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Background: Alemtuzumab (ALZ) is a pulsed immune reconstitution therapy for 
multiple sclerosis (MS).

Objective: To assess basic characteristics, therapeutic effects, and prognostic 
biomarkers on clinical and imaging parameters of disease activity for relapsing–
remitting MS (RRMS) patients selected for ALZ, in a real-world long-term setting.

Methods: Fifty-one RRMS patients [female  =  31; mean age 36 (standard deviation 
7.1) years; median expanded disability status scale (EDSS) 2 (interquartile range (IQR) 
1.5)] initiating ALZ treatment, were consecutively included. Patients were assessed 
at baseline and thereafter annually for 5  years with clinical measures, symbol digit 
modality test (SDMT), and magnetic resonance imaging (MRI). Concentrations 
of glial fibrillary acidic protein (GFAP), reflecting astrogliosis, and neurofilament 
light (NfL), reflecting axonal damage, were measured in cerebrospinal fluid (CSF) 
and serum samples collected at baseline and after 2  years in CSF, and annually 
in serum. Control subjects were symptomatic controls (SCs, n  =  27), who were 
examined at baseline and after 5  years without evidence of neurological disease.

Results: While the mean annualized relapse rate was significantly reduced from 
baseline at each year of follow-up, disability was essentially maintained at a 
median EDSS of 1.5 and IQR between 1.13 and 2.25. New MRI activity was recorded 
in 26 patients (53%) over 5  years. The proportion of patients who achieved no 
evidence of disease activity (NEDA-3), 6-months confirmed disability worsening 
(CDW), and 6-months confirmed disability improvement (CDI) at 5  years were 33, 
31, and 31%, respectively. The SDMT score was reduced for patients (p  <  0.001), 
but unchanged for SCs. ALZ treatment did not change GFAP levels, whereas there 
was a significant decrease for RRMS patients in median CSF and serum NfL levels 
at follow-up [CSF month 24: 456  pg./mL (IQR 285.4) (p  =  0.05); serum month 24: 
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6.7  pg/mL (IQR 4.7) (p  <  0.01); serum month 60: 7.2  pg/mL (IQR 4.7) (p  <  0.01)], 
compared to baseline [CSF: 1014  pg/mL (IQR 2832.5); serum 8.6  pg/mL (IQR 17.4)].

Conclusion: In this real-world mono-center population, we  observed a 
progression-free survival of 69%, cumulative NEDA-3 of 33%, and reduced 
NfL levels, over a five-year follow-up. This confirms ALZ as an effective pulsed 
immune reconstitution therapy that significantly reduces neuro axonal loss, and 
therefore has the potential to reduce long-term neurological disability. ALZ did 
not appear to affect astrogliosis.

KEYWORDS

alemtuzumab, relapsing–remitting multiple sclerosis, prospective study, neurofilament 
light, glial fibrillary acidic protein

Introduction

Of the chronic inflammatory autoimmune diseases that affect the 
central nervous system (CNS), Multiple sclerosis (MS) is the 
commonest. Disease-modifying treatment (DMT) improves the 
course of the disease and prognosis (1). Two main treatment strategies 
are the maintenance-escalation approach and the pulsed immune 
reconstitution approach. The former means continuous medication 
which is escalated upon breakthrough disease activity, and the latter 
involves few treatment courses with long-term effects on disease 
activity (2).

The humanized monoclonal antibody alemtuzumab (ALZ) is one 
of the pulsed immune reconstitution therapies available today. ALZ 
mediates its effect by binding to CD52 (3) on the surfaces of T and B 
lymphocytes that harbor in the circulation. In less than a week, this 
leads to an extensive reduction of autoreactive T and B lymphocytes, 
thereafter an establishment of a new immune cell population will take 
place, which is less prone to cause an immunological attack to the 
CNS (4–7). The efficacy of ALZ on clinical and imaging parameters 
has been shown in one phase II (CAMMS223) (8), and two phase III 
(CARE-MS I & II) (9, 10) clinical trials, as well as in observational 
studies, together with patients with highly active disease (11–15).

ALZ has been accepted as treatment for relapsing–remitting MS 
(RRMS) in the European Union since 2013, and in the USA since 2014 
(16). Due to pharmacovigilance data, ALZ underwent a review 
according to Article 20 of Regulation (EC) No 726/2004 in 2019, the 
results of which led to a label change (17). According to the latest 
recommendations from the European Medicines Agency, highly active 
RRMS patients with breakthrough disease activity in spite of ongoing 
DMT, or naïve patients with severe RRMS, can be treated with ALZ 
(18). ALZ is contraindicated in patients with specific heart, circulation, 
or hematological diseases, and in patients with other autoimmune 
diseases than MS.

Even if the efficacy of ALZ in the reduction of disease activity in 
RRMS has been widely demonstrated in three pre-marketing clinical 
trials (8–10), and two extension studies (12, 13), real-world data 
about the effectiveness of ALZ is limited (11), and no post-marketing 
randomized controlled trials have been conducted (19). Until now, 
results from to us known real-world studies (20–24) are in 
accordance with the discoveries of the clinical trials and their 
extensions. However, in these real-world studies, the mean follow-up 
period has been limited to 16–36 months, and in some of these 

studies common MS-related outcomes are missing. In this five-year 
prospective mono-center study, we therefore further extended the 
efficacy and safety data of ALZ, included all commonly used 
MS-related outcomes, and added data of glial fibrillary acidic 
protein (GFAP), reflecting astrogliosis, and neurofilament light 
(NfL), reflecting axonal damage, in cerebrospinal fluid (CSF) 
and serum.

Materials and methods

Patients and controls

RRMS patients, 18 years of age or more, fulfilling the 2017 revised 
McDonald diagnostic criteria of MS (25), were consecutively included 
in the study when they commenced ALZ treatment, at the MS Center, 
Sahlgrenska University Hospital, Gothenburg, between July 2014 and 
May 2016. Eligible patients for ALZ treatment may have been 
previously untreated or treated with one or several DMTs. They should 
not have ongoing acute or chronic infection, severe cardiovascular 
disease, stroke, coagulation disorders or treatments that affected 
coagulation, and were not allowed to have other autoimmune diseases 
than MS. Age and sex matched symptomatic controls (SCs) were 
recruited from persons with symptoms suspected for MS, referred to 
the MS Center, Sahlgrenska University Hospital, Gothenburg, between 
April 2014 and June 2016, and with negative diagnostic work-up (26). 
SCs were re-examined after five years. SCs were defined as having no 
history or signs of neurological disease, and no abnormal findings on 
imaging [magnetic resonance imaging (MRI)] or in the CSF analysis.

Treatment

Patients received 60 mg intravenous (iv) ALZ on five consecutive 
days, and after 12 months, a repeated dose of 36 mg iv over three 
consecutive days. New courses of 36 mg iv ALZ were administered at 
signs of new disease activity, i.e., relapse, and/or detection of new, 
enlarging or contrast-enhancing MRI lesions. Premedication with 
1000 mg iv methylprednisolone, oral antihistamine, paracetamol, and 
omeprazole was given the first three days of ALZ infusions. In 
addition, patients received prophylactic anti-herpesvirus treatment 
with acyclovir 200 mg twice daily for one month.
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Study design

This was a prospective mono-center observational study with a 
follow-up of five years. Patients were assessed at month 0 (baseline), 
12, 24, 36, 48 and 60 (Figure 1). Baseline was the date of initiating ALZ 
treatment. Patient baseline and follow-up outcomes were assessed by 
clinical evaluation of relapses, neurological examination with 
assessment of disability, cognitive test, MRI, CSF and serum 
concentrations of GFAP, and NfL. We also recorded the number of 
ALZ courses received per patient, durability of ALZ treatment, the 
proportion of patients who switched to another DMT, and 
adverse events.

Clinical outcome measures

If new neurological symptoms appeared, or if old symptoms 
returned, for a period of 24 h or more, and no infection or raised 
core body temperature were present, this was categorized as a 
clinical relapse (27). Clinical activity was measured with the 
annualized relapse rate (ARR). Disability was assessed with the 
expanded disability status scale (EDSS) (28). Confirmed disability 
worsening (CDW) was achieved if an increase in the EDSS score 
occurred, relative to baseline, and was confirmed over 6 months. 
The threshold levels of change in EDSS to achieve CDW were as 
follows: an increase to 1.5 from a baseline EDSS of 0, an increase of 
1 point from a baseline of 1–5.0, and an increase of 0.5 from a 
baseline EDSS score ≥ 5.5. Confirmed disability improvement 
(CDI) was achieved if a decrease in EDSS score occurred, relative 
to baseline, and was sustained for 6 months or more. To achieve 
CDI there had to be a decrease in EDSS score of ≥1 point if baseline 
EDSS score was 2.0–5.5, or a decrease of ≥0.5 points if baseline 
score was ≥6.0. No evidence of disease activity-3 (NEDA-3), was 

defined as absence of relapses, disability worsening, and new and/
or enlarged T2 lesions, or gadolinium-enhancing lesions on MRI 
(29), while patients with either a relapse, MRI activity, or 
exacerbation of neurological disability, were considered as having 
evidence of disease activity-3 (EDA-3). Progression independent of 
relapses (PIRA) was defined as a 6-month CDW event with no 
previous or subsequent relapse during the five-year (60-month) 
follow-up period, whereas relapse associated worsening was defined 
as a 6-month CDW event with a previous relapse during follow-up.

