patients. Because the pathomechanisms of autoimmunity partially overlap, DMT could also 
treat concomitant inflammatory diseases and simplify the patient’s treatment. In contrast, the exacerbation and 
even new occurrence of several autoimmune diseases have been reported as a result of immunomodulatory 
treatment of MS. To simplify treatment and avoid disease exacerbation, knowledge of the beneficial and adverse 
effects of DMT in other autoimmune disorders is critical. Therefore, we conducted a literature search and 
described the beneficial and adverse effects of approved and currently studied DMT in a large number of co
morbid autoimmune diseases, including rheumatoid arthritis, ankylosing spondylitis, inflammatory bowel dis
eases, cutaneous disorders including psoriasis, Sjögreńs syndrome, systemic lupus erythematosus, systemic 
vasculitis, autoimmune hepatitis, and ocular autoimmune disorders. Our review aims to facilitate the selection of 
an appropriate DMT in patients with MS and comorbid autoimmune diseases.   
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1. Introduction 

The treatment of autoimmune diseases has changed substantially in 
recent decades, with the approval of a variety of new therapeutic ap
proaches. Until the second half of the last century, treatment options for 
autoimmune diseases were mostly limited to the use of corticosteroids 
[1,2]. Later, it was found that drugs originally used to treat malig
nancies, namely methotrexate and azathioprine, could also alleviate the 
symptoms of autoimmune diseases [3,4]. Problematically, these thera
pies were neither disease-specific nor targeted, resulting in frequent 
adverse effects. In 1987, the first therapeutic monoclonal antibody 
(Muromonab-CD3, Orthoclone OKT3) was approved for immunosup
pression after transplantation [5]. Since then, basic research and 
increasing understanding of pathophysiology have led to the approval of 
additional disease-specific and targeted therapies for various autoim
mune diseases, including multiple sclerosis (MS). There are currently 
more than 10 compounds approved by the European Medicines Agency 
(EMA) and the US Food and Drug Administration (FDA) for the treat
ment of MS, and new therapeutic approaches are in clinical trials [6]. 
The many disease-modifying therapies (DMT) available allow a more 
individualized approach to MS treatment [6]. 

Comorbidities should also be considered when selecting the best 
individual therapy. The incidence of comorbid autoimmune diseases is 
higher in MS patients than in healthy individuals, and up to 18% of all 
MS patients suffer from additional autoimmune comorbidities [7–10]. 
The most common of these are rheumatoid arthritis, psoriasis, and in
flammatory bowel diseases [7–10]. It is known that the pathogenesis of 
MS and other autoimmune diseases partially overlap, so one DMT could 
potentially address both disease entities and simplify the treatment of 
patients [11–13]. On the other hand, it should be kept in mind that some 
immunomodulatory agents may exacerbate or even trigger the onset of 
other autoimmune diseases. Therefore, knowledge of the individual 
positive and negative effects of MS-DMT in other autoimmune diseases 
is crucial [7]. In the present review, we aim to provide an overview of 
the therapeutic effects of various MS-DMT in the most common 
concomitant autoimmune diseases. 

2. Methods 

The literature search (NIH National Library of Medine PubMed.gov 
database) was conducted until December 2022 to describe the effects 
of oral, subcutaneous and intravenous DMT on various autoimmune 
diseases: rheumatoid arthritis, inflammatory bowel diseases (Crohńs 
disease, ulcerative colitis), psoriasis, Sjögreńs syndrome, systemic lupus 
erythematosus, ankylosing spondylitis, systemic vasculitis, autoimmune 
hepatitis and cutaneous as well as ocular autoimmune diseases. The 
search terms used were the respective autoimmune disease and the 
name of the DMT approved for MS. The results of pro- and retrospective 
observational studies, uncontrolled clinical trials, and randomized 
controlled trials (RCT), as well as phase I – III studies investigating 
approved or currently investigated DMT are summarized in Table 1. 
Additional information on the corresponding observational studies, 
uncontrolled clinical trials, and RCT is provided below. 

2.1. State of approval 

With the exception of ozanimod (which is EMA- and FDA-approved 
for the treatment of ulcerative colitis at the same dosage as MS) and 
natalizumab (which is FDA approved for the treatment of Crohńs disease 
at the same dosage as MS), all DMT in dosage, therapeutic regimen or 
formulation used in MS patients are not approved for the treatment of 
rheumatologic, dermatologic or gastroenterological autoimmune dis
eases. Our review refers to the current status of EMA and FDA approval. 
Therefore, this review cannot recommend specific treatment for co
morbid autoimmune diseases in MS patients, but rather provides evi
dence of beneficial or adverse effects of a particular drug based on 

reports from the literature. 

3. Results and discussion 

3.1. Orally administered disease-modifying therapies 

3.1.1. Teriflunomide 
Teriflunomide is approved for the treatment of relapsing-remitting 

MS (RRMS) at a dose of 14 mg/day [14–16]. Teriflunomide acts by 
reversible inhibition of dihydroorotate dehydrogenase (DHODH), a 
mitochondrial enzyme, resulting in decreased pyrimidine de-novo syn
thesis and thus decreased activation and proliferation of B and T lym
phocytes [17–20]. Teriflunomide is the active metabolite of the prodrug 
leflunomide, which is activated in plasma and intestinal mucosa after 
oral administration [19,21]. 

Leflunomide is approved by the EMA for the treatment of rheumatoid 
arthritis and psoriatic arthritis, while there is only approval from the 
FDA for the treatment of rheumathoid arthritis [22–25]. The lefluno
mide treatment regimen includes a loading dose with 100 mg/day for 
three days followed by a daily dose of 10-20 mg for rheumatoid arthritis 
and 20 mg for psoriatic arthritis. 

The efficacy of leflunomide was also demonstrated in children and 
adolescents with juvenile rheumatoid arthritis in a RCT (16 weeks in a 
blinded treatment followed by a 32-week blinded extension study; of 94 
patients randomized, 86 completed the 16-week treatment, of whom 70 
participated in the extension study) [26]. Different therapeutic regimens 
were used depending on weight [26,27]. In 2007, a phase II study was 
conducted to evaluate the efficacy and safety of leflunomide (20 mg/day 
without loading dose) in patients with primary Sjögreńs syndrome [28]. 
It was reported that the safety profile was acceptable, but the observed 
evidence of efficacy was modest [28]. A detailed analysis of these pa
tients revealed that inhibition of cytokine production by T-helper (Th) 
cells was related to clinical efficacy, suggesting that selective targeting 
of T-cells could potentially improve clinical efficacy [29]. In 2020, 
another phase II study evaluated combination therapy of leflunomide 
(20 mg/day) and hydroxychloroquine (400 mg/day) in 21 patients 
(compared with 8 placebo) and found clinical efficacy according to 
ESSDAI (EULAR (European Alliance of Associations for Rheumatology) 
Sjögreńs syndrome disease activity index) scores in the primary Sjögreńs 
syndrome patients studied [30]. In contrast, in a prospective, non- 
controlled, non-randomized study of 45 patients with secondary 
Sjögreńs syndrome associated with rheumatoid arthritis, exacerbation of 
ocular dryness was reported with leflunomide treatment [31]. 

