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Abstract

Background and Objective
To study whether dimethyl fumarate is superior to placebo in decreasing CSF concentrations of
neurofilament light chain (NFL) in patients with primary progressive MS (PPMS).

Methods

In the double-blind, placebo-controlled phase 2 study dimethyl FUMArate treatment in Pro-
gressive Multiple Sclerosis (FUMAPMS), patients with PPMS were randomly assigned to
treatment with 240 mg dimethyl fumarate or placebo in a 1:1 ratio for 48 weeks. The primary
endpoint was change in concentration of NFL in the CSF. Secondary endpoints included other
CSF biomarkers and clinical and MRI measures. Efficacy was evaluated for the full data set by
multiple imputations to account for missing data. Safety was assessed for the full data set.

Results

Fifty-four patients (mean age 54.9 years [SD 6.1], median Expanded Disability Status Scale 4.0
[nterquartile range 4.0-6.0], disease duration 14.1 [SD 9.4], and 21 [39%] female) were randomized
to either placebo (n =27) or dimethyl fumarate (n = 27) therapy. At screening CSF concentrations,
adjusted for age and sex, of NFL, myelin basic protein (MBP), soluble CD27, chitinase 3-like 1, and
B-cell maturation antigen were higher than in a group of symptomatic controls. Twenty-six patients
(96%) in the dimethyl fumarate group and 24 patients (89%) in the placebo group completed the
randomized phase. Mean change in CSF concentrations of NFL did not differ between groups
(mean difference 99 ng/L; 95% CI -292 to 491 ng/ L). MBP in CSF decreased in the treatment
group (-182 ng/L, 95% CI -323 to —41 ng/L compared with placebo). The difference observed in
the multiple imputation data set was not significant in a per protocol analysis. This was nominally
significant in the multiple imputation data set but not in the per protocol analysis This was not found
in the per protocol analysis Other secondary and tertiary outcomes were not affected. Various
infections, lymphopenia, flushing, and gastrointestinal side effects were more frequent in the di-
methyl fumarate group. Serious adverse events were similar between groups.

Discussion

Dimethyl fumarate treatment for 48 weeks had no effect on any of the investigated efficacy
measures in patients with PPMS. We did not observe adverse events not anticipated for dimethyl
fumarate treatment.
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Glossary

9HPT = Nine-Hole Peg Test; BCMA = B-cell maturation antigen; CHI3L1 = chitinase 3-like 1; CTCAE = Common
Terminology Criteria for Adverse Events; EDSS = Expanded Disability Status Scale; MBP = myelin basic protein; NFL =
neurofilament light chain; PPMS = primary progressive MS; RRMS = relapsing-remitting MS; sCD14 = soluble CD14;
sCD27 = soluble CD27; SDMT = Symbol Digit Modalities Test; SIMOA = single-molecule array; T25FW = Timed 25-Foot

Walk.

Trial Registration Information
Clinicaltrials.gov identifier NCT02959658.

Classification of Evidence

This study provides Class I evidence that for patients with PPMS, dimethyl fumarate treatment has no effect on CSF NFL levels

compared with placebo treatment.

Patients with primary progressive MS (PPMS) comprise ap-
proximately 10%-15% of the total MS patient population.
Several treatment trials conducted in patients with PPMS
have been unsuccessful, although the B-cell-depleting anti-
body ocrelizumab recently proved efficacious."

Dimethyl fumarate is approved in Europe for patients with
relapsing-remitting MS (RRMS) and in the United States as
treatment for relapsing forms of MS, but the effect of dimethyl
fumarate in PPMS is uncertain.”* One pilot study showed that
fumaric acid esters were well tolerated in a cohort of patients
with progressive MS and observed no disease progression in
75% of treated patients.” Studies suggest that dimethyl fumarate
possesses immunomodulatory and neuroprotective properties
by promotion of the nuclear factor erythroid-derived 2 tran-
scriptional pathway and by inhibition of the nuclear factor-
kappa B signaling pathway.® In addition, dimethyl fumarate and
its metabolite monomethyl fumarate induce depletion of spe-
cific T-cell and B-cell subsets and cross the blood-brain
barrier.”® Therefore, dimethyl fumarate may be beneficial in the
treatment of patients with PPMS.

