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Abstract: Serum neurofilament light chain (sNfL) is an intensely investigated biomarker in multiple
sclerosis (MS). The aim of this study was to explore the impact of cladribine (CLAD) on sNfL and
the potential of sNfL as a predictor of long-term treatment response. Data were gathered from a
prospective, real-world CLAD cohort. We measured sNfL at baseline (BL-sNfL) and 12 months (12Mo-
sNfL) after CLAD start by SIMOA. Clinical and radiological assessments determined fulfilment of
“no evidence of disease activity” (NEDA-3). We evaluated BL-sNfL, 12M-sNfL and BL/12M sNfL
ratio (sNfL-ratio) as predictors for treatment response. We followed 14 patients for a median of
41.5 months (range 24.0–50.0). NEDA-3 was fulfilled by 71%, 57% and 36% for a period of 12, 24
and 36 months, respectively. We observed clinical relapses in four (29%), MRI activity in six (43%)
and EDSS progression in five (36%) patients. CLAD significantly reduced sNfL (BL-sNfL: mean
24.7 pg/mL (SD ± 23.8); 12Mo-sNfL: mean 8.8 pg/mL (SD ± 6.2); p = 0.0008). We found no correlation
between BL-sNfL, 12Mo-sNfL and ratio-sNfL and the time until loss of NEDA-3, the occurrence of
relapses, MRI activity, EDSS progression, treatment switch or sustained NEDA-3. We corroborate
that CLAD decreases neuroaxonal damage in MS patients as determined by sNfL. However, sNfL
at baseline and at 12 months failed to predict clinical and radiological treatment response in our
real-world cohort. Long-term sNfL assessments in larger studies are essential to explore the predictive
utility of sNfL in patients treated with immune reconstitution therapies.

Keywords: disease activity; NfL; treatment response; biomarkers; multiple sclerosis; immune
reconstitution

1. Introduction

Cladribine (CLAD) acts as immune reconstitution therapy (IRT) and is used for the
treatment of multiple sclerosis (MS) [1,2]. IRTs induce a peripheral lymphodepletion with
the aim of correcting the immunological dysregulations in MS [2]. CLAD tablets are given
as short cycles in year one and two followed by a drug-free interval of up to several years [3].
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The timing of treatment re-initiation, however, needs to be explored further. While patients
with stable disease should not be exposed to potential adverse effects associated with
additional immunomodulation, long-term sequalae in case of disease recurrence, on the
other hand, should also be avoided. To achieve this goal, robust indicators to predict
individual treatment response are needed.

Serum neurofilament light chain protein (sNfL) is an easily accessible serum biomarker
of neuroaxonal damage [4]. SNfL correlates with clinical and radiological disease activity
in MS, and baseline values hold the potential to predict disability accumulation in patients
with clinically isolated syndrome [5–7]. These data support a role of sNfL as both a readout
for treatment response and also a tool to capture long-term disease outcome.

Understanding the efficacy and durability of pulsed immune reconstitution by CLAD
is instrumental in guiding an optimal treatment concept for the individual MS patient. We
therefore aimed to study the impact of oral CLAD on sNfL and its potential as a predictor
of long-term treatment response among our real-world cohort.

2. Results

We included 14 patients with relapsing MS, with a mean age of 35.4 years (± 9.3) and a
median EDSS of 1.8 (interquartile range (IQR) 1.0–2.4, range 0–3.5) at BL. Two patients were
treatment-naïve, and nine patients had experienced a clinical relapse in the three months
before CLAD start. Patients were followed-up for a median of 41.5 months (IQR 36.0–46.3,
range 24.0–50.0) after CLAD initiation. Demographic features and cohort characteristics
are displayed in Table 1, while Figure S1 summarizes the disease course of each patient.

Table 1. Characteristics of patients included (n = 14).