Leflunomide 20 mg/day with an initial loading dose of 100 mg/day 
for three days proved to be an effective treatment for patients with 
systemic lupus erythematosus and mild to moderate disease activity in a 
small RCT (double-blind, placebo-controlled, 6 systemic lupus erythe
matosus vs. 6 Placebo, 24 weeks) [32]. In addition, leflunomide has been 
shown to be an effective treatment for lupus nephritis in a meta-analysis 
with 11 RCT and a total of 254 patients [33]. 

In an open-label study, 20 patients with active ankylosing spondylitis 
were treated with leflunomide for six months, and only those with pe
ripheral arthritis improved, whereas those with axial symptoms did not 
[34]. Similarly, in a RCT involving 30 patients with ankylosing spon
dylitis treated with leflunomide and 15 receiving placebo, no significant 
treatment benefits were observed [35]. The treatment regimen in both 
studies included a leflunomide loading dose of 100 mg/day for three 
days followed by 20 mg/day [34,35]. 

In addition, several studies have investigated the efficacy of leflu
nomide in vasculitides: Granulomatosis with polyangiitis, giant cell 
arteritis, microscopic polyangiitis, Takayasu arteritis, and Purpura 
Schoenlein-Henoch. A multicentre RCT (26 leflunomide vs. 28 MTX, 
follow-up of 2 years after induction with cyclophosphamide) and a 
phase II study (single-centre, open-label clinical trial, 20 patients, 12 
weeks) emphasized the use of leflunomide as maintenance therapy in 
granulomatosis with polyangiitis [36,37]. In some cases, loading doses 
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Table 1 
Effects of disease-modifying therapies (DMT) approved or under investigation for MS in various autoimmune diseases. 

Shown are the reported effects of the use of various MS DMT in different autoimmune diseases. Approved drugs for the 
respective indication and/or positive effects demonstrated in phase III studies are marked with “+++”, beneficial 
treatment effects demonstrated in randomized controlled trials and/or phase II studies are marked with “++” and 
treatment effects demonstrated in pilot studies, observational studies, and/or case series (including at least 5 patients) 
are marked with “+”. Ambiguous findings that do not have clear positive or negative effects as well as studies with 
neither striking nor sustained beneficial treatment effects are marked with "+/-". An increased risk of occurrence or 
exacerbation of the disease based on epidemiological studies is marked with "-". 
"NA" means that no studies are available on the respective combination of autoimmune disease and MS-DMT. 
Ter/Lef = teriflunomide, leflunomide; DMF = dimethylfumarate; S1PR = sphingosine-1-phosphate receptor; Oz =
ozanimod; Po = ponesimod; Clad = cladribine; INFβ = interferon beta; GA = glatiramer acetate; Ocr = ocrelizumab; 
Ofa = ofatumumab; Nat = natalizumab; Ale = alemtuzumab; Rit = rituximab. 
*Teriflunomide (the drug approved as MS DMT was not investigated in clinical trials in other autoimmune mediated 
disorders; nevertheless, teriflunomide consitutes the active metabolite of the prodrug leflunomide, which is activated 
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(3 x 100 mg/day) were repeated and doses as high as 30 mg/day were 
used [36,37]. Based on the experience of two retrospective observa
tional studies (inclusion of 93 patients in one and 27 patients in the other 
study) and one open-label trial (26 patients, 96 weeks follow-up), 
leflunomide might be used to maintain remission and avoid the need 
for corticosteroids, particularly in difficult-to-treat giant cell arteritis 
and polymyalgia rheumatica [38–40]. Applied dosages varied between 
10 and 20 mg/day [38–40]. Treatment with leflunomide also had a 
beneficial effect in patients with Takayasu arteritis at a daily dose of 20 
mg [41,42]. Two prospective open-label trials (15 patients, follow-up 
time 9.1 months; 15 patients, follow-up time 43 months) have shown 
that leflunomide is not only suitable as maintenance therapy, allowing 
corticosteroid sparing, but also as an alternative induction therapy with 
good efficacy and tolerability compared to cyclophosphamide [41,42]. 
Finally, two case series demonstrated a potentially beneficial effect of 
leflunomide as a treatment for adult Schoenlein-Henoch Purpura 
(leflunomide orally with a loading dose of 50 mg/day for 3 days fol
lowed by 20 mg/day for 12–18 months in addition to steroids) and ju
venile microscopic polyangiitis (leflunomide (0.3–0.5 mg/kg/day) plus 
prednisone (1–2 mg/ kg/day)) [43,44]. 

In contrast, treatment with leflunomide in patients with psoriasis 
without arthritis led to heterogeneous results in terms of efficacy, which 
is why the FDA did not approve leflunomide for this indication. In the 
study that led to the approval of leflunomide for the treatment of pso
riatic arthritis, leflunomide (loading dose 3 x 100 mg/day, followed by 
20 mg/day) was used in patients with psoriasis and psoriatic arthritis, 
and a significant improvement in psoriasis target areas and quality of life 
assessments was observed [25,45]. Accordingly, open-label studies with 
a total of 16 patients showed moderate to significant improvement of the 
cutaneous disease in plaque-type psoriasis and palmoplantar pustulosis 
[46,47]. In contrast, in two reports including a total of 16 patients, skin 
lesions remained unchanged despite leflunomide treatment [48,49]. 

Finally, several studies have investigated the benefit of leflunomide 
in ocular autoimmune diseases. A retrospective observational study 
(involving 13 patients with chronic anterior uveitis and juvenile idio
pathic arthritis) indicated that leflunomide is an effective and safe drug 
for uveitis associated with juvenile idiopathic arthritis [50]. However, in 
another retrospective study involving 15 patients with chronic anterior 
uveitis and juvenile idiopathic arthritis leflunomide was found to be less 
effective than methotrexate in controlling chronic anterior uveitis 
because a higher rate of uveitis flare-ups was observed with leflunomide 
treatment [51]. 

In summary, the use of leflunomide has been described in various 
autoimmune diseases, but leflunomide is only approved for the treat
ment of active rheumatoid arthritis (EMA and FDA) and psoriatic 
arthritis (EMA only). Leflunomide treatment could also have beneficial 
effects in patients with systemic lupus erythematosus and systemic 
vasculitis. 

3.1.2. Dimethyl fumarate (DMF) 
DMF is an ester of fumaric acid and is approved for the treatment of 

RRMS, and monomethyl-fumarate is its active metabolite [52–54]. The 
therapeutic regimen is 480 mg/day as maintenance therapy, adminis
tered orally in two doses of 240 mg each [52–54]. The immunomodu
latory effect of DMF is thought to be mediated by activation of various 
cytoprotective signaling pathways [55]. The beneficial effects of fumaric 
acid derivatives on psoriatic lesions were reported as early as 1959, and 
currently fumaric acids are approved by the EMA but not the FDA for the 
treatment of moderate to severe psoriasis in adults by systemic appli
cation (EMA: dimethylfumarate) [56–59]. The initial dose of fumaric 
acid derivatives is 30 mg/day and can be increased to a total daily dose 
of up to 720 mg/day [56–59]. 

In 2008, a phase II study enrolled patients with active rheumatoid 

arthritis [60]. Because the predefined endpoint measurements were not 
significantly altered, the phase II trial was not continued [60]. 