Phase 2 trials with brain atrophy as primary outcome have re-
cently been conducted in patients with progressive MS but re-
quire several 100 patients and 2 years of follow-up.”'® Changes
in the CSF concentration of neurofilament light chain (NFL)
have been explored as outcome measure in phase 2 studies in
progressive MS.'""* More recently, the serum concentration of
NEFL has been proposed as a treatment-responsive biomarker in
progressive MS.B Although NFL can be measured in serum, the
concentrations are much higher in CSF, and CSF studies allow
for the additional analysis of other biomarkers of intrathecal
inflammation and tissue damage.'*"® NFL is stable in longitu-
dinal analyses of patients with MS, as shown in this article and
others.” These properties make NFL a promising biomarker for
trials in progressive MS with smaller sample sizes. Here, we
report the results from the first randomized, double-blind,
placebo-controlled study of dimethyl fumarate in patients with
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PPMS in which we used changes in the CSF concentration of
NEFL as a primary outcome measure.

Methods

Study Design and Patients

We conducted a randomized, double-blind, placebo-controlled
trial to test the superiority of dimethyl fumarate vs placebo in
patients with PPMS. This study was a single-center study executed
at the Danish Multiple Sclerosis Center, Copenhagen University
Hospital—Rigshospitalet in Denmark. The randomized phase
was followed by an open-label extension phase for 48 weeks. Here,
we report the results from the double-blind part. Eligible patients
aged 18-65 years, had an Expanded Disability Status Scale
(EDSS) score between 0 and 6.5, were diagnosed with PPMS, and
had a CSF concentration of NFL above 380 ng/L. Key exclusion
criteria were immunomodulatory treatment within 6 months or
treatment with steroids within 3 months, significant psychiatric
disorders, and/or active or chronic infection with HIV or hepatitis
A or B. The full lists of inclusion and exclusion criteria and pri-
mary, secondary, and tertiary outcome measures are provided in
eSupplemental Material 1 (links.Iww.com/NXI/A507).

We compared baseline concentrations of CSF biomarkers in
the patients with PPMS with samples from symptomatic
controls who were defined as having neurologic symptoms
but had no objective or paraclinical findings to define a spe-
cific neurologic disease.'®

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was undertaken in accordance with the In-
ternational Conference on Harmonization of Good Clinical
Practice, the Declaration of Helsinki, and the local ethics
committee (H-16032162). Data monitoring was provided by
the Good Clinical Practice Unit at Copenhagen University
Hospital. All patients provided written informed consent. The
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study protocol is available at dmsc.dk. A full description of
changes made to methods and outcome measures after trial
commencement, recruitment, authorities and oversight is given

in eSupplemental Material 2 (linkslww.com/NXI/AS08).

This study is registered at ClinicalTrials.gov, number:
NCT02959658. This study followed the Consolidated Stan-
dards of Reporting Trials reporting guidelines for randomized
clinical trials.

Randomization and Masking

Fifty-four patients were randomly assigned 1:1 to receive twice-
daily oral dimethyl fumarate 240 mg or placebo (Biogen,
Cambridge, MA). From days 1-21, the study drug dose was
titrated from 120 to 480 mg as a daily maintenance dose. Study
drug and placebo capsules were identical and with identical
packaging, labeling, expiration date, taste, and odor. The ran-
domization and masking were performed by the Regional
Capital Pharmacy in Copenhagen. Blinding of patients and
physicians was maintained throughout this study, but common
side effects of the study drug were evaluated by the investigators.

Procedures

Lumbar puncture was performed at screening and week 48. CSF
concentrations of NFL were analyzed by a commercially avail-
able ELISA (UMAN Diagnostics, Umea, Sweden). All labora-
tory personnel were blinded to any clinical data or treatment
group assignment. A full description of assay procedures is
available in eSupplemental Material 3 (links.;ww.com/NXI/
AS09). MRI data were analyzed at the independent MRI reader
center at Copenhagen University Hospital, Hvidovre, by staft
unaware of treatment group assignment. All patients underwent
MRI of the brain, including spinal C2 level, on the same 3T
Verio MRI scanner (Siemens Healthcare, Erlangen, Germany).
A full description of the MRI protocol is given in eSupplemental
Material 4 (links.lww.com/NXI/AS10). Assessment of walking
range, functional systems, and EDSS was performed every 24
weeks by trained and certified investigators. Timed 25-Foot
Walk (T2SFW), Nine-Hole Peg Test (9HPT), and Symbol
Digit Modalities Test (SDMT) were performed by trained
study nurses or physicians.