Age (y), mean (SD) 35.4 (9.3)

Female, No. (%) 12 (86)

No. RRMS at baseline (%) 14 (100)

Median follow-up in months (IQR) 41.5 (36.0–46.3)

Median EDSS (range) at BL 1.8 (0–3.5)

Median EDSS (range) at EOS 1.3 (0–6.5)

Mean disease duration at BL, y (SD) 7.9 (7.4)

Patients with DMTs before CLAD (%)
First-line DMTs (%)

Second-line DMTs (%)
No. DMTs before CLAD, median (min; max)

12/14 (86)
9/12 (75)
3/12 (25)
1.8 (0; 4)

Patients with DMTs after CLAD (%)
Anti-CD20 infusion (%)

S1P-modulator (%)
Months from CLAD to DMT switch, mean (SD)

4/14 (29)
3 (75)
1 (25)

32 (13)
Y: years; SD: standard deviation; No.: number; RRMS: relapsing remitting multiple sclerosis; IQR: interquartile
range; EDSS: Expanded Disability Status Scale; BL: baseline; EOS: end of study; CLAD: cladribine; DMT: disease
modifying therapy.

NEDA-3 was fulfilled by 71% (10/14), 57% (8/14) and 36% (4/11) of patients for a
period of 12, 24 and 36 months, respectively (Figure 1). Five (36%) patients had ongoing high
disease activity, whilst the majority (64%) showed no or only mild signs of disease activity
throughout the follow-up (Figure S1). Overall, 10 relapses were recorded in 4 patients (29%)
whereas 10 patients (71%) remained relapse-free. In addition to cerebral MRI, radiological
investigations included the cervical spine in 9/14 patients (64%) and the thoracic spine in
one patient.
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Figure 1. Kaplan–Meier curve showing sustained NEDA-3 fulfilment among the study cohort (n = 14).
NEDA: no evidence of disease activity.

MRI activity was observed in 6/14 (43%). Throughout the follow-up, EDSS remained
stable in five (36%), improved in four (29%) and worsened in five (36%) patients. Median
EDSS improved from 1.8 (interquartile range (IQR) 1.0–2.4, range 0–3.5) at BL to 1.3 (in-
terquartile range (IQR) 0.0–2.4, range 0–6.5) at study termination. Due to ongoing disease
activity, 4/14 patients were switched to other immunotherapies (Table 1), while no patient
received more than two CLAD cycles.

Serum NfL–impact of CLAD and predictive value: Mean sNfL significantly de-
creased under CLAD therapy from 24.7 pg/mL (±23.8) at baseline to 8.8 pg/mL (±6.2)
at 12 months (p = 0.0008; Figure 2a). This mean reduction of 15.9 pg/mL (95% CI: 5.5–25.5)
amounts to an overall decrease in sNfL of 65%. SNfL dropped in 13/14 (93%) patients after
CLAD initiation and was stable in the remaining individual.

Additionally, we investigated whether short-term sNfL assessment could be used to
predict long-term disease control on an individual basis. We found no correlation between
BL-sNfL (p = 0.88), 12Mo-sNfL (p = 0.36), ratio-sNfL (p = 0.91) and time-to-loss of NEDA-3.
Moreover, there was no correlation between sNfL parameters and occurrence, number and
severity of relapses. Also, MRI activity, sustained disability worsening, therapy switch
and fulfilment of NEDA-3 did not correlate with sNfL (Figure 2b–f). Finally, we found
no correlation of either sNfL parameter and whether patients were treatment-naïve at the
time of or had a disease-modifying therapy (DMT) before cladribine start. The type of
pre-treatment (first or second line) had no impact on the sNfL course.
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Figure 2. Impact of CLAD on sNfL and predictive utility of sNfL for treatment response. (a) SNfL
is significantly reduced by CLAD administration (p = 0.0008) at 12 months from therapy start.
(b–f) We found no correlation between sNfL at BL (BL-sNfL, left), sNfL at 12 months from CLAD
start (12Mo-sNfL, middle) and the sNfL ratio of both time points (ratio-sNfL, right) and various
parameters for disease activity. EDSS progression was defined as 6 months confirmed Expanded
Disability Status Scale (EDSS) progression. CI: confidence interval; NEDA: no evidence of disease
activity; MRI: magnetic resonance imaging; EDSS: Expanded Disability Status Scale; DMT: disease
modifying therapy.

