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Background: Natalizumab (NAT) is a high-efficacy treatment for relapsing remitting

multiple sclerosis (RRMS). However, it is associated with an increased risk of progressive

multifocal leukoencephalopathy that sometimes requires treatment cessation with

a risk of returning disease activity. The aim of this study was to characterize

the pharmacokinetics and -dynamics as well as neurodestruction marker serum

neurofilament light chain (sNfL) in patients with RRMS and secondary progressive MS

(SPMS) stopping NAT in correlation to clinical data.

Methods: In this study, 50 RRMS and 9 SPMS patients after NAT cessation were

included. Five RRMS patients on NAT treatment holiday were evaluated. Clinical

and radiological disease activity were systemically assessed by frequent exams after

NAT stop. Free NAT concentration, cell bound NAT, α4-integrin expression and

α4-integrin-receptor saturation as well as immune cell frequencies were measured for

up to 4 months after NAT withdrawal. Additionally, sNfL levels were observed up to 12

months in RRMS and up to 4 months in SPMS patients.

Results: NAT cessation was associated with a return of disease activity in 38%

of the RRMS and 33% of the SPMS patients within 12 and 7 months, respectively.

Concentration of free and cell bound NAT as well as α4-integrin-receptor saturation

decreased in the RRMS and SPMS patients whereas α4-integrin expression increased

over time. NAT induced increase of lymphocytes and its subsets normalized and a

non-significant drop of NK and Th17 T-cells counts could be detected. All RRMS

patients showed physiological sNfL levels <8pg/ml 1 month after last NAT infusion.

During follow-up period sNfL levels peaked up to 16-fold and were linked to return of

disease activity in 19 of the 37 RRMS patients. Treatment holiday was also associated

with a return of disease activity in 4 of 5 patients and with an increase of sNfL at an

individual level.

Conclusions: We demonstrate the reversibility of NAT pharmacodynamic and -kinetic
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markers. sNfL levels are associated with the recurrence of disease activity and can also

serve as an early marker to predict present before onset of clinical or radiological disease

activity on the individual level.

Keywords: multiple sclerosis, natalizumab (TYSABRI), natalizumab concentration, neurofilament light (NFL) chain,

recurrence of disease activity, cessation of natalizumab, alpha-4 integrin expression, alpha-4 integrin receptor

saturation

INTRODUCTION

The recombinant humanized monoclonal antibody natalizumab
(NAT) is one of the most effective treatments for relapsing
remitting multiple sclerosis (RRMS). NAT binds to the α4
subunit of the α4β1-integrin on circulating mononuclear cells,
thus limiting the entry of lymphocytes through the blood brain
barrier (1). This mechanism of action impacts the central
nervous system immunosurveillance, which is responsible for
the development of progressive multifocal leukoencephalopathy
(PML), a rare but potentially fatal brain infection caused by
the John Cunningham Virus (JCV). A treatment duration of
more than 2 years, JCV antibody seropositivity and the use
of an immunosuppressive treatment before initiation of NAT
therapy have been identified as risk factors for developing a
PML (2). In case of treatment discontinuation due to increased
PML risk, patients are faced with the possible recurrence or
even rebound of disease activity even when switching to another
disease modifying therapy (DMT) (3–6). High disease activity
and a high level of disability prior to NAT therapy were identified
as risk factors for reactivation of clinical disease activity after
NAT withdrawal (7). Controlled treatment holidays, different
dosing regimens as well as extended interval dosing (EID) were
proposed as strategies to reduce PML risk while maintaining
efficacy of NAT therapy (8–13). However, efficacy of EID vs.
standard interval dosing (SID) is still going to be evaluated in a
randomized controlled clinical trial (NCT03689972).

After NAT withdrawal the reversibility of NAT effects on
immune cells seems to be linked with the recurrence of disease
activity. Whereas, absolute lymphocyte counts increased during
NAT therapy due to NAT’s mode of action, a decrease of T
helper (Th) 17 cells, CD4+ and CD8+ T-cells, CD19+ B-cells
and CD56+ NK-cells was observed after NAT cessation (14–17).
Regarding pharmacokinetics of NAT, Plavina et al. demonstrated
a decrease of free NAT concentration and α4-integrin (CD49d)
saturation and an increase of α4-integrin expression levels during
washout period, which is in line with our previously published
data (17, 18). Lohmann et al. revealed that the extent of NAT
induced reduction on CD49d levels but not the kinetics of

Abbreviations: DMT, disease modifying therapy; EID, extended interval dosing;
FACS, fluorescence activated cell sorting; GdE, gadolinium enhancing; IQR,
interquartile range; JCV, John Cunningham virus; MFI, Mean fluorescence
intensity; NAT, natalizumab; NK cells, natural killer cells; PD, pharmocodynamic;
PK, pharmacokinetic; PML, progressive multifocal leukoencephalopathy; RRMS,
relapsing remitting multiple sclerosis; SD, standard deviation; SID, standard
interval dosing; SIMOA, single molecule array technology; SPMS, secondary
progressive multiple sclerosis; SS, steady state; sNfL, serum neurofilament light
chain; Th17 cells, T-helper 17 cells.

recovery might predict stable disease course during switching to
another treatment (19).