A case series of patients with severe recurrent cutaneous manifes
tations of systemic lupus erythematosus reported treatment with DMF 
added to existing treatment (hydroxychloroquine and mycophenolate 
mofetil) after failure of a variety of other monotherapies and combina
tion therapies [61]. The authors reported a clinical response with 
concomitant improvement in quality-of-life instrument scores [61]. In 
addition, an open label, prospective, non-controlled phase II study DMF 
was shown to clinically improve skin lesions in 11 patients with cuta
neous lupus erythematosus [62]. 

In addition, a prospective, non-controlled study involving a total of 
18 patients (15 of whom did not discontinue the study) showed that 
DMF could be a useful treatment option for patients suffering from 
necrobiosis lipiodica, a granulomatous cutaneous disease associated 
with diabetes mellitus [63]. In another dermal granulomatous disease, 
granuloma anulare, positive treatment effects were reported in a case 
serie of 8 patients [64]. However, 6/8 patients reported treatment 
associated adverse effects, which were mostly gastrointestinal symp
toms [64]. 

Moreover, an uncontrolled study demonstrated the efficacy of DMF 
treatment in four patients with non-infectious uveitis with a chronic 
course [65]. 

In summary, fumaric acid derivatives appear to be a treatment op
tion for MS with comorbid psoriasis. However, it should be noted that 
different therapeutic regimens are used for the two conditions. 

3.1.3. Sphingosine-1-phosphate (S1P) receptor modulators 
S1P receptor modulators trap lymphocytes in secondary lymphoid 

organs such as lymph nodes by downregulating S1P receptors, thereby 
mediating their immunomodulatory effect by reducing the number of 
circulating lymphocytes [66]. This results in fewer lymphocytes 
entering the CNS, which has been shown to be effective in treating MS 
patients [67–69]. Therefore, fingolimod and ozanimod have been 
approved for the treatment of RRMS, siponimod for active secondary 
progressive MS (SPMS) and ponesimod for relapsing MS (RRMS and 
SPMS) [67–69]. The daily maintenance dose of fingolimod is 0.5 mg, of 
ozanimod 0.92 mg, of siponimod 1-2 mg (depending on the CYP geno
type), and of ponesimod 20 mg [67–69]. Ozanimod is also approved by 
the EMA and FDA at the same dose for the treatment of adult patients 
with moderate to severe active ulcerative colitis who have not respon
ded adequately to, are no longer responding to, or are intolerant of 
conventional therapy or a biologic [70,71]. In addition, a phase II study 
showed that ozanimod may be useful as induction therapy for patients 
with moderate to severe Crohńs disease [72]. One must note that even 
other S1P receptor modulators are currently under investigation for the 
treatment of inflammatory bowel diseases. One example is the S1P re
ceptor modulator etrasimod, which demonstrated superiority over pla
cebo in a phase II study in ulcerative colitis and is currently running in a 
phase III study [73]. 

Another S1P receptor modulator (cenerimod) was recently evaluated 
in a multicenter, double-blind, placebo-controlled trial (involving 50 
patients treated with cenerimod and 17 treated with placebo for 12 
weeks) and was shown to effectively treat systemic lupus erythematosus 
in humans [74]. 

The S1P receptor modulator ponesimod has been studied as thera
peutic option for the treatment of psoriasis with and without arthritic 
symptoms [75]. A phase II study indicated safety and efficacy at week 16 
of 20 mg/day and 40 mg/day ponesimod [75]. 

Siponimod was evaluated in a phase II study in 16 treated patients 
with active refractory dermatomyositis, was well tolerated and had no 
significant adverse effects [76]. However, the ineffectiveness of siponi
mod in active dermatomyositis was recognized early in the study and 

in plasma and intestinal mucosa after oral administration. 
**Cutaneous autoimmune disorders include: cutaneous vasculitis, dermatomyositis, atopic dermatitis, pemphigoid. 
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thus the trial was stopped prematurely [76]. 
In summary, of the group of S1P receptor modulators, ozanimod is 

approved by the EMA and FDA at the same dose for both RRMS and 
ulcerative colitis. There are early indications that ozanimod may also be 
effective in Crohn’s disease and ponesimod in psoriasis. 

3.1.4. Cladribine 
Cladribine is a pro-drug activated by phosphorylation to the active 

metabolite (2-CdATP) [77]. As a purine analogue, it induces apoptosis of 
B and T lymphocytes and is approved as a highly effective treatment for 
RRMS. For this indication, cladribine is administered orally and follows 
a specific therapeutic regimen that limits its use to a maximum of 20 
doses within the first two years [78]. Cladribine is not approved for 
indications other than hairy cell leukemia and MS [78,79]. The dosing of 
cladribine in MS and hairy cell leukemia differs significantly. 

In a non-controlled clinical trial of 5 patients, refractory rheumatoid 
arthritis was treated with subcutaneous cladribine and demonstrated 
regression of clinical symptoms with no change in serologic parameters 
[80]. In addition, a small, non-controlled open-label study in patients 
with psoriatic arthritis using oral cladribine (n=6, who completed the 
12-week study) demonstrated a decrease in arthritis and skin involve
ment [81]. 

In a pilot study including 12 patients, symptoms of systemic lupus 
erythematosus, including lupus nephritis, were beneficially addressed 
with intravenous cladribine [82]. 

However, hairy cell leukemia, the other main indication for cla
dribine treatment besides MS, is a rare malignancy of B lymphocytes, 
occasionally associated with vasculitis, autoimmune disease and skin 
lesions, which are successfully adressed when a cladribine treatment 
regimen is chosen, which effectively treates underlying hairy cell leu
kemia [83–85]. 

In summary, there is indication from a small series of patients that 
cladribine might have beneficial effects in rheumatoid arthritis, psori
atic arthritis, and systemic lupus erythematosus. However, it should be 
noted that in all of these studies, the dosage of cladribine did not 
correspond to the treatment regimen of MS patients. 

3.2. Subcutaneously administered disease-modifying therapies 

3.2.1. Interferons 
Interferon beta (IFNβ) is a long-established and effective treatment 

for RRMS and SPMS [86–89]. Although the exact mechanism has not 
been elucidated, the immunomodulatory effect of IFNβ is thought to be 
mediated by downregulation of proinflammatory cytokines and cells, 
while upregulating anti-inflammatory and repair mechanisms [90]. 
Depending on the agent used, there are different treatment regimens, 
with IFNβ administered between three times per week and every two 
weeks [86–89]. 

However, the results found for the use in rheumatoid arthritis are 
inconclusive. Two uncontrolled clinical trials involving a total of 16 
patients found that treatment with interferons was generally well 
tolerated, with a trend toward clinical improvement [91,92]. In 
contrast, two phase II trials failed to demonstrate efficacy of interferon 
treatment, as there was no significant improvement compared with 
placebo in radiological scores, clinical parameters, or microscopic 
analysis of synovial tissue samples [93,94]. It has been suggested that 
additional mechanisms that may suppress synovial inflammation in 
rheumatoid arthritis may be activated when higher doses or continuous 
administration of interferons are used [95]. 