3. Discussion

In the present study, while exploring the effect of oral CLAD on sNfL, we found
a marked reduction of sNfL, emphasizing the beneficial role of IRTs on brain damage
and the potential of CLAD to attenuate MS disease activity. Mean sNfL levels dropped
from 25 pg/mL to below 10 pg/mL after the first CLAD treatment year, resulting in
decreases to values back to levels of healthy controls [6,8]. SNfL reductions among our
cohort were clinically accompanied by amelioration of median EDSS. Our results are in line
with a recent Italian study, which observed a similar strong reduction of sNfL at 24 weeks
among 18 MS patients [9]. While the exact mode of action of CLAD remains elusive, the
impact on central nervous system inflammation appears mainly attributed to the peripheral
consequences of the drug on circulating lymphocytes [10]. Th17 subsets and memory B
cells, both major culprits in MS pathogenesis [11,12], are reduced by CLAD, followed by
an incomplete recovery at 24 months [13]. CLAD also affects inflammatory cell adhesion
molecules expressed by leucocytes, which may influence lymphocyte communication and
migration [14]. Moreover, CLAD itself can enter the central nervous system where it may
attenuate local inflammation [15]. In fact, subcutaneous administration of CLAD was
shown to eliminate oligoclonal bands in the cerebrospinal fluid (CSF) of people with MS
(pwMS) [16].

Reductions in sNfL have been attributed to several DMTs for continuous administra-
tion and are increasingly considered as outcome measures in drug trials [17–19]. A study on
patients treated with alemtuzumab, another IRT, found that sNfL levels not only decreased
close to physiological levels, but also showed a sustained effect for up to seven years [20].
Together with clinical and MRI outcome parameters, these data underline the long-term
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potential of IRTs to attenuate pathological processes. Congruent reductions in sNfL were
also reported in MS patients receiving autologous hematopoietic stem cell therapy, which
is considered the strongest IRT [21].

While there was a clear impact of CLAD on sNfL, the values at BL and at 12 months
were not predictive of the long-term disease outcome among this explorative cohort. Also,
the relative reduction of sNfL associated with the first cycle of CLAD did not correlate with
clinical and radiological treatment response. To summarize, sNfL assessment within the first
year of treatment failed to predict sustained disease control among this real-world CLAD
cohort. In line with our data, sNfL was not able to capture or predict EDSS progression
that occurred independent of relapse or MRI activity in natalizumab-treated patients [22].
On the other hand, lower BL-sNfL correlated with a better treatment response in patients
treated with dimethyl fumarate, a first-line MS drug [23]. NfL has been investigated in
several neurological conditions and was found to be more sensitive to acute axonal loss than
to sustained damage that underlies neurodegenerative processes [24]. This could explain
why sNfL appears especially useful to predict disease outcome when assessed during the
initial phase of the disease which is characterized by acute focal inflammation [6]. In fact,
natalizumab and CLAD represent second-line therapies often prescribed after failure of
other DMTs. It can be hypothesised that, by the time these treatment options are initiated,
neurodegenerative processes may be more prominent [25]. Therefore, the predictive value
of sNfL in later stages of MS has to be explored further.

During the mean follow-up of more than three years, the majority of our patients
had no relapse and no confirmed disability progression, supporting the hypothesis that
short-term CLAD administration induces a sustained immunological reset. In line with our
data, the durable efficacy of CLAD has been confirmed in pivotal trials and corroborated by
real-world data [1,26–28], underpinning the role of CLAD as an effective and convenient
treatment option for patients with MS.

The SARS-CoV-2 pandemic prohibited assessment of sNfL samples beyond the first
year which represents a major limitation of this work. Studies assessing the course of sNfL
over a longer period are currently being conducted and will provide further insights into
the sustainability of CLAD-induced treatment effects [29]. Whether evaluation of the sNfL
course at regular intervals can be a useful tool to detect subclinical disease recurrence, as
suggested in a pilot study among patients receiving alemtuzumab [30], has to be inves-
tigated further. Future studies will show whether long-term sNfL assessment may have
an important role in determining the optimal time point for each individual patient to
re-initiate treatment following IRT. Another open question is whether repopulation kinetics
of specific lymphocyte subsets correlate with disease activity, and in-depth immunophe-
notyping analyses beyond years 1 and 2 are yet to be performed. Aside from the merely
short-term assessment of sNfL, the size of our cohort represents another major limitation.
Moreover, MRI analyses of the spine were only available in a minority of patients, and we
can therefore not exclude clinically silent inflammations in the spinal cord with impacts
on sNfL.