The most promising biomarker of neuroaxonal injury as
well as disease activity in multiple sclerosis (MS) is serum
neurofilament light chain (sNfL) (20–27). Recently, it has been
postulated that sNfL may also serve as a treatment response
marker (28, 29). Additionally, sNfL levels have been found to
be elevated early during NAT-associated PML and correlate
with PML lesion volume (30, 31). Until now, data about sNfL
dynamics during NAT washout and under subsequent treatment
are missing.

In this study, we address the pharmacokinetics and -dynamics
(PK, PD) in association to clinical and subclinical parameters
during the washout period of NAT in RRMS and SPMS patients.
We aim to identify immunological and serological biomarkers
that could assist in individualized management of treatment
switch after NAT treatment.

METHODS

Subjects
In our study, we included at least 64MS patients on NAT
treatment. Different approaches were chosen to answer our study
questions: (1) 50 RRMS patients were evaluated that stopped
NAT treatment primarily due to increased PML risk and switched
to other DMTs (cohort 1). (2) Nine patients with SPMS were
included that participated in the phase III study ASCEND and
stopped NAT therapy (cohort 2) (32). (3) A third cohort of 5
patients with RRMS was evaluated for both effects of cessation
and restart of NAT treatment (treatment holiday, cohort 3). All
patients of cohort 3 participated in the phase II, randomized,
placebo controlled RESTORE study observing disease activity in
MS during a 24-week interruption of NAT therapy (33). Patient
characteristics are reported in Table 1.

All patients were closely screened for the occurrence of
clinical confirmed relapses and radiological disease activity,
defined by new/enlarging and/or gadolinium enhancing (GdE)
lesions in MRI scan. Clinical visits were performed every
4 weeks and patients were screened for relapses by a
trained and experienced neurologist. Relapses were defined as
new/worsening of neurologic symptoms persisting ≥ 24 h in the
absence of fever or infection. MRI was performed at different
timepoints within the first 12 months after discontinuation of
NAT therapy in cohort 1. Patients in cohort 2 were screened
for radiological disease activity with MRI as earliest as 3 weeks
after cessation, after 4 and 7–8 months. Patients of cohort 3 were
monitored with MRI every 4 weeks.
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TABLE 1 | Patient characteristics (N = 64).

Cohort 1 Cohort 2 Cohort 3

Patients, n 50 9 5

Disease course relapsing remitting secondary progressive relapsing remitting

Gender, female, n (%) 31 (62) 4 (44) 2 (40)

Age, years, Mean ± SD 39.6 ± 12.1 46.1 ± 8 28.2 ± 8.9

Range 21–62 34–57 20–40

Disease duration, years, Mean ± SD 8.7 ± 5.7 11.1 ± 5.2 6.6 ± 4.1

Range 1–28 4–18 3–11

EDSS, Mean ± SD 3.2 ± 1.7 5.6 ± 0.98 n.a.

Median (range) 3.0 (1.0–8.0) 6.0 (4.0–6.5)

Previous use DMT, n (%) 33a (73) 5b (100) 5 (100)

Total number of NAT infusions, mean ± SD 37 ± 21 7 ± 3 39 ± 8

Range 6–104 3–10 2–13

Positive JCV antibody status, n (%) 45 (90) 7 (78) n.a.

Baseline characteristics of evaluated patients. DMT, disease modifying treatment; EDSS, expanded disability status scale.
aData available for 45 of 50 patients, bData available for five of nine patients.

Blood samples for PK and PD evaluations were obtained every
4 weeks after NAT cessation up to 12 weeks in cohort 1 and up
to 16 weeks in cohort 2 and 3. Additional blood samples were
collected for up to 20 weeks after restarting NAT treatment in
cohort 3.

Ethical Approval
The immunological substudy was performed according to the
Declaration of Helsinki and the study protocol was approved by
the Ethics Committee of the Faculty of Medicine of the Dresden
University of Technology, Germany. All participants provided
written informed consent.