Studies of interferons in inflammatory bowel disease have yielded 
inconsistent results. Several clinical trials showed high response rates of 
50-80% in patients with inflammatory bowel disease, and remission 
could be induced and maintained even in steroid-refractory ulcerative 
colitis [96–98]. However, these studies, which described beneficial 
therapeutical effects, were not consistent and inappropriately designed, 
thus the results of two randomized, double-blind, placebo-controlled 

trials (with a total of 72 treated patients and 36 placebo controls) and 
two phase II trials showed neither striking nor sustained efficacy of 
interferon treatment in patients with Crohńs disease or ulcerative colitis 
at doses up to 88 μg three times per week [99–102]. 

Uveitis has been successfully treated with IFNβ and a RCT study 
(monocentric, including 9 patients treated with IFNβ for 3 months, 
controlled by 10 patients treated with methotrexate) demonstrated the 
safety and efficacy of treatment [103]. However, Jouve et al. noted that 
MS patients treated with IFNβ had more severe and chronic uveitis and 
did not recommend IFNβ as a treatment in MS and concurrent uveitis 
[104]. In accordance with the last study, and in contrast to the beneficial 
effect in MS, new onset and exacerbation of various autoimmune dis
eases such as rheumatoid arthritis, Sjögreńs syndrome, ankylosing 
spondylitis, thyreoiditis, colitis, and psoriasis have been described under 
interferon treatment and partly associated with a predominant Th17 
immune response [105]. Similarly, the crucial role of interferons in the 
pathogenesis of SLE has been shown [106]. 

In summary, with the exception of MS, the literature does not 
describe any beneficial effects of IFNβ in controlled trials. In contrast, 
pathogenetic considerations and several case reports suggest using IFNβ 
with caution in patients with concomitant autoimmune mediated dis
orders and avoiding when in doubt. 

3.2.2. Glatiramer acetate (GA) 
Glatiramer acetate is an immunomodulatory drug approved for 

RRMS and clinically isolated syndrome (CIS) [107–110]. Depending on 
the dosage used (20 mg, 40mg), GA is subcutaneously applied daily or 
three times per week [107–111]. However, clinical trials investigating 
the potential benefit in other autoimmune disorders are not available. 

A case series reported of 9 patients with MS and concurrent systemic 
lupus erythematosus, two of whom were treated with GA and experi
enced no exacerbation of the lupus-associated symptomes [112]. In 
another case series, successful treatment of uveitis with GA was reported 
[113]. 

The efficacy of GA in autoimmune diseases other than MS has not 
been established. 

3.3. Monoclonal antibodies approved for MS treatment 

3.3.1. Ocrelizumab, ofatumumab 
Ocrelizumab and ofatumumab are both anti-CD20-antibodies that 

target distinct epitopes of the CD20 receptor, thereby depleting B and a 
subset of CD3+ T lymphocytes [114]. Ocrelizumab is an effective 
treatment for RRMS and the first drug approved for the treatment of 
primary progressive MS (PPMS) [115,116]. Ocrelizumab is adminis
tered intravenously (600 mg every 6 months after induction with two 
infusions of 300 mg each within two weeks). Ofatumumab, on the other 
hand, is administered subcutaneously and was recently approved for the 
treatment of active RRMS at a monthly dose of 20 mg after induction 
with three weekly administrations of 20 mg/week [115–117]. 

Since rituximab is clinically effective for the treatment of moderate 
to severe rheumatoid arthritis, one might expect a response to other 
CD20-depleting therapies such as ocrelizumab and ofatumumab [118]. 
However, neither ocrelizumab nor ofatumumab are currently approved 
for the treatment of rheumatoid arthritis. 

Three phase III studies demonstrated clinical and serologic 
improvement in rheumatoid arthritis with ocrelizumab treatment 
[119–121]. In contrast to the MS treatment regimen (2× 300 mg, then 
600 mg/every 6 months), 200 mg and 500 mg ocrelizumab were infused 
at day 1 and 5 and weeks 24 and 26, respectively [119–121]. The pri
mary endpoints were met at both doses, with a higher number and more 
severe adverse events observed at the 500 mg dose [119–121]. Apart 
from the fact that MS may not be adequately treated with the lower 
rheumatoid arthritis-dose of 200 mg ocrelizumab, approximately 20% of 
rheumatoid arthritis patients did not respond to CD20-depleting therapy 
[122]. Clinical improvement of arthritic symptoms in patients with 
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rheumatoid arthritis has also been demonstrated for subcutaneously and 
intravenously administered ofatumumab in phase III studies [123–125]. 
With subcutaneous administration of 30 mg, prolonged CD20-depletion 
was observed after a single dose [125]. Nevertheless, re-population was 
observed in some patients, suggesting a treatment regime similar to that 
used in MS patients [125]. Ocrelizumab as treatment option was further 
investigated in patients with active proliferative lupus nephritis. A phase 
III trial was conducted, but had to be stopped early due to a significant 
increase of severe infections [126]. However, a proportion of included 
patients with active lupus nephritis treated for more than 32 weeks was 
analyzed, and overall response rates tended to be better than placebo, 
although not being statistically significant [126]. Another phase III trial 
of ocrelizumab was planned to be conducted in patients with active 
systemic lupus erythematosus, but was stopped early since it was un
likely to benefit this patient group [127]. In summary, ocrelizumab does 
not appear to be the treatment of choice for lupus nephritis or systemic 
lupus erythematosus. Nevertheless, patients with focal segmental glo
merulosclerosis or membranous nephropathy who did not respond 
adequately to rituximab clinically (multirecurrent course) were suc
cessfully treated with ocrelizumab [128,129]. Several case series and a 
retrospective observational study (including 37 patients) showed 
beneficial effects of treatment with ofatumumab in adults and children 
with systemic lupus erythematosus and its associated complications as 
well as rituximab-refractory nephrotic syndrome [130–137]. In another 
case series, three patients with primary Sjögreńs syndrome who devel
oped anti-drug antibodies against rituximab were successfully treated 
with ofatumumab and achieved complete remission [138]. 

Case reports have described the occurence of inflammatory bowel 
disease, similar to colitis, with ocrelizumab treatment, while a large 
population study in Iceland found a six-fold increased risk of developing 
inflammatory bowel disease with rituximab treatment [139–142]. 

In summary, both ocrelizumab and ofatumumab are treatment op
tions for patients with MS and comorbid rheumatoid arthritis. There is 
further suggestion of positive treatment effects of ofatumumab in pa
tients with systemic lupus erythematosus. In contrast, the literature 
recommends avoiding rituximab in patients with MS and comorbid in
flammatory bowel diseases. 

3.3.2. Natalizumab 
Natalizumab is a monoclonal humanized antibody directed against 

alpha 4 (α4) integrin [143]. Antagonising α4 beta 1 (β1) integrin sup
presses lymphocytic invasion of the CNS, while α4β7 antagonism in
hibits gastrointestinal invasion [143]. Natalizumab is approved as a 
highly effective treatment for RRMS, and to date, clinical trials for ef
ficacy in other autoimmune diseases have only been conducted for in
flammatory bowel disease (leading to FDA approval for Crohńs disease) 
[144–146]. 

Phase III studies have shown improvement in Crohńs disease in 
adults and children treated with natalizumab [147–149]. Another 
gastroenterological autoimmune disease, coeliac disease, was shown to 
improve in a patient treated with natalizumab for comorbid MS [150]. 
However, the occurrence of progressive multifocal leukencephalopathy 
(PML) has been reported in patients with inflammatory bowel disease 
treated with natalizumab, due to the inhibition of integrin α4β1, sub
sequent lack of lymphocyte invasion into the CNS and reactivation of JC 
virus (John Cunningham) [151,152]. However, a retrospective obser
vational study of 18 patients showed improvement in comorbid psoriasis 
(without arthritis) in MS patients treated with natalizumab [153]. 

