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Background: Autologous haematopoietic stem cell transplantation (AHSCT) is highly

effective in reducing new inflammatory activity in aggressive multiple sclerosis (MS). A

remarkable decrease of serum neurofilament light chains (sNfL) concentration, a marker

of axonal damage, was reported in MS following high-intensity regimen AHSCT, but

hints for potential neurotoxicity had emerged. sNfL and brain atrophy were therefore

analysed in a cohort of patients with aggressive MS treated with intermediate-intensity

AHSCT, exploring whether sNfL might be a reliable marker of disability progression

independent from new inflammation (i.e. relapses and/or new/gadolinium-enhancing MRI

focal lesions).

Methods: sNfL concentrations were measured using SIMOA methodology in peripheral

blood from relapsing-remitting (RR-) or secondary-progressive (SP-) MS patients

undergoing AHSCT (MS AHSCT), collected before transplant and at months 6 and 24

following the procedure. sNfL measured at a single timepoint in SP-MS patients not

treated with AHSCT without recent inflammatory activity (SP-MS CTRL) and healthy

subjects (HD) were used as controls. The rate of brain volume loss (AR-BVL) was also

evaluated by MRI in MS AHSCT cases.

Results: Thirty-eight MS AHSCT (28 RR-MS; 10 SP-MS), 22 SP-MS CTRL and 19 HD

were included. Baseline median sNfL concentrations were remarkably higher in the MS

AHSCT than in the SP-MS CTRL and HD groups (p= 0.005 and <0.0001, respectively),

and levels correlated with recent inflammatory activity. After a marginal (not significant)

median increase observed atmonth 6, at month 24 following AHSCT sNfL concentrations

decreased compared to baseline by median 42.8 pg/mL (range 2.4–217.3; p = 0.039),

reducing by at least 50% in 13 cases, and did not differ from SP-MS CTRL (p = 0.110)
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but were still higher than in HD (p < 0.0001). Post-AHSCT AR-BVL normalised in 55%

of RR-MS and in 30% of SP-MS. The effectiveness and safety of AHSCT were aligned

with the literature.

Conclusion: sNfL concentrations correlated with recent inflammatory activity and

were massively and persistently reduced by intermediate-intensity AHSCT. Association

with response to treatment assessed by clinical or MRI outcomes was not observed,

suggesting a good sensitivity of sNfL for recent inflammatory activity but low sensitivity

in detecting ongoing axonal damage independent from new focal inflammation.

Keywords: hematopoietic (stem) cell transplantation (HSCT), multiple sclerosis, neurofilament light (NfL),

biomarker, brain atrophy, PIRA, progression independent of relapse activity

INTRODUCTION

Autologous haematopoietic stem cell transplantation (AHSCT)
is a treatment option for a selected population of patients
with aggressive multiple sclerosis (aMS), endorsed as “standard
of care” for treatment-refractory relapsing MS (1, 2). AHSCT
virtually eradicates new inflammatory activity inMS, and its risk-
benefit ratio is highly favourable in early inflammatory phases
of the disease (relapsing-remitting, RR-), whereas efficacy in
secondary-progressive (SP-) MS is still controversial and long-
term stabilisation of disability is achieved only in a moderate
proportion of cases (3).

Neurofilament light chain (NfL) concentrations, which can
be reliably evaluated in cerebrospinal fluid (CSF) and serum,
are associated in MS patients with inflammatory activity,
disability accrual, and accelerated brain atrophy; serum NfL
(sNfL) has been proposed as a useful biomarker for treatment
monitoring (4–6). A remarkable decrease in NfL levels was
recently reported in paired CSF and serum samples of aMS
treated with high-intensity conditioning AHSCT (7), but a
possible transient neurotoxic effect of this protocol was suggested
by a temporary increase in NfL detected shortly after the
procedure (8). Similarly, hints of potential neurotoxicity of
high-intensity conditioning AHSCT emerged from other studies
(9, 10), but no data are available so far on intermediate-
intensity regimens AHSCT. We hence present the results of
a monocentric study evaluating the effect of intermediate
intensity regimen AHSCT on sNfL and brain atrophy in aMS,
exploring whether in this cohort sNfL might be a reliable
marker of disability progression independent from new focal
inflammation, thus identifying MS patients non-responding to
the procedure.

MATERIALS AND METHODS

Patient and Control Populations
MS AHSCT
RR-MS or SP-MS patients diagnosed according to the Poser
and Mc Donald criteria (11–13) who had been enrolled in an
open-label monocentric study of AHSCT in Florence and who
had frozen-stored serum samples previously collected at pre-
defined timepoints (baseline, i.e. before haematopoietic stem cells