Immune Cell Phenotyping Using
Fluorescence Activated Cell Sorting (FACS)
After blood collection absolute cell counts of T-cells, B-cells and
natural killer (NK) cells were measured at the Institute of Clinical
Chemistry and Laboratory Medicine, University Hospital in
Dresden, Germany. The institute complies with standards
required by DIN-EN-ISO 15189:2014 for medical laboratories.
Cells were characterized by surface staining with fluorescence
labeled anti-CD3, anti-CD4, anti-CD8, anti CD-16, anti CD-14,
anti CD-19 and anti CD-56 antibodies (BD Biosciences, San Jose,
CA, USA) according to the manufacturer’s instructions. Negative
controls included directly labeled or unlabeled isotype-matched
irrelevant antibodies (BD Biosciences, San Jose, CA, USA). Cell
subsets were measured using FACS Canto II flow cytometer (BD
Bioscience, San Jose, CA, USA).

For further evaluation of immune cell subsets, peripheral
blood mononuclear cells were isolated from the heparinised
blood samples using Biocoll separating solution (Biochrom Ag,
Berlin, Germany) and Ficoll-Paque (Amersham Biosciences,
Amersham, United Kingdom) in LeucoSep tubes (Greiner Bio
One, Frickenhausen, Germany). Subpopulations of T-cells were

characterized by surface staining with fluorescence labeled anti-
FoxP3 and intracellular staining with fluorescence labeled anti-
Il17 antibodies (BD Bioscience, San Jose, CA, USA) according to
the manufacturer’s instructions. Cell frequencies were evaluated
on LSR Fortessa cytometer (BD Bioscience, San Jose, CA, USA).

Measurement of Pharmacodynamic and
–Kinetic Data Using a HL60 Cell Based
FACS Assay
For analysis of cell bound NAT, CD49d expression and
α4-integrin receptor saturation on CD3+ T-cells peripheral
blood mononuclear cells were isolated from the heparinised
blood samples using Biocoll separating solution (Biochrom Ag,
Berlin, Germany) and Ficoll-Paque (Amersham Biosciences,
Amersham, United Kingdom) in LeucoSep tubes (Greiner
Bio One, Frickenhausen, Germany). Cells were stained with
fluorescence-labeled anti-CD3 (BD Bioscience, San Jose, USA),
anti-immunoglobulin (IG)-G4 (Southern Biotech, Birmingham,
AL, USA), and anti-CD49d (BD Biosciences, San Jose, CA,
USA) antibodies, isotype controls were used. Mean Fluorescence
intensity (MFI) was analyzed using fluorescence activated cell
sorting (FACS, FACS Calibur, BD Bioscience, San Jose, CA,
USA). Plasma supernatants were collected and stored at −20◦C
for subsequent NAT concentration measurements which was
performed using our previously described HL60 cell based FACS
assay (18).

Evaluation of sNfL Dynamic Using Single
Molecule Analysis (SIMOA)
Serum samples were stored at −80◦C until after preparation.
sNfL levels were determined using a Simoa HD-1 instrument
(Quanterix, Lexington, MA, USA) (23, 34). The Advantage NF-
Light singleplex Kit was used and samples were prepared as
defined in themanufacturer’s instructions (Quartered, Lexington,
MA, USA). Sample dilution was calculated and done by the
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instrument. The mean intra-assay coefficient of variation of
duplicates was below 10%.

Statistical Analysis
Data are expressed as mean ± standard deviation (SD).
Our longitudinal patient data were analyzed per cohort by
generalized linear mixed models for repeated measures with
gamma distribution and log link function due to right-skewed
distribution pattern of the data and timepoint as the fixed effect
of the model. Bonferroni correction for pairwise tests was used.
Values of ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001
were considered as statistically significant. Clinical parameters
are depicted in a Kaplan-Meier survival curve for relapses and
new and/or GdE lesions in MRI scan. Statistical analyses were
performed using the IBM SPSS Software for Windows (Version
25.0; IBM Corporation, Armonk, NY, USA).

RESULTS

NAT Cessation in RRMS (Cohort 1) and
SPMS (Cohort 2) Patients
Clinical and Radiological Data - Cohort 1
At the timepoint of NAT cessation, RRMS patients presentedwith
a mean EDSS about 3.2 ± 1.7 (range 1–8). Patients received a
mean number of 37 ± 21 (range 6–104) NAT infusions before
treatment stop. Information about pre-treatment was available
for 45 of the 50 RRMS patients. 73% of the patients with
RRMS had received a DMT before NAT whereas 27% were
treatment naïve. The majority of RRMS patients (91.8%) were
free of disease activity during NAT treatment. NAT therapy
was stopped because of JCV seropositivity (90% positive JCV
serostatus), treatment duration over 24 months and/or previous
immunosuppressive treatment with increased PML risk in 48
of 50 RRMS patients (Table 1). Only two patients discontinued
treatment primarily due to adverse events (one patient with
generalized pain, one patient without data available) and one due
to pregnancy.