In summary, natalizumab is an important treatment option for pa
tients with MS and comorbid inflammatory bowel disease. Furthermore, 
natalizumab may have beneficial effects in MS patients with comorbid 
psoriasis without arthritis. 

3.3.3. Alemtuzumab 
Alemtuzumab is a humanised monoclonal antibody, which targets 

CD52 and thus depletes CD52-positive lymphocytes (after one cycle of 

administration of 12 mg/day for 5 days) [154]. Due to the high effecacy 
of the depletion, a profound and long-lasting lymphopenia occurs [155]. 
Even 20 years after treatment with alemtuzumab, changes in lympho
cyte subsets have been observed, although mortality, morbidity and 
immunisation response data do not indicate clinical immune comprise 
[156,157]. Therefore, alemtuzumab is considered as highly effective 
treatment for patients with RRMS and/or non-response to other thera
peutic options [158]. 

In patients with active and refractory rheumatoid arthritis, two 
clinical trials were conducted to investigate the benefits of alemtuzumab 
[159,160]. In a first monocentric, uncontrolled study of 40 patients, 
single-dose therapy resulted in a significant biological response with 
lymphopenia, while clinical and synovial responses were absent [159]. 
In another uncontrolled monocentric study of 41 patients, alemtuzumab 
was administered continuously for 5 or 10 days and sustained symp
tomatic improvement was reported [160]. However, due to the occur
ence of fatal opportunistic infections, studies of alemtuzumab as a 
treatment option for rheumatoid arthritis were not pursued further 
[155,160]. 

An uncontrolled clinical trial with 18 patients and case series were 
conducted on the treatment of systemic vasculitis with alemtuzumab 
[161–165]. A positive effect of alemtuzumab treatment was demon
strated in refractory granulomatosis with polyangiitis, systemic vascu
litis and Behcet́s disease [161–165]. In addition, long-term follow-up 
showed substantial and sustained remission in vasculitis patients treated 
with alemtuzumab [166,167]. Therefore, a phase II study (randomized, 
prospective, open-label, dose ranging clinical trial; n=23) was con
ducted for the treatment of relapsing and refractory systemic vasculitis 
[168]. Here, 65% of the included patients achieved clinical remission 
within six months, while sustained remission was achieved in 35% 
[168]. 

In an uncontrolled proof-of-principle study of 10 patients with spo
radic inclusion body myositis, treatment with one series of alemtuzumab 
infusions resulted in sustained lymphocyte depletion, change in disease 
progression, improvement in strength in some patients and reduction in 
endomysial inflammation and stressor molecules for up to six months 
[169]. 

Lastly, a positive effect of alemtuzumab can be assumed in the 
treatment of ocular autoimmune diseases. An uncontrolled clinical study 
with 10 patients have shown that uveitis alone or in combination with 
systemic vasculitis or MS as well as corneal graft rejection could be 
successfully treated with alemtuzumab [170]. 

In summary, there is evidence of a positive effect in other autoim
mune diseases such as systemic vasculitis. However, the current drug 
information prohibits the use of alemtuzumab in comorbid autoimmune 
diseases. 

3.4. Monoclonal antibodies and fusion proteins not approved for the 
treatment of MS 

Studies on monoclonal antibodies that are not approved for the 
treatment of MS but are used to treat other autoimmune diseases are 
described below. We describe here the reported effects of these drugs on 
MS activity. The effects reported in these studies are summarized in 
Table 2. 

3.4.1. Integrin antagonists 
Vedolizumab, an exclusive α4β7 antagonist, has been EMA- and FDA- 

approved as a monoclonal antibody for the treatment of ulcerative co
litis and Crohńs disease [171–175]. Furthermore, etrolizumab, a 
monoclonal antibody targeting the β7 unit of the α4β7 and αEβ7, is being 
investigated in several phase III trials for the treatment of inflammatory 
bowel diseases [176–178]. In addition, oral α4 integrin antagonists have 
been investigated in a phase IIa study for the treatment of inflammatory 
bowel diseases [179]. 

Efalizumab, an anti-integrin αL (CD11a) monoclonal antibody, was 
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temporarily approved for the treatment of psoriasis, as its efficacy was 
shown in moderate to severe psoriasis [180,181]. However, due to 
increased risk of PML, the approval was withdrawn [182]. 

In summary, vedolizumab, etrolizumab and oral integrin-inhibitors 
do not act on α4β1 integrin, therefore positive treatment effects are 
not expected in MS [183]. 

3.4.2. Tumor necrosis factor alpha (TNFα) inhibitors 
TNFα inhibitors and soluble TNFα receptor IgG fusion proteins are an 

effective therapeutic option in various inflammatory diseases such as 
rheumatoid arthritis, psoriasis and inflammatory bowel diseases, as 
TNFα is a pivotal mediator of inflammatory processes [184–186]. 
Different TNFα inhibitors are approved for the treatment of rheuma
thoid arthritis, psoriasis with and without arthritic symptoms, anky
losing spondylitis, Crohńs disease and ulcerative colitis by the EMA and 
FDA. However, infliximab was tested in a phase I study in two MS pa
tients and the occurence of new magnetic resonance imaging (MRI) le
sions and pleocytosis in the cerebrospinal fluid (CSF) after each infusion 

was reported [187]. Nevertheless, a phase II trial investigating lenercept 
(TNFα receptor IgG fusion protein) enrolled 168 MS patients [188]. The 
study was stopped early due to increased disease activity in the lenercept 
treatment group [188]. In a dose dependent manner, relapses occurred 
earlier and more frequently compared to placebo, while a tendency 
(although not significant) towards more severe neurological deficits was 
reported [188]. The underlying mechanism is partly genetic, as an MS- 
associated variant (Δ6-TNFR1) has been identified and other TNFα 
variants are associated with MS [189,190]. 

In summary, in the context of MS, treatment of MS patients with 
TNFα inhibitors is contraindicated. 

3.4.3. Tocilizumab, satralizumab 
Tocilizumab and satralizumab are monoclonal antibodies directed 

against the interleukin (IL) 6 receptor, which plays a pivotal role in in
flammatory processes [191,192]. While tocilizumab is approved for the 
treatment of rheumatoid arthritis, polyarcticular and systemic juvenile 
idiopathic arthritis and giant cell arteritis, satralizumab has been 

Table 2 
Effects of disease-modifying therapies (DMT) not approved for MS in various autoimmune diseases. 