Cognitive test

Cognition was assessed with symbol digit modality test (SDMT) 
(30). To minimize learning bias a new version of SDMT was used at each 
time. We defined a clinically significant change in SDMT scores as an 
increase or decrease of eight or more raw score points from baseline, 
given that no reverse change in SDMT scores to less than in total eight 
points, compared with baseline, were observed during the following year 
(31). With a threshold of eight for SDMT, the following classification for 
RRMS patients were used: improvers (positive changes equal to or above 
the threshold level), maintainers (changes not reaching the threshold 
level) or decliners (negative changes equal to or above the threshold level).

Safety

The common terminology criteria for adverse events (CTCAE), 
Version 5.0 (32), were used to grade adverse events. For early adverse 
events (<100 days after ALZ initiation), adverse events of grade 3 or 
higher were recorded. For late adverse events (>100 days after ALZ 
initiation) grade 2 or higher were recorded for autoimmune or 
infectious conditions, and grade 3 or higher for other adverse events.

FIGURE 1

Study design. Schematic illustration of the study design. Month 0 (baseline). ALZ, alemtuzumab; MRI, magnetic resonance imaging; LP, lumbar 
puncture.
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MRI

Brain MRI according to Swedish guidelines in MS (33) was 
performed, with a 3.0 Tesla MRI scanner. We  obtained T1- and 
T2-weighted sequences, fluid-attenuated inversion recovery 
sequences, and gadolinium-enhanced T1 sequences. In the major part 
of cases contrast-enhancement on MRI is visible during a period of 
6 weeks, mean 3.07 weeks (34). To interrelate MRI measures, and CSF 
and serum biomarker concentrations, we  therefore included MRI 
performed 6 weeks prior to or after lumbar puncture and blood 
sampling. We defined new disease activity on MRI as occurrence of a 
new contrast-enhancing lesion or new or enlarged T2 lesions, 
compared to preceding MRI.

Biomarker analysis

Samples of CSF were obtained at month 0 and 24, and serum 
samples from peripheral blood were obtained at month 0, 12, 24, 36, 
48, and 60. The consensus protocol of the BioMS-EU network for CSF 
biomarker research in MS was followed (35). In short CSF samples 
were collected and transferred to polypropylene tubes for 
centrifugation at 20°C, 2200 g for 10 min. Samples were then 
distributed into 1 mL aliquots in polypropylene vials, and permanently 
stored at −80°C pending analyses. Blood samples were collected, 
processed onsite to isolate serum, aliquoted, and frozen at −80°C. All 
biomarker analyses were performed by board-certified laboratory 
technicians in the Clinical Neurochemistry Laboratory at the 
Sahlgrenska University Hospital. To account for potential variation 
between plates, baseline and follow-up samples were analyzed side-by-
side on the same assay plate. All analyses were performed at 
room temperature.

The analyses of CSF and serum biomarkers (NfL, and GFAP) 
were performed using the Simoa® NEUROLOGY 2-PLEX B Kit, 
Product number: 103520, from Quanterix (Billerica, MA, USA). 
Briefly, the samples, quality control (QC) samples, with one QC 
high (within the higher measurement interval) and one QC low 
(within the lower measurement interval), and a set of pre-mixed 
calibrator samples (Product number: 103520, Quanterix, Billerica, 
MA, USA) were removed from storage and allowed to thaw at 
room temperature. The resorufin-D-galactopyranoside reagent 
was shaken for 30 min at 800 rpm and 30°C. The samples, QCs, 
and calibrators were vortexed for 30 s at 2000 rpm. The samples 
and QCs were thereafter centrifuged for 10 min at 4000 g. CSF 
samples were diluted 40x (10x pre-dilution +4x on-board), and 
serum samples 4x (on-board), both with sample dilution reagent. 
The samples, QCs, and calibrators were added to a Simoa plate, 
the calibrators right after a throughout mixing. The assay reagents 
and a Simoa plate with samples, QCs, and calibrators were loaded 
in a HD-1 Analyzer (Quanterix, Lexington, MA, USA), the beads 
after a throughout mixing for 30 s, and the measurements 
initiated. Intra- and inter assay coefficients of variation were 
below 10% for both QC high and QC low, for both GFAP and 
NfL. The functional Lower Limit of Quantification (fLLoQ) for 
serum GFAP and NfL was 29.4 pg/mL, respectively, 1.41 pg/
mL. The fLLoQ for CSF was 10x the fLLoQ for serum. The CSF 
and serum samples of GFAP and NfL below the fLLoQ level were 
designated the value of fLLoQ.

Statistical analysis

Descriptive statistical analyses were used to analyze data. 
Continuous variables are expressed as the median and interquartile 
range (IQR), mean and standard deviation (SD), or mean and 95% 
confidence interval (CI). Categorical variables are expressed as the 
frequency and percentage. As the data were not normally distributed, 
non-parametric tests were used. Wilcoxon matched-pair singed-rank 
test was used to evaluate changes in continuous variables within 
groups, between two measured times. Mann–Whitney U test was 
used to compare continuous variables between groups. Fischer’s exact 
test was used to compare categorical variables between groups. 
Cumulative probabilities of NEDA-3, CDW, and CDI were estimated 
with Kaplan–Meier curves. To assess the impact of baseline variables 
(age, gender, diagnosis duration, EDSS, and CSF NfL) on the 
outcomes of fulfilling EDA-3, CDW, and CDI at five-year follow-up, 
Kaplan–Meier survival analyses with corresponding log-rank tests 
were performed. For these analyses we  used categorical nominal 
variables of age, diagnosis duration, EDSS, and CSF NfL. The cut-off 
for age (≤30 years) was based on previous reports regarding a 
significant change in the relationship between disability and onset age 
after about 30 years (36, 37). Diagnosis duration was divided into 
three groups: ≤3 years, >3 to <10 years, and > 10 years, and EDSS into 
two groups: <3, and ≥ 3. The cut-off (>2136 pg/mL) for CSF NfL was 
based on calculation of the third of patients with the highest CSF 
NfL. For statistical analyses SPSS version 28.00 (IBM, NY, US) and 
GraphPad Prism 10.0.2 (GraphPad Inc., California, USA) were used. 
All tests were two-sided, with a significance threshold of p ≤ 0.05.

Results

Baseline characteristics of patients and 
controls

We included 51 RRMS patients, 31 females, mean age 36 years (SD 
7.1) in the study: 6 (12%) were treated with first-line DMTs, 38 (74%) 
had second-line DMTs, and 7 (14%) were treatment naïve. The most 
common reasons for initiating ALZ treatment were breakthrough 
disease (45%), increased John Cunningham (JC) virus antibody index 
in natalizumab treated patients (35%), and highly active disease from 
disease onset (14%). Baseline demographics and clinical characteristics 
of RRMS patients, and SCs are presented in Table 1. All patients were 
followed for five years, except two patients that were lost to follow-up, 
one due to change of residence, and one due to breast cancer.

Baseline disease activity of treatment naïve patients differed from 
those with previous DMT by statistically significant higher ARR 
[treatment naïve: mean ARR 0.86 (SD 0.38); previous DMT: mean 
ARR 0.42 (SD 0.70), p = 0.045], and higher proportion with contrast-
enhancing lesions on MRI [treatment naïve: 100% (7/7); previous 
DMT: 18% (8/44), p < 0.001].

The effect of alemtuzumab on relapses and 
MRI activity

After commencing ALZ treatment, mean ARR was significantly 
reduced from baseline [0.49 (SD 0.68)] at each year of follow-up, with 
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a mean ARR of 0.20 (SD 0.46), p < 0.05, at the five-year follow-up 
(Figure 2). At year five, 29 (60%) patients were still relapse free. New 
MRI activity (new or enlarged T2 lesions, and/ or contrast-enhancing 
T1 lesions) was recorded in 26 patients (53%) over five years. The 
number of patients with new or enlarged T2 lesions and contrast-
enhancing T1 lesions during the study period was 26 (53%) and 15 
(30%), respectively (Figure 3).