After NAT withdrawal, 37/50 of RRMS patients switched to
fingolimod within 3.4 ± 1.1 months and 10/50 to alemtuzumab
within 4.6 ± 2.9 months. Overall, the washout period between
switching from NAT to another DMT was on average 3.7 ± 1.7
months (range 2–13 months). Two patients received no further
treatment due to conversion to SPMS and one patient received
no further treatment due to pregnancy.

The relapse-free survival rate was 70 % at 6 months and 62%
at 12 months and survival rate without new/enlarging and/or
GdE lesions was 74 % at 6 months and 62% at 12 months in
RRMS patients (Figure 1A). Mean time to relapse was 5.2 ± 2.8
months and new/enlarging and/or GdE T2 lesions were revealed
within 6 ± 2.2 months. The mean number of new cerebral T2
lesions was 2.2 ± 1.8 in RRMS patients, in 87.5 % of patients
new T2 lesions or GdE were detected. A total of 10 out of 50
RRMS patients experienced a relapse and 10 patients presented
radiological disease activity while 9 patients suffered both clinical
and radiological disease activity. In 6/10 patients presenting with
a relapse a new DMT was already started whereas this was the
case in 7/10 patients with new/enlarging T2 lesions in cerebral

MRI scan. In the 9 patients with both clinical and radiological
disease activity, 6 had already started a new DMT before disease
activity occurred.

Clinical and Radiological Data - Cohort 2
SPMS Patients presented with a mean EDSS about 5.6 ± 1.0
(range 4–6.5) and had received amean number of 7± 3 (range 3–
10) NAT infusions. For 5 of the nine SPMS patients information
about pre-treatment was available, all of them received a DTM
in their previous disease course. The majority of these patients
was relapse free during NAT treatment (Table 1). About 78% of
patients presented a positive anti-JCV serostatus (Table 1).

After NAT discontinuation, survival relapse free as well as
survival without new/enlarging T2 and/or GdE lesions was 67%
at 7months (Figure 1B). In 2 SPMS patients, one resp. 2 newGdE
lesions were detected whereas one patient presented with 9 new
GdE lesions. Taking into account the clinical and radiological
disease activity after NAT withdrawal in these 3 SPMS patients,
they received subsequent DMT (1 Rituximab, 2 NAT).

Peripheral Immune Cell Subsets
For both cohorts, a reduction in absolute lymphocyte count
was observed after cessation of NAT therapy. The decrease
reached statistical significance at week 12 in both patient
cohorts (Figures 2A,B). On average the absolute lymphocyte
count remained within the normal range at all timepoints. Cell
counts of CD4+ T-cells were not affected by NAT cessation
in RRMS within first 12 weeks. A decrease of CD4+ T-cells
was documented 16 weeks after NAT stop in SPMS patients
(Figures 2C,D).

Frequencies of Foxp3 + Treg-cells were not affected by NAT
withdrawal in both cohorts. Cell counts of Th17-cells decreased
after the cessation without reaching statistical significance. The
NK-cell count tended to decrease after NAT cessation in both
patient cohorts, although it did not reached statistical significance
in cohort 2 (Figures 2E,F). Absolute cell counts of NKT-cells
were not affected by NAT discontinuation. The absolute B-cell
count was found to be upper the normal limit in both patient
cohorts 4 weeks after NATwithdrawal. After cessation, a decrease
was observed in both cohorts reaching statistical significance
after week 12 (Figures 2G,H).

Plasma NAT Levels
The mean free NAT plasma concentration observed 4 weeks after
the last infusion was similar in cohort 1 and 2 (33.3± 17.5µg/ml
vs. 33.7 ± 9.4µg/ml). At week 8, NAT concentration levels were
significantly decreased in both patient cohorts. Twelve weeks
after therapy cessation, NAT concentration was below 2.5µg/ml
or undetectable in the majority of the patients and after 16 weeks,
no free NAT was detectable in any patient (Figures 3A,B).

Cell Bound NAT
For cell bound NAT on CD3+ T-cells, a mean MFI of 7,486 ±

731 in cohort 1 and of 5,729 ± 1,601 in cohort 2 was detected 4
weeks after last NAT infusion. A significant decrease was revealed
12 weeks after NAT withdrawal in cohort 1 and after 16 weeks in
cohort 2 (Figures 3C,D).
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FIGURE 1 | Kaplan-Meier analysis of relapse-free survival and without new and/or enlarging T2 lesions. Relapse free (purple line) and without new/enlarging T2 lesions

survival (blue line) is presented for cohort 1 (RRMS patients, n = 50) up to 12 months (A) and for cohort 2 (SPMS patients, n = 9) up to 7 months (B) after NAT

withdrawal.