mobilisation, months 6 and 24 after transplant) were included
as the MS AHSCT group, according to the inclusion/exclusion
criteria of the transplant centre. Briefly, RR-MS patients were
considered for the procedure if they showed highly active MS
despite treatment with disease-modifying treatments (DMTs)
(i.e. occurrence of a disabling relapse or of at least two clinical
relapses in the year prior to enrolment, associated with signs of
new focal inflammatory activity at brain MRI in the previous
year); or had history of highly active disease and scheduled
withdrawal of a second line DMT. SP-MS were included if
they had experienced a confirmed EDSS worsening in the
previous year coupled with clinical or radiological evidence
of new inflammatory activity in the year prior to inclusion
(signs of new inflammation were not required if receiving active
treatment). The main exclusion criteria were the following:
primary progressive MS, pregnancy or other medical conditions
that could contraindicate AHSCT, acute infections, malignancies,
relevant comorbidity (e.g. liver disease, kidney failure, . . . ),
inability to provide adequate informed consent to participate
to the study. Treatments were performed between 2007 and
2018 at the Cellular Therapies and Transplant Unit of the
Careggi University Hospital in Florence, Italy, in collaboration
with the Tuscan Region MS Referral Centre of the same
hospital. Briefly, mobilisation of haematopoietic stem cells was
obtained with IV cyclophosphamide (4 g/m2) and granulocyte
colony-stimulating factor. The conditioning regimen used was
BEAM+ATG, an intermediate intensity regimen according to
the EBMT classification (2), for all the patients except for
two individuals who received either melphalan-carmustine-
ATG or BEAM without melphalan and ATG for safety issues.
Standardised haematological and neurological evaluations were
performed at baseline, at months 6 and 12 after transplant
and then yearly. Disability was assessed as Expanded Disability
Status Scale (EDSS) (14) worsening (i.e. occurrence of one
single episode of EDSS deterioration, defined as an increase of
at least 1.0 or 0.5 EDSS point if baseline EDSS was <5.5 or
≥5.5, respectively) and continuous disability accrual (CDA, i.e.
at least two confirmed episodes of EDSS worsening associated
with continuous progression of disability between timepoints),
as previously reported (15). Baseline, 6-month and 24-month
samples were available for 37, 33 and 37 cases, respectively. sNfL
measurement at all the timepoints was available for 31 patients.
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Control Groups
In order to explore the accuracy of sNfL concentration
in detecting axonal damage independent from new focal
inflammation, SP-MS patients without signs of recent
inflammatory activity (relapses and/or gadolinium-enhancing—
Gd+–brain lesions in the 6 months before the collection of
the serum sample), of age similar to the AHSCT SP-MS cases
at month 24 after treatment were included (SP-MS CTRL).
In addition, people not affected by any neurological disorders
(healthy controls—HD) were included as normal controls.
Serum samples in these two control groups were collected at one
timepoint only and frozen-stored until their utilisation.

Laboratoristic and MRI Assessments
sNfL Measurement
sNfL were measured using single-molecule array (SIMOA)
technology in cryopreserved serum samples stored in the
same conditions; a quantification in duplicate was performed
according to the manufacturer’s instructions (16). Variation in
absolute values within 20% was considered as not significant.

Magnetic Resonance Imaging Analysis
Brain magnetic resonance imaging (MRI) was performed at
baseline, and then at least yearly up to the last follow-up. An
additional scan at month 6 following AHSCT was available for
a subset of cases.

MRI inflammatory activity was defined as the occurrence of
new T2 lesions and/or Gd+ lesions in a follow-up brain MRI,

compared to the baseline scan. T2 lesion load was evaluated
using MIPAV software. Two-timepoint percentage brain volume
change was estimated using the Structural Image Evaluation
using Normalisation of Atrophy (SIENA) methodology (17, 18);
whole brain volume at a timepoint (normalised for subject head
size) was calculated with SIENAX, FSL-suite. The annualised
rate of brain volume loss (AR-BVL) was then calculated as
follows: (PBVC/100+1)∧(365.25/days)−1)∗100, where PBVC is
the percentage brain volume change obtained with SIENA; AR-
BVL was calculated up to last available MRI. A brain volume
change >-0.4%/year was considered pathological, according to
normative data (19).

Aims of the Study
The main aim of the study was to explore the impact of
intermediate-intensity regimen AHSCT on sNfL in aMS patients,
exploring if AHSCT could reduce sNfL to levels similar to SP-MS
patients without signs of recent focal inflammation, or to healthy
controls. As exploratory endpoint, potential correlations between
response to AHSCT and sNfL were analysed, investigating
whether in MS AHSCT treated patients sNfL could be a marker
of disability accrual independent from new focal inflammation.

Statistical Methods
Baseline characteristics of the cases are reported as median
and range, or as mean and 95% CI, as appropriate. Non
parametric tests were adopted to compare baseline characteristics

TABLE 1 | Baseline clinical and demographic characteristics of the MS patients included in the study.

RR-MS AHSCT (n = 28) SP-MS AHSCT (n = 10) SP-MS CTRL (n = 22) SP-MS AHSCT vs.

SP-MS CTRL

Median (Range) Median (Range) Median (Range) p Value

Age at baseline, y 34 (20–53) 43 (26–57) 49.5 (33–64) 0.039*

Disease duration from the onset, y 9.5 (1–22) 11 (6–23) 21.5 (6–36) 0.010*

Progressive phase duration, m N/A N/A 18.5 (7–79) 68 (3–181) 0.010*

Previous treatment duration with DMTs, y 6 (0–21) 7.5 (4–21) 15 (5–28) 0.006*

DMTs received, n 3 (0–7) 3 (2–6) 3 (1–5) 0.572

Baseline EDSS 4.0 (1.0–7.0) 5.75 (4.0–6.0) 6.25 (3.5–7.5) 0.182

Delta EDSS in the previous year 0.5 (-1.5–1.5) 0 (0–1.0) 0.25 (0–2.5) 0.257

Progression Indexa 0.92 (0.43–1.41) 0.64 (0.34–0.94) 0.41 (0.31–0.50) 0.044*

Relapses in the previous year, n 1.5 (0–6) 0.5 (0–2) 0 (0–1) 0.002*

Gd+ lesions at last brain MRI, n 1.5 (0–31) 0.5 (0–3) 0 (0–0) <0.001*

n (%) n (%) n (%) p value

Sex, female 22 (79%) 8 (80%) 14 (64%) 0.440

Cases with relapse in the previous 6 months 17 (61%) 3 (30%) 0 (0%) 0.024*

Cases with EDSS worsening in the previous year 6 (21%) 3 (30%) 8 (36%) 1.000

Cases receiving DMTs at blood sampling 17 (61%) 8 (80%) 13 (59%) 0.425

Cases showing Gd+ lesions in pre-treatment brain MRI 18 (64%) 5 (50%) 0 (0%) 0.001*

aMean (95% confidence interval—CI). N/A: not applicable. Significant values (p < 0.05) are marked with *.