4. Materials and Methods

Patients were enrolled from a prospective CLAD-treated real-world study initiated
in 2017 and conducted at the outpatient MS clinic of the Medical University Salzburg. This
patient cohort had been primarily recruited to explore the effect of CLAD on pathogen-
specific antibody levels and consisted of fourteen patients with relapsing MS. We collected
demographics and patient history at the time of CLAD start (baseline, BL) and clinical as
well as magnetic resonance imaging (MRI) data. Patient were re-evaluated by MS specialists
every 3–6 months within the first two treatment years and every 3–12 months thereafter.
We assessed clinical relapses as well as sustained disability worsening defined as 6 month
confirmed Expanded Disability Status Scale (EDSS) progression. Severe relapses were
defined as motor or brainstem symptoms and steroid-refractory optic neuritis. We recorded
immunotherapy switches following CLAD treatment. Cerebral MRI was performed at
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least annually on 3 tesla MRI devices and included T1-weighted images before and after
administration of contrast agent (gadolinium—Gd) and T2/fluid-attenuated inversion
recovery (FLAIR) sequences. Spine MRI evaluations were also considered if available.
Images were analysed by two independent neuroradiologists. MRI activity was defined as
new or enlarged T2/FLAIR lesions, or T1 gadolinium enhancement. We considered the
NEDA-3 status consisting of the absence of clinical relapse, MRI activity, and sustained
disability worsening [31].

SNfL assessment: Venous blood was collected at BL (BL-sNfL) and after 12 months
(before initiation of the second CLAD cycle, 12Mo-sNfL), centrifuged for 10 minutes with
3000× g at room temperature, and serum aliquots were stored at −80 ◦C before shipment.
SNfL was measured by single-molecule array (SIMOA, Quanterix Corporation, Lexington,
MA, USA) assay NF-light® advantage kit on the SR-X Analyzer (Quanterix Corporation,
Lexington, MA, USA) at the Department of Neurology of the Medical University Graz.
All samples were analysed as one single batch in order to improve data quality and
comparability by personnel blinded for the clinical and MRI data.

Treatment response: The impact of CLAD on sNfL concentrations was calculated
using the mean absolute sNfL values at baseline (BL-sNfL) and at 12 months from CLAD
start (12Mo-sNfL). The utility of sNfL as a predictor for long-term treatment response
was explored using BL-sNfL and 12Mo-sNfL concentrations and the ratio between both
timepoints (ratio-sNfL, calculated with the formula (12Mo-sNfL–BL-sNfL)/(BL-sNfL*100),
which expresses the relative change of sNfL associated with CLAD administration. We
performed a time-to-event analysis in order to investigate whether loss of “no evidence of
disease activity” (NEDA) correlated with either one of the three sNfL parameters. We also
explored whether BL-sNfL, 12Mo-sNfL and/or ratio-sNfL were predictive for occurrence
of relapses, MRI activity, EDSS progression, therapy switch or for sustained NEDA-3
throughout follow-up.

Statistics: Data were analysed for consistency, normality, and variance homogeneity.
Due to small sample size, independent and dependent bootstrap t tests were computed.
Kaplan–Meier analyses were used for time-to-event analyses and Spearman’s correlations
for correlations. Whisker plots with 95% confidence intervals for means illustrate results.
All reported tests were two-sided, and p-values < 0.05 were considered statistically sig-
nificant. Statistical analyses in this report were performed by use of NCSS (NCSS 10,
NCSS, LLC. Kaysville, UT), STATISTICA 13 (Hill, T. & Lewicki, P. Statistics: Methods and
Applications. StatSoft, Tulsa, OK). Data are presented as mean (±standard deviation (SD))
unless otherwise stated.

Ethics: The study was approved by the local ethics committee (Ethics Committee of
Salzburg 415-E/1612/11-2018) and conducted according to Good Clinical Practice and the
ethical principles of the Declaration of Helsinki. Informed consent was obtained from all
subjects involved in the study.

5. Conclusions

CLAD reduces neuroaxonal damage in patients with MS as reflected by sNfL and
induces clinical disease control in many patients. Among our real-world cohort, sNfL at BL
and after 12 months fails to predict sustained clinical and radiological disease control. Long-
term sNfL evaluations should be assessed in multicentre studies to explore the potential of
sNfL to predict treatment response and to capture the necessity of resuming therapy after
immune reconstitution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24044067/s1, Figure S1: Disease course and sNfL of the
individual patients (n = 14) receiving CLAD therapy.