Breakthrough disease activity was recorded in 67% (33/49) 
patients, 52% (17/33) of those had a third course of ALZ, 6% (2/33) 
had a fourth course of ALZ, and 40% (13/33) switched from ALZ to 
another DMT (rituximab n = 8, autologous hematopoietic stem cell 
transplantation n = 3, natalizumab n = 2). At the five-year 
follow-up 73% (36/49) of patients were still treated on ALZ and 33% 
(16/49) were free from disease activity.

The effect of alemtuzumab on disability

At baseline the median EDSS was 2.0 (IQR 1.5), and median EDSS 
was essentially unchanged during follow-up with a median EDSS of 

1.5 and an IQR between 1.13 and 2.25. At year five 20% (10/49) 
patients had improved (≥1.0-point decrease), 53% (26/49) stable 
(≤0.5-point change), and 27% worsened (≥1.0-point increase) EDSS, 
compared to baseline. The Kaplan–Meier estimates of NEDA-3, 
6-months CDW, and 6-months CDI at five years were 33, 31, and 31%, 
respectively. PIRA, and relapse associated worsening were observed 
in 6 (12%), respectively 9 (18%) patients over five years.

The effect of alemtuzumab on cognition

At baseline, SDMT showed no statistically significant differences 
in cognition between RRMS patients and SCs (p = 0.051), or between 
the NEDA-3 and the EDA-3 subgroups (p = 0.52). However, SDMT 
scores were statistically significantly worse over five years for patients 
(p < 0.001), regardless whether they achieved NEDA-3 (p < 0.05), or 
had EDA-3 (p < 0.001), while the median SDMT score for SCs was 
essentially unchanged (Figure 4). Accordingly, at year five of follow-up, 
the median SDMT score was higher in SCs [58 (IQR 11.5), n = 26, 
p = 0.03] compared to patients [54 (IQR 12.75), n = 48]. Thus, disease 

TABLE 1 Baseline characteristics of RRMS patients, and SCs.

Recorded baseline features Population

RRMS SCs p-value

(n =  51) (n =  27)

Age years, mean (SD) 36 (7.1) 35.3 (10) 0.80

Gender, female, n (%) 31 (61%) 21 (78%) 0.20

Diagnosis duration, years, mean (SD) 5.7 (5.2)

EDSS median (IQR) 2 (1.5)

ARR the year before ALZ, mean (SD) 0.49 (0.68)

Treatment prior to baseline

First-line (IFNB, GLA, DMF, TFL), n (%) 6 (12%)

Second-line (NZB, FGL, RITX), n (%) 38 (74%)

Naive, n (%) 7 (14%)

Reasons to switch to ALZ

Breakthrough disease activity despite DMT, n (%) 23 (45%)

Adverse event, n (%) 3 (6%)

Positive JC virus test during NZB treatment, n (%) 18 (35%)

Highly active disease from disease onset, n (%) 7 (14%)

MRI at baseline

T2 lesions 1–9, n (%) 4 (8)

T2 lesions 10–20, n (%) 12 (23)

T2 lesions >20, n (%) 35 (69)

Number of patients with contrast-enhancing lesions, n (%) 15 (29)

Number of patients who received each course of ALZ

First course, n (%) 51 (100%)

Second course, n (%) 50 (98%)

Third course, n (%) 17 (33%)

Fourth course, n (%) 2 (4%)

RRMS, relapsing–remitting multiple sclerosis; SCs, symptomatic controls; SD, standard deviation; EDSS, expanded disability status scale; ARR, annualized relapse rate; ALZ, alemtuzumab; 
IFNB, interferon beta; GLA, glatiramer acetate; DMF, dimethyl fumarate; TFL, teriflunomide; NZB, natalizumab; FGL, fingolimod; RITX, rituximab; DMT, disease-modifying treatment; JC 
virus, John Cunningham virus; MRI, magnetic resonance imaging; IQR, interquartile range.
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activity or increasing disability during the study period seemed not to 
influence cognition since no significant differences were found between 
SDMT scores of the NEDA-3 and the EDA-3 subgroups at follow-up. 
However, if we applied the established clinical cut-off score for SDMT 
change (≥8 points) (31), 63% (20/32) of EDA-3 patients reduced their 
SDMT score, whereas only 31% (5/16) of NEDA-3 patients had 
worsened in SDMT (p = 0.048). Using this cut-off limit for clinically 
significant SDMT change 6% (n = 3) of patients were categorized as 
improvers, 42% (n = 20) as maintainers, and 52% (n = 25) as decliners.

The effect of alemtuzumab on NfL and 
GFAP levels

A high proportion of patients and SCs refrained from lumbar 
puncture. At baseline, we had access to CSF and serum samples from 

37 and 41 patients, and 25 and 27 SCs, respectively. In one patient, 
only CSF GFAP, and not CSF NfL, was analyzed.

At baseline, patients had significantly higher median NfL levels in 
CSF [1014 pg/mL (IQR 2832.5), p < 0.0001] and serum [8.9 pg/mL 
(IQR 17.4), p = 0.03], compared to SCs [CSF: 281 pg/mL (IQR 156); 
serum: 5.8 pg/mL (IQR 3.8)] (Figures 5A,B). There was a significant 
decrease in median CSF (p = 0.05) and serum (p = 0.006) NfL levels of 
patients at two-year (24-month) follow-up, compared to baseline, and 
this reduction in serum NfL was maintained throughout the study 
(Figures 5A,B). In the subgroup analysis (Figures 5A,B), a significant 
decrease during follow-up was only found in serum NfL in the EDA-3 
cohort. There was no significant difference in serum NfL levels 
between the NEDA-3 and EDA-3 subgroups.

We grouped patients according to their reason for initiating ALZ 
into active RRMS (treatment naïve and breakthrough disease activity 
despite DMT), and inactive patients (natalizumab treated patients 
with increased JC virus antibody index or patients with an adverse 
event on other DMT). At baseline, active patients had significantly 
higher median NfL levels in CSF [1892 pg/mL (IQR 2980), n = 23, 
p = 0.003] and serum [13.2 pg/mL (IQR 22.2), n = 25, p = 0.006], 
compared to inactive patients [CSF: 560 pg/mL (IQR 450.5), n = 14; 
serum: 5.6 pg/mL (IQR 5.4), n = 16]. At two-year follow-up, CSF 
(p = 0.0002) and serum (p = 0.002) NfL levels were significantly 
reduced in active patients, while NfL levels remained low in inactive 
patients (Figures 6A,B).

At baseline, patients had significantly higher median CSF GFAP 
levels [14720 pg/mL (IQR 9240), n = 37, p < 0.0001] than age-matched 
SCs [5189 pg/mL (IQR 2954), n = 25]. Similar differences were not 
found for serum GFAP. Disease activity and ALZ treatment did not 
appear to affect CSF nor serum GFAP concentrations. Repeated 
determinations of GFAP in CSF and serum showed similar levels in 
NEDA-3 and EDA-3 subgroups and ALZ treatment had no effect on 
GFAP concentrations in CSF or in serum. Furthermore, CSF and 
serum GFAP levels were similar in patients who achieved CDW or 
PIRA compared with those who did not.

Individual serum NfL and GFAP concentrations were determined 
at baseline, and during follow-up, for each patient who had a baseline 
value (Supplementary Figures 1A,B). Serum NfL levels remained low 
after ALZ treatment while GFAP levels appeared unaffected and had 
a greater intra- and inter-individual variability.

FIGURE 2

ARR over five years. ARR at baseline (yellow dot), i.e., the year before 
ALZ initiation (year 0), and at year 1–5 (blue dots) of follow-up. The 
dots represent mean values, and error bars represent the SD. ARR, 
annualized relapse rate; ALZ, alemtuzumab; SD, standard deviation. 
*p ≤  0.05.

FIGURE 3

MRI outcomes. Kaplan–Meier plot shows probability of MRI event free survival. Yellow solid line represents the probability of contrast-enhancing T1 
lesion free MRI, and blue dashed line represents the probability of new or enlarged T2 lesion free MRI, during follow-up. MRI, magnetic resonance 
imaging.
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The prognostic value of demographic, 
baseline clinical characteristics and 
biomarkers on clinical outcomes

To assess the prognostic value of baseline variables (age, gender, 
diagnosis duration, EDSS, and CSF NfL) on the outcomes of fulfilling 
EDA-3, CDW, and CDI at five-year follow-up, Kaplan–Meier survival 
analyses with corresponding log-rank tests were performed. The 
results from these analyses are presented in Table 2.

Gender did not appear to affect the likelihood of meeting criteria 
for EDA-3, CDW, or CDI at follow-up (Table 2). In the entire patient 
population (p < 0.001) and in the subgroup of patients classified as 
active (p < 0.001) young age (≤30 years) appeared to indicate higher 
probability of showing signs of disease activity (EDA-3) at follow-up, 
compared to patients with an older age (>30 years) (Figure 7A and 
Table  2). For active patients, young age also appeared to indicate 
higher likelihood of exhibiting with CDW (p = 0.002) at follow-up, 
compared to older patients, this was not seen for the entire patient 
population or inactive patients (Table 2).