AHSCT, autologous haematopoietic stem cell transplantation; DMTs, disease-modifying treatments; EDSS, Expanded Disability Status Scale; Gd, gadolinium; MRI, magnetic resonance

imaging; MS, multiple sclerosis; MS AHSCT, MS patients treated with AHSCT; RR-, relapsing-remitting; SP-, secondary-progressive; SP-MS CTRL, SP-MS control group (i.e. not treated

with AHSCT).
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between groups (Mann-Whitney test for continuous and Chi-
square test for dichotomic variables). Correlation between sNfL
concentration and the other variables were explored using partial
correlation after adjusting for age at the sample. Event-free
survival was estimated using the Kaplan–Meier survival analysis.
A Cox regression model was adopted to explore the effect of
baseline variables on the outcomes. The statistics software used
were SPSS (IBM SPSS Statistics, RRID:SCR_019096) version 25
and Origin Pro for Windows. A two-tailed p-value < 0.05 was
considered significant.

RESULTS

Patient and Control Group Characteristics
Thirty-eight aMS patients (28 RR-MS and 10 SP-MS) treated
with AHSCT were included (MS AHSCT). Twenty-two SP-MS
patients not treated with AHSCT and 19 healthy individuals (68%
females) were included in the SP-MS CTRL and HD groups,
respectively. Baseline clinical and demographic characteristics of
MS patients included in the study are reported in Table 1. In
the AHSCT group, age at baseline was similar to that of HD
(median 35 years, range 20–57, vs. median 36 years, range 26–65,
respectively; p = 0.260); the median age in the SP-MS AHSCT
group at 24 months serum collection was similar to that of the
SP-MS CTRL group (median 45, range 28–59, and median 49.5,
range 33–64, respectively; p= 0.070).

At baseline serum collection (corresponding to pre-
mobilisation for AHSCT patients, and to the single blood
sample available for cases in the control groups), SP-MS
AHSCT and SP-MS CTRL groups differed in the following
characteristics: age (p = 0.039), disease duration (p = 0.010) and
disability accrual rate (p= 0.044, Table 1).

At baseline serum collection, 25/38 (66%) patients in the
AHSCT group were receiving DMTs, either second-line (n
= 22) or first-line ones (n = 3); the remaining cases were
off-treatment and had discontinued DMTs a median of 5.5
months (range 1–42) before transplant. In the SP-MS CTRL
group, 13/22 (59%) patients were receiving DMTs at the time
of sample collection (a second-line treatment in nine cases),
while the remaining nine patients had been off-treatment for
at least 6 months (median 11.5 months, range 7–84; data
not shown).

sNfL Concentration Analysis
sNfL Concentration in the Control Groups
Median sNfL concentration was higher in the SP-MS CTRL
group than the HD group, being 10.25 (5.2–22.6) pg/mL and
6.4 (4.0–18.4) pg/mL, respectively, p = 0.003 (Figure 1). No
differences were observed between SP-MS CTRL patients who
were receiving DMTs at the time of blood sampling and those
who were not: 9.39 (range 5.2–12.4) pg/mL and 11.2 (range
7–22.7) pg/mL, respectively (p = 0.235; data not shown). A
moderate correlation between sNfL concentrations and age at
sample was observed in both groups, with r=0.56 in SP-MS
CTRL (p = 0.007) and r = 0.46 in HD (p = 0.045; data
not shown).

FIGURE 1 | Intermediate-intensity autologous haematopoietic stem cell

transplantation reduces serum neurofilament light chain concentrations in

treated MS patients. Serum neurofilament light chain (sNfL) concentrations in

patients affected by aggressive relapsing-remitting (RR-) or

secondary-progressive (SP-) multiple sclerosis (MS) before (T 0) and at months

6 (T 6) and 24 (T 24) following autologous haematopoietic stem cell

transplantation (AHSCT, n = 38), compared with inactive SP-MS patients (i.e.

without signs of recent clinical or radiological disease activity, SP-MS CTRL, n

= 22) and with healthy individuals (HD, n = 19). (A) Overall MS AHSCT cohort.

In AHSCT patients, baseline values of sNfL (median 13.4 pg/mL, range

4.4–229) were higher than in both SP-MS CTRL and HD groups (median

10.25 pg/mL, range 5.2–22.6, and median 6.4 pg/mL, range 4.0–18.4, p =

0.005 and <0.0001, respectively). SNfL at month 6 after transplant did not

change compared to baseline (p = 0.427), but at T24 a reduction compared to

baseline was observed (p=0.039), reaching levels similar to SP-MS CTRL (p =

0.110) but being still higher than in HD (p < 0.0001). (B) RR-MS and SP-MS

AHSCT subgroups. At baseline, sNfL concentration in RR-MS cases was

higher than in SP-MS CTRL (p = 0.001) and HD groups (p < 0.0001),

whereas SP-MS AHSCT cases showed sNfL levels different from HD only (p =

0.040). SNfL concentrations at month 24 were reduced compared to baseline

in the RR-MS AHSCT group (n = 28; 11.7 pg/mL, range 4.6–51.9, and 15

pg/mL, range 4.9–229, respectively; p = 0.042), whereas they did not differ

from baseline in the SP-MS AHSCT group (n = 10; 10 pg/mL, range 2.0–17.3,

and 10.8 pg/mL, range 4.4–42.8, respectively; p = 0.721). sNfL at month 24

were higher in RR-MS AHSCT cases compared both to SP-MS CTRL (p =

0.049) and HD (p < 0.0001); in SP-MS AHSCT group, values were higher than

HD (p = 0.024).

Frontiers in Neurology | www.frontiersin.org 4 February 2022 | Volume 13 | Article 820256

https://scicrunch.org/resolver/RRID:SCR_019096
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Mariottini et al. AHSCT Reduces sNfL in MS

TABLE 2 | Correlation between serum neurofilament light chain levels at baseline

and clinical-radiological characteristics of the MS AHSCT patients corrected for

age at sampling.