Author Contributions: Conceptualization, T.M. and A.H.; methodology, M.S., T.M., J.F. and W.H.;
software, W.H. and P.H.; validation, M.S., T.M., J.F. and W.H.; formal analysis, W.H. and L.M.;
investigation, M.S., T.M., J.F. and W.H.; resources, E.T.; data curation, M.S., T.M., J.F., A.B., L.M. and

https://www.mdpi.com/article/10.3390/ijms24044067/s1
https://www.mdpi.com/article/10.3390/ijms24044067/s1


Int. J. Mol. Sci. 2023, 24, 4067 8 of 10

W.H; writing—original draft preparation, M.S. and T.M.; writing—review and editing, P.H., A.H.,
A.B., M.K., E.T. and L.M.; visualization, P.H. and W.H.; supervision, T.M., M.K., A.H. and P.W.; project
ad-ministration, T.M.; funding acquisition, T.M., P.W. and E.T. All authors have read and agreed to
the published version of the manuscript.

Funding: This study received financially support from Merck Gesellschaft mbH, an affiliate of Merck
KGaA, Darmstadt, Germany.

Institutional Review Board Statement: The study was approved by the local ethics committee
(Ethics Committee of Salzburg 415-E/1612/11-2018) and conducted according to Good Clinical
Practice and the ethical principles of the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (TM), upon reasonable request.

Conflicts of Interest: MS received travel support from Biogen, Merck, Bristol-Myers Squibb, Sanofi,
Roche, Teva and Novartis. JF received travel support and honoraria for presentations from Biogen,
Merck, Roche and Sanofi. MK has received speaker honoraria from Bayer, Novartis, Merck, Biogen
Idec and Teva Pharmaceutical Industries Ltd. and serves on scientific advisory boards for Biogen
Idec, Merck Serono, Roche, Novartis, Bristol-Myers Squibb and Gilead. He received research grants
from Teva Pharmaceutical Industries, Ltd., Biogen and Novartis. ET has received consultation fees
and/or speakers’ honoraria from Arvelle, Argenx, Angellini, Bial, Biogen-Idec, Boehringer Ingelheim,
Eisai, Epilog, GL Pharma, Jazz/GW Pharmaceuticals, Ever Pharma, Hikma, LivaNova, Marinus,
Medtronics, Newbridge, Novartis, Sanofi, Genzyme, and UCB Pharma. PW has received consultation
fees and/or speakers’ honoraria from Bayer, Biogen Idec, Bristol-Myers Squibb, Merck, Novartis,
Roche, Sanofi Genzyme, Teva Pharmaceutical Industries Ltd. He received research grants from
Biogen Idec and Merck. TM received travel support, honoraria for presentations or participation
on advisory boards from Biogen Idec, Celgene, Novartis, Roche, Sanofi, Merck and Teva. AB has
nothing to disclose. She was trained within the frame of the PhD Program Molecular Medicine of
the Medical University of Graz. PH, WH, LM and AH have nothing to disclose. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript.

References
1. Giovannoni, G.; Soelberg Sorensen, P.; Cook, S.; Rammohan, K.; Rieckmann, P.; Comi, G.; Dangond, F.; Adeniji, A.K.; Vermersch,

P. Safety and efficacy of cladribine tablets in patients with relapsing-remitting multiple sclerosis: Results from the randomized
extension trial of the CLARITY study. Mult. Scler. 2018, 24, 1594–1604. [CrossRef] [PubMed]

2. Lunemann, J.D.; Ruck, T.; Muraro, P.A.; Bar-Or, A.; Wiendl, H. Immune reconstitution therapies: Concepts for durable remission
in multiple sclerosis. Nat. Rev. Neurol. 2020, 16, 56–62. [CrossRef] [PubMed]

3. Giovannoni, G.; Cook, S.; Rammohan, K.; Rieckmann, P.; Sørensen, P.S.; Vermersch, P.; Hamlett, A.; Viglietta, V.; Greenberg, S.;
CLARITY Study Group. Sustained disease-activity-free status in patients with relapsing-remitting multiple sclerosis treated with
cladribine tablets in the CLARITY study: A post-hoc and subgroup analysis. Lancet Neurol. 2011, 10, 329–337. [CrossRef]