Outcome Measures

The primary endpoint was change in CSF concentration of
NFL from screening to week 48. Secondary endpoints were
change in CSF concentrations of myelin basic protein (MBP),
soluble B-cell maturation antigen (BCMA), chitinase 3-like 1
(CHI3L1), soluble CD27 (sCD27), soluble CD14 (sCD14),
immunoglobulin G index, and albumin quotient; change in
fractional anisotropy of normal-appearing white matter, mag-
netization transfer ratio of lesions, mean thalamic volume, dif-
ference in number of new and enlarged T2 lesions and
percentage brain volume change; and change in EDSS, T25FW,
9HPT, and SDMT.

Adverse events were reported using Common Terminology
Criteria for Adverse Events (CTCAE). Safety assessments
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included physical examination by the trial investigators every
24 weeks, along with vital parameters assessment and safety
blood tests every 12 weeks. The same experienced neurora-
diologist clinically interpreted all brain MRIs from screening
and week 48.

Statistical Analysis

Based on the results of previous studies of change in NFL in
progressive MS, we estimated that there would be no change
over 48 weeks in the placebo group (estimated SD 30%) and
that treatment would result in a 30% decrease in NFL in
patients with baseline levels of NFL above 380 ng/L."'"'*"
With a 1:1 randomization, inclusion of at least 42 patients
gave the study 90% power to detect a 30% reduction in the
CSF concentration of NFL with a significance level of 5%.
Analyses of primary and secondary endpoints (except new
and enlarging lesions) were performed using one-way analysis
of covariance with screening value as covariate and treatment
group as the classification variable. Changes from screening to
week 48 were derived from the model. For the analysis of new
and enlarging lesions, we used a negative binomial regression
model with the number of lesions at screening as covariate
and treatment group as the classification variable. Fifty indi-
viduals completed the study per protocol, and the missing
values for the remaining 4 patients were handled using mul-
tiple imputation (m = 25, 10 iterations, linear regression
method). All analyses were conducted on the imputed data
set. Sensitivity analyses were conducted on the patients
treated per protocol with at least 80% adherence to treatment.
Secondary endpoints were tested at a nominal without ad-
justment for multiple testing. We used SPSS v25 for all sta-
tistical analyses.

Role of the Funding Source

The funders did not contribute to study design or imple-
mentation, data analyses, data interpretation, or writing.
Biogen provided trial medicine at no cost. The corresponding
author had full access to the data and had final responsibility

for the decision to submit for publication.

Data Availability

Data are available in anonymized form and can be shared by
request from any qualified investigator. Sharing requires ap-
proval of a data transfer agreement by the Danish Data Pro-
tection Agency.

Results

From December 6, 2016, to January 16, 2019, 54 patients
(mean age 54.9 years [SD 6.1], median EDSS 4.0 [inter-
quartile range (IQR) 4.0-6.0], disease duration 14.1 years
[SD 9.4], and 21 [39%] female) were randomized 1:1 to
dimethyl fumarate or placebo treatment (Figure 1). Baseline
demographics and disease characteristics were comparable
between groups (Table 1). Fifty patients completed the study
(24 assigned to placebo [48%] and 26 assigned to dimethyl
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Figure 1 Trial Profile

166 Patients screened

112 Excluded
15 Not meeting inclusion criteria
86 Refused to participate
11 Other reasons

54 Randomized

27 Received dimethyl fumarate

27 Received placebo

» 1 discontinued study

\ 4

3 discontinued study

26 completed the study

24 completed the study

fumarate [52%]). All finishing patients (n = 50) had at least
80% drug adherence. Compared with the placebo group,
mean change in CSF NFL from screening to week 48 was
insignificantly higher in the dimethyl fumarate group (99.3
ng/L, 95% CI -291.8 to 490.4 ng/L, p = 0.61) (Table 2). In
addition, no differences were found between the dimethyl
fumarate group and the placebo group for any secondary

