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Introduction
Multiple sclerosis (MS) is a chronic, autoimmune-
driven, inflammatory and degenerative disorder of the 
central nervous system. MS is very challenging to 
prognosticate since it is characterized by heterogene-
ous symptoms, disease course and outcomes. 
Traditionally, relapsing-remitting MS (RRMS) has 
been classified according to disease severity into 
mild, moderate and aggressive (referred to as malig-
nant, highly active or rapidly evolving severe) MS, 
although the spectrum of MS disease activity is vari-
able among patients and within the same patient over 
time. To date, no accepted definitions for aggressive 
MS (AMS) exist and its prevalence differs signifi-
cantly according to the criteria applied and the timing 
of the measurement. Predicting a person’s long-term 
disease outcome at the onset of MS is highly desirable 
but is not yet possible. Precise stratification of patients 

based on disease severity would aid in initiating the 
most appropriate disease-modifying therapy (DMT) 
preventing disability accrual. Among high-efficacy 
therapies (HETs), autologous hematopoietic stem cell 
transplantation (AHSCT) has been extensively 
explored as a treatment option for patients with treat-
ment-resistant MS. Current data strongly support the 
notion that early administration of AHSCT yields the 
most favourable outcomes, especially in younger 
patients with short illness duration and lower levels of 
disability. Given that AHSCT has the potential for 
severe adverse events, identifying patients at high risk 
of AMS early in their disease trajectory is paramount. 
In this review, we aim to summarize the available evi-
dence on definitions of AMS and prognostic markers 
that could aid in identifying the best candidates for 
early HETs, including AHSCT. We will also discuss 
the position of HETs, including AHSCT, within the 
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current MS treatment algorithm, focusing on patient 
selection and predictors of better response to AHSCT. 
Moreover, we will explore the potential for personal-
izing AHSCT based on the patient’s disease activity 
and risk profile.

AMS: Challenges in definition and 
prognostication
AMS is characterized by severe relapses, rapid disa-
bility progression and poor response to standard treat-
ments. Several criteria have been employed in 
research and clinical practice to prospectively identify 
such patients. The proportion of patients affected by 
AMS varies significantly depending on the definition 
used, ranging from 4% to 23%, with little overlap 
between these definitions.1,2 There are several chal-
lenges when categorizing disease severity in MS. 
First, the severity of the disease is likely influenced 
by various pathophysiological processes, including 
not only inflammatory mechanisms,3 but also central 
nervous system (CNS)-intrinsic biological processes4 
such as mitochondrial function, synaptic plasticity, 
oligodendroglial biology5,6 which profoundly influ-
ence the extent and rate of neurodegeneration and the 
CNS compensatory capability (for both repair and 
neuroplasticity). These processes vary significantly 
among individuals, evolve over time and are at least 
partly independent of one another.7,8 In a similar way, 
overall disability progression in MS can be driven by 
the residual disability accumulated after relapses 
(relapse-associated worsening (RAW))9 and/or by a 
subtle progression occurring independently of 
relapses (progression independent of relapse activity 
(PIRA)10 or smouldering associated worsening)11. To 
address this complexity, it has been proposed to dis-
tinguish between highly active MS (HAMS) and 
AMS.12 The former term refers to acute, severe CNS 
inflammation (causing high relapse frequency and 
high radiological burden of new/gadolinium enhanc-
ing lesions) responsible for heightened disease sever-
ity (mainly RAW) in the short term, while the latter 
encompasses both inflammatory (RAW) and neurode-
generative (PIRA) components, leading to acceler-
ated accrual of disability if not promptly treated 
(mainly PIRA) (Figure 1). Second, while identifying 
early predictive markers of risk at disease onset is cru-
cial, continuously assessing disease severity over 
time is essential. An aggressive/highly active disease 
course may suddenly emerge after years of disease 
stability, such as following changes in treatment or 
during pregnancy or due to an, yet, unexplained 
change in the underlying pathophysiology of the dis-
ease. Identifying such changes promptly allows for 
rapid adjustment of therapeutic approaches to better 

manage the evolving disease course. Third, atypical 
demyelinating syndromes, such as tumefactive demy-
elination, Baló’s concentric sclerosis and Marburg’s 
disease, have been historically considered part of the 
spectrum of AMS. Whether the clinical, radiological 
and pathological differences between these entities 
are significant enough to classify them as separate 
diseases remains uncertain,13 it is possible that tume-
factive demyelination and Baló’s concentric sclerosis 
could instead represent various lesion types encoun-
tered in the context of both MS and other demyelinat-
ing diseases. A wide spectrum of possible long-term 
outcomes can occur after an aggressive disease onset, 
ranging from relatively mild-moderate to fulminant 
diseases. Therefore, the terms ‘tumefactive MS’, 
‘Baló’s concentric sclerosis’ and ‘Marburg’s disease’ 
should be used with caution when discussing AMS 
and making prognostications about disease course.