4. Khalil, M.; Teunissen, C.E.; Otto, M.; Piehl, F.; Sormani, M.P.; Gattringer, T.; Barro, C.; Kappos, L.; Comabella, M.; Fazekas, F.; et al.
Neurofilaments as biomarkers in neurological disorders. Nat. Rev. Neurol. 2018, 14, 577–589. [CrossRef] [PubMed]

5. Disanto, G.; Barro, C.; Benkert, P.; Naegelin, Y.; Schädelin, S.; Giardiello, A.; Zecca, C.; Blennow, K.; Zetterberg, H.; Leppert,
D.; et al. Serum Neurofilament light: A biomarker of neuronal damage in multiple sclerosis. Ann. Neurol. 2017, 81, 857–870.
[CrossRef]

6. Thebault, S.; Abdoli, M.; Fereshtehnejad, S.M.; Tessier, D.; Tabard-Cossa, V.; Freedman, M.S. Serum neurofilament light chain
predicts long term clinical outcomes in multiple sclerosis. Sci. Rep. 2020, 10, 10381. [CrossRef]

7. Benkert, P.; Meier, S.; Schaedelin, S.; Manouchehrinia, A.; Yaldizli, Ö.; Maceski, A.; Oechtering, J.; Achtnichts, L.; Conen, D.;
Derfuss, T.; et al. Serum neurofilament light chain for individual prognostication of disease activity in people with multiple
sclerosis: A retrospective modelling and validation study. Lancet Neurol. 2022, 21, 246–257. [CrossRef]

8. Bittner, S.; Oh, J.; Havrdova, E.K.; Tintore, M.; Zipp, F. The potential of serum neurofilament as biomarker for multiple sclerosis.
Brain 2021, 144, 2954–2963. [CrossRef]

9. Paolicelli, D.; Ruggieri, M.; Manni, A.; Gargano, C.D.; Carleo, G.; Palazzo, C.; Iaffaldano, A.; Bollo, L.; Guerra, T.; Saracino, A.; et al.
Real-Life Experience of the Effects of Cladribine Tablets on Lymphocyte Subsets and Serum Neurofilament Light Chain Levels in
Relapsing Multiple Sclerosis Patients. Brain Sci. 2022, 12, 1595. [CrossRef]

10. Baker, D.; Pryce, G.; Herrod, S.S.; Schmierer, K. Potential mechanisms of action related to the efficacy and safety of cladribine.
Mult. Scler. Relat. Disord. 2019, 30, 176–186. [CrossRef]

http://doi.org/10.1177/1352458517727603
http://www.ncbi.nlm.nih.gov/pubmed/28870107
http://doi.org/10.1038/s41582-019-0268-z
http://www.ncbi.nlm.nih.gov/pubmed/31649335
http://doi.org/10.1016/S1474-4422(11)70023-0
http://doi.org/10.1038/s41582-018-0058-z
http://www.ncbi.nlm.nih.gov/pubmed/30171200
http://doi.org/10.1002/ana.24954
http://doi.org/10.1038/s41598-020-67504-6
http://doi.org/10.1016/S1474-4422(22)00009-6
http://doi.org/10.1093/brain/awab241
http://doi.org/10.3390/brainsci12121595
http://doi.org/10.1016/j.msard.2019.02.018


Int. J. Mol. Sci. 2023, 24, 4067 9 of 10

11. Moser, T.; Akgun, K.; Proschmann, U.; Sellner, J.; Ziemssen, T. The role of TH17 cells in multiple sclerosis: Therapeutic implications.
Autoimmun. Rev. 2020, 19, 102647. [CrossRef] [PubMed]

12. Baker, D.; Marta, M.; Pryce, G.; Giovannoni, G.; Schmierer, K. Memory B Cells are Major Targets for Effective Immunotherapy in
Relapsing Multiple Sclerosis. EBioMedicine 2017, 16, 41–50. [CrossRef] [PubMed]

13. Moser, T.; Schwenker, K.; Seiberl, M.; Feige, J.; Akgün, K.; Haschke-Becher, E.; Ziemssen, T.; Sellner, J. Long-term peripheral
immune cell profiling reveals further targets of oral cladribine in MS. Ann. Clin. Transl. Neurol. 2020, 7, 2199–2212. [CrossRef]
[PubMed]