CD49d Expression and Saturation
A mean CD49d expression on CD3+ T-cells of 819 ± 65 MFI
and of 305 ± 100 MFI was observed in cohort 1 and 2 four
weeks after NAT cessation. An increase of CD49d expression at
week 12 was detected for RRMS and SPMS patients, respectively
(Figures 3E,F). In addition, CD49d saturation was analyzed in
SPMS patients. The mean CD49d saturation on CD3+ T-cells
was 77 ± 7.5% 4 weeks after the last NAT infusion. At week
16 CD49d saturation was decreased to 10% on CD3 + T-cells
(Figure 3G).MeanCD49d expressionmeasured 4weeks after last
NAT infusion tended to be higher in RRMS patients with clinical
and/or radiological disease activity or with an increase of sNfL
as compared to patients without any evidence of disease activity
after NAT withdrawal without reaching statistical significance.

Serum NfL Levels
A mean sNfL level of 4.6 pg/ml ± 1.7 (IQR 1.5-11 pg/ml) was
measured in 46 of the 50 RRMS patients (cohort 1) 4 weeks
after NAT cessation. sNfL levels remained stable in the majority
of patients within the first 8 weeks of the NAT washout period.
During follow up of 12 months there was an increase up to
16-fold sNfL baseline level (range 5.2–101.0 pg/ml) in 37 of
46 patients. The earliest sNfL increase was seen 8 weeks after
stopping NAT in 2 RRMS patients, respectively, after 12 weeks in
5 RRMS patients. To evaluate association of sNfL increase with
disease activity, a steady state (SS) value of sNfL was defined for
the measurement 4 weeks after NAT cessation. A relevant sNfL
peak was defined as sNfL value ≥ SS + 2SD. A relevant sNfL
peak was documented in 37 RRMS patients 8 weeks after NAT
stop. Registered sNfL peaks were associated with clinical and/or
radiological disease activity in 19 of the 37 patients. For 11 of this
19 patients an increase of individual sNfL levels, defined as sNfL

value ≥ SS + 1 or 2SD was detected 3 (n = 1), 2 (n = 4) or 1(n
= 6) month’s before first symptoms of relapse appeared and/or
MRI activity was detected. For 3 patients with onset of clinical or
radiological disease activity the following month, no increase of
sNfL levels was detectable the month before. For 5/19 patients no
serum sample for sNfL evaluation was available the month before
disease activity occurred.

For 18 of the 37 patients, neither new nor worsening
symptoms were documented and follow-up MRI showed no
new/enlarging T2 or GdE lesions. At the timepoint of sNfL peak,
26 of the 37 patients had already started a new DMT for at least 1
month (Figure 4A).

In SPMS patients (cohort 2), sNfL levels were at 4.8 ± 2.7
(IQR 1.8 – 7.4 pg/ml) 4 weeks after NAT and remained stable
at the individual level during the 16 weeks follow up period
(Figure 4B).

NAT Treatment Holiday in RRMS Patients
(Cohort 3)
Clinical and Radiological Data
In cohort 3, RRMS patients that stopped and restarted NAT
were evaluated. A mean number of 39 ± 8 (range 27–48) NAT
infusions were administered before patients entered the drug
holiday (Table 1). None of the 5 patients experienced clinical
disease activity while on NAT treatment. Individual disease
course during drug holiday and after re-starting NAT is depicted
(Figure 5 patient 1–5). Four of 5 patients presented with new
relapses within 20 ± 3.3 weeks after NAT cessation. For all
patients with clinical disease activity, radiological disease activity
was detected as well. Median time to recurrence of radiological
disease activity was 18 ± 2.3 weeks and a median number of 2.5
± 0.6 new T2 lesions were found. After restart of NAT therapy,
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FIGURE 2 | Total lymphocyte and lymphocyte subset count in RRMS (n = 50) and SPMS (n = 9) patients after the cessation of NAT therapy. Mean absolute cell count

± SD of lymphocytes (A,B), CD4+ T-cells (C,D), NK cells (E,F) and CD19+ B-cells (G,H) are presented for RRMS (left) up to 12 weeks and for SPMS (right) patients

up to 16 weeks after the cessation of NAT treatment. Reference range is green. Data were analyzed by generalized linear mixed models for repeated measures.