An early attempt to establish a definition for AMS 
revolved around the rate of disability accrual meas-
ured by the Expanded Disability Status Scale (EDSS). 
Some researchers defined AMS as reaching an EDSS 
score of 6 within 5 years14,15 or 10 years16 from the 
onset of disease. Others proposed less stringent crite-
ria, requiring an EDSS score of 4 within 5 years of 
symptom onset.17 In addition to disability progres-
sion, some authors suggested that a core feature of 
AMS was a gain of two or more EDSS points over a 
2-year period.18,19 As the expansion of DMTs changed 
the landscape of MS management, definitions of 
AMS attempted to incorporate the response to treat-
ment as a marker of disease severity. For example, 
Edan et al., conducted a clinical trial on the induction 
effect of mitoxantrone and defined AMS as the pres-
ence of 2 or more relapses and at least one gadolin-
ium-enhancing (Gd+) lesion despite active 
treatment.19 Similarly, Saccardi et al., aimed to iden-
tify patients eligible for AHSCT, referred to HAMS as 
failure of at least one and up to three DMTs evidenced 
by ongoing or increased clinical and magnetic reso-
nance imaging (MRI) activity.20

As patients with AMS rapidly accrue disability, they 
have a narrow therapeutic window necessitating 
prompt and early identification and should be quickly 
considered for HETs. A recent registry-based study1 
identified indicators that, if observed in the first year 
since symptom onset, convey increased risk of the 
patient meeting criteria for AMS (EDSS of 6 within 
10 years from disease onset). Specifically, (1) 
age > 35 years at symptom onset, (2) EDSS ⩾ 3, and 
(3) pyramidal symptoms within the first year were 
associated with AMS. Age of onset and disability in 
the first year were confirmed to be associated with 
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AMS in an independent cohort of patients.2 
Interestingly, these variables were predictive of AMS 
in both relapsing-remitting patients and people with 
progressive MS.2 Another study by Bose et  al. 
explored various clinical and radiological variables 
assessed within 3 years from disease onset.21 They 
developed a 10-item model of clinically accessible 
markers, including age of onset, EDSS score, pyram-
idal, cerebellar and bowel/bladder symptoms, walk-
ing speed, attack recovery and time to DMT initiation, 
that accurately predicted AMS at 10 years. In addi-
tion, Gasperini et  al. investigated predictive factors 
of AMS in patients treated with interferons and glati-
ramer acetate and found that a score composed of age 
at onset, disease duration, EDSS score and response 
to DMT could detect AMS patients at 10 years.22 
Besides clinical data, some studies aimed to identify 
baseline MRI characteristics that could predict a later 
AMS course.16 Tintoré and colleagues showed that 
early radiological biomarkers associated with AMS 
were the presence of ⩾20 lesions on T2-weighted 

images or ⩾2 Gd+ lesions at baseline MRI. 
Moreover, other easily accessible MRI parameters, 
such as the presence of spinal lesions (symptomatic 
or asymptomatic), have been reported as markers of 
early and long-term disability accrual.23 Other bio-
markers include, but are not limited to, chronic 
active lesions, IgM oligoclonal bands in the cere-
brospinal fluid, serum neurofilament light chain and 
glial fibrillary acidic protein (GFAP) levels.24–26 A 
2018 focused workshop of the European Committee 
for Treatment and Research in Multiple Sclerosis 
(ECTRIMS) on AMS reported that no consensus 
could be achieved on a definition of AMS, also 
because of unavailable data correlating aggressive 
disease with imaging and molecular biomarkers.27 It 
is likely that in the near future, the combined use of 
these biomarkers and clinical endpoints, as a com-
posite measure, will help identify and discriminate 
between patients with HAMS and AMS (Figure 1). 
However, to date, their clinical implementation is 
limited and requires further investigation.

Figure 1.  Differences between ‘highly active MS’, characterized by severe CNS inflammation responsible 
for heightened disease severity in the short term, and ‘aggressive MS’, encompasses both inflammatory and 
neurodegenerative components. Clinical, radiological and biological markers predicting the risk of highly active and 
aggressive MS. Created with BioRender.com
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Long-term outcomes of available induction 
strategies in AMS
There are currently no evidence-based criteria to guide 
the selection of the best treatment approach for patients 
with AMS.28 Notably, the recently updated guidelines 
from the American Academy of Neurology29 and the 
European Academy of Neurology/ECTRIMS30 do not 
provide specific recommendations for managing 
patients with AMS. One significant challenge of 
obtaining high-quality evidence on the best treatment 
strategy in AMS is the underrepresentation of these 
patients in typical randomized clinical trials (RCTs). 
This issue arises due to the reduced incidence of AMS 
patients within the MS population, the specific inclu-
sion and exclusion criteria of clinical trials and the 
ethical dilemma of treatment randomization in cases 
of aggressive and fast-progressing disease. Thus, the 
correct therapeutic approach to patients with RRMS 
still represents a challenge, given the broad spectrum 
of therapies and the evaluation of risk/benefit bal-
ance. The treatment algorithm in MS has evolved in 
the last few years. Two ongoing RCTs (TREAT-MS, 
NCT03500328 and DELIVER-MS, NCT03535298) 
are comparing early HETs versus the traditional esca-
lation approach (starting with safer but lower-efficacy 
therapies before escalating to HETs only in cases of 
suboptimal response) for preventing long-term disa-
bility in RRMS. While awaiting the results of these 
RCTs, data regarding the long-term outcomes follow-
ing early HETs has been acquired from subgroup anal-
yses of pivotal trials and retrospective studies, showing 
that this treatment strategy could limit disease progres-
sion from the earliest phases of the disease, reducing 
the accumulation of irreversible clinical disability,31–35 
the evolution to secondary progressive MS (SPMS),36 
and the progression of brain atrophy.37 These observa-
tions challenged the traditional escalation strategy, 
suggesting early use of HET which aims to rapidly 
obtain a control of inflammatory activity is likely to 
provide more robust radiological and clinical efficacy. 
Choosing the appropriate treatment strategy is even 
more relevant in patients with AMS, where the pri-
mary therapeutic aim is moving towards preventing 
CNS degeneration and irreversible disability, condi-
tions for which the window of therapeutic opportunity 
is narrow.