14. Moser, T.; Hoepner, L.; Schwenker, K.; Seiberl, M.; Feige, J.; Akgün, K.; Haschke-Becher, E.; Ziemssen, T.; Sellner, J. Cladribine
Alters Immune Cell Surface Molecules for Adhesion and Costimulation: Further Insights to the Mode of Action in Multiple
Sclerosis. Cells 2021, 10, 3116. [CrossRef] [PubMed]

15. Leist, T.P.; Weissert, R. Cladribine: Mode of action and implications for treatment of multiple sclerosis. Clin Neuropharmacol. 2011,
34, 28–35. [CrossRef] [PubMed]

16. Rejdak, K.; Stelmasiak, Z.; Grieb, P. Cladribine induces long lasting oligoclonal bands disappearance in relapsing multiple
sclerosis patients: 10-year observational study. Mult. Scler. Relat. Disord. 2019, 27, 117–120. [CrossRef]

17. Håkansson, I.; Tisell, A.; Cassel, P.; Blennow, K.; Zetterberg, H.; Lundberg, P.; Dahle, C.; Vrethem, M.; Ernerudh, J. Neurofilament
levels, disease activity and brain volume during follow-up in multiple sclerosis. J. Neuroinflammation 2018, 15, 209. [CrossRef]

18. Kuhle, J.; Kropshofer, H.; Haering, D.A.; Kundu, U.; Meinert, R.; Barro, C.; Dahlke, F.; Tomic, D.; Leppert, D.; Kappos, L. Blood
neurofilament light chain as a biomarker of MS disease activity and treatment response. Neurology 2019, 92, e1007-15. [CrossRef]

19. Novakova, L.; Zetterberg, H.; Sundström, P.; Axelsson, M.; Khademi, M.; Gunnarsson, M.; Malmeström, C.; Svenningsson, A.;
Olsson, T.; Piehl, F.; et al. Monitoring disease activity in multiple sclerosis using serum neurofilament light protein. Neurology
2017, 89, 2230–2237. [CrossRef]

20. Kuhle, J.; Daizadeh, N.; Benkert, P.; Maceski, A.; Barro, C.; Michalak, Z.; Sormani, M.P.; Godin, J.; Shankara, S.; Samad, T.A.; et al.
Sustained reduction of serum neurofilament light chain over 7 years by alemtuzumab in early relapsing-remitting MS. Mult. Scler.
2022, 28, 573–582. [CrossRef]

21. Mariottini, A.; Marchi, L.; Innocenti, C.; Di Cristinzi, M.; Pasca, M.; Filippini, S.; Barilaro, A.; Mechi, C.; Fani, A.; Mazzanti, B.; et al.
Intermediate-Intensity Autologous Hematopoietic Stem Cell Transplantation Reduces Serum Neurofilament Light Chains and
Brain Atrophy in Aggressive Multiple Sclerosis. Front. Neurol. 2022, 13, 820256. [CrossRef] [PubMed]

22. Bridel, C.; Leurs, C.E.; van Lierop, Z.Y.; van Kempen, Z.L.; Dekker, I.; Twaalfhoven, H.A.; Moraal, B.; Barkhof, F.; Uitdehaag,
B.M.; Killestein, J.; et al. Serum Neurofilament Light Association with Progression in Natalizumab-Treated Patients with
Relapsing-Remitting Multiple Sclerosis. Neurology 2021, 97, e1898–e1905. [CrossRef] [PubMed]

23. Walo-Delgado, P.E.; Sainz de la Maza, S.; Villarrubia, N.; Monreal, E.; Medina, S.; Espiño, M.; Fernández-Velasco, J.I.; Rodríguez-
Martín, E.; Roldán, E.; Lourido, D.; et al. Low serum neurofilament light chain values identify optimal responders to dimethyl
fumarate in multiple sclerosis treatment. Sci. Rep. 2021, 11, 9299. [CrossRef] [PubMed]

24. Bridel, C.; Van Wieringen, W.N.; Zetterberg, H.; Tijms, B.M.; Teunissen, C.E.; Alvarez-Cermeño, J.C.; Andreasson, U.; Axelsson,
M.; Bäckström, D.C.; Bartos, A.; et al. Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology: A
Systematic Review and Meta-analysis. JAMA Neurol. 2019, 76, 1035–1048. [CrossRef] [PubMed]

25. University of California, San Francisco MS-EPIC Team; Cree, B.A.; Hollenbach, J.A.; Bove, R.; Kirkish, G.; Sacco, S.; Caverzasi, E.;
Bischof, A.; Gundel, T.; Zhu, A.H.; et al. Silent progression in disease activity-free relapsing multiple sclerosis. Ann. Neurol. 2019,
85, 653–666.