R p value

Relapses previous year, n 0.53 0.001

Days since last relapse −0.40 0.030

Relapse in the previous 6 months, yes 0.38 0.026

Gd+ lesions, n 0.48 0.003

Gd+ lesions, volume 0.66 <0.001

Delta-EDSS in the previous year 0.37 0.029

EDSS worsening in the previous year, yes 0.46 0.006

T2 lesion load at baseline, mm3 0.54 0.004

Baseline sNfL Concentrations in the MS AHSCT

Group
In AHSCT patients, median sNfL concentration at baseline was
13.4 (range 4.4–229) pg/mL (Figure 1A), being 15 (range 4.9–
229) pg/mL in RR-MS and 10.8 (range 4.4–42.8) pg/mL in SP-
MS cases (Figure 1B). Median sNfL at baseline were higher
in the MS AHSCT group compared to the SP-MS CTRL and
HD groups, both considering the whole AHSCT cohort (p
value 0.005 and <0.0001, respectively; Figure 1A) and the RR-
MS AHSCT subgroup (p = 0.001 and <0.0001, respectively;
Figure 1B). In the SP-MS AHSCT subgroup, median baseline
sNfL concentration was similar to that of the SP-MS CTRL group
(p= 0.665; Figure 1B) but it was higher than in HD (p= 0.040).

No differences in baseline sNfL were observed between MS
AHSCT patients who were receiving DMTs at the time of baseline
sample collection and those who were not (13.6 pg/mL, range
4.9–137, and 12.4 pg/mL, range 4.4–229, respectively, p = 0.404;
data not shown). sNfL concentrations at baseline correlated with
clinical and/or MRI markers of recent inflammatory disease
activity (Table 2).

sNfL Variation Following AHSCT
In the MS AHSCT group, median sNfL concentration at
month 24 (11.3 pg/mL, range 2.0–51.9) was remarkably reduced
compared to baseline (p = 0.039), whereas levels at month 6
(17 pg/mL, range 6.9–49.7) did not differ from baseline (p =

0.427; Figure 1A). At month 24, median sNfL concentration in
the MS ASHCT group was similar to that of the SP-MS CTRL
group (p=0.110), but it was still higher than in HD (p < 0.0001;
Figure 1A). Variation of individual values ofMS AHSCT patients
are reported in Figure 2. A median decrease by 13% (median
42.8 pg/mL, range 2.4–217.3) of the baseline value was observed,
which was by at least 50% in 13 patients (10 RR-MS, 3 SP-MS),
reaching up to 90% in four cases.

In the RR-MS AHSCT subgroup, median sNfL concentrations
were reduced at month 24 (11.7 pg/mL, range 4.6–51.9)
compared to baseline (15 pg/mL, range 4.9–229; p = 0.042)
(Figure 1B).

In the SP-MS AHSCT subgroup, sNfL levels at months 24
(10 pg/mL, range 2.0–17.3) were similar to baseline (10.8 pg/mL,
range 4.4–42.8; p= 0.721) (Figure 1B).

A remarkable elevation in sNfL at month 24 (51.9 pg/mL)
compared to month 6 (22.7 pg/mL) was observed in one single
case (RR-MS) who had experienced a clinical and radiological
disease reactivation (i.e. relapse associated with occurrence of
newGd+ lesions at brainMRI) 2months before the blood sample
collection. This patient had received BEAM without melphalan
and ATG for safety issues.

Baseline sNfL concentrations correlated with those at month 6
(r = 0.56, p = 0.001), but not with 24-months values (p = 0.547;
data not shown).

Relapses and Disability Following AHSCT
ARR dropped from 1.13 in the two years before AHSCT to 0.0054
up to the last follow-up after transplant (median 49 months,
range 24–153). All the cases except for one were relapse-free up
to the last follow-up, being relapse-free survival from year 2 to
last follow-up 97%. At month 24, EDSS worsening was observed
in 8/38 cases (21%, 1/28 RR-MS−4%, and 7/10 SP-MS−70%, p
< 0.0001), occurring at a median of 10 months (2–24) after the
procedure. One additional worsening was reported in one SP-MS
case at month 66. Four aMS patients (all SP-MS) experienced
CDA and the second confirmed episode of progression was
reported at a median of 27 months (range 25–37) of follow-up.
In the RR-MS subgroup, EDSS improved at last follow-up in
13/28 (46%) cases, stabilised 14/28 (50%) and worsened in 1 case
(4%). Median EDSS in the RR-MS AHSCT subgroup improved
at all the timepoints following AHSCT compared to baseline (p
< 0.005, Figure 3), with a confirmed decrease up to −4.0 EDSS
points. Following AHSCT, a slight deterioration of disability was
observed in the SP-MS subgroup, which was significant at month
24 compared to baseline (p = 0.047; Figure 3), being the median
worsening of 1.0 EDSS point (range 0.5–1.5).

Safety
No fatalities or life-threatening complications were observed;
common adverse events following transplant were aligned with
the literature (20).

MRI Activity and Brain Atrophy
One case (RR-MS) showed new Gd+ lesions at month 22,
associated with clinical relapse. All the remaining cases were free
from both new and Gd+ lesions up to the last follow-up.