The classification of DMTs as moderate-efficacy 
therapies (METs) and HETs is not universally 
agreed30,38–40 due to the presence of different defini-
tions of ‘highly effective’ and to the marketing of new 
DMTs, the effectiveness of which is defined by phase 
III trials with differences in study design (comparator 
arm treatments, outcome measures, inclusion criteria 
and baseline patient characteristics). Based on the 

average relapse reduction, the 2015 Association of 
British Neurologists (ABN) guidelines41 divided 
DMTs into two broad classes: high efficacy, with an 
annualized relapse rate (ARR) reduction more than 
50% (alemtuzumab (LEM) and natalizumab (NAT)) 
and moderate efficacy, defined as ARR reduction 
between 30% and 50% (dimethyl fumarate, fingoli-
mod, glatiramer acetate, IFN-β preparations and teri-
flunomide). In the ABN guidelines, several newer 
DMTs (ocrelizumab (OCR), ofatumumab (OFA), 
cladribine, ozanimod, siponimod) have not been 
included. A recent Expert Opinion paper42 agreed that 
the definition of HET should take into account not 
only the therapeutic effect on the average of relapse 
reduction, but also the effect on MRI inflammatory 
activity (new/enlarging T2-hyperintense lesions and/
or Gd+ lesions) and outcome measures of disease 
progression (decrease of clinical disability progres-
sion, of MRI measures of neurodegeneration and of 
serological biomarkers). A suggestion was made to 
consider treatments as HETs that result in an average 
reduction of ARR higher than 50%, of MRI activ-
ity ⩾70%, and of disability progression more than 
30%. This definition allows a more comprehensive 
evaluation of the DMT therapeutic effect given the 
higher sensitivity of MRI measures than clinical eval-
uation of disease activity and the importance of pre-
venting disease progression.

NAT is a humanized monoclonal antibody that binds 
to the alpha 4 chain of the VLA-4 integrin (CD49d), 
preventing leukocyte trafficking through the brain–
blood barrier into the CNS parenchyma. The NAT 
efficacy and safety have been demonstrated in a pla-
cebo-controlled phase 3 study (AFFIRM)43 and in a 
second phase 3 clinical study (SENTINEL) in combi-
nation with interferon beta-1a (IFNβ-1a).44 A post hoc 
analysis of data from the AFFIRM and SENTINEL 
data trials45 was performed to assess the efficacy of 
NAT in a subgroup of patients with HAMS, defined as 
having ⩾2 relapses in the year prior to study entry 
and ⩾1 Gd+ lesion on T1-weighted MRI at baseline). 
In the AFFIRM study, 148 patients receiving NAT 
and 61 receiving placebo met the criteria for treat-
ment-naïve relapsing HAMS, demonstrating reduc-
tions of 81% in ARR, 53%–64% in sustained disability 
progression and 84% in the mean number of gadolin-
ium-enhancing lesions. In the SENTINEL study, 74 
patients receiving combination therapy and 95 receiv-
ing IFNβ-1a monotherapy met the criteria for HAMS 
despite prior IFNβ treatment, displaying reductions of 
76% in ARR, 58%–61% in sustained disability pro-
gression and 96% in the mean number of gadolinium-
enhancing lesions. Notably, NAT’s effect in slowing 
disability progression is more evident in patients with 
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highly active disease, probably due to the higher risk 
of these patients to rapidly accumulate disability. 
Therefore, NAT is used in the treatment of patients 
with rapidly evolving, highly active forms of relaps-
ing MS, regardless of prior treatment.

LEM is a humanized monoclonal antibody targeting 
CD52, inducing a rapid lymphocyte depletion, fol-
lowed by slow repopulation from unaffected precur-
sor cells with quantitative and qualitative immune 
changes, enabling a rebalancing of immune-tolerance 
networks. LEM’s efficacy has been tested in two 
phase III studies, the CARE-MS I (naïve patients) and 
II (patients with breakthrough disease despite previ-
ous DMTs), with IFNβ-1a as an active comparator46,47 
with extension studies demonstrating a durable effect 
on relapse rate, disability and MRI activity.48 A post 
hoc analysis49 evaluated the efficacy of LEM at 
9 years in CARE-MS patients who met criteria for 
HAMS. Given the absence of a consensus definition 
for HAMS, a primary definition (⩾2 relapses in the 
year prior to baseline and ⩾1 Gd+ lesion at baseline) 
and three alternative definitions (1]⩾2 relapses in the 
year prior to baseline; 2] ⩾1 relapse in the year prior 
to baseline and ⩾3 Gd+ lesions at baseline; 3] ⩾1 
relapse in the year prior to baseline and ⩾1 Gd+ lesion 
at baseline while on therapy with another DMT) were 
applied, demonstrating higher efficacy of LEM than 
IFNβ-1a in clinical and radiological measures of dis-
ease activity over 2 years in patients with highly active 
RRMS. Moreover, LEM may help to control HAMS 
patients for at least 7 additional years. Notably, the 
sensitivity analyses on patients meeting some alterna-
tive definitions focused on either higher MRI lesion 
counts (2) or disease activity while on prior therapy 
(3), compared to patients meeting the primary defini-
tion, and showed a reduced efficacy for some end-
points (a greater EDSS score increase through year 9, 
lower relapse-free or sustained NEDA (No Evidence 
of Disease Activity) over years 3–9, lower MRI dis-
ease activity-free), with more patients requiring addi-
tional LEM compared with the overall CARE-MS 
population.

