
https://doi.org/10.1177/1756286420929467 
https://doi.org/10.1177/1756286420929467

Therapeutic Advances in Neurological Disorders

journals.sagepub.com/home/tan 1

Ther Adv Neurol Disord

2020, Vol. 13: 1–13

DOI: 10.1177/ 
1756286420929467

© The Author(s), 2020.  
Article reuse guidelines:  
sagepub.com/journals-
permissions

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License  
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission 
provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

Introduction
Multiple sclerosis (MS) is a chronic, inflamma-
tory, demyelinating, and degenerative disease of 
the central nervous system (CNS) and is consid-
ered the most common nontraumatic cause of 
neurological disability in young adults.1 Although 
the clinical course of MS is heterogeneous, it is 
initially relapsing-remitting (RRMS) in 85–90% 
of patients. Relapses, periods during which the 
patient has neurological symptoms, alternate with 

periods of remission. After 20–30 years of RRMS, 
the disease often acquires a secondary progressive 
course (SPMS),2,3 characterized by progressive 
disability independent of relapses.4 In a minority 
of patients, the course is progressive from the clin-
ical onset and is therefore designated primary pro-
gressive MS (PPMS).5 Inflammatory activity is 
the dominating feature in RRMS, causing relapses 
and new lesions on magnetic resonance imaging 
(MRI), but degeneration with neuro-axonal loss 
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and CNS atrophy development is also present 
from the early stages of MS. It determines the rate 
and severity of disability during progressive MS 
(PMS). However, in recent years it has become 
evident that inflammation also contributes to the 
pathogenesis of PMS.5,6 All existing approved dis-
ease-modifying therapies (DMTs) for MS modu-
late or suppress the immune system and thereby 
influence the clinical course, disease activity,  
and the rate of disability development. They are 
approved for relapsing MS, but recently the B-cell 
depleting monoclonal antibody ocrelizumab was 
approved for PPMS, and siponimod, a selective 
sphingosine-1-phosphate receptor modulator, 
showed beneficial effects in SPMS, providing evi-
dence that inflammation also influences progres-
sion during PMS.7,8

Immunoablation following autologous hemat-
opoietic stem cell transplantation (AHSCT) has 
been used for over two decades to treat aggressive 
autoimmune diseases and, among them, MS has 
become the dominating neurological autoimmune 
disease, constituting almost 93% of the patients 
treated with AHSCT, according to the European 
group for Blood and Marrow Transplantation 
(EBMT).9 The first pilot study on MS treated 
with AHSCT was published in 1997.10 Since 
then, the treatment’s beneficial effect, tolerability, 
and safety have been reported from a growing 
number of retrospective observational studies, 
mostly of small size, in both essentially progres-
sive11–18 or aggressive relapsing forms of MS.19–21 
In addition, two randomized controlled prospec-
tive trials,22,23 two meta-analyses,24,25 long-term 
single-center studies,13,26,27 and a large systematic, 
multicenter, long-term follow-up study28 have 
compared the efficacy and long-term outcome of 
AHSCT with established DMTs for MS.

AHSCT in progressive MS
The early experiences of AHSCT treatment in 
MS were with disabling PMS.10,12,15 These early 
attempts were summarized in an EBMT report 
including 183 patients treated with AHSCT from 
1995 to 2006, of which 72% were progressive, 
10% relapsing-progressive, 12% RRMS, and 6% 
of unknown course.17 The expanded disability 
status scale (EDSS)29 decreased or was stable in 
63% of patients and worsened in 37% of patients 
at a median follow up of 41.7 months. The most 
common side effects were neutropenic fever and 
infections. Mortality was 4.7%, mostly associated 

with the highly intense conditioning regimen. A 
similar, relatively low rate of progression was 
observed in a single-center study of 99 patients, 
including 54% of patients with PMS and 46% of 
patients with relapsing MS, treated with interme-
diate-intensity AHSCT.27 Progression after 8 years 
of follow up was insignificantly higher in patients 
having progressive (21%) compared with relaps-
ing MS (13%). However, more recent long-term 
evaluations following AHSCT of PMS showed 
that disability is seldom halted by AHSCT.28,30 In 
a study of 31 patients, with a mean follow up of 
8.4 years, none of the patients with RRMS (n = 22) 
worsened according to the EDSS, whereas 7 of 9 
patients with SPMS increased their EDSS score.30 
A multicenter observational retrospective study 
included 281 patients, of whom 78% had PMS, 
and were treated with AHSCT between 1995 and 
2006, with a median follow-up time of 6.6 years.28 
The progression-free survival at 5 years after 
AHSCT was 33% for SPMS compared with 73% 
in patients with RRMS, and treatment-related 
mortality (TRM) was 2.8%.28

AHSCT in RRMS
Since 2005, a shift has occurred in the selection of 
patients for AHSCT from patients with progressive 
to those with inflammatory active RRMS, and the 
AHSCT regimens have moved from high- to inter-
mediate- and low-intensity protocols to improve 
safety.25 An increasing number of prospective stud-
ies have been published, including two randomized 
treatment trials, the Autologous Hematopoietic 
Stem Cell Transplantation Trial (ASTIMS)23 and 
the Multiple Sclerosis International Stem Cell 
Transplant (MIST) trial.22 Thus, AHSCT efficacy 
and safety data for RRMS are more reliable than 
those reported for PMS. Currently, there are seven 
published studies, one including a 3-year interim 
report,31 each consisting of more than 10 patients 
with ⩾50% patients with RRMS, and with a 
median follow up after AHSCT of 2 years or more 
(Table 1). The 358 patients included constituted a 
heterogeneous group (80% with RRMS) treated 
with a variety of AHSCT regimens. Nevertheless, 
their reported outcome measures showed similar 
high efficacy after AHSCT, with relapse-free sur-
vival of 68–100%, progression-free survival of 70–
91%, and no evidence of disease activity (NEDA; no 
relapses, no confirmed disability progression, no 
gadolinium-enhancing lesions and no new or enlarg-
ing T2-hyperintense lesions on cranial MRI) of 55–
78%, with the lowest numbers seen in cohorts 
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containing more PMS. Further analyses of outcomes 
revealed significant improvement of EDSS scores in 
a substantial percentage of transplanted patients 
with RRMS.19,22,23,28,31–36 Thus, AHSCT may not 
only reduce disease activity and stabilize disability, 
but even improve neurological function. With one 
exception, the AHSCT regimens used were of inter-
mediate intensity, and the only death was reported 
in a patient treated with high-intensity AHSCT.34

Comparison of AHSCT with other DMTs  
for MS
Two randomized controlled trials (RCTs) have 
been performed comparing AHSCT with other 
approved treatments for MS.22,23 The ASTIMS 
trial was an open-label, 4-year, multicenter, phase 
II study, comparing an intermediate-intensity regi-
men of AHSCT with mitoxantrone (MTX) in 
MS.23 Overall, 21 patients were included: 9 were 
randomized to AHSCT and 12 to MTX, the latter 
receiving MTX 20 mg intravenously once every 
month for 6 months. The primary endpoint was 
the cumulative number of new T2 lesions in the