Brain volume loss after transplant was evaluated in 32 patients
(22 RR-MS and 10 SP-MS) who had scans of adequate quality
to perform the analysis. Mean PBVC was −1.15 (95%CI −1.55,
−0.75) and −1.56 (95%CI −2.04, −1.09) at months 12 and 24,
respectively (Figure 4A). MRI scan at month 6 following AHSCT
was available for 18 cases (14 RR-MS, 4 SP-MS), and mean PBVC
at this timepoint was −0.6 (95%CI −1.02, −0.17). At year 2
following AHSCT, 15/32 cases (47%) showed normalisation of
AR-BVL, without re-baseline (median AR-BVL −0.24%, range
−0.4–0.0); at this timepoint, the observed AR-BVL was within
normal values for age (i.e. below−0.4%) in 55% of the RR-MS
AHSCT and 30% of the SP-MSAHSCT cases analysed (p= 0.197,
Figure 4B). The normalisation of AR-BVL did not correlate with
EDSS worsening following transplant (data not shown). AR-BVL
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FIGURE 2 | Variation in serum NfL following AHSCT. Individual values of pre- and post-AHSCT sNfL for RR-MS (left) and SP-MS AHSCT patients (right) are

connected with solid colour lines. Mean values of each group are connected with a dotted line, showing high sensitivity of the mean to the outliers with a significant

reduction in the RR-MS group at months 6 (20.23 pg/mL) and 24 of follow-up (14.33 pg/mL) compared to baseline (45.06 pg/mL), p values 0.012 and 0.010 for

month 6 and 24, respectively.

FIGURE 3 | EDSS change following AHSCT. In the RR-MS AHSCT subgroup, EDSS decreased compared to baseline at each timepoint (p <0.005), whereas in the

SP-MS AHSCT subgroup, median EDSS increased compared to baseline at month 24 after AHSCT (p = 0.047).

up to the last follow-up beyond year 2 (median 7 years, range 3–
12) was available for eight RR-MS and five SP-MS cases and it
normalised in 75% and 60% of the cases, respectively, p = 0.207
(Figure 4B).

Association Between sNfL Concentration
and Outcomes
No correlations between sNfL concentrations either at baseline
or follow-up and disability accrual or AR-BVL normalisation
were observed. In the SP-MS AHSCT subgroup, baseline sNfL

concentration did not predict subsequent disability accrual up
to the last follow-up (HR 1.02, 95%CI 0.97–1.08, p = 0.442),
nor did month 6 sNfL levels (HR 1.12, 95%CI 0.90–1.40,
p = 0.306). sNfL concentration at month 24 did not differ

between patients who had shown disability accrual within 24
months from AHSCT and those who had not (p = 0.299 for

the MS AHSCT and 0.667 for SP-MS AHSCT groups; data
not shown).

sNfL at month 24 did not correlated with T2 lesion load at the
same timepoint (R−0.24, p= 0.187; data not shown).
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FIGURE 4 | Brain atrophy following AHSCT. (A) Mean (95% CI) percentage of brain volume change (PBVC) in the first two years following AHSCT in the RR-MS and

SP-MS AHSCT cases, compared to the baseline scan. The greatest reduction in PBVC was observed during the first year following AHSCT, followed by a reduction in

AR-BVL. (B) Annualised rate of brain volume loss (AR-BVL) in RR- and SP-MS AHSCT cases at year 1, 2 and up to last follow-up available beyond year 2. The

proportion of patients with normalisation of AR-BVL tended to be higher in RR vs. SP-MS cases and increased over follow-up.

DISCUSSION

sNfL concentrations were evaluated in 38 aMS patients who

underwent intermediate-intensity AHSCT at our centre, and the
results were compared with those detected in two control groups:

SP-MS cases without recent inflammatory activity (i.e. relapses or
new/Gd+ lesions in the previous 6 months) and individuals not
affected by neurological diseases (HD). Themain aim of the study
was to assess the impact of intermediate-intensity AHSCT on
sNfL in RR-MS and SP-MS patients undergoing the procedure,
exploring whether transplant could induce a reduction in sNfL
to levels similar to the control groups. The potential role of

sNfL as a marker of disability accrual independent from new
focal inflammation was also investigated in AHSCT treated
MS patients.

Patients enrolled in the transplant program showed highly
active disease, refractory to DMTs in most of the cases. The
procedure was effective in halting relapses and new inflammatory
MRI activity in all the patients except for one RR-MS, who
relapsed at month 22, after being treated with BEAM without
melphalan and ATG for safety issues.

SP-MS AHSCT patients had a more aggressive disease course
than SP-MS CTRL, as expected for a selection bias due to
the enrolment in the AHSCT program. Treatment with DMTs
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did not influence sNfL concentrations in our sample, both in
the SP-MS CTRL and MS AHSCT groups, and two opposite
explanations can be offered: the lack of recent inflammatory
activity in all the cases in the SP-MS CTRL group and the
occurrence of breakthrough disease activity despite treatment
in the MS AHSCT group. Superimposed inflammatory activity
which could overcome the small age-related increase in sNfL
concentration might explain the lack of correlation between sNfL
and age at sampling in the MS AHSCT group only (21).