FIGURE 4

SDMT scores over five years. SDMT scores at baseline (i.e., year 0) and at year 1–5 of follow-up for RRMS patients (green dots), as well as for the 
NEDA-3 (blue dots) and EDA-3 (yellow dots) subgroups. For SCs (red dots) SDMT scores at baseline and year five are shown. The dots represent mean 
values. SDMT, symbol digit modality test; RRMS, relapsing–remitting multiple sclerosis; SCs, symptomatic controls; NEDA-3, no evidence of disease 
activity-3; EDA-3, evidence of disease activity.

FIGURE 5

CSF and serum NfL levels in RRMS patients and SCs. (A) CSF NfL levels in SCs (red dots), RRMS patients (green squares), as well as in NEDA-3 (blue 
triangles) and EDA-3 (yellow hexagons) subgroups, at baseline (month 0), and at re-sampling at 24  months after treatment initiation. The scatter plot 
represent individual values, with a line at median. (B) Serum NfL levels in SCs (red dots), RRMS patients (green squares), as well as in NEDA-3 (blue 
triangles) and EDA-3 subgroups (yellow hexagons), at baseline (month 0), and at re-sampling at 24, and 60  months after treatment initiation. The 
scatter plot represent individual values, with a line at median. CSF, cerebrospinal fluid; RRMS, relapsing–remitting multiple sclerosis; SCs, symptomatic 
controls; GFAP, glial fibrillary acidic protein; NfL, neurofilament light; NEDA-3, no evidence of disease activity-3; EDA-3, evidence of disease activity; ns, 
not statistically significant. *p ≤  0.05, **p ≤  0.01, ****p ≤  0.0001.
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When looking at the entire patient population and the subgroup 
of patients classified as active, duration of diagnosis did not appear to 
affect the likelihood of encountering EDA-3, CDW or CDI at 
follow-up (Table 2). However, for inactive patients, diagnosis duration 
appeared to affect the probability of reaching CDI (p = 0.04), with a 
probability of 63%, 0%, respectively 14%, for patients with diagnosis 
duration ≤3 years, >3 to <10 years, respectively >10 years. In addition, 
patients with EDSS <3 were significantly less likely to reach CDI at 
follow-up (p = 0.04), compared to patients with EDSS ≥3, this was also 
true for the subgroup of active patients (p = 0.006), but not for the 
inactive subgroup (Table 2).

In terms of biomarkers, high CSF NfL (CSF NfL > 2136 pg/mL) 
indicated higher likelihood of meeting EDA-3 at follow-up [mean 
survival time 2.3 years (95% CI 1.3, 3.2), p = 0.05], compared to CSF 
NfL ≤ 2136 pg/mL [mean survival time 3.6 years (95% CI 2.8, 4.3)] 
(Figure 7B), this was true for the entire patient population, but not for 
the active and inactive subgroups (Table 2). On the other hand, for 
those patients who achieved CDI during follow-up, we could see that 
those with higher NfL achieved CDI earlier (p = 0.05), compared to 
those with lower NfL, this also applied to the subgroup of active 
patients (p = 0.03), but not to the inactive subgroup (Table 2).

Safety

The included patients in this study have previously constituted a 
smaller part of a larger population where safety regarding ALZ 
treatment has been described (38).

None of the patients had an adverse event of CTCAE grade 3 or 
higher throughout the first 100 days after ALZ initiation. Twenty-nine 
patients (59%) developed autoimmune adverse events. There was no 

mortality in the patient group. See Table  3 for more detailed 
information on the safety outcomes.

Discussion

In this prospective mono-center study, of real-world ALZ treated 
RRMS patients, we  observed during five-years of follow-up, a 
reduction of ARR, stabilization of EDSS, a progression-free survival 
of 69%, freedom of MRI activity in 47, and 33% achieved NEDA-3. 
However, ALZ did not appear to affect further deterioration in 
cognition (SDMT). While NfL concentrations were reduced in CSF 
and serum, GFAP concentrations were essentially unchanged. Further, 
we observed that low age and high CSF NfL levels at baseline were 
negative prognostic markers for achieving NEDA-3 at the five-year 
follow-up, while EDSS <3 at baseline was a negative prognostic marker 
for achieving CDI.

We observed a significant reduction in ARR over each of year 
1–5 of the follow-up, and a low MRI activity, which is consistent 
with what was reported from two phase III clinical trials (9, 10), 
their five-year extensions (12, 13), as well as real-world studies (20–
24) of ALZ in RRMS. However, we  could not confirm a clear 
tendency or a statistically significant reduction in T1 contrast-
enhancing lesions during follow-up. This was probably an effect of 
including stable JC virus antibody positive natalizumab treated 
patients in our study cohort. They comprised more than one-third 
of patients, and only 29% of our patients had T1 contrast-enhancing 
lesions at baseline, compared with 46% (9), 42% (10) and 37% (23) 
in other studies.

We observed no change in median EDSS, during the five-year 
follow-up period. Although EDSS stabilized, only 20% had improved 

FIGURE 6

CSF and serum NfL levels in patients, grouped by reason for initiating ALZ. (A) CSF NfL levels in active (blue dots) patients (treatment naïve and 
breakthrough disease activity despite DMT), and inactive (yellow squares) patients (natalizumab treated patients with increased JC virus antibody index 
or patients with an adverse event on other DMT), at baseline (month 0), and at re-sampling at 24  months after treatment initiation. The scatter plot 
represent individual values, with a line at median. (B) Serum NfL levels in active (blue dots) and inactive (yellow squares) patients, at baseline (month 0), 
and at re-sampling at 24  months after treatment initiation. The scatter plot represent individual values, with a line at median. CSF, cerebrospinal fluid; 
NfL, neurofilament light; ALZ, alemtuzumab; DMT, disease-modifying treatment; ns, not statistically significant. **p ≤  0.01, ***p ≤  0.001.
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TABLE 2 The prognostic value of demographic, baseline clinical characteristics and biomarkers, on clinical outcomes at five-year follow-up.

Variable Category All patients Active patients Inactive 
patients

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

Outcome EDA-3

Gender Female 21;30 3.0 (2.4, 3.7) 0.55 9;14 2.8 (1.8, 3.7) 0.80 12;16 3.3 (2.4, 4.1) 0.54

Male 12;19 3.3 (2.5, 4.2) 10;15 3.3 (2.4, 4.3) 2;4 3.3 (1.5, 5.0)

Age ≤30 y 11;11 1.9 (0.9, 2.9) <0.001 5;5 1.0 (1.0, 1.0) <0.001 6;6 2.7 (1.1, 4.2) 0.09

>30 y 22;38 3.5 (2.9, 4.1) 14;24 3.5 (2.8, 4.2) 8;14 3.5 (2.6, 4.4)

Diagnosis 

duration ≤3 y 17;25 3.1 (2.4, 3.9) 0.66 11;17 3.1 (2.2, 4.0) 0.84 6;8 3.1 (1.7, 4.6) 0.75

>3- < 10 y 8;11 2.6 (1.5, 3.8) 4;6 2.3 (0.8, 3.8) 4;5 3.0 (1.2, 4.8)

≥10 y 8;13 3.6 (2.7, 4.5) 4;6 3.7 (2.2, 5.1) 4;7 3.6 (2.5, 4.7)

EDSS <3 26;38 3.0 (2.4, 3.6) 0.56 14;22 3.0 (2.2, 3.8) 0.86 12;16 3.0 (2.1, 3.9) 0.28

≥3 7;11 3.6 (2.6, 4.7) 5;7 3.3 (1.8, 4.7) 2;4 4.3 (2.5, 6.1)

CSF NfL ≤2136 pg/mL 12;22 3.6 (2.8, 4.3) 0.05 6;12 3.8 (2.8, 4.9) 0.07 6;10 3.2 (1.9, 4.5) 0.44

>2136 pg/mL 10;12 2.3 (1.3, 3.2) 8;10 2.1 (1.2, 3.0) 2;2 3.0 (0.0, 6.9)

Outcome CDW

Gender Female 11;30 4.0 (3.5, 4.5) 0.19 6;14 3.6 (2.7, 4.5) 0.11 5;16 4.4 (3.8, 4.9) 0.87

Male 4;19 4.7 (4.5, 5.0) 3;15 4.8 (4.6, 5.0) 1;4 4.5 (3.7, 5.4)

Age ≤30 y 5;11 3.5 (2.5, 4.6) 0.13 4;5 2.6 (3.1, 5.5) 0.002 1;6 4.3 (3.1, 5.5) 0.50