Asterisks indicate a statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 3 | Free NAT concentration, cell bound NAT, CD49d expression and α4-integrin saturation in RRMS (n = 50) and SPMS (n = 9) patients after the cessation of

NAT therapy. Mean values ± SD of free NAT concentration in plasma (A,B), cell bound NAT on CD3+ T-cells (C,D) and CD49d expression on CD3+ T-cells (E,F) were

assessed during the washout of NAT up to 12 weeks in RRMS (left) and up to 16 weeks in SPMS (right) patients. For SPMS patients the mean α4-integrin saturation

level on CD3+ T-cells after the cessation of NAT treatment is presented (G). Data were analyzed by generalized linear mixed models for repeated measures. Asterisks

indicate a statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). MFI, mean fluorescence intensity.
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FIGURE 4 | Individual sNfL levels after cessation of NAT treatment in RRMS (n = 46) and SPMS (n = 9) patients. sNfL levels were assessed during washout period up

to 12 months in RRMS patients (A) and for 4 months in SPMS patients (B). sNfL value measured 4 weeks after NAT cessation was defined as individual steady state

(SS) value. A relevant increase of sNfL was defined as sNfL values ≥ SS + 2SD. Individual sNfL courses are depicted, relevant sNfL increase are labeled blue, patients

without an increase are depicted green.
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FIGURE 5 | Clinical and radiological disease activity and sNfL dynamics during NAT treatment interruption. sNfL levels during NAT treatment, during washout period

and after restart of NAT infusions are presented (n = 5). Pre-treatment, timepoint since NAT therapy initiation and clinical confirmed relapses and radiological disease

activity are shown up to week 52 = End of study.
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regression of demyelinating lesions was documented for 3 of the 5
patients whereas three new lesions without GdE were detected in
one patient. All 3 patients were free from clinical disease activity
until end of the study (week 52) after re-initiating NAT treatment.

Plasma NAT Levels
A mean free NAT plasma concentration of 34.2 ± 10.3µg/ml
was measured at month 0. During treatment holiday, a
decrease of free NAT plasma concentration was observed. The
first significant reduction was presented 8 weeks after last
infusion (7.6 ± 2.0µg/ml, p < 0.001). Low free NAT plasma
concentrations were detectable in all of the 5 patients 16 weeks
after NAT interruption. After restart of NAT therapy, a mean
free NAT plasma concentration of 18.5 ± 5.8µg/ml and 27.5
± 11.5µg/ml was measured after the first and second infusion,
respectively (Figure 6A).

Cell Bound NAT
A mean MFI of cell bound NAT on CD3+ T-cells of 1,720± 949
was detected at month 0. Compared to the rapid decrease of free
NAT concentration, the decrease of cell bound NAT was much
slower, the first significant decrease was observed at week 16 (p
< 0.05). A mean MFI of cell bound NAT on T-cells of 1,647 ±

625 and of 1,127 ± 945 was measured after the first and second
infusion after restart (Figure 6B).

CD49d Expression and Saturation
Mean CD49d expression on CD3+ T-cells was 477 ± 184 at
month 0. After cessation a 2.5-fold increase after 16 weeks was
detected. Mean CD49d expression of CD3+ T-cells was 625
± 620 after the first and 443 ± 446 after the second NAT
infusion after the restart (Figure 6C). At month 0, a mean CD49d
saturation on CD3+ T-cells of 51.8 % was determined. At week
16 CD49d expression was decreased by 85.7 % (p< 0.05). CD49d
saturation on CD3+ T-cells was lowest after restart with a mean
of 8.8± 6.9 %, whereas a mean of 53.6± 10.2 was reached after 5
NAT infusions (Figure 6D).

Serum NfL Levels
Individual sNfL variation is depicted for each patient in Figure 5.
Four patients presented sNfL values below 5 pg/ml at month 0,
one patient with a sNfL value of 11.7 pg/ml before drug holiday
(Figure 5. patient 4). During NAT treatment stop, an increase up
to 24.4 pg/ml was seen in association to clinical confirmed relapse
and/or new T2 lesions. After NAT re-initiation, sNfL decreased
again in accordance with the stable disease course during the
follow up period (Figure 5. patient 1-5).

DISCUSSION

The monoclonal antibody NAT is one of the most efficacious
treatment options for patients with active RRMS. NAT is
generally well tolerated, but has the highest risk for PML
development among all approved MS treatments. In patients at
high risk for developing PML, NAT discontinuation is frequently
performed. However, NAT withdrawal remains challenging
because it is associated with the recurrence or even rebound of

FIGURE 6 | Free NAT concentration, cell bound NAT, CD49 d expression and

α4-integrin saturation after the cessation and restart of NAT therapy in RRMS

patients (n = 5). Mean levels ± SD of free NAT concentration in plasma (A),

(Continued)
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FIGURE 6 | cell bound NAT on CD3+ T-cells (B), CD49d expression (C) and

α4-integrin saturation (D) on CD3+ T-cells are depicted for baseline = week 0,

during washout period and after restart of NAT therapy up to week 40. Data

were analyzed by generalized linear mixed models for repeated measures.