Aligned with previous works (5), sNfL reflected recent
inflammatory activity: values were higher in RR-MS compared
to SP-MS patients, consistent with the differences in recent
relapses and MRI activity between the groups. The transient
although not significant increase in median sNfL concentration
detected at month 6 after AHSCT might mirror transient
neuronal damage with consequent release of NfL in the CSF
and serum. However, the interpretation of these data is not
univocal and two not mutually exclusive scenarios can be
hypothesised: a transient neuro-toxic effect of the chemotherapy,
or accelerated neuronal damage induced by a rapid suppression
of inflammation. Potential neurotoxicity of AHSCT in MS
patients was suggested by previous studies, which however
were limited to high-intensity conditioning regimens only. An
increase in serum neurofilament heavy chains was reported
in SP-MS patients treated with cyclophosphamide and total
body irradiation, a protocol no longer used due to safety
concerns (10). More recently, a transient increase in sNfL was
observed 3 months after busulfan-cyclophosphamide AHSCT,
followed by a decrease to levels similar to baseline starting in
month 6 (8). Albeit valuable, caution should be adopted in
inferring these observations to intermediate- or low-intensity
regimen AHSCT, and no evidence of neurotoxicity of these
protocols is available so far. Furthermore, the observed increase
in sNfL might be due to an MS-specific process rather
than to a neurotoxic effect of the chemotherapy, i.e. the
consolidation of baseline axonal damage in a CNS affected
by inflammation could be the main driver of NfL release. If
this latter hypothesis was true, the transient increase in sNfL
observed could be an epiphenomenon of the glial scarring of MS
lesions “de-activated” by the procedure. Potentially supporting
this hypothesis, a transient increase in sNfL was reported in a
proportion of MS patients receiving alemtuzumab at months
2–3 following either the first or second course of treatment
(5/15 patients and 3/15 cases, respectively) (22). Finally, in
either case, indirect proof of the ability of the drugs adopted
during mobilisation and/or conditioning to cross the blood-
brain barrier might be provided, thus suggesting that AHSCT
might be effective also on compartmentalised inflammation.
If this latter hypothesis is true, AHSCT could become a
suitable treatment option for patients in progressive phases of
MS with signs of ongoing compartmentalised inflammation,
where the lack of effective approved DMTs is still an unmet
clinical need.

Furthermore, potential pleiotropic effects of AHSCT have
been suggested, such as a possible contribution to tissue
repair mediated by putative trans differentiation of the graft
in neural/glia cells and trophic/protective effects on CNS

tissue, although further research is needed to explore this
issue (23, 24).

The significant decrease of sNfL detected at month 24
compared to baseline confirms that the procedure exerts a
long-standing effect in reducing inflammation-related axonal
damage, at least in the RR-MS form, where the greatest
reduction was observed. The amount of decrease in sNfL levels
detected is similar to that previously reported in a cohort of
patients treated with high-intensity AHSCT (7), suggesting that
BEAM-AHSCT might be as effective as the former protocol
in suppressing inflammation-related axonal damage. Notably,
the great reduction in sNfL after transplant is remarkable
considering that most of the MS AHSCT cases in the present
cohort were receiving DMTs at the time of baseline sample
collection, providing further evidence on AHSCT as an effective
escalating therapy.

sNfL concentrations at month 24 did not differ between MS
AHSCT cases and SP-MS CTRL, thus reflecting the resolution of
new inflammatory activity in all the cases, except for one patient
who experienced a disease reactivation. Indeed, this latter was the
only case that showed a marked increase at month 24 compared
to month 6.

Correlation between sNfL levels and disability accrual and
brain atrophy has been reported in large cohorts of non-AHSCT
treated MS patients (4, 25), whereas in the present study baseline
sNfL were not able to predict response to AHSCT in terms of
disability progression or brain atrophy, and sNfL reflectedmainly
new focal inflammatory activity. Although the small sample size
could have prevented us from finding significant correlations, it
could be speculated that this difference might be due, at least
in part, to a different persistence of new focal inflammatory
activity in untreated or various DMTs treated patients described
in other studies (4, 25) and AHSCT-treated patients, being
new focal inflammation virtually suppressed in these latter. It
could be hypothesised that sNfL concentrations might correlate
with prognosis in MS as long as new inflammation (relapses
and/or new MRI lesions) is the main driver of disability
accrual. Following AHSCT, the persistence of median values of
sNfL higher than in HD could be explained by a background
of axonal damage persisting in a subset of treated patients
despite the suppression of new inflammatory activity, and
possibly due to non-inflammation driven neurodegeneration or
by compartmentalised inflammation not eradicated by AHSCT.
However, the lack of correlation with clinical outcomes partially
argues against this hypothesis, even if the study might be
underpowered for this purpose. Moreover, the measurement of
NfL in the serum, where values are considerably lower than
in CSF, might have a low sensitivity to detect pathological
release of small amounts of NfL promoted by neurodegeneration
or smouldering inflammation, suggesting that sNfL might not
be a sensitive surrogate marker of these latter phenomena in
progressive disease.

In this study, the effectiveness of AHSCT on ARR and MRI
activity was aligned with the literature (26–28). A significant
improvement in median EDSS was observed in the RR-
MS AHSCT subgroup, while disability progression occurred
exclusively in SP-MS cases. AR-BVL was high during the first
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year following treatment and this could be due, at least in part,
to pseudoatrophy, i.e. shrinking of brain tissue due to rapid
resolution of inflammation and of the associated oedema. A
normalisation of AR-BVL two years after transplant was observed
in 15 out of 32 evaluable cases (47%), mostly RR-MS (12/15,
80%). The safety of the procedure was overall acceptable.

Our study has several limitations. First of all, the lack of a
control group of active MS patients not undergoing AHSCT does
not allow to compare the relative effect of AHSCT on sNfL;
moreover, as MS AHSCT patients showed highly active disease
before the enrolment, a regression to the mean could, at least
in part, influence the reduction in sNfL observed shortly after
transplant. Despite broad experience in AHSCT for MS in our
centre, the relatively small sample size could have prevented
us from identifying significant correlations between sNfL and
the outcomes. Furthermore, the lack of blood samples collected
shortly after transplant could have underestimated a potential
increase in sNfL occurring early after the procedure, as already
pointed out by other authors (8), therefore no conclusive data
on a potential neuro-toxicity of intermediate-intensity AHSCT
in MS could be provided.

CONCLUSION

The present study provides class IV evidence on the efficacy
of intermediate intensity AHSCT in inducing suppression of
new inflammatory activity in aggressive MS, both on clinical
and para-clinical parameters. The remarkable reduction in sNfL
observed in aMS patients who were receiving DMTs at baseline
strengthens the role of AHSCT as an effective escalating therapy,
providing that the switch to transplant is performed timely before
the occurrence of irreversible disability accrual. Further data are
needed to properly answer the question as to whether an early
(although not significant) increase in sNfL after AHSCT might
harbour a neurotoxic effect of the procedure vs. consolidation
of pre-existing axonal damage induced by a rapid suppression
of inflammation.