Anti-CD20 monoclonal antibodies, rituximab (RTX, 
chimeric), OCR (humanized), OFA (fully human) and 
ublituximab (UBL, glycoengineered, chimeric) selec-
tively deplete CD20 B cells. Despite the absence of 
phase 3 trial, RTX has been widely used based on 
favourable efficacy data observed in the HERMES 
phase 2 study.50 In addition, a retrospective multicen-
tre study51 demonstrated the RTX efficacy in patients 
with refractory highly active RRMS (⩾new T2 lesion 
and/or Gd+ lesion despite immunosuppressive DMT, 
fingolimod, NAT or mitoxantrone). OCR was studied 

in two identical randomized controlled trials 
(OPERA-I and OPERA-II), compared to IFNβ-1a.52 
A subgroup analysis from the pooled OPERA-I and 
OPERA-II populations53 demonstrated the OCR effi-
cacy in pre-treated patients with active MS (either ⩾1 
relapse in the year prior to randomization or ⩾1 base-
line Gd+ lesion) and HAMS (defined as ⩾1 relapse in 
the year prior to randomization and ⩾9 T2 lesions 
or ⩾1 T1 Gd+ lesion at baseline). In these popula-
tions of patients, OCR significantly reduced the ARR 
by 65% and 68%, the disability progression by 54% 
and 53%, the T1 Gd+ lesions by 98%, and new or 
enlarging T2 lesions by 80%. OFA and UBL have 
been tested, in comparison to teriflunomide, in 
ASCLEPIOS-I and ASCLEPIOS-II,54 and 
ULTIMATE-I and ULTIMATE-II,55 respectively, 
demonstrating efficacy outcomes similar to OCR. To 
our knowledge, data about the OFA and UBL in 
patients with HAMS are not already available. 
Although these studies provide valuable insights into 
the efficacy of HETs in patients with HAMS, they do 
not yield evidence regarding the effectiveness of these 
treatments in individuals with AMS or in patients who 
have already failed a prior course of HET. As these 
populations are typically excluded from RCTs, there 
is an urgent need to establish a consensus on the defi-
nition and therapeutic management of AMS. Such 
efforts are essential to guide clinical decision-making 
and to ensure the optimal care of patients at high risk 
of rapid disease progression and irreversible disability 
accumulation.

Efficacy and safety outcomes of AHSCT in 
AMS
Intense immunosuppression followed by hematopoi-
etic stem cell transplantation has gained increasing 
attention as a standard of care for patients with 
highly active RRMS failing DMTs and is a recom-
mended clinical option for AMS not previously 
treated with a full course of DMT.56,57 Recently, a 
joint ECTRIMS/European Group for Blood and 
Marrow Transplantation (EBMT) consensus state-
ment, providing practical guidance and recommenda-
tions on the use of AHSCT in MS, has been published.57 
Comprehensive reviews on the efficacy of AHSCT in 
MS patients have been published elsewhere.58–60 Here 
we aimed to focus on the main studies focusing on the 
use of AHSCT versus HETs in patients with HAMS 
and/or AMS. Das et al. reported the only case series of 
patients (n = 20) with treatment-naïve AMS (defined 
as ⩾2 relapses in the previous 12 months with incom-
plete recovery and ⩾1 new or enlarging T2 or 
Gd+ MRI lesion) treated with AHSCT as a first-line 
treatment. Once a re-baseline MRI had been 
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undertaken at 6 months post AHSCT, NEDA was 
achieved in 100% of patients, with an improvement of 
the median EDSS from 5.0 to 2.0 after a median of 30 
months follow-up.61 The 2019 phase III MIST study62 
included 110 RRMS patients with ⩾2 relapses or 1 
relapse and Gd+ lesion(s) within the previous year 
despite receiving DMT, and an EDSS score between 
2.0 and 6.0, and randomized them 1:1 to AHSCT with 
an intermediate intensity lymphoablative regimen 
(cyclophosphamide + ATG) or to the best available 
platform DMT. Progression occurred in 3 of the 
AHSCT patients and 34 of the DMT control group, 
with the EDSS in the AHSCT group at 2 years stable or 
improved in 94.5%. NEDA at 5 years was 78.5% in the 
AHSCT group compared to 2.97% in the DMT group. 
The control DMT group included a high proportion of 
patients treated with glatiramer acetate, IFN-β drugs 
and fingolimod and few with NAT. No patients in the 
control group were treated with OCR, OFA or LEM 
due to the historical nature of the trial. In a retrospec-
tive Italian study, Boffa et al. compared the efficacy of 
AHSCT with BEAM + ATG protocol and LEM in a 
population of patients with AMS (defined as ⩾2 
relapses with incomplete resolution in the past year, 
or > 2 MRI scans showing new or enlarging T2 lesions 
or Gd+ lesions despite DMTs, or an EDSS score ⩾4 
within 5 years of symptom onset despite DMTs for at 
least 1 year). Despite worse baseline characteristics in 
the transplanted patient group (higher EDSS [6.0 vs. 
3.0], ARR [3.2 vs. 1.7] and baseline MRI activity 
[88% vs. 43.8%]), NEDA was achieved more often in 
AHSCT patients (75% vs. 56%) with a significantly 
lower ARR (0.05 vs. 0.35) compared to the LEM pop-
ulation.63 These results were confirmed by two inde-
pendent real-world studies (using CY + ATG and 
BEAM + ATG conditioning regimens),64,65 confirm-
ing that AHSCT significantly reduced the risk of 
relapses and MRI activity, allowing NEDA status in a 
higher proportion of AMS patients compared with 
LEM. Recently, two large retrospective studies66,67 
comparing AHSCT versus HETs (NAT and OCR) and 
HETs (LEM and OCR), respectively, have been pub-
lished. Using data from an international registry and 
from 6 centres experienced in the use of AHSCT in 
MS, Kalincik and colleagues66 compared 146 patients 
treated with AHSCT (mean EDSS = 3.86; pre-treat-
ment ARR = 0.82) versus 730 matched patients treated 
with NAT (mean EDSS = 3.88; pre-treatment 
ARR = 0.86), through propensity score matching, and 
found that AHSCT was more effective in reducing 
relapse rate than NAT and was associated with a higher 
rate of recovery from disability over 5 years. In a simi-
lar way the authors compared 110 patients treated with 
AHSCT versus 343 matched patients treated with 
OCR and did not find evidence for difference in the 