>30 y 10;38 4.5 (4.2, 4.8) 5;24 4.5 (4.1, 5.0) 5;14 4.4 (4.0, 4.9)

Diagnosis 

duration ≤3 y 8;25 4.0 (3.4, 4.6) 0.74 6;17 3.9 (3.2, 4.7) 0.65 2;8 4.3 (3.3, 5.2) 0.95

>3- < 10 y 4;11 4.5 (3.9, 5.0) 2;6 4.3 (3.5, 5.2) 2;5 4.6 (4.2, 5.0)

≥10 y 3;13 4.6 (4.2, 5.0) 1;6 4.8 (4.5, 5.1) 2;7 4.4 (3.9, 4.9)

EDSS <3 10;38 4.4 (4.1, 4.8) 0.16 7;22 4.2 (3.6, 4.8) 0.86 3;16 4.8 (4.6, 5.0) 0.001

≥3 5;11 3.7 (2.8, 4.7) 2;7 4.3 (3.3, 5.3) 3;4 2.8 (1.3, 4.2)

CSF NfL ≤2136 pg/mL 7;22 4.5 (4.1, 4.8) 0.76 4;12 4.4 (3.9, 5.0) 0.96 3;10 4.5 (3.9, 5.1) 0.38

>2136 pg/mL 4;12 3.9 (3.0, 4.9) 3;10 4.1 (3.1, 5.1) 1;2 3.0 (0.3, 5.8)

Outcome CDI

(Continued)
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Variable Category All patients Active patients Inactive 
patients

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

No. of patients 
Events;Total

Mean 
survival 

time y (95% 
CI) p-value

Gender Female 10;30 3.8 (3.2, 4.4) 0.61 4;14 * 0.83 6;16 * 0.17

Male 5;19 4.1 (3.3, 4.8) 5;15 * 0;4 *

Age ≤30 y 4;11 3.5 (2.4, 4.7) 0.60 1;5 4.2 (2.8, 5.6) 0.58 3;6 3.0 (1.4, 4.6) 0.15

>30 y 11;38 4.0 (3.5, 4.5) 8;24 3.8 (3.0, 4.5) 3;14 4.4 (3.8, 5.0)

Diagnosis 

duration

≤3 y 11;25 3.5 (2.8, 4.2) 0.12 6;17 * 0.72 5;8 * 0.04

>3- < 10 y 1;11 4.6 (4.0, 5.3) 1;6 * 0;5 *

≥10 y 3;13 4.1 (3.2, 5.0) 2;6 * 1;7 *

EDSS <3 9;38 4.2 (3.7, 4.7) 0.04 4;22 4.3 (3.7, 4.9) 0.006 5;16 4.0 (3.2, 4.8) 0.85

≥3 6;11 2.9 (1.8, 4.0) 5;7 2.3 (1.0, 3.6) 1;4 4.0 (2.3, 5.7)

CSF NfL ≤2136 pg/mL 4;22 4.4 (3.8, 4.9) 0.05 1;12 4.7 (4.0, 5.3) 0.03 3;10 4.0 (3.0, 5.0) 0.56

>2136 pg/mL 6;12 3.1 (2.0, 4.2) 5;10 3.1 (1.9, 4.3) 1;2 3.0 (0.3, 5.8)

* No statistics computed because all cases censored. No., number; CI, confidence interval; EDA-3, evidence of disease activity; CSF, cerebrospinal fluid; NfL, neurofilament light; EDSS, expanded disability status scale; CDI, confirmed disability improvement; CDW, 
confirmed disability worsening; y, years.

TABLE 2 (Continued)
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(EDSS ≥1.0 point decrease). Our result contrast with three similar 
real-world studies (20–22), showing significant reductions in 
EDSS. This discrepancy may be explained by a lower baseline median 
level of EDSS (2.0), than in these studies [4.0 (20), 3.0 (21), respectively 
2.5 (22)], and a longer follow-up period (five years), than in these 
studies [36 months (20), 16 months (21), respectively 24 months (22)]. 
A more established measure of change in disability is 6-month CDW 
and CDI. ALZ was the first DMT to show CDI (8). Of our patients, 
31% achieved CDI during follow-up compared with 33% (12) 
respectively 43% (13) of patients in the five-year extensions of the two 
phase III clinical trials of ALZ. Thus, despite having a large stable 
previously natalizumab treated patient group, we reached almost the 
same proportion of CDI as in the extension of CARE-MS I (12), which 
only included untreated RRMS patients.

At five-year follow-up, 33% of patients among our ALZ treated 
cohort achieved NEDA-3. This was slightly higher compared to the 

extension study of the CARE-MS II trial, where 27% of patients 
achieved NEDA-3 at year five (13), but slightly lower than in the 
CARE-MS I trial, in which 40% of patients achieved NEDA-3 at year 
five (12). These differences are probably due to differences in the 
selection of study populations with the highest proportion of 
treatment naïve patients in the CARE-MS I trial and the lowest in the 
CARE-MS II trial. Two real-world studies (20, 22) of ALZ, have 
reported even higher NEDA-3 achievements, with 45% (20), and 
43.7% (22), respectively. However, their follow-up time, 36 months 
(20) and 24 months (22), respectively, was shorter than our 
(60 months).

At baseline, no statistically significant difference was observed 
between SDMT scores obtained from SCs and RRMS patients, but 
during follow-up a significant decrease developed for RRMS patients, 
which also included patients who achieved NEDA-3. However, if 
we applied the clinical cut-off limit of SDMT change of eight or more 
raw score points, a significant impairment of information processing 
speed was observed only in the EDA-3 and not in the NEDA-3 
subgroup. We recorded a mean reduction in the SDMT score of 11.6 
points after five-years of follow-up. This was in contrast with two 
previous real-world studies, which reported mean improvements in 
the SDMT score of 4.3 (39) and 5.2 (40) points. However, their results 
were obtained after only 15, respectively, 24 months of ALZ treatment, 
respectively. The cognitive decline in the current study occurred after 
five-years from commencing ALZ treatment, and was not observed in 
studies with shorter follow-up (39, 40). Thus, the rate of cognitive 
decline seemed slow and associated with disease activity (EDA-3).

We observed statistically significant higher levels of GFAP and 
NfL in patients at baseline, compared to SCs. Although NfL is 
considered a biomarker of axonal damage, it mostly reflects disease 
activity in MS (41). ALZ treatment reduced NfL levels of the entire 
patient population, to levels of SCs, and they remained at low levels 
during follow-up. In line with previous studies (42–45) the NfL 
reduction was limited to patients with disease activity at baseline. In 
contrast, treatment with ALZ did not influence GFAP levels. Similar 
unresponsiveness of GFAP to DMTs has been reported previously (42, 
43). However, while serum NfL levels appeared stable during 
follow-up, the GFAP levels showed a larger intra- and inter-individual 
variation. This may imply that processes affecting astrocyte activation 
and astrogliosis are not influenced by ALZ treatment. We  have 
previously shown that GFAP is associated with disability and is 

FIGURE 7

Probability of EDA-3, relative to age and CSF NFL. Kaplan–Meier plot shows the probability of RRMS patients to reach EDA-3 at the indicated time 
(years), according to baseline variables (A) age  ≤  30  years (n =  11) represented by yellow solid line, or age  >  30  years (n =  38) represented by blue dashed 
line, and (B) CSF NfL  ≤  2,136  pg/mL (n =  22) represented by yellow solid line, or CSF NfL  >  2136  pg/mL (n =  12) represented by blue dashed line. RRMS, 
relapsing–remitting multiple sclerosis; EDA-3, no evidence of disease activity-3; CSF, cerebrospinal fluid; NfL, neurofilament light.

TABLE 3 Safety.

Adverse event RRMS patients (n  =  49)

First 100 days after ALZ initiation

CTCAE grade 3 or higher, n (%) 0 (0%)

Late adverse events (>100 days after ALZ initiation)

CTCAE grade 3 or higher, n (%) 4 (8%)

 • ITP 3 (6%)

 • Skin cancer
1 (2%)

CTCAE grade 2, n (%)

 • Autoimmune thyroid disease
27 (55%)

 • Neutropenia (autoimmune)
2 (4%)

 • Herpes zoster infection
3 (6%)

 • Upper respiratory infection
2 (4%)

 • Urinary tract infection
2 (4%)

RRMS, relapsing–remitting multiple sclerosis; ALZ, alemtuzumab; CTCAE, the common 
terminology criteria for adverse events; ITP, immune mediated thrombocytopenia.
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particularly increased during progressive MS (42, 43). However, 
we  did not observe that GFAP levels increased in patients that 
achieved CDW or PIRA, but this may be due to the limited number 
of patients who showed disability progression at follow-up.