In our sample, sNfL did not perform as a sensitive surrogate
marker of inflammation-independent neurodegeneration but
was reliably associated with recent focal inflammatory activity,

and baseline levels could not predict response to treatment in

terms of disability accrual or brain atrophy. The individuation
of a biomarker that could identify MS patients in whom axonal
damage is still related to inflammation (and could therefore
be eradicated by maximal immunosuppression) is of pivotal
importance to allow a better selection of the patients who might
benefit from anti-inflammatory treatments, including transplant.

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 human participants were reviewed
and approved by Comitato Etico Area Vasta Centro,
University Hospital of Careggi. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

AM contributed to the conception and design of the
study, acquired and analysed data, and wrote the first
draft of the manuscript. LeM, SF, and MP performed
imaging analyses and acquired related data. CI, AB, CM,
and RS acquired clinical data. MD contributed to the
database. FM, BM, and TB acquired laboratoristic data.
LuM and AR contributed to the conception and design
of the study and reviewed the manuscript. All authors
contributed to manuscript revision, read, and approved the
submitted version.

ACKNOWLEDGMENTS

The authors thank the trial nurse Serena Mariotti
for the dedicated time in this project, and all the
haematological and neurological team that contributed to
patient caring.

REFERENCES

1. Cohen JA, Baldassari LE, Atkins HL, Bowen JD, Bredeson C, Carpenter PA,

et al. Autologous hematopoietic cell transplantation for treatment-refractory

relapsing multiple sclerosis: position statement from the American Society for

Blood and Marrow Transplantation. Biol Blood Marrow Transplant. (2019)

25:845–54. doi: 10.1016/j.bbmt.2019.02.014

2. Sharrack B, Saccardi R, Alexander T, Badoglio M, Burman J, Farge D,

et al. Autologous haematopoietic stem cell transplantation and other

cellular therapy in multiple sclerosis and immune-mediated neurological

diseases: updated guidelines and recommendations from the EBMT

Autoimmune Diseases Working Party (ADWP) and the Joint Accreditation

Committee of EBMT and ISCT (JACIE). Bone Marrow Transplant.

(2019). doi: 10.1038/s41409-019-0684-0

3. Muraro PA, Pasquini M, Atkins HL, Bowen JD, Farge D, Fassas A,

et al. Long-term outcomes after autologous hematopoietic stem cell

transplantation for multiple sclerosis. JAMA Neurol. (2017) 74:459–

69. doi: 10.1001/jamaneurol.2016.5867

4. 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

5. Novakova L, Zetterberg H, Sundstrom 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

6. Leppert D, Kuhle J. Serum NfL levels should be

used to monitor multiple sclerosis evolution - Yes.

Mult Scler. (2020) 26:17–9. doi: 10.1177/13524585198

72921

7. Thebault S. Tessier DR, Lee H, Bowman M, Bar-Or A, Arnold DL, et al.

High serum neurofilament light chain normalizes after hematopoietic stem

Frontiers in Neurology | www.frontiersin.org 9 February 2022 | Volume 13 | Article 820256

https://doi.org/10.1016/j.bbmt.2019.02.014
https://doi.org/10.1038/s41409-019-0684-0
https://doi.org/10.1001/jamaneurol.2016.5867
https://doi.org/10.1093/brain/awy154
https://doi.org/10.1212/WNL.0000000000004683
https://doi.org/10.1177/1352458519872921
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Mariottini et al. AHSCT Reduces sNfL in MS

cell transplantation for MS. Neurol Neuroimmunol Neuroinflamm. (2019)

6:e598. doi: 10.1212/NXI.0000000000000598

8. Thebault S, Lee H, Bose G, Tessier D, Abdoli M, Bowman M, et al.

Neurotoxicity after hematopoietic stem cell transplant in multiple sclerosis.

Ann Clin Transl Neurol. (2020) 7:767–75. doi: 10.1002/acn3.51045

9. Lee H, Nakamura K, Narayanan S, Brown R, Chen J, Atkins HL, et al. Impact

of immunoablation and autologous hematopoietic stem cell transplantation

on gray and white matter atrophy in multiple sclerosis. Mult Scler. (2018)

24:1055–66. doi: 10.1177/1352458517715811

10. Petzold A, Mondria T, Kuhle J, Rocca MA, Cornelissen J. te Boekhorst P,

et al. Evidence for acute neurotoxicity after chemotherapy. Ann Neurol. (2010)

68:806–15. doi: 10.1002/ana.22169

11. Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP, Kappos L, et al.

Diagnostic criteria for multiple sclerosis: 2005 revisions to the “McDonald

Criteria.” Ann Neurol. (2005) 58:840–6. doi: 10.1002/ana.20703

12. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.

Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald

criteria. Ann Neurol. (2011) 69:292–302. doi: 10.1002/ana.22366

13. Poser CM, Paty DW, Scheinberg L, McDonald WI, Davis FA, Ebers GC,

et al. New diagnostic criteria for multiple sclerosis: guidelines for research

protocols. Ann Neurol. (1983) 13:227–31. doi: 10.1002/ana.410130302

14. 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

15. Mariottini A, Filippini S, Innocenti C, Forci B, Mechi C, Barilaro A,

et al. Impact of autologous haematopoietic stem cell transplantation

on disability and brain atrophy in secondary progressive multiple

sclerosis. Mult Scler. (2021) 27:61–70. doi: 10.1177/13524585209

02392

16. Hendricks R, Baker D, Brumm J, Davancaze T, Harp C, Herman A, et al.

Establishment of neurofilament light chain Simoa assay in cerebrospinal fluid

and blood. Bioanalysis. (2019) 11:1405–18. doi: 10.4155/bio-2019-0163

17. Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews PM, Federico A,

et al. Accurate, robust, and automated longitudinal and cross-sectional brain

change analysis. Neuroimage. (2002) 17:479–89. doi: 10.1006/nimg.2002.1040

18. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE,

Johansen-Berg H, et al. Advances in functional and structural MR image

analysis and implementation as FSL. Neuroimage. (2004) 23 Suppl 1:S208–

19. doi: 10.1016/j.neuroimage.2004.07.051

19. De Stefano N, Stromillo ML, Giorgio A, Bartolozzi ML, Battaglini M, Baldini

M, et al. Establishing pathological cut-offs of brain atrophy rates in multiple

sclerosis. J Neurol Neurosurg Psychiatry. (2016) 87:93–9.