effectiveness of AHSCT and OCR, although over a 
shorter available follow-up (3 years). Muraro et  al.67 
retrospectively analyzed clinical outcomes of propen-
sity score matched patients with HAMS [defined as 
RRMS patients experiencing treatment failure with at 
least one licenced DMT of high efficacy, defined as 
evidence of relapse or EDSS score increase and MRI 
activity (⩾1 Gd+ lesion or ⩾2 new T2 lesions on MRI 
within the previous 12 months), after being on treat-
ment for at least 6 month] treated with AHSCT, LEM 
or OCR. AHSCT was found to induce a lower relapse 
rate compared to LEM and OCR, with lower MRI 
activity compared to LEM. No difference was 
observed in the risk of EDSS progression compared to 
LEM and OCR. It is worth noting that, in the OCR 
group, the proportion of patients lost to follow-up at 
3 years is significantly higher than that observed in 
patients treated with AHSCT, with a reduction of 
approximately 67% in the OCR group and around 
44% in those undergoing AHSCT.

Although the considerable heterogeneity of AHSCT 
protocols analyzed in these retrospective studies, 
along with their limited sample sizes, makes it diffi-
cult to draw definitive conclusions regarding the effi-
cacy of AHSCT compared to HETs, these studies 
collectively support the reasonable, fair and ethical 
implementation of ongoing RCTs comparing AHSCT 
with OCR and modern HETs68 (Table 1). However, it 
is important to note that, since these trials also include 
patients with HAMS rather than strictly AMS, harmo-
nizing results across studies is essential to clearly 
define the role of AHSCT in the treatment of AMS 
patients.

Efficacy and safety of the different AHSCT 
conditioning: personalizing AHSCT to the 
patient’s disease activity?
The classification of disease severity in MS is a major 
challenge due to its continuum spanning from stable 
to aggressive disease forms. An effective therapeutic 
strategy which is customizable according to individ-
ual patient characteristics to maximize benefits and 
minimize risks, would be a considerable advantage. 
Despite the relative differences in immunosuppres-
sion intensity of different AHSCT conditioning regi-
mens represent a continuum,69 historically they have 
been classified into three grades of intensity accord-
ing to the extent of immunoablation induced.56,70 
Indirect comparisons suggest a trend for superior 
effectiveness of higher over lower intensity regimens, 
but these are hampered by differences in patient popu-
lation and epoch of the treatments across studies, and 
no head-to-head comparisons are available yet.71–73 
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Table 1.  Inclusion and exclusion of current phase III randomized controlled trials of aHSCT in MS.

Trial 
name

Registry identifier Select inclusion criteria Location Conditioning 
regimen

Active 
comparators

BEAT-MS NCT04047628 1. Age ⩾16 to ⩽55
2. RRMS or SPMS
3. EDSS 0 to ⩽ 6.0
4. ⩾2 relapses OR 1 relapse and ⩾2 active 
MRI lesionsa, in the last 24 months with 
1 episode occurring in the last 12 months, 
despite DMT use, excluding interferons and 
glatiramer acetate

United states 
and United 
Kingdom

BEAM and 
rabbit ATG

Alemtuzumab, 
cladribine 
natalizumab 
ocrelizumab, 
ofatumumab or 
rituximab.

NET-MS EudraCT Number: 
2022-002654-95

1. RR-MS
2. Treatment-resistant MS, defined 
as the occurrence of disease activity 
following ⩾6 months of treatment with an 
oral agent or a monoclonal antibody in the 
12 months prior to the screening visit. Disease 
activity is defined as:
(1) the occurrence of ⩾1 relapse AND
(2) the occurrence of MRI evidence of disease 
activity, defined as one or more gadolinium-
enhancing lesion(s) or one or more new 
non-enhancing T2 lesion(s) compared to 
a reference scan obtained not more than 
18 months prior to the screening visit.
3. Age ⩾18 and ⩽55.
4. Expanded Disability Status Scale 
(EDSS) ⩾2.0 and ⩽6.0.
5. Candidacy for treatment with at least 
one of the following DMT: natalizumab, 
alemtuzumab ocrelizumab and/or 
ofatumumab. Candidacy must include no prior 
treatment failure with the candidate DMT and 
no contraindication to the candidate DMT.

Italy BEAM and 
rabbit ATG

natalizumab 
(Tysabri®), 
alemtuzumab 
(Lemtrada®) 
ocrelizumab 
(Ocrevus®) and 
ofatumumab 
(Kesimpta®).