Table 1 Demographic and Baseline Disease
Characteristics of Randomized Patients

Placebo Dimethyl fumarate

Characteristic (n=27) (n=27)
Age, y; mean (SD) 54.0 (6.6) 55.7 (5.5)
Female, n (%) 11 (41%) 10 (37%)
Disease duration, y; mean (SD) 13.8(9.7) 14.3(9.4)
Cell count

>4 cells/pL, n (%) 4(14.8%) 8 (29.6%)
Oligoclonal bands

Yes, n (%) 23 (85.2%) 25 (92.6%)
Gd-enhancing lesions®

1, n (%) 2 (7.7%) 3(11.1%)

0, n (%) 22 (84.6%) 24 (88.9%)

NA, n (%) 2 (7.7%) 0 (0.0%)

Abbreviation: Gd = Gadolinium.
2Two patients in the placebo group did not receive gadolinium contrast
because of contraindications.
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outcome measures, except MBP which decreased in the di-
methyl fumarate group (-182 ng/L, 95% CI 323 to —41 ng/
L, p = 0.01). However, this difference was not significant in
the sensitivity analyses (data not shown). The results on
remaining secondary and all tertiary endpoints are given in
eSupplemental Material $ (links.Iww.com/NXI/AS11).
There were no changes in any of these endpoints. To assess
whether the lack of efficacy of treatment with dimethyl fu-
marate was due to lack of intrathecal inflammation in the
patients, we compared levels of the biomarkers from this
study with those of a symptomatic control cohort (Figure 2).
At screening, CSF concentrations, adjusted for age and sex, of
NFL, MBP, sCD27, CHI3L1, and BCMA were higher than in
the group of symptomatic controls, whereas there was no
increase in sCD14.

All eligible patients received at least 1 dose of trial medication
and were, therefore, included in the safety evaluation
(Table 3). Adverse events occurred in 89% and 59% of pa-
tients in the dimethyl fumarate and placebo groups, re-
spectively. Common side effects of dimethyl fumarate
occurred in 85% in the treatment group: 16 (59%) experi-
enced flushing; 15 (56%) had gastrointestinal side effects; and
14 (52%) had lymphopenia (grade 1 [4%], 2 [30%], or 3
[19%]) at any point during the first phase of the study. No
patients were terminated from the randomized phase of the
trial because of lymphopenia. Aside from these side effects,
the most frequent adverse event term of any grade was in-
fections, which occurred in 11 patients (41%) in the placebo
group and 19 patients (70%) in the treatment group. Espe-
cially flu-like symptoms were more prevalent in the treatment
group (18.5% vs 7.4%). The frequency of serious adverse
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Table 2 Primary and Selected Secondary Efficacy Endpoints

Endpoint values

Treatment effect, dimethyl
fumarate vs placebo (n = 54)*

Efficacy measure Placebo (n = 24) Dimethyl fumarate (n = 26) Estimate® 95% Cl p-value®
CSF NFL at baseline (ng/L) 571 (483-808) 628 (502-934) 0.38
NFL change in CSF (ng/L) =73 (190) 35 (1,002) 99 -292 to 490 0.61
Secondary
MBP at baseline (ng/L) 469 (340-580) 425 (356-723) 0.77
MBP change (ng/L) 18 (200) -206 (461) -182 -323to 41 0.01
sCD27 at baseline (ng/L) 1753 (650-2586) 1774 (1,016-3,143) 0.53
sCD27 change (ng/L) -188 (321) -307 (481) -107 274 to 60 0.20
sBCMA at baseline (ng/L) 938 (601-1,346) 1,026 (692-1,332) 0.60
sBCMA change (ng/L) -57 (146) -96 (204) -30 -103 to 42 0.41
sCD14 at baseline (ng/mL) 103 (88-113) 106 (94-132) 0.25
sCD14 change (ng/mL) 5(17) 7 (24) 3 -8t0 15 0.54
CHI3L1 at baseline (ng/mL) 170 (144-214) 215(177-323) 0.03
CHI3L1 change (ng/mL) -727) -17 (47) 1 -18t0 20 0.91
No. of T2 lesions at baseline 29 (18-38) 32 (18-49) 0.55
New or enlarging T2 lesions 3(4) 3(3) 0 -1to0 0.49
at week 48¢
NBYV at baseline (mL) 1,454 (1,364-1,487) 1,453 (1,412-1,498) 0.56
PBVC at week 48 -0.2 (0.8) -0.5(0.8) -0.2 -0.8t0 0.2 0.24
EDSS at baseline 4.0 (3.5-6.0) 4.3 (4.0-6.0) 0.47
EDSS change 0.0 (1.0) 0.2 (0.7) 0.29 -0.1t0 0.7 0.16