Shown are the reported effects of the use of various not approved or currently investigated immunosuppressive agents for MS in different autoimmune 
diseases. For MS, positive effects of the respective drug demonstrated in phase III studies are marked with “+++”, beneficial treatment effects 
demonstrated in randomized controlled trials and/or phase II studies are marked with “++” and treatment effects demonstrated in pilot studies, 
observational studies, and/or case series (including at least 5 patients) are marked with “+”. Ambiguous findings that do not have clear positive or 
negative effects as well as studies with neither striking nor sustained beneficial treatment effects are marked with "+/-". An increased risk of 
occurrence or exacerbation of the disease shown in clinical trials is marked with "-". 
"NA" means that for the respective drug, no literature was found concerning the treatment of MS patients. 
* = For monoclonal antibodies and fusion proteins not approved for and/or currently investigated in MS, only EMA- and FDA-approved therapies were 
marked with “+++”, while data from other types of studies were not considered. 
** = Giant cell arteritis. 
*** = primary endpoint of the phase II study (reduction in the number of combined active lesions observed on monthly MRI from weeks 4 to 24 
compared with placebo) was failed, yet a trend toward imaging-based stabilization of disease activity was observed (significant reduction in the 
number of cumulative new gadolinium-enhancing T1 lesions). 
**** = cutaneous autoimmune disorders include: cutaneous vasculitis, dermatomyositis, atopic dermatitis, pemphigoid. 
MS = multiple sclerosis; PPMS = primary progressive MS; SPMS = secondary progressive MS; Ved/Etr = vedolizumab/etrolizumab; TNF = tumor 
necrosis alpha factor inhibitors and soluble TNF receptor IgG fusion proteins; Toc = tocilizumab; Sat = satralizumab; Sec = secukinumab; Ust =
ustekinumab; Aba = abatacept; TKI = tyrosine kinase inhibitor; JAK = janus kinase inhibitor; BTK = brutońs tyrosine kinase inhibitor; PDE =
phosphodisesterase inhibitor. 
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approved by the EMA and FDA as a treatment option for patients with 
neuromyelitis-optica-spectrum-disorders (NMOSD) who show anti
bodies directed against aquaporin 4 [192–195]. Clinical trials investi
gating IL-6 receptor antibodies as therapeutic option in MS have not 
been conducted. 

In summary, there are currently insufficient data to estimate the 
possible effects of tocilizumab in patients with comorbid MS. 

3.4.4. Secukinumab 
Secukinumab is a monoclonal antibody that targets IL-17, thereby 

reducing inflammatory activity [196]. Phase II and III studies have 
demonstrated efficacy in the treatment of rheumatoid arthritis (150-300 
mg s.c.), psoriatic arthritis (10 mg/kg i.v.), psoriasis (150-300 mg s.c.) 
and axial spondyloarthritis (150-300 mg s.c.) [197–200]. Secukinumab 
is approved by the EMA and FDA for the treatment of plaque psoriasis, 
psoriatic arthritis and axial spondyloarthritis. 

In a phase II study in patients with RRMS, a trend towards imaging- 
based stabilization of disease activity was observed as a significant 
reduction in the number of cumulative new gadolinium-enhancing T1 
lesions was reported [201]. Nevertheless, compared with placebo, 
secukinumab (10 mg/kg i.v.) did not significantly reduce the number of 
combined unique active lesions observed on monthly MRI from weeks 4 
to 24, thus missing the primary endpoint of the study [201]. 

In summary, treatment with secukinumab can be continued in pa
tients with comorbid MS and may prevent inflammation in mildly active 
MS. 

3.4.5. Ustekinumab 
Ustekinumab is a fully humanized monoclonal antibody directed 

against the p40 subunit of the IL-12 and IL-23 cytokines [202]. Its IL-12/ 
23 antagonism supresses inflammatory cascades [202]. The efficacy in 
psoriasis and inflammatory bowel diseases has been demonstrated in 
several phase III trials [203–207]. Ustekinumab is approved by the EMA 
and FDA for the treatment of Crohn’s disease, ulcerative colitis, active 
psoriatic arthritis and plaque psoriasis. 

A phase II study investigating ustekinumab was conducted in pa
tients with RRMS [208]. The primary endpoint of the study (cumulative 
number of new gadolinium-enhancing T1-weighted lesions on serial 
cranial MRIs by week 23) was not met. Ustekinumab showed no bene
ficial effects on MRI or clinical activity [208]. One explanation for this 
could be the population studied, which included many patients with 
advanced disease and low relapse rates [209]. 

In summary, ustekinumab cannot be recommended for the treatment 
of established MS until further studies are conducted [210]. However, 
the limited data available suggest that treatment with ustekinumab does 
not have a significant negative effect on comorbid MS. 

3.4.6. Abatacept 
Abatacept is a recombinant fusion protein consisting of human IgG 

and the extracelluar domaine of cytotoxic T lymphocyte–associated 
protein 4 (CTLA4), which allows binding to the CD80 and CD86 re
ceptors of antigen-presenting cells, resulting in an inhibitory signal to T 
lymphocytes, mediating its immunosuppressive effects [211–213]. 
Abatacept is approved by the EMA and FDA for the treatment of adult 
rheumatoid arthritis, polyarticular juvenile idiopathic arthritis and 
psoriasis arthritis [214–216]. 

As the CTLA4 gene was found to be associated with MS, abatacept 
became a conceivable treatment option [217]. To date, abatacept has 
been investigated as a treatment option in MS in two phase II trials. The 
first trial was stopped prematurely due to safety events and inconclusive 
results due to an imbalance in disease activity between treatment groups 
at baseline [218]. A second phase II study in RRMS patients was then 
conducted and the lack of efficacy of abatacept in reducing the number 
of new gadolinium-enhancing MRI lesions or clinical measures of dis
ease activity was reported [218]. 

In summary, abatacept cannot be recommended for the treatment of 

MS until further studies are conducted. 

3.5. Possible future therapeutic approaches for MS 

3.5.1. Tyrosine kinase (TK) inhibitors 
It is well known that dysregulated TK activity is associated with 

cancer development, as TK are involved in cell replication, anchoring 
and growth factor independence, evasion of apoptosis, angiogenesis and 
metastasis [219,220]. However, many of these processes are also 
involved in the inflammatory processes of autoimmune diseases, thus TK 
inhibitors have recently been investigated as potential therapeutics for 
autoimmune diseases [221,222]. 

For the treatment of progressive types of MS (PPMS, relapse-free 
SPMS), the results of a phase III study with masitinib were recently 
published [223]. Here, the adverse events were consistent with the 
known profile of masitinib, with no increased risk of infections or 
autoimmune-mediated events [223]. Masitinib at a daily dose of 4.5 
mg/kg was shown to benefit people with PPMS and relapse-free SPMS 
[223]. According to the authors, a confirmatory phase III trial is being 
initiated to substantiate these results [223]. 

In summary, TK inhibition seems to be a possible therapeutic target 
in MS patients. 

3.5.2. Janus kinase (JAK) inhibitors 
TK in general and specific kinases such as Janus kinases (JAK) or 

Brutońs tyrosine kinases (BTK) are known to play a crucial role in intra- 
and intercellular signal transduction [219–222]. Many cytokines exert 
their effects via the JAK/STAT signal transduction pathway. Upon 
binding of a ligand to its cognate receptor, JAK are phosphorylated and 
activated [224–226]. The activated JAK phosphorylate a tyrosine res
idue of the STAT proteins, which allows dimerisation of STAT with 
subsequent translocation to the nucleus, modulating the expression of 
target genes [224–226]. 

There are currently no studies investigating JAK inhibitors for the 
treatment of MS in humans. 