RAM-MS NCT03477500 1. Age ⩾18 to ⩽50
2. RRMS
3. EDSS 0 to ⩽5.5
4. ⩾1 relapse treated with steroids AND ⩾1 
Gd enhancing MRI lesion, OR ⩾3 new or 
enlarging T2 lesions, despite ⩾3 months of 
DMTb, in the last 12 months

Scandinavia Cy (2.0 g/m2) 
and rabbit 
ATG

Alemtuzumab, 
cladribine or 
ocrelizumab

StarMS ISRCTN88667898 1. Age ⩾16 to ⩽55
2. RRMS
3. EDSS 0 to ⩽6.0 (⩽1.5 must fulfill 
additional criteria)c

4. ⩾1 relapses or ⩾2 new or enlarging T2 
lesions despite any non-comparator DMT use, 
or RES MSd in treatment-naïve patients, in the 
last 12 months
5. <10 years symptom duration

United 
Kingdom

Cy (2.0 g/m2) 
and rabbit 
ATG

Alemtuzumab, 
cladribine, 
ocrelizumab or 
ofatumumab

ATG = anti-thymocyte globulin, BEAM = carmustine (BCNU), etoposide (VP-16), cytarbine (Ara-C) and melphalan, Cy = cyclophosphamide, DMT = disease-
modifying treatment, EDSS = Expanded Disability Status Score, Gd = gadolinium, MRI = magnetic resonance imaging, RRMS = relapsing-remitting multiple 
sclerosis, SPMS = secondary progressive multiple sclerosis.
aGd enhancing lesion or new T2 lesion in the last 24 months.
bExcluding alemtuzumab, cladribine, mitoxantrone, ocrelizumab and rituximab.
cLess than 5 years illness duration, ⩾2 relapses in previous 12 months, ⩾2 Gd enhancing MR lesion, high brain lesion load and brain or spinal cord atrophy.
dTwo or more disabling relapses in 1 year, and ⩾1 Gd enhancing lesions or a significant increase in T2 lesion load on brain MRI.
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High-intensity regimens encompass the use of total 
body irradiation (TBI) or busulfan, typically associ-
ated with Cy and ATG. TBI-based regimens were 
used in early AHSCT studies including patients with 
progressive and advanced disease, showing overall 
poor neurological outcomes.74–76 Despite busulfan-
based regimens inducing a long-lasting and radical 
suppression of clinical and MRI inflammatory activ-
ity, higher toxicity, with severe adverse events in 8% 
of the cases and a 4% risk of treatment-related mortal-
ity (TRM), were reported in the same study.77 In 
EBMT guidelines, high-intensity protocols are no 
longer recommended in MS patients (except in a clin-
ical trial setting) due to concerns for short- and long-
term toxicity,78 including possible radiation-related 
neurotoxicity.74,79

Intermediate-intensity regimens include myeloabla-
tive protocols (inducing ablation of bone marrow 
haematopoiesis and requiring stem cell support), such 
as BEAM-ATG, and non-myeloablative (or lymphoa-
blative) regimens, such as Cy (200 mg/Kg)-ATG. The 
use of either BEAM-ATG or Cy-ATG is currently rec-
ommended for the treatment of MS, with the latter 
increasingly used over the last decade.56 In studies 
adopting BEAM-ATG as a unique or predominant 
regimen, and including different proportions of RR- 
and SP-MS, rates of relapse-free survival were on 
average higher than 80% over a mid-long-term fol-
low-up,71,80–84 and disability progression-free survival 
ranged from 70% to 90% at 3–5 years, up to 100% at 
year 10 in one study.81 In a cohort of 507 RRMS 
patients treated with the Cy-ATG protocol, relapse-
free survival was 89% at year 5, and progression-free 
survival was 90% at year 4.85 In RRMS, AHSCT with 
Cy-ATG conditioning regimen was demonstrated to 
be superior to DMTs (LEM, OCR, OFA, UBL and 
cladribine excluded) by an RCT.62 Importantly, the 
TRM of AHSCT in MS patients has reduced over 
time, from 7.3% during the earliest use of AHSCT 
(1995–2000) to 0.2% in patients treated after 2016.73,86 
This considerable reduction in TRM87 can be attrib-
uted to several factors, including a notable shift in 
patient-selection criteria, increased experience and 
advancements in transplant techniques with a reduced 
use of high-intensity conditioning regimens. Despite 
the recent COVID-19 pandemic, the non-relapse mor-
tality (NRM, defined as death for whatever cause, 
without ever experiencing relapse) remains stable 
around 1%88,84 from 2015 through all the 2020, 
according to the recent EBMT registry data.

A retrospective analysis of the EBMT and the EBMT 
Autoimmune Diseases Working Party (ADWP) 
Registries including 1114 MS patients treated over 

20 years did not show any significant differences 
between BEAM-ATG and Cy-ATG regimens in 
NEDA-3 survival, nor in major toxicity indicators, 
that is, time to polymorphonuclear cell engraftment 
and TRM; the latter was slightly higher in BEAM 
over Cy (2% vs. 1%), although not significantly.89 In 
a retrospective multicentric study, BEAM-ATG was 
associated with a lower risk of NEDA failure com-
pared to lymphoablative conditioning protocols in 
RR-MS and was independently associated with a 
higher probability of suppression of relapses and new 
MRI activity.71 More recently, no differences between 
33 BEAM-ATG and 141 Cy-ATG treated RR-MS 
patients were reported in terms of TRM (0% in both 
groups) and efficacy (NEDA-3 as primary outcome), 
although BEAM-ATG was associated with a higher 
frequency of severe adverse events and longer hospi-
talization. However, as acknowledged by the authors, 
the two cohorts were not directly comparable due to 
different treatment epochs (BEAM-ATG no longer 
used after 2015) and significant differences in follow-
up duration (mean 10 vs. 5 years, respectively), base-
line disability and inflammatory disease activity (both 
higher in the BEAM-ATG vs. Cy-ATG cohort).90