Abbreviations: BCMA = B-cell maturation antigen; CHI3L1 = Chitinase-3-like-1; EDSS = Expanded Disability Status Scale; MBP = myelin basic protein; NFL =
neurofilament light chain; NVB = normalized brain volume; PBVC = percentage brain volume change; sCD14 = soluble CD14; sCD27 = soluble CD27.

Primary and selected secondary endpoints. All changes were calculated from screening to week 48. Remaining secondary endpoint results are given in
eSupplementary Material 5 (links.lww.com/NXI/A511). All baseline values are presented as median with IQR. All differences in changes are presented as mean

with SD.
@ Missing values were imputed with multiple imputations (see statistics).

® Analyses were conducted by use of one-way ANCOVA with screening value as covariate and by use of multiple imputation for missing data.
€ p-Value was calculated from the Wilcoxon signed rank test for baseline comparisons.
4 Analysis was based on negative binomial regression adjusted for number of T2-lesions at screening.

events was similar between the 2 groups. Serious adverse
events were testicular seminoma (4%), gallbladder pain (4%),
and urosepsis (4%) in the dimethyl fumarate group, and ro-
tavirus gastroenteritis (4%), vertigo (4%), and urinary tract
infection (4%) in the placebo group. There were no cases of
progressive multifocal encephalopathy nor any other oppor-
tunistic infections. No patients had elevated liver enzymes above
the limits of grade 1 according to the CTCAE. The results for
adverse events affecting less than 5% of the patients are given in
eSupplemental Material 6 (links.Iww.com/NXI/AS12).

Discussion

This randomized controlled phase 2 study did not find a
difference in the primary outcome of the study, change in CSF
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concentration of NFL, between patients treated with dimethyl
fumarate or placebo. Neither did we find any difference in
change in any CSF biomarkers of inflammation between pa-
tients treated with dimethyl fumarate or placebo, despite the
patients having increased levels of most biomarkers of in-
flammation compared with symptomatic controls. All other
secondary endpoints did not reveal any differences between
the treatment and the placebo arm, except for a lowering of
the CSF concentration of MBP in the dimethyl fumarate
group which was not found in the per protocol analysis. Pre-
vious studies have shown that MBP levels in the CSF of patients
with MS decrease on treatment with cyclophosphamide, natali-
zumab, or methylprednisolone, supporting the use of MBP as a
treatment-responsive biomarker of demyelination in patients
with M, 122021
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Figure 2 Comparison of Biomarkers Between Patients With PPMS and Symptomatic Controls
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This figure shows concentrations of NFL, MBP, CHI3L1, sCD14, sCD27, and BCMA in CSF at screening in patients with PPMS (n = 59) and symptomatic controls
(NFL, CHI3L1, and BCMA n = 35; MBP n =31)."® The symptomatic controls were all included in the validation study of the immunoassays used for measuring
CHI3L1, sCD14, sCD27, and BCMA.3® The patients with PPMS were older (p < 0.001) and more commonly male than the symptomatic controls (p = 0.001). p-
values are based on ANCOVA with correction for age and sex. ANCOVA = analysis of covariance; SBCMA = soluble B-cell maturation antigen; MBP = myelin
basic protein; NFL = neurofilament light chain; PPMS = primary progressive MS; sCD14 = soluble CD14; sCD27 = soluble CD27.

We investigated a panel of biomarkers of intrathecal in-
flammation which reflect activation of both the innate and
adaptive intrathecal immune systems.”>** However, we did
not find anti-inflammatory effects induced by dimethyl
fumarate in this study, despite the patients having elevated
levels of most CSF biomarkers studied. We have previously
shown that treatment with natalizumab and methylpred-
nisolone reduces sCD27 concentrations in the CSF of pa-
tients with progressive MS and that sCD27 is associated
with neuroaxonal damage assessed by the CSF concentra-
tion of NFL in progressive MS.>* CHI3L1 has shown re-
sponse to treatment with disease-modifying treatments in
patients with RRMS.**"*® Thus, the inability of dimethyl
fumarate to normalize the CSF levels of these 2 biomarkers
suggests lack of efficacy of dimethyl fumarate. This con-
clusion is supported by the observation that dimethyl fu-
marate also had no effect on the inflammatory biomarkers
BCMA and CD14. However, the latter might also reflect
poor responsiveness because they have not previously been
used for the assessment of response to treatment.