Among all demographic, clinical characteristics, MRI and fluid 
biomarkers at baseline only high CSF NfL levels and age could predict 
outcome in the current RRMS population. The prognostic value of 
NfL has been shown previously in several studies (46–48), but the 
negative predictive value on NEDA-3 from low age (≤30 years) at 
baseline was more unexpected. Although younger age at onset is 
associated with increased relapse rate and lower rate of disability 
progression (49), the impact from onset age on prognosis has been 
questioned (36, 37). In our study population, patients with younger 
age had, not unexpected, shorter disease duration than older patients. 
Despite shorter disease duration, they showed as high T2 lesion 
burden as older patients at baseline, which may indicate a higher 
disease activity and thus worse prognosis. However, the understanding 
of how age of onset affects the degree of accrued neurological disability 
in MS patients is not particularly understood. To advance the 
knowledge of the prognostic value of onset age, there are a need for 
further studies.

The main limitation of our study was the use of a real-world 
setting with a more heterogeneous population, probably less 
accurate clinical evaluations and missing examinations and tests 
at follow-up. In addition, the EDSS is widely known to have a high 
interrater variability (50), as does the interrater variability of MRI 
lesion assessment (51). However, because all patients were 
assessed at a single center and mostly by the same experienced 
neurologists and radiologists, this variation may have been 
limited. Another limitation was a small patient sample size (51 
RRMS patients).

To our knowledge this was the first real-world prospective 
study on ALZ treatment in RRMS with a five-year follow-up. In 
contrast with most other DMTs, ALZ is a pulsed immune 
reconstitution therapy, administered iv with two or only few 
additional courses. We confirmed that ALZ is highly effective and 
has long-term effects on relapse rate and MRI outcomes and 
appeared to stabilize or improve disability in most patients. 
However, the effect from ALZ on cognition seemed limited since 
SDMT score decreased at follow-up. Although, we  observed a 
normalization of NfL levels at follow-up, there were no change of 
GFAP concentrations, suggesting that ALZ reduce axonal damage 
but has no or only limited influence on astrogliosis. We  also 
confirmed that NfL at baseline may predict disease severity in 
RRMS. Except for low age (≤30 years) we found no other baseline 
demographic or clinical factors of prognostic value. Our study 
confirms that ALZ, an immune reconstitution therapy, after few 
initial immunosuppressive courses has long-term effects on most 
clinically relevant outcomes in RRMS. The possible influence 
from ALZ on progressive axonal and functional loss of neurons 
and astrogliosis warrants further investigations.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Regional 
Ethics Review Board in Gothenburg, Sweden (Reference number 
460-13). The studies were conducted in accordance with the local 
legislation and institutional requirements. The participants provided 
their written informed consent to participate in this study. The study 
conformed with the Code of Ethics of the World Medical Association 
(Declaration of Helsinki) (52).

Author contributions

SS: Data curation, Formal analysis, Investigation, Methodology, 
Visualization, Writing – original draft. LN: Investigation, Methodology, 
Writing – review & editing. AN: Data curation, Methodology, Writing 
– review & editing. MA: Investigation, Writing – review & editing. 
CM: Conceptualization, Methodology, Writing – review & editing. 
HZ: Conceptualization, Methodology, Writing – review & editing. JL: 
Conceptualization, Funding acquisition, Methodology, Supervision, 
Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work was 
supported by grants from the Swedish Federal Government [LUA/ALF 
agreement, ALFGBG-722081]; the Swedish Society of the 
Neurologically Disabled; the Research Foundation of the Multiple 
Sclerosis Society of Gothenburg; the Edit Jacobson Foundation; the 
Berit Linnea and Ragnar Bakken Foundation; the AFA Foundation; the 
Swedish Medical Research Council; the Swedish Brain Foundation; 
NEURO Sweden; the Rune and Ulla Amlövs Foundation for 
Neurological Research; the Torsten Söderberg Foundation at the 
Swedish Royal Academy of Science; the Göran Jahnsons Foundation; 
and by unconditional grants from Novartis and Biogen. HZ was a 
Wallenberg Scholar supported by grants from the Swedish Research 
Council (#2022-01018 and #2019-02397), the European Union’s 
Horizon Europe Research and Innovation Programme under grant 
agreement No 101053962, Swedish State Support for Clinical Research 
(#ALFGBG-71320), the Alzheimer Drug Discovery Foundation 
(ADDF), USA (#201809-2016862), the AD Strategic Fund and the 
Alzheimer’s Association (#ADSF-21-831376-C, #ADSF-21-831381-C, 
and #ADSF-21-831377-C), the Bluefield Project, the Olav Thon 
Foundation, the Erling-Persson Family Foundation, Stiftelsen för 
Gamla Tjänarinnor, Hjärnfonden, Sweden (#FO2022-0270), the 
European Union’s Horizon 2020 research and innovation programme 
under the Marie Skłodowska-Curie grant agreement No 860197 
(MIRIADE), the European Union Joint Programme – 
Neurodegenerative Disease Research (JPND2021-00694), the National 
Institute for Health and Care Research University College London 
Hospitals Biomedical Research Centre, and the UK Dementia Research 
Institute at UCL (UKDRI-1003). The funders were not involved in the 
study design, collection, analysis, interpretation of data, the writing of 
this article, or the decision to submit it for publication.

https://doi.org/10.3389/fneur.2023.1265354
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Sandgren et al. 10.3389/fneur.2023.1265354

Frontiers in Neurology 13 frontiersin.org

Acknowledgments

The authors would like to thank and acknowledge all participants 
that supported and contributed to this study.

Conflict of interest

SS has received compensation for lectures and/or advisory 
board membership from Merck. LN has received lecture honoraria 
from Biogen, Novartis, Teva, Sanofi and has served on advisory 
boards for Merck, Janssen and Sanofi. MA has received 
compensation for lectures and/or advisory boards from Biogen, 
Genzyme, and Novartis. CM has received honoraria for lectures and 
advisory board memberships from Biogen, Merck, Novartis, and 
SanofiAventis. HZ has served at scientific advisory boards and/or 
as a consultant for Abbvie, Alector, Annexon, Artery Therapeutics, 
AZTherapies, CogRx, Denali, Eisai, Nervgen, Novo Nordisk, 
Pinteon Therapeutics, Red Abbey Labs, Passage Bio, Roche, 
Samumed, Siemens Healthineers, Triplet Therapeutics, and Wave, 
has given lectures in symposia sponsored by Cellectricon, Fujirebio, 
Alzecure, Biogen, and Roche, and is a co-founder of Brain 
Biomarker Solutions in Gothenburg AB BBS, which is a part of the 
GU Ventures Incubator Program outside submitted work. JL has 
received travel support and/or lecture honoraria and has served on 

scientific advisory boards for Alexion, Almirall, Biogen, Bristol 
Myers Squibb, Celgene, Janssen, Merck, Novartis, Roche, and 
Sanofi; and has received unconditional research grants from Biogen 
and Novartis, and financial support from Sanofi for an investigator-
initiated study.

The remaining author declares that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2023.1265354/
full#supplementary-material

References
 1. Jeffery DR. Early intervention with immunomodulatory agents in the treatment of 

multiple sclerosis. J Neurol Sci. (2002) 197:1–8. doi: 10.1016/S0022-510X(02)00039-4

 2. Giovannoni G. Disease-modifying treatments for early and advanced multiple 
sclerosis: a new treatment paradigm. Curr Opin Neurol. (2018) 31:233–43. doi: 10.1097/
WCO.0000000000000561

 3. Ruck T, Bittner S, Wiendl H, Meuth SG. Alemtuzumab in multiple sclerosis: 
mechanism of action and beyond. Int J Mol Sci. (2015) 16:16414–39. doi: 10.3390/
ijms160716414

 4. Cox AL, Thompson SA, Jones JL, Robertson VH, Hale G, Waldmann H, et al. 
Lymphocyte homeostasis following therapeutic lymphocyte depletion in multiple 
sclerosis. Eur J Immunol. (2005) 35:3332–42. doi: 10.1002/eji.200535075

 5. Jones JL, Phuah CL, Cox AL, Thompson SA, Ban M, Shawcross J, et al. IL-21 drives 
secondary autoimmunity in patients with multiple sclerosis, following therapeutic 
lymphocyte depletion with alemtuzumab (Campath-1H). J Clin Invest. (2009) 
119:2052–61. doi: 10.1172/JCI37878

 6. Thompson SA, Jones JL, Cox AL, Compston DA, Coles AJ. B-cell reconstitution 
and BAFF after alemtuzumab (Campath-1H) treatment of multiple sclerosis. J Clin 
Immunol. (2010) 30:99–105. doi: 10.1007/s10875-009-9327-3

 7. Havari E, Turner MJ, Campos-Rivera J, Shankara S, Nguyen TH, Roberts B, et al. 
Impact of alemtuzumab treatment on the survival and function of human regulatory T 
cells in vitro. Immunology. (2014) 141:123–31. doi: 10.1111/imm.12178