In contrast tofacitinib, baricitinib, filgotinib and upadacitinib are 
approved by the EMA and FDA for the treatment of rheumatoid arthritis 
[227–237]. In addition, tofacitinib is approved for the treatment of 
polyarticular course juvenile idiopathic arthritis by the EMA and FDA 
[238]. Although the efficacy of peficitinib was demonstrated in a cohort 
of Asian patients in a phase III study, peficitinib is not approved by the 
EMA and FDA for this indication [239]. 

In inflammatory bowel diseases, tofacitinib and upadacitinib are 
approved by the EMA and FDA for the treatment of ulcerative colitis, 
while filgotinib is only approved by the EMA for this indication 
[240–242]. 

Tofacitinib has been approved by the EMA and FDA for the treatment 
of patients with psoriatic arthritis based on the results of several phase 
III trials [243–245]. Furthermore, a TYK2 inhibitor (deucravacitinib) 
was recently FDA-approved for the treatment of plaque psoriasis, thus 
EMA recently recommended granting a marketing authorisation for this 
indication in Europe [246,247]. 

For ankylosing spondyloarthritis, tofacitinib and upadacitinib are 
approved by the EMA and FDA [248–250]. 

Concerning dermal autoimmune diseases, upadacitinib and abroci
tinib are approved by the EMA and FDA for the treatment of atopic 
dermatitis, while baricitinib is only approved by the EMA for this indi
cation [251–256]. Baricitinib was recently approved by the EMA and 
FDA for the treatment of another autoimmune skin disease, alopecia 
areata, based on the results of two phase III trials [257,258]. 

In summary, JAK inhibitors have been shown to be effective in the 
treatment of various autoimmune diseases and have even been approved 
for these indications. However, there is a need for much more data for 
JAK inhibitors in the context of MS to draw conclusions about whether 
or not they may be of benefit. 
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3.5.3. Brutońs tyrosine kinase inhibitors 
In B lymphocytes and myeloid cells, signal transduction through B 

cell and Fc receptors is dependent on BTK [259,260]. Since BTK is 
expressed in B lymphocytes, macrophages, monocytes and microglia, 
but not in T lymphocytes, BTK inhibitors are mainly used in B cell ma
lignancies [261–263]. Because of their effective treatment of malig
nancies and since genetic BTK defects show impaired B cell responses, 
BTK inhibitors are a promising therapeutic option for autoimmune dis
eases involving B lymphocytes, such as MS [263–266]. 

Five oral BTK inhibitors are currently being investigated for the 
treatment of MS: evobrutinib, telobrutinib, fenebrutinib, remibrutinib 
and orelabrutinib. Several phase III trials are investigating the efficacy of 
evobrutinib, telobrutinib, fenebrutinib and remibrutinib in patients with 
RRMS. Orelabrutinib is currently being studied in a phase 2 trial in 
patients with RRMS. In addition, phase 3 trials are underway to evaluate 
the efficacy of tolebrutinib and fenebrutinib in patients with PPMS and 
the efficacy of tolebrutinib in non-relapsing SPMS. 

To date, BTK inhibitors are not approved for the treatment of auto
immune diseases, since confirmatory phase III studies are lacking. 

In summary, BTK inhibitors appear to be a potential therapeutic 
target in MS patients with unknown efficacy on autoimmune comorbid 
diseases. 

3.5.4. Phosphodiesterase (PDE) inhibitors 
PDE catalyses the hydrolysis of the phosphodiester bond of c-AMP 

(cyclic adenosinmonophosphate) and c-GMP (cyclic guanosinmono
phosphate) and converts them into their corresponding inactive coun
terparts AMP and GMP [267–269]. Inhibition of PDE thus leads to 
increased levels of cyclic nucleotides, which are messengers that play a 
crucial role in regulating a variety of cellular functions such as secretion, 
contraction, metabolism and growth [267–269]. c-AMP is known to 
interfere with the nuclear factor κ-light-chain-enhancer of activated B 
cells (NF-kB), which can mediate cell-specific responses, and is therefore 
recognised as an immunosuppressive and anti-inflammatory factor 
[270,271]. Inhibition of PDE via this mechanism of action is thought to 
modulate the immune system at the level of T cells, neutrophils, eosin
ophils and associated proinflammatory cytokines [272–275]. 

Therefore, a phase II trial of ibudilast (oral, mainly PDE4 inhibitor) 
was conducted in patients with RRMS, but did not show significant 
positive effects on MRI and relapse rates [276]. However, a neuro
protective mechanism of action was measured by various MRI results, 
suggesting possible positive treatment effects in patients with progres
sive forms of MS [276]. In a phase II study of ibudilast involving only 
patients without RRMS (PPMS, SPMS only), optical coherence tomog
raphy showed attenuation of retinal thinning, while MRI showed slower 
progression of brain atrophy (especially grey matter atrophy), whereas 
treatment with ibudilast was not associated with a reduction in new or 
enlarging T2 lesions or new T1 lesions [277–280]. From this, the authors 
concluded that ibudilast appears to affect markers associated with 
neurodegenerative processes but not inflammatory processes [280,281]. 

Based on the results of various phase III studies in patients with 
psoriasis with and without arthritic symptoms, apremilast (orally 
administered PDE4 inhibitor) was approved for this indication by the 
EMA and FDA [282–289]. 

Another indication for which PDE inhibitors (PDE5 inhibitors sil
denafil and tadalafil) are approved by the EMA and FDA is the treatment 
of pulmonary arterial hypertension associated with connective tissue 
disease. This complication can be observed in patients with systemic 
lupus erythematosus [290–292]. 

Finally, apremilast is approved by EMA and FDA for the treatment of 
systemic vasculitis (Behcet’s disease) based on the results of several 
phase III trials [293–295]. No reports were found for the treatment of 
other types of systemic vasculitis in our search. 

In addition, various PDE inhibitors have been investigated as po
tential treatments for autoimmune-mediated diseases of the skin. For the 
treatment of atopic dermatitis, crisaborole (topically applied PDE4 

inhibitor) was approved by the EMA and FDA for the treatment of adults 
and children with mild to moderate atopic dermatitis [296]. Further, the 
topical use of difamilast (PDE4 inhibitor) was studied in phase III trials 
and subsequently approved in Japan [297,298]. 

In summary, it is not yet clear whether PDE inhibition could be a 
potential treatment option for patients with progressive MS. 
Autoimmune-mediated adverse effects have not been reported. 

3.5.5. Temelimab 
Temelimab is a recombinant humanized monoclonal antibody of the 

IgG4/kappa isotype and has been reported to bind highly selectively and 
affinely to the extracellular domain of the envelope protein of the 
MS–associated retrovirus (MSRV) [299–303]. After good tolerability in 
a phase I study, temelimab was investigated in two phase II studies in a 
total of 270 RRMS, 3 PPMS and 5 SPMS patients [304–307]. With 
respect to the primary endpoint (reduction in cumulative gadolinium- 
enhancing T1-lesions on brain MRI at week 24), temelimab showed no 
effect on features of acute inflammation, but did show initial radiolog
ical signs of possible anti-neurodegenerative effects [305–307]. The 
authors therefore proposed the development of temelimab for progres
sive MS [305–307]. Temelimab is not approved for the treatment of 
other autoimmune mediated diseases. 

In summary, it is not yet clear whether MRSV antagonism could be a 
potential treatment option for patients with MS. 

4. Outlook 

The high number of drugs approved for the treatment of MS enables 
an increasingly individualised treatment of MS, taking into account the 
autoimmune comorbid diseases. 