Compartmentalized intrathecal inflammation is highly man-

ifested in patients with progressive MS and may not or only
partially be targeted by systemically administered anti-
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inflammatory therapies.”** The lack of reduced intrathecal in-
flammation in this study may be related to this phenomenon.

The mean age and disease duration of the study population
were higher than in other interventional trials involving pa-
tients with progressive MS. In addition, despite the evident
intrathecal inflammation observed using CSF biomarkers,
there was a low frequency of gadolinium-enhancing lesions in
our study cohort compared with recent trials in progressive
MS."* The patients in this trial may have missed their win-
dow of opportunity for treatment with immunomodulatory or
antioxidative drugs, or the treatment period may have been
too short to prevent or reduce the neurodegenerative pro-
cesses.”’ However, observational studies in patients with
RRMS have indicated that dimethyl fumarate treatment re-
duces NFL levels in both serum and CSF after 1 year of
treatment, and the same has been observed for other disease-

modifying therapies in patients with progressive MS.'***

We found no between-group differences in any of the secondary
MRI outcome measures. Spinal cord pathology is generally more
pronounced in progressive MS compared with RRMS.** This
study evaluated spinal cord MRI cross-sectional area at the C2
level. A more dedicated spinal cord protocol might have added to

September 2021 Neurology.org/NN
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Table 3 Adverse Events

Adverse event

Placebo (n = 27)

Dimethyl fumarate (n = 27)

Any adverse event, n (%) 16 (59%) 24 (89%)
Adverse event 5%, n (%)
Flushing 1 (4%) 16 (59%)
Gastrointestinal pain 0 6 (22%)
Nausea 3 (11%) 3 (11%)
Diarrhea 5 (19%) 4 (15%)
Vomiting 0 2 (7%)
Upper respiratory infection 4 (15%) 5 (19%)
Flu-like symptoms 2 (7%) 5(19%)
Fever 1 (4%) 2 (7%)
Urinary tract infection 2 (7%) 3 (11%)
Tooth infection 0 2 (7%)
Back pain 3(11%) 2 (7%)
Fall 0 2 (7%)
Fracture 2 (7%) 0
Headache 0 2 (7%)
Syncope 2 (7%) 0
Eczema 2 (7%) 1 (4%)
Lymphocyte count decrease; n (%)
Grade 2 (<0.8-0.5 x 10 x 10e°/L) 1 (4%) 8 (30%)
Grade 3 (<0.5-0.2 x 10 x 10e°/L) 0 5 (19%)
Adverse event by severity, n
Mild (grade 1) 14 21
Moderate (grade 2) 8 14
Severe (grade 3) 3 6
Life-threatening (grade 4) 0 2
Death (grade 5) 0 0
Serious adverse events, n (%) 3(11%) 3(11%)
Gastroenteritis 1 (4%)? 0
Vertigo 1 (4%)° 0
Urinary tract infection 1 (4%) 0
Testicular cancer, seminoma 0 1 (4%)°
Gallbladder pain 0 1 (4%)°
Sepsis, urosepsis 0 1 (4%)
Treatment related serious adverse event 0 0
Study withdrawal because of adverse event 1 0

@ Gastroenteritis and vertigo occurred in the same participant.
b Testis cancer and gallbladder pain occurred in the same participant.
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the information on the CNS pathology of the patients. Because
the study was not powered to detect significant differences in
MRI outcomes, we limited the imaging studies to a compre-
hensive and fully validated MRI protocol of the brain.

The patients were relatively stable in their clinical assessments
and cognitive abilities over the 48 weeks; some even im-
proved. Several factors may cause these improvements. The
study may be prone to recruitment and/or observation bias, the
patients may experience recovery from subclinical relapses, or
the improvements may reflect practice effects or inaccuracy in
measuring. However, this study had very little interobserver bias
because of very stable study personnel throughout the trial pe-
riod. In addition, data were validated thoroughly by the study
team and external monitors to assure data reliability.