 8. Coles AJ, Compston DA, Selmaj KW, Lake SL, Moran S, Margolin DH, et al. 
Alemtuzumab vs. interferon beta-1a in early multiple sclerosis. N Engl J Med. (2008) 
359:1786–801. doi: 10.1056/NEJMoa0802670

 9. Cohen JA, Coles AJ, Arnold DL, Confavreux C, Fox EJ, Hartung HP, et al. 
Alemtuzumab versus interferon beta 1a as first-line treatment for patients with 
relapsing-remitting multiple sclerosis: a randomised controlled phase 3 trial. Lancet. 
(2012) 380:1819–28. doi: 10.1016/S0140-6736(12)61769-3

 10. Coles AJ, Twyman CL, Arnold DL, Cohen JA, Confavreux C, Fox EJ, et al. 
Alemtuzumab for patients with relapsing multiple sclerosis after disease-modifying 
therapy: a randomised controlled phase 3 trial. Lancet. (2012) 380:1829–39. doi: 
10.1016/S0140-6736(12)61768-1

 11. Ziemssen T, Thomas K. Alemtuzumab in the long-term treatment of relapsing-
remitting multiple sclerosis: an update on the clinical trial evidence and data from the 
real world. Ther Adv Neurol Disord. (2017) 10:343–59. doi: 10.1177/1756285617722706

 12. Havrdova E, Arnold DL, Cohen JA, Hartung HP, Fox EJ, Giovannoni G, et al. 
Alemtuzumab CARE-MS I  5-year follow-up: durable efficacy in the absence of 

continuous MS therapy. Neurology. (2017) 89:1107–16. doi: 10.1212/
WNL.0000000000004313

 13. Coles AJ, Cohen JA, Fox EJ, Giovannoni G, Hartung HP, Havrdova E, et al. 
Alemtuzumab CARE-MS II 5-year follow-up: efficacy and safety findings. Neurology. 
(2017) 89:1117–26. doi: 10.1212/WNL.0000000000004354

 14. Ziemssen T, Bass AD, Berkovich R, Comi G, Eichau S, Hobart J, et al. Efficacy and 
safety of alemtuzumab through 9 years of follow-up in patients with highly active 
disease: post hoc analysis of CARE-MS I and II patients in the TOPAZ extension study. 
CNS Drugs. (2020) 34:973–88. doi: 10.1007/s40263-020-00749-x

 15. Steingo B, Al Malik Y, Bass AD, Berkovich R, Carraro M, Fernández Ó, et al. Long-
term efficacy and safety of alemtuzumab in patients with RRMS: 12-year follow-up of 
CAMMS223. J Neurol. (2020) 267:3343–53. doi: 10.1007/s00415-020-09983-1

 16. U.S. Food and Drug Administration (FDA). Lemtrada prescribing information 
2014. (2021). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2014/103948s5139lbl.pdf.

 17. European Medicines Agency. Lemtrada Article 20 procedure - PRAC assesment 
report 2020. (2020). Available at: https://www.ema.europa.eu/en/documents/referral/
lemtrada-article-20-procedure-prac-assessment-report_en.pdf.

 18. European Medicines Agency. Lemtrada. Summary of Product Characteristics 
(SmPC). (2013). Available at: https://www.ema.europa.eu/en/documents/product-
information/lemtrada-epar-product-information_en.pdf.

 19. Gerardi C, Bertele V, Rossi S, Garattini S, Banzi R. Preapproval and postapproval 
evidence on drugs for multiple sclerosis. Neurology. (2018) 90:964–73. doi: 10.1212/
WNL.0000000000005561

 20. Prosperini L, Annovazzi P, Boffa L, Buscarinu MC, Gallo A, Matta M, et al. No 
evidence of disease activity (NEDA-3) and disability improvement after alemtuzumab 
treatment for multiple sclerosis: a 36-month real-world study. J Neurol. (2018) 
265:2851–60. doi: 10.1007/s00415-018-9070-x

 21. Huhn K, Bayas A, Doerck S, Frank B, Gerbershagen K, Hellwig K, et al. 
Alemtuzumab as rescue therapy in a cohort of 50 relapsing-remitting MS patients with 
breakthrough disease on fingolimod: a multi-center observational study. J Neurol. (2018) 
265:1521–7. doi: 10.1007/s00415-018-8871-2

 22. Frau J, Coghe G, Lorefice L, Fenu G, Musu L, Cocco E. Efficacy and safety of 
alemtuzumab in a real-life cohort of patients with multiple sclerosis. J Neurol. (2019) 
266:1405–11. doi: 10.1007/s00415-019-09272-6

 23. Zmira O, Halpern AI, Abraham L, Achiron A. Efficacy and safety of alemtuzumab 
treatment in a real-world cohort of patients with multiple sclerosis. Acta Neurol Belg. 
(2020) 121:1513–8. doi: 10.1007/s13760-020-01375-6

https://doi.org/10.3389/fneur.2023.1265354
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2023.1265354/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2023.1265354/full#supplementary-material
https://doi.org/10.1016/S0022-510X(02)00039-4
https://doi.org/10.1097/WCO.0000000000000561
https://doi.org/10.1097/WCO.0000000000000561
https://doi.org/10.3390/ijms160716414
https://doi.org/10.3390/ijms160716414
https://doi.org/10.1002/eji.200535075
https://doi.org/10.1172/JCI37878
https://doi.org/10.1007/s10875-009-9327-3
https://doi.org/10.1111/imm.12178
https://doi.org/10.1056/NEJMoa0802670
https://doi.org/10.1016/S0140-6736(12)61769-3
https://doi.org/10.1016/S0140-6736(12)61768-1
https://doi.org/10.1177/1756285617722706
https://doi.org/10.1212/WNL.0000000000004313
https://doi.org/10.1212/WNL.0000000000004313
https://doi.org/10.1212/WNL.0000000000004354
https://doi.org/10.1007/s40263-020-00749-x
https://doi.org/10.1007/s00415-020-09983-1
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/103948s5139lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/103948s5139lbl.pdf
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-prac-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/referral/lemtrada-article-20-procedure-prac-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/product-information/lemtrada-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/lemtrada-epar-product-information_en.pdf
https://doi.org/10.1212/WNL.0000000000005561
https://doi.org/10.1212/WNL.0000000000005561
https://doi.org/10.1007/s00415-018-9070-x
https://doi.org/10.1007/s00415-018-8871-2
https://doi.org/10.1007/s00415-019-09272-6
https://doi.org/10.1007/s13760-020-01375-6


Sandgren et al. 10.3389/fneur.2023.1265354

Frontiers in Neurology 14 frontiersin.org

 24. Theodorsdottir A, Debrabant B, Magyari M, Kant M, Rasmussen PV, Malmberg CF, 
et al. Alemtuzumab treatment in Denmark: a national study based on the Danish multiple 
sclerosis registry. Multiple Sclerosis. (2021) 27:2254–66. doi: 10.1177/13524585211003291

 25. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. 
Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 
(2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

 26. Constantinescu C, Novakova L, Brandt AF, Malmeström C, Constantinescu R, 
Axelsson M, et al. Persons with suspicious onset of multiple sclerosis but with 
undetermined diagnosis had persistent lower cognition and reduced quality of life. Mult 
Scler Relat Disord. (2021) 52:102977. doi: 10.1016/j.msard.2021.102977

 27. McDonald WI, Compston A, Edan G, Goodkin D, Hartung HP, Lublin FD, et al. 
Recommended diagnostic criteria for multiple sclerosis: guidelines from the 
international panel on the diagnosis of multiple sclerosis. Ann Neurol. (2001) 50:121–7. 
doi: 10.1002/ana.1032

 28. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded 
disability status scale (EDSS). Neurology. (1983) 33:1444–52. doi: 10.1212/
WNL.33.11.1444

 29. Giovannoni G, Turner B, Gnanapavan S, Offiah C, Schmierer K, Marta M. Is it 
time to target no evident disease activity (NEDA) in multiple sclerosis? Mult Scler Relat 
Disord. (2015) 4:329–33. doi: 10.1016/j.msard.2015.04.006

 30. Strober L, DeLuca J, Benedict RH, Jacobs A, Cohen JA, Chiaravalloti N, et al. 
Symbol digit modalities test: a valid clinical trial endpoint for measuring cognition in 
multiple sclerosis. Multiple Sclerosis. (2019) 25:1781–90. doi: 10.1177/1352458518808204

 31. Weinstock Z, Morrow S, Conway D, Fuchs T, Wojcik C, Unverdi M, et al. 
Interpreting change on the symbol digit modalities test in people with relapsing multiple 
sclerosis using the reliable change methodology. Multiple Sclerosis. (2022) 28:1101–11. 
doi: 10.1177/13524585211049397

 32. U.S. Department of Health and Human Services. Common Terminology Criteria for 
Adverse Events (CTCAE) Version 5.0 2017. (2017). Available at: https://ctep.cancer.gov/
protocoldevelopment/electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf.