26. Moser, T.; Ziemssen, T.; Sellner, J. Real-world evidence for cladribine tablets in multiple sclerosis: Further insights into efficacy
and safety. Wien Med Wochenschr. 2022, 172, 365–372. [CrossRef]

27. Giovannoni, G.; Comi, G.; Cook, S.; Rammohan, K.; Rieckmann, P.; Sørensen, P.S.; Vermersch, P.; Chang, P.; Hamlett, A.;
Musch, B.; et al. A placebo-controlled trial of oral cladribine for relapsing multiple sclerosis. N. Engl. J. Med. 2010, 362, 416–426.
[CrossRef]

28. Leist, T.P.; Comi, G.; Cree, B.A.; Coyle, P.K.; Freedman, M.S.; Hartung, H.P.; Vermersch, P.; Casset-Semanaz, F.; Scaramozza, M.
Effect of oral cladribine on time to conversion to clinically definite multiple sclerosis in patients with a first demyelinating event
(ORACLE MS): A phase 3 randomised trial. Lancet Neurol. 2014, 13, 257–267. [CrossRef]

29. Maltby, V.E.; Lea, R.A.; Monif, M.; Fabis-Pedrini, M.J.; Buzzard, K.; Kalincik, T.; Kermode, A.G.; Taylor, B.; Hodgkinson, S.;
McCombe, P.; et al. Efficacy of Cladribine Tablets as a Treatment for People with Multiple Sclerosis: Protocol for the CLOBAS
Study (Cladribine, a Multicenter, Long-term Efficacy and Biomarker Australian Study). JMIR Res. Protoc. 2021, 10, e24969.
[CrossRef]

http://doi.org/10.1016/j.autrev.2020.102647
http://www.ncbi.nlm.nih.gov/pubmed/32801039
http://doi.org/10.1016/j.ebiom.2017.01.042
http://www.ncbi.nlm.nih.gov/pubmed/28161400
http://doi.org/10.1002/acn3.51206
http://www.ncbi.nlm.nih.gov/pubmed/33002321
http://doi.org/10.3390/cells10113116
http://www.ncbi.nlm.nih.gov/pubmed/34831335
http://doi.org/10.1097/WNF.0b013e318204cd90
http://www.ncbi.nlm.nih.gov/pubmed/21242742
http://doi.org/10.1016/j.msard.2018.10.006
http://doi.org/10.1186/s12974-018-1249-7
http://doi.org/10.1212/WNL.0000000000007032
http://doi.org/10.1212/WNL.0000000000004683
http://doi.org/10.1177/13524585211032348
http://doi.org/10.3389/fneur.2022.820256
http://www.ncbi.nlm.nih.gov/pubmed/35280289
http://doi.org/10.1212/WNL.0000000000012752
http://www.ncbi.nlm.nih.gov/pubmed/34504023
http://doi.org/10.1038/s41598-021-88624-7
http://www.ncbi.nlm.nih.gov/pubmed/33927255
http://doi.org/10.1001/jamaneurol.2019.1534
http://www.ncbi.nlm.nih.gov/pubmed/31206160
http://doi.org/10.1007/s10354-022-00931-4
http://doi.org/10.1056/NEJMoa0902533
http://doi.org/10.1016/S1474-4422(14)70005-5
http://doi.org/10.2196/24969


Int. J. Mol. Sci. 2023, 24, 4067 10 of 10

30. Akgün, K.; Kretschmann, N.; Haase, R.; Proschmann, U.; Kitzler, H.H.; Reichmann, H.; Ziemssen, T. Profiling individual
clinical responses by high-frequency serum neurofilament assessment in MS. Neurol. Neuroimmunol. Neuroinflamm. 2019, 6, e555.
[CrossRef]

31. 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, 329–333. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1212/NXI.0000000000000555
http://doi.org/10.1016/j.msard.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26195051

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	References