20. Muraro PA, Martin R, Mancardi GL, Nicholas R, Sormani MP,

Saccardi R. Autologous haematopoietic stem cell transplantation

for treatment of multiple sclerosis. Nat Rev Neurol. (2017)

13:391–405. doi: 10.1038/nrneurol.2017.81

21. Khalil M, Pirpamer L, Hofer E, Voortman MM, Barro C, Leppert D,

et al. Serum neurofilament light levels in normal aging and their

association with morphologic brain changes. Nat Commun. (2020)

11:812. doi: 10.1038/s41467-020-14612-6

22. Akgun K, Kretschmann N, Haase R, Proschmann U, Kitzler HH, Reichmann

H, et al. Profiling individual clinical responses by high-frequency serum

neurofilament assessment in MS. Neurol Neuroimmunol Neuroinflamm.

(2019) 6:e555. doi: 10.1212/NXI.0000000000000555

23. Bossolasco P, Cova L, Calzarossa C, Rimoldi SG, Borsotti C, Deliliers GL, et al.

Neuro-glial differentiation of human bone marrow stem cells in vitro. Exp

Neurol. (2005) 193:312–25. doi: 10.1016/j.expneurol.2004.12.013

24. Daley GQ, Goodell MA, Snyder EY. Realistic prospects for stem

cell therapeutics. ASH Educ. Program Book. (2003) 2003:398–

418. doi: 10.1182/asheducation-2003.1.398

25. Kuhle J, Kropshofer H, Haering DA, Kundu U, Meinert R, Barro

C, et al. Blood neurofilament light chain as a biomarker of MS

disease activity and treatment response. Neurology. (2019) 92:e1007–

e15. doi: 10.1212/WNL.0000000000007032

26. Atkins HL, Bowman M, Allan D, Anstee G, Arnold DL, Bar-Or A, et al.

Immunoablation and autologous haemopoietic stem-cell transplantation for

aggressive multiple sclerosis: a multicentre single-group phase 2 trial. Lancet.

(2016) 388:576–85. doi: 10.1016/S0140-6736(16)30169-6

27. Burt RK, Balabanov R, Han X, Sharrack B, Morgan A, Quigley K, et al.

Association of nonmyeloablative hematopoietic stem cell transplantation with

neurological disability in patients with relapsing-remitting multiple sclerosis.

Jama. (2015) 313:275–84. doi: 10.1001/jama.2014.17986

28. Moore JJ, Massey JC, Ford CD, Khoo ML, Zaunders JJ, Hendrawan K, et al.

Prospective phase II clinical trial of autologous haematopoietic stem cell

transplant for treatment refractory multiple sclerosis. J Neurol Neurosurg

Psychiatry. (2019) 90:514–21. doi: 10.1136/jnnp-2018-319446

Conflict of Interest: The authors declare 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.

Copyright © 2022 Mariottini, Marchi, Innocenti, Di Cristinzi, Pasca, Filippini,

Barilaro, Mechi, Fani, Mazzanti, Biagioli, Materozzi, Saccardi, Massacesi and

Repice. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 10 February 2022 | Volume 13 | Article 820256

https://doi.org/10.1212/NXI.0000000000000598
https://doi.org/10.1002/acn3.51045
https://doi.org/10.1177/1352458517715811
https://doi.org/10.1002/ana.22169
https://doi.org/10.1002/ana.20703
https://doi.org/10.1002/ana.22366
https://doi.org/10.1002/ana.410130302
https://doi.org/10.1212/WNL.33.11.1444
https://doi.org/10.1177/1352458520902392
https://doi.org/10.4155/bio-2019-0163
https://doi.org/10.1006/nimg.2002.1040
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1038/nrneurol.2017.81
https://doi.org/10.1038/s41467-020-14612-6
https://doi.org/10.1212/NXI.0000000000000555
https://doi.org/10.1016/j.expneurol.2004.12.013
https://doi.org/10.1182/asheducation-2003.1.398
https://doi.org/10.1212/WNL.0000000000007032
https://doi.org/10.1016/S0140-6736(16)30169-6
https://doi.org/10.1001/jama.2014.17986
https://doi.org/10.1136/jnnp-2018-319446
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Intermediate-Intensity Autologous Hematopoietic Stem Cell Transplantation Reduces Serum Neurofilament Light Chains and Brain Atrophy in Aggressive Multiple Sclerosis
	Introduction
	Materials and Methods
	Patient and Control Populations
	MS AHSCT
	Control Groups

	Laboratoristic and MRI Assessments
	sNfL Measurement
	Magnetic Resonance Imaging Analysis

	Aims of the Study
	Statistical Methods

	Results
	Patient and Control Group Characteristics
	sNfL Concentration Analysis
	sNfL Concentration in the Control Groups
	Baseline sNfL Concentrations in the MS AHSCT Group
	sNfL Variation Following AHSCT

	Relapses and Disability Following AHSCT
	Safety
	MRI Activity and Brain Atrophy
	Association Between sNfL Concentration and Outcomes

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