Lower-intensity regimens, such as Cy 120 mg/
kg + ATG, result in suboptimal control of disease 
activity with the reappearance of gadolinium-enhanc-
ing lesions (although using a triple-dose of gadolin-
ium) in six of seven treated cases over 3 years of 
follow-up.91 The different immunosuppressive prop-
erties of T-cell depleting serotherapies should be con-
sidered. Despite potential immunomodulatory 
advantages of horse-ATG (hATG),92–96 the majority of 
MS patients have been treated with rabbit ATG 
(rATG).56 Indeed, hATG seems to be associated with 
a greater level of toxicity.97 However, in a more recent 
phase 2 study assessing AHSCT in refractory MS,80 
the safety of a specific type of hATG was comparable 
to recent data using rATG. Current evidence suggests 
that low-intensity regimens, based on the administra-
tion of non-myeloablative chemotherapy drugs alone 
(not associated with any form of serotherapy or mon-
oclonal antibodies), may not offer long-term control 
of disease activity in AMS.

Besides early toxicity,98 the incidence of long-term 
adverse events70 may differ across regimens. 
Neurological recovery might take over some months 
after the procedure, and rehabilitation may impact 
patients’ quality of life.99 In a recent review, the risk 
for secondary autoimmune diseases was reported to 
complicate roughly 2%–14% of AHSCT performed 
for an autoimmune disease, being high for LEM-
containing regimens, consistent with the high rates of 
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these events when using LEM as monotherapy due to 
rapid recovery of immature and naïve B cells without 
adequate T-cell regulation.100 However, this figure is 
probably limited by under-reporting, and more 
recently, no differences between BEAM-ATG and 
Cy-ATG were observed in a retrospective study, 
where treatment with AHSCT with either protocol 
was associated with an almost six-fold increase in the 
incidence of autoimmune thyroiditis compared to the 
reference MS population.101 The potential neurotoxic 
effects of AHSCT may also vary depending on the 
conditioning regimen. Higher cumulative doses of 
busulfan – a drug known for its strong neurotoxicity 
– have been associated with more pronounced early 
brain atrophy following high-intensity AHSCT.102 In 
contrast, pseudoatrophy – attributed to the rapid reso-
lution of inflammatory oedema – has been suggested 
as an alternative explanation for the accelerated brain 
atrophy observed in patients treated with BEAM-
ATG.103 Although a direct comparison between these 
studies is limited due to differences in patient popula-
tions and MRI protocols, it seems that patients receiv-
ing BEAM-ATG may experience relatively less 
volumetric brain change during early follow-up than 
those undergoing high-intensity regimens.

Menses recovery in females of childbearing potential 
was reported in 52%–70% of MS patients treated with 
AHSCT using BEAM-ATG104,105 or Cy-ATG proto-
cols,106 respectively, but no clear effect of the condi-
tioning regimen was observed in one study.106 The 
risk for secondary infertility may be higher after TBI-
based regimens, use and cumulative exposure to defi-
nite chemotherapy drugs, as observed in the 
haematological setting.107,108 Overall, the impact on 
gonadal function and fertility represents a major issue 
for young patients receiving AHSCT. Fertility-
preservation strategies (gamete/embryo cryopreser-
vation) have to be considered before the treatment, 
and infertility should be revisited in routine follow-up 
of late effects.

Limited data are available on the risk for secondary 
neoplasms, with a possible increased risk of haemato-
logical malignancies.109,110 Although a higher risk of 
neoplasm may be associated with definite regimens 
(i.e. TBI-based), the small number of incident cancers 
and potential confounders such as age, individual risk 
factors and the possible contribution of previous treat-
ments confound any conclusion in this respect at pre-
sent. Overall, a recent EBMT retrospective analysis111 
reported a cumulative incidence (CI) of 10.3% sec-
ondary ADs, 3.5% secondary malignancies, 20.3% 
endocrine/bone complications and 13.1% cardiac 
complications at 10 years after autologous HSCT for 

autoimmune diseases. In this study, secondary ADs 
and endocrine/bone complications were more fre-
quently reported in MS patients.