 33. Vagberg M, Axelsson M, Birgander R, Burman J, Cananau C, Forslin Y, et al. 
Guidelines for the use of magnetic resonance imaging in diagnosing and monitoring the 
treatment of multiple sclerosis: recommendations of the Swedish multiple sclerosis 
association and the Swedish Neuroradiological Society. Acta Neurol Scand. (2017) 
135:17–24. doi: 10.1111/ane.12667

 34. Cotton F, Weiner HL, Jolesz FA, Guttmann CR. MRI contrast uptake in new 
lesions in relapsing-remitting MS followed at weekly intervals. Neurology. (2003) 
60:640–6. doi: 10.1212/01.WNL.0000046587.83503.1E

 35. Teunissen CE, Petzold A, Bennett JL, Berven FS, Brundin L, Comabella M, et al. 
A consensus protocol for the standardization of cerebrospinal fluid collection and 
biobanking. Neurology. (2009) 73:1914–22. doi: 10.1212/WNL.0b013e3181c47cc2

 36. Confavreux C, Vukusic S. Age at disability milestones in multiple sclerosis. Brain. 
(2006) 129:595–605. doi: 10.1093/brain/awh714

 37. Ramachandran S, Strange RC, Jones PW, Kalra S, Nayak D, Hawkins CP. 
Associations between onset age and disability in multiple sclerosis patients studied using 
MSSS and a progression model. Mult Scler Relat Disord. (2014) 3:593–9. doi: 10.1016/j.
msard.2014.06.002

 38. Zhukovsky C, Sandgren S, Silfverberg T, Einarsdottir S, Tolf A, Landtblom AM, 
et al. Autologous haematopoietic stem cell transplantation compared with alemtuzumab 

for relapsing-remitting multiple sclerosis: an observational study. J Neurol Neurosurg 
Psychiatry. (2021) 92:189–94. doi: 10.1136/jnnp-2020-323992

 39. Riepl E, Pfeuffer S, Ruck T, Lohmann H, Wiendl H, Meuth SG, et al. Alemtuzumab 
improves cognitive processing speed in active multiple sclerosis-a longitudinal 
observational study. Front Neurol. (2017) 8:730. doi: 10.3389/fneur.2017.00730

 40. Hvid LG, Stenager E, Dalgas U. Objectively assessed physiological, physical, and 
cognitive function along with patient-reported outcomes during the first 2 years of 
Alemtuzumab treatment in multiple sclerosis: a prospective observational study. J 
Neurol. (2022) 269:4895–908. doi: 10.1007/s00415-022-11134-7

 41. Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer T, et al. 
Neurofilaments as biomarkers in neurological disorders. Nat Rev Neurol. (2018) 
14:577–89. doi: 10.1038/s41582-018-0058-z

 42. Gunnarsson M, Malmestrom C, Axelsson M, Sundstrom P, Dahle C, Vrethem M, 
et al. Axonal damage in relapsing multiple sclerosis is markedly reduced by natalizumab. 
Ann Neurol. (2011) 69:83–9. doi: 10.1002/ana.22247

 43. Axelsson M, Malmestrom C, Gunnarsson M, Zetterberg H, Sundstrom P, Lycke J, 
et al. Immunosuppressive therapy reduces axonal damage in progressive multiple 
sclerosis. Multiple Sclerosis. (2014) 20:43–50. doi: 10.1177/1352458513490544

 44. Novakova L, Axelsson M, Khademi M, Zetterberg H, Blennow K, Malmestrom C, 
et al. Cerebrospinal fluid biomarkers of inflammation and degeneration as measures of 
fingolimod efficacy in multiple sclerosis. Multiple Sclerosis. (2017) 23:62–71. doi: 
10.1177/1352458516639384

 45. Novakova L, Zetterberg H, Sundström P, Axelsson M, Khademi M, Gunnarsson 
M, et al. Monitoring disease activity in multiple sclerosis using serum neurofilament 
light protein. Neurology. (2017) 89:2230–7. doi: 10.1212/WNL.0000000000004683

 46. Disanto G, Barro C, Benkert P, Naegelin Y, Schadelin S, Giardiello A, et al. Serum 
neurofilament light: a biomarker of neuronal damage in multiple sclerosis. Ann Neurol. 
(2017) 81:857–70. doi: 10.1002/ana.24954

 47. Barro C, Benkert P, Disanto G, Tsagkas C, Amann M, Naegelin Y, et al. Serum 
neurofilament as a predictor of disease worsening and brain and spinal cord atrophy in 
multiple sclerosis. Brain. (2018) 141:2382–91. doi: 10.1093/brain/awy154

 48. Håkansson I, Tisell A, Cassel P, Blennow K, Zetterberg H, Lundberg P, et al. 
Neurofilament levels, disease activity and brain volume during follow-up in multiple 
sclerosis. J Neuroinflammation. (2018) 15:209. doi: 10.1186/s12974-018-1249-7

 49. Weinshenker BG, Rice GP, Noseworthy JH, Carriere W, Baskerville J, Ebers GC. 
The natural history of multiple sclerosis: a geographically based study. 3. Multivariate 
analysis of predictive factors and models of outcome. Brain. (1991) 114:1045–56. doi: 
10.1093/brain/114.2.1045

 50. Noseworthy JH, Vandervoort MK, Wong CJ, Ebers GC. Interrater variability with 
the expanded disability status scale (EDSS) and functional systems (FS) in a multiple 
sclerosis clinical trial. The Canadian cooperation MS study group. Neurology. (1990) 
40:971–5. doi: 10.1212/WNL.40.6.971

 51. Molyneux PD, Miller DH, Filippi M, Yousry TA, Radü EW, Adèr HJ, et al. Visual 
analysis of serial T2-weighted MRI in multiple sclerosis: intra- and interobserver 
reproducibility. Neuroradiology. (1999) 41:882–8. doi: 10.1007/s002340050860

 52. World Medical Association. World Medical Association Declaration of Helsinki: 
ethical principles for medical research involving human subjects. JAMA. (2013) 
310:2191–4. doi: 10.1001/jama.2013.281053

https://doi.org/10.3389/fneur.2023.1265354
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1177/13524585211003291
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/j.msard.2021.102977
https://doi.org/10.1002/ana.1032
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.1016/j.msard.2015.04.006
https://doi.org/10.1177/1352458518808204
https://doi.org/10.1177/13524585211049397
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf
https://ctep.cancer.gov/protocoldevelopment/electronic_applications/docs/ctcae_v5_quick_reference_5x7.pdf
https://doi.org/10.1111/ane.12667
https://doi.org/10.1212/01.WNL.0000046587.83503.1E
https://doi.org/10.1212/WNL.0b013e3181c47cc2
https://doi.org/10.1093/brain/awh714
https://doi.org/10.1016/j.msard.2014.06.002
https://doi.org/10.1016/j.msard.2014.06.002
https://doi.org/10.1136/jnnp-2020-323992
https://doi.org/10.3389/fneur.2017.00730
https://doi.org/10.1007/s00415-022-11134-7
https://doi.org/10.1038/s41582-018-0058-z
https://doi.org/10.1002/ana.22247
https://doi.org/10.1177/1352458513490544
https://doi.org/10.1177/1352458516639384
https://doi.org/10.1212/WNL.0000000000004683
https://doi.org/10.1002/ana.24954
https://doi.org/10.1093/brain/awy154
https://doi.org/10.1186/s12974-018-1249-7
https://doi.org/10.1093/brain/114.2.1045
https://doi.org/10.1212/WNL.40.6.971
https://doi.org/10.1007/s002340050860
https://doi.org/10.1001/jama.2013.281053


Sandgren et al. 10.3389/fneur.2023.1265354

Frontiers in Neurology 15 frontiersin.org

Glossary

ALZ alemtuzumab

ARR annualized relapse rate

CDI confirmed disability improvement

CDW confirmed disability worsening

CI confidence interval

CNS central nervous system

CSF cerebrospinal fluid

CTCAE common terminology criteria for adverse events

DMT disease-modifying treatment

EDA-3 evidence of disease activity-3

EDSS expanded disability status scale

fLLoQ functional lower limit of quantification

GFAP glial fibrillary acidic protein

IQR interquartile range

JC virus John Cunningham virus

MRI magnetic resonance imaging

MS multiple sclerosis

NEDA-3 no evidence of disease activity-3

NfL neurofilament light

PIRA progression independent of relapses

RRMS relapsing–remitting multiple sclerosis

SCs symptomatic controls

SD standard deviation

SDMT symbol digit modality test

Simoa single molecule array

QC quality control
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