MFI, mean fluorescence intensity.

disease activity as demonstrated by several studies and by a recent
review of Prosperini et al. (3–6, 12, 33, 35–43). Even the length
of NAT washout period and its association to disease activity
reactivation remains a point of controversial discussions. A short
washout period may decrease the risk of post NAT disease re-
activation, but may also increase the risk for carry-over PML: a
PML that develops few months after cessation of NAT therapy
and after initiating an alternative DMT (44–47).

Indeed, consensus is still lacking in regard to DMT sequencing
following NAT withdrawal. Studies addressing treatment
switch from NAT to another DMT revealed a superiority of
rituximab and alemtuzumab vs. fingolimod in controlling
disease activity (48, 49). Recent studies suggested ocrelizumab
as a possible choice to reduce the risk of MS disease activity
reactivation in patients previously treated with NAT SID
and EID (50). Considering the NAT associated elevation in
peripheral total and memory B-cells together with the essential
role of B-cells in MS pathogenesis, B-cell depleting agents
might be a favorable post NAT DMT choice by effectively
reducing this cells (51). However, further evaluations including
comparisons between alemtuzumab and B-cell depleting
therapies with careful observations regarding carry-over PML,
are necessary.

Different studies already revealed that the recurrence of
disease activity coincides with the decrease of NAT concentration
and desaturation of NAT target on the surface of lymphocytes -
α4-integrin. However, these markers are not yet well-established
in clinical practice although they may be helpful to identify
the right individualized timing for the start of an alternative
treatment (3, 17). In this study, we assessed clinical and
radiological disease activity after the cessation of NAT therapy as
well as the reversibility of NAT PK and PD effects in RRMS and
SPMS patients.

Clinical and radiological disease activity was detected earliest
at 8 weeks after NAT cessation. In our study, 38% of the
RRMS patients experienced clinical reactivation of the MS, 83%
suffered from a relapse during the first 6 months after NAT
withdrawal which confirms data from previous studies in which
the proportion of patients with relapses post NAT has ranged
from 9 to 80% (43). Even the initiation of a new DMT early after
NAT cessation was not able to prevent disease activity following
NAT withdrawal, which is in line with a recent published study
fromMustonen et al. (7).

The reactivation of disease activity is closely related to reversal
NAT effects on PK and PD. Earliest significant changes could
be observed 8 and 12 weeks after the last NAT infusion with a
decrease of free NAT concentration in plasma and cell bound
NAT on CD3+ T-cells, respectively. CD49 expression observed

4 weeks after last NAT infusion tended to be lower in the patients
with a stable disease course during follow up as compared to
the patients presenting with disease activity. However, statistical
significance was not reached. This discrepancy to the results
from Lohmann et al. may be influenced by the fact that they
compared patients with a stable and an exacerbated disease
course defined by a relapse and ≥5 GdE lesions while we
compared stable patients and patients with any evidence for
disease activity (relapse, new/enlarging T2 lesion’s and sNfL
peak) (19).

NAT treatment has shown to be associated with increased
absolute lymphocyte, CD3+ T-cell, CD4+ T-cell, CD8+ T-cell,
CD19+ B-cell and NK-cell counts (14). Our findings are in line
with a previous study, in which the effects of NAT on peripheral
immune cell subsets were also reversible during washout period
(17). In our study, we could observe that cessation of NAT has
no effects on FoxP3+ T-regulatory cells which was previously
discussed by Stenner et al. (52). Another T-cell subtype, the Th17-
cell, is considered to be a critical mediator of disease activity
in MS (53). Haas et al. monitored Th17-cell frequency in MS
patients without, during and after NAT cessation and found
increased frequencies in the immunology periphery during long
term treatment as well as a decrease after NAT withdrawal.
Additionally, they could observe that Th17-cells became almost
undetectable in the blood of patients that presented relapses
during the washout period (16). We could detect a Th17-cells
drop after NAT cessation likewise, however the decrease was not
statistically significant.