In conclusion, different conditioning regimens are likely 
associated with different efficacy and safety profiles, 
although the identification of clear-cut differences in ret-
rospective settings could be hampered by heterogeneity 
in patient populations and treatment epoch across 
groups. Nonetheless, current evidence suggest that high-
intensity regimens should be restricted to study proto-
cols in highly selected patients, due to higher toxicity, 
while de-escalated regimens may be less efficacious.56 
Intermediate-intensity regimens (‘cyclophosphamide 
200 mg/kg + ATG’ or ‘BEAM-ATG’) are therefore rec-
ommended.57 While this remains speculative, myeloab-
lative regimens might exert a higher anti-inflammatory 
effect than lymphoablative regimens, in the absence of 
clear indication for higher risks, and could be preferred 
for the treatment of AMS and patients with breakthrough 
disease activity. Results from ongoing RCTs also includ-
ing patients with relapsing-remitting AMS and using 
either BEAM-ATG (NCT04047628; EudraCT Number 
2022-002654-95) or Cy-ATG (NCT03477500, EudraCT 
Number: 2019-001549-42) protocols are awaited to pro-
vide definitive evidence. Notably, other factors contrib-
ute to the final intensity of AHSCT together with 
conditioning regimen per se, such as previous DMT 
treatments, mobilization chemotherapy, use of 
CD34+ cells selection or monoclonal antibodies, dos-
age and type of ATG. Tailoring the AHSCT protocol 
based on individual disease activity, patient fitness and 
risk factors might be an approach worth exploring, as 
recently recommended by a joint Consensus Statement 
on the use of AHSCT in MS and neuromyelitis optica 
spectrum disorder (NMOSD) from the EBMT and 
ECTRIMS.57 This personalization could involve not 
only the appropriate conditioning regimen selection, but 
also the modulation of the priming doses of cyclophos-
phamide (typically ranging from 2 to 4.5 g/m2), the best 
timing of HSCT in relation to previous DMTs, and the 
appropriate interval between mobilization and condi-
tioning. Protocol tailoring could also take into account 
MS phenotype, as it could be speculated that progressive 
forms may generally benefit from less-intense regimens 
due to lower inflammatory burden, higher disability and 
older age, these latter factors exposing to higher peripro-
cedural risks. The potential neurotoxicity of the condi-
tioning regimen is another point that needs to be 
investigated. Furthermore, as the relative contribution of 
pathogenetic drivers differs across MS phenotypes, it is 
intriguing to envision that – in the future – the treatment 
protocol could be customized to target the predominant 
pathophysiological processes involved in each phase of 
the disease biology. Preclinical studies have indicated a 
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connection between bone marrow myelopoiesis and 
central nervous system inflammation and demyelination 
in MS.112 Considering that myeloid cells play a key role 
in driving chronic inflammation in MS patients, which is 
closely linked to disease progression, research studies 
focusing on the impact of myeloablative or lymphoabla-
tive regimens on these pathogenetic mechanisms are 
highly desirable.

European activity of AHSCT for AMS (the 
EBMT Registry)
The EBMT Registry is currently the largest global 
database for HSCT, encompassing over 3800 patients 
treated with AHSCT for autoimmune and inflamma-
tory diseases. The present status of the EBMT 
Registry concerning MS is summarized in Table 2 and 
Figure 2. There has been a consistent rise in registra-
tions, notably in the past decade, with a gradual shift 
from progressive MS to RRMS over time. Among the 
2200 MS patients treated with HSCT, the EBMT reg-
istry reports 48 subjects affected by ‘Marburg and 
aggressive MS’. It is likely that patients with AMS, 
classified according to more recent definitions dis-
cussed in this review, are significantly underestimated 
in the current EBMT classification. Studies examin-
ing the prevalence of HAMS and AMS in HSCT 
recipients and their corresponding outcomes are 
warranted.

Conclusions
Although our ability to precisely predict AMS at dis-
ease onset remains incomplete, there are several 
important prognostic markers that can be used to early 
identify patients at risk. These markers include acces-
sible variables, such as age at MS onset and disability 
status in the first 1–3 years of the disease. Since avail-
able evidence strongly supports the initiation of early 
HETs in patients presenting with poor prognostic 
markers, all newly diagnosed patients should be eval-
uated for their long-term risk of AMS. In the near 
future, other biomarkers are likely to be implemented 
in clinical practice, enhancing our capacity to identify 
the individual degree of MS severity in terms of neu-
roinflammation and neurodegeneration. This progress 
will facilitate a more precise identification of patients 
with HAMS and AMS. Among HETs, AHSCT is 
probably the treatment strategy that would offer the 
greatest benefit of an earlier and more precise identi-
fication of AMS. In addition to being a standard of 
care treatment for treatment-resistant HAMS, if uti-
lized early, AHSCT has the potential to prevent 

disability progression in patients with AMS, for many 
years, if not permanently. In addition, AHSCT can be 
customized to address the predominant pathophysio-
logical processes involved in the disease biology, rep-
resenting a valuable choice over the other HETs. 
While awaiting the results of ongoing RCTs that will 
provide insights into the positioning of AHSCT within 
HETs, it is crucial for MS specialists to consider 
AHSCT as a viable treatment option early in the dis-
ease course, as soon as poor prognostic markers are 
identified, in case of suboptimal response to DMTs, 
but also in naïve patients experiencing rapid disability 
accrual.113 The neurological and haematological com-
munities working together pro-actively, cautiously 
and methodically in RCTs and other prospective stud-
ies to continuously evaluate the relative efficacy and 
safety of AHSCT, not only over HETs but also refin-
ing the transplant techniques, can potentially alter the 
disease trajectory in well-selected patients with a sin-
gle-stage ‘one-off’ treatment and fundamentally 
improve outcomes for people with AMS.
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Table 2.  Number of adult patients that received aHSCT 
for autoimmune diseases (ADs) and MS.

Number

Total AHSCT procedures for all ADs 3831

Total numbers of AHSCT for MS 2200

Number of Marburg and aggressive MS 43

Distribution in RRMS versus other MS 
forms

1243/800

Overall number of EBMT centres 168

AHSCT = autologous haematopoietic stem cell transplantation, 
ADs = autoimmune diseases, MS = multiple sclerosis, 
RRMS = relapsing-remitting multiple sclerosis.
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Figure 2.  Autologous HSCT distribution in MS (RRMS versus other MS forms), per year (1995–2023): EBMT-ADWP 
registry data.
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