Another limitation in this study is the high frequency of flushing
and gastrointestinal pain in the treatment arm, which may have
compromised blinding of investigators and patients. This was
not investigated before unblinding but would not influence the
results of the CSF biomarker analyses. In addition, the study
investigated numerous secondary and tertiary endpoints without
adjusting for multiple testing, and any significant findings should

be interpreted with caution because of risk of type 2 errors.

We investigated the safety of dimethyl fumarate treatment in
patients with PPMS. The safety profile of dimethyl fumarate is
established in patients with RRMS in several clinical trials and
because of its extensive clinical use.>*** The number of adverse
events was not similar between groups in our study. This can
partly be explained by the known side effects of dimethyl fu-
marate, but we also found a higher prevalence of infections in
the dimethyl fumarate group, especially influenza-like symp-
toms. This increase in infections may be due to higher sus-
ceptibility to infections in the dimethyl fumarate group in which
we found a high proportion of patients with lymphopenia.
However, the frequent occurrence of common adverse events in
the dimethyl fumarate group, resulting in more frequent contact
with trial personnel, may also have led to increased reporting of
other adverse events, for example, infections. A similar pattern
of an increased number of infections was seen in the dimethyl
fumarate vs placebo or glatiramer acetate in patients with RRMS
(CONFIRM) trial but in neither the phase 3 study of dimethyl
fumarate for relapsing multiple sclerosis (DEFINE) nor the
dimethyl fumarate monotherapy extension study in MS
(ENDORSE).>*** The percentage of patients with lymphocyte
counts below 0.5 x 10°/L in this trial markedly exceeded the
reported levels in the ENDORSE follow-up study (7%-9%).>*
High age has previously been linked to the increased risk of
dimethyl fumarate-induced lymphopenia; this may explain the
high proportion of patients experiencing lymphopenia in this
trial.> In addition, the proportion of patients with flushing in
this study was higher than reported in previous trials. In the
placebo-controlled part of the study, there were 6 serious ad-
verse events. The testicular seminoma in the dimethyl fuma-
rate group was diagnosed after approximately 10 months of
treatment with dimethyl fumarate, but whether there was a
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causal relationship with treatment is uncertain. Otherwise,
cancer rates are similar between the dimethyl fumarate treated
patients and the overall MS population.***® Safety will continue
to be evaluated throughout the open-label phase of the study,
and this will help determine the long-term safety profile of
dimethyl fumarate treatment in patients with PPMS.

This trial uses changes in NFL in CSF as a primary outcome in a
placebo-controlled trial. Analysis of serum concentrations of
NFL by single-molecule array (SIMOA) analysis would have
been beneficial for it being less invasive for the patients and
increasingly used in clinical practice. However, few studies have
shown that serum NFL analysis is superior to CSF NFL anal-
ysis.”” Indeed, CSF levels of NFL are much higher than serum
levels, and in this study, we found that the coefficient of variation
for change in NFL over 48 weeks in the placebo group was 8.0%
for CSF levels and 11.2% for serum levels measured by SIMOA
(own unpublished observation). Despite the negative results
regarding the primary outcome, we believe the trial is important
and contributes to the development of NFL as a biomarker in
future, controlled trials investigating new disease—modifying
treatments for patients with MS. This may substantially reduce
the costs of clinical trials and allow for fast track results. A priori,
we estimated that the study would have 90% power to detect a
30% decrease in NFL in CSF. However, because there were
fewer dropouts than expected and lower variability in the
change in NFL in CSF in the placebo group than anticipated, we
had 95% power to detect a 20% decrease and 80% power to
detect a 16% decrease in NFL concentrations in the active arm
of the study compared with the placebo arm, assuming that the
SD of change would be comparable in both study arms.

This phase 2 trial of treatment with dimethyl fumarate in pa-
tients with PPMS showed no reduction in NFL levels in the
CSF of patients treated with dimethyl fumarate compared with
placebo. However, there was some reduction in the CSF con-
centration of MBP in the treatment group. This warrants further
investigation of MBP as a treatment biomarker in PPMS.
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