On the one hand, this enables a more targeted treatment of the 
autoimmune reaction and, on the other hand, the lowest possible 
adverse effects. Additional drugs such as the BTK inhibitors will further 
expand the therapy spectrum. 
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[8] Belniak E, Stelmasiak Z, Papuć E. Stwardnienie rozsiane a inne choroby 
autoimmunologiczne [Multiple sclerosis and other autoimmune diseases]. Neurol 
Neurochir Pol. 2007;41(3):259–66 (Polish). 

[9] Dobson R, Giovannoni G. Autoimmune disease in people with multiple sclerosis 
and their relatives: a systematic review and meta-analysis. J Neurol 2013;260(5): 
1272–85. https://doi.org/10.1007/s00415-012-6790-1. 

[10] de Seze J, Canva-Delcambre V, Fajardy I, Delalande S, Stojkovic T, Godet E, et al. 
Autoimmune hepatitis and multiple sclerosis: a coincidental association? Mult 
Scler 2005;11(6):691–3. https://doi.org/10.1191/1352458505ms1239oa. 

[11] Mahil SK, Capon F, Barker JN. Update on psoriasis immunopathogenesis and 
targeted immunotherapy. Semin Immunopathol 2016;38(1):11–27. https://doi. 
org/10.1007/s00281-015-0539-8. 

[12] Hiltensperger M, Korn T. The Interleukin (IL)-23/T helper (Th)17 Axis in 
Experimental Autoimmune Encephalomyelitis and Multiple Sclerosis. Cold Spring 
Harb Perspect Med 2018;8(1):a029637. https://doi.org/10.1101/cshperspect. 
a029637. 

[13] Fellner A, Dano M, Regev K, Mosek A, Karni A. Multiple sclerosis is associated 
with psoriasis. A case-control study. J Neurol Sci 2014;338(1–2):226–8. https:// 
doi.org/10.1016/j.jns.2014.01.003. 

[14] Confavreux C, O’Connor P, Comi G, Freedman MS, Miller AE, Olsson TP, et al. 
Oral teriflunomide for patients with relapsing multiple sclerosis (TOWER): a 
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Neurol 2014 
Mar;13(3):247–56. https://doi.org/10.1016/S1474-4422(13)70308-9. 

[15] O’Connor P, Wolinsky JS, Confavreux C, Comi G, Kappos L, Olsson TP, et al. 
Randomized trial of oral teriflunomide for relapsing multiple sclerosis. N Engl J 
Med 2011 Oct 6;365(14):1293–303. https://doi.org/10.1056/NEJMoa1014656. 

[16] Vermersch P, Czlonkowska A, Grimaldi LM, Confavreux C, Comi G, Kappos L, 
et al. TENERE Trial Group. Teriflunomide versus subcutaneous interferon beta-1a 
in patients with relapsing multiple sclerosis: a randomised, controlled phase 3 
trial. Mult Scler 2014 May;20(6):705–16. https://doi.org/10.1177/ 
1352458513507821. 

[17] Cherwinski HM, Byars N, Ballaron SJ, Nakano GM, Young JM, Ransom JT. 
Leflunomide interferes with pyrimidine nucleotide biosynthesis. Inflamm Res 
1995;44(8):317–22. https://doi.org/10.1007/BF01796261. 

[18] Fragoso YD, Brooks JB. Leflunomide and teriflunomide: altering the metabolism 
of pyrimidines for the treatment of autoimmune diseases. Expert Rev Clin 
Pharmacol 2015;8(3):315–20. https://doi.org/10.1586/ 
17512433.2015.1019343. 

[19] Munier-Lehmann H, Vidalain PO, Tangy F, Janin YL. On dihydroorotate 
dehydrogenases and their inhibitors and uses. J Med Chem 2013;56(8):3148–67. 
https://doi.org/10.1021/jm301848w. 

[20] Greene S, Watanabe K, Braatz-Trulson J, Lou L. Inhibition of dihydroorotate 
dehydrogenase by the immunosuppressive agent leflunomide. Biochem 
Pharmacol 1995;50(6):861–7. https://doi.org/10.1016/0006-2952(95)00255-x. 

F.F. Konen et al.                                                                                                                                                                                                                                



Autoimmunity Reviews 22 (2023) 103312

11

[21] Gutteridge WE, Dave D, Richards WH. Conversion of dihydroorotate to orotate in 
parasitic protozoa. Biochim Biophys Acta 1979;582(3):390–401. https://doi.org/ 
10.1016/0304-4165(79)90131-4. 

[22] Smolen JS, Kalden JR, Scott DL, Rozman B, Kvien TK, Larsen A, et al. Efficacy and 
safety of leflunomide compared with placebo and sulphasalazine in active 
rheumatoid arthritis: a double-blind, randomised, multicentre trial. European 
Leflunomide Study Group. Lancet 1999;353(9149):259–66. https://doi.org/ 
10.1016/s0140-6736(98)09403-3. 

[23] Strand V, Cohen S, Schiff M, Weaver A, Fleischmann R, Cannon G, et al. 
Treatment of active rheumatoid arthritis with leflunomide compared with 
placebo and methotrexate. Leflunomide Rheumatoid Arthritis Investigators 
Group. Arch Intern Med 1999;159(21):2542–50. https://doi.org/10.1001/ 
archinte.159.21.2542. 

[24] Sharp JT, Strand V, Leung H, Hurley F, Loew-Friedrich I. Treatment with 
leflunomide slows radiographic progression of rheumatoid arthritis: results from 
three randomized controlled trials of leflunomide in patients with active 
rheumatoid arthritis. Leflunomide Rheumatoid Arthritis Investigators Group. 
Arthritis Rheum 2000;43(3):495–505. https://doi.org/10.1002/1529-0131 
(200003)43:3<495::AID-ANR4>3.0.CO;2-U. 

[25] Kaltwasser JP, Nash P, Gladman D, Rosen CF, Behrens F, Jones P, et al. Treatment 
of Psoriatic Arthritis Study Group. Efficacy and safety of leflunomide in the 
treatment of psoriatic arthritis and psoriasis: a multinational, double-blind, 
randomized, placebo-controlled clinical trial. Arthritis Rheum 2004;50(6): 
1939–50. https://doi.org/10.1002/art.20253. 

[26] Silverman E, Mouy R, Spiegel L, Jung LK, Saurenmann RK, Lahdenne P, et al. 
Leflunomide in Juvenile Rheumatoid Arthritis (JRA) Investigator Group. 
Leflunomide or methotrexate for juvenile rheumatoid arthritis. N Engl J Med 
2005;352(16):1655–66. https://doi.org/10.1056/NEJMoa041810. 

[27] Shi J, Kovacs SJ, Wang Y, Ludden TM, Bhargava VO. Population 
pharmacokinetics of the active metabolite of leflunomide in pediatric subjects 
with polyarticular course juvenile rheumatoid arthritis. J Pharmacokinet 
Pharmacodyn 2005;32(3–4):419–39. https://doi.org/10.1007/s10928-005-0049- 
8. 

[28] van Woerkom JM, Kruize AA, Geenen R, van Roon EN, Goldschmeding R, 
Verstappen SM, et al. Safety and efficacy of leflunomide in primary Sjögren’s 
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