Although the immunological pattern may help to identify
patients prone to develop clinical and/or radiological disease
activity, there is a need for more directed biomarkers that could
be implemented into clinical practice. Here, we first present
data regarding sNfL dynamics after NAT withdrawal and after
starting subsequent DMT during an up to 12 month follow up
period. As reported by Gunnarson et al. and Kuhle et al., NFL
levels in cerebrospinal fluid decreased during NAT treatment
(54, 55). We detected low sNfL levels 4 weeks after last NAT
infusion followed by sNfL peaks in 80.4% of the RRMS patients.
In general, increases in sNfL levels were linked to reactivation
of disease activity and seen up to 3 months before onset of
disease activity in some patients. Nevertheless, in 18 of the 37
patients sNfL peaked without evidence of relapse disease or MRI
activity. However, patients were only monitored by cerebral MRI
as spinal cord MRI was not performed regularly. Other events
(trauma, stroke, metabolic diseases) which could be associated
with sNfL increase were not reported. As postulated in one
of our studies investigating sNfL during alemtuzumab therapy,
sNfL peaks without evidence of disease activity can indicate
subclinical disease activity (29). For 2 patients, the suspicion of
a relapse was reported. However, for both of them no significant
variations of sNfL were found leading to the assumption that
they do not have suffered from a clinical confirmed relapse. So,
sNfL may be a potential tool to proof clinical disease activity
and reappearance of disease activity in time-period of planed
treatment switch.

To date, only limited data on the cessation of NAT
therapy in SPMS patients are available (32). Miravalle et al.
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investigated a 3- to 4- months drug holiday in 24 RRMS
and 8 SPMS patients receiving NAT therapy for a period
longer than 12 months. No other DMT was administered
during drug holiday. Relapses occurred in 25% of the SPMS
and in 38% of the RRMS patient group. This period was
associated with new MRI disease activity in nearly all patients
(40). Our data are in line with these data demonstrating that
the cessation of NAT therapy is associated with a recurrence
of disease activity in SPMS patients. PK and PD data of
SPMS patients are comparable with RRMS patients stopping
NAT. For the investigated time course of the α4-integrin
receptor desaturation, our findings are comparable to the
findings from Derfuss et al. and Plavina et al. (3, 17). Immune
cell frequencies in SPMS patients showed similar patterns as
RRMS patients. Frequencies of Th17-cells and NK-cell count
decreased after the cessation, although statistical significance was
not reached.

Mean sNfL in SPMS patients after NAT cessation did not show
yet a significant increase. SPMS patients remained stable and
presented without any clinical and radiological disease activity
within 4 months after NAT stop. During long-term follow up,
three patients presented with return of disease activity in the
SPMS group. Unfortunately, no blood samples were available to
correlate these clinical characteristics with additional sNfL levels
beyond 4 months of follow up.

Our data confirm that drug holiday is not well tolerated
and that the reversibility of NAT PK and PD effects coincides
with a return of clinical and radiological disease activity. In
line with previous findings from Fox et al. and Kaufmann
et al., relapses occurred as early as 8 weeks and new or
enlarging T2 lesions were detected as early as 12 weeks
after NAT cessation. (33, 38). According to our observations
from cohort 1 and 3, changes in PK and PD markers were
observed as early as 8 weeks after interruption of NAT therapy
with significantly reduced free plasma NAT concentrations as
previously prescribed (17). 16 weeks after last NAT infusion
cell bound NAT and CD49d saturation on CD3+ T-cells were
also found to be significantly decreased. In this study, we
correlated PK and PD parameters with sNfL measurements.
We could show that disease activity reactivation is reflected
by sNfL increase at an individual level. Furthermore, we could
demonstrate that a drop of sNfL after re-initiation of NAT
therapy was linked to a lesion and relapse free disease course.
After restarting NAT therapy, CD49d receptor saturation on
CD3+ T-cells was found to be above 50% even after the first
NAT infusions.

Our data demonstrate that cessation and interruption of NAT
therapy is associated with a high risk of recurrence of disease
activity in both RRMS and SPMS patients. Although there are
some limitations in our observations (limited patient number,
different protocols for RRMS and SPMS patients), we present
stable effects on clinical data, PK, PK and sNfL level within the
first three months after stopping NAT. The return of disease
activity is linked to the reversibility of NAT effects on PK and

PD. Our observational data do not support the concept of drug
holidays in patients with active RRMS treated with NAT. In
this context, the concept of EID seems to be better in clinical
practice (56).

Additionally, our data suggest that monitoring PD and PK
parameters and sNfL may provide guidance to identify the
optimal time window for switching to other highly efficacious
treatments. sNfL has a high potential as a treatment response
marker with regard to a subsequent DMT post-NAT. However,
to define its role as a marker for upcoming radiological and
clinical disease activity further investigations are required. Free
NAT concentration may also serve as a basis for EID and could
be the marker that is the easiest to establish in clinical pratice
besides sNfL.

In conclusion, a combination of PK and PD parameters could
contribute to the future development of individualized NAT
treatment schedules. sNfL seems to be a promising biomarker
to monitor clinical and subclinical disease activity as well
as treatment response. Additional data have to be generated
to support our findings and to establish these biomarker
combination in daily clinical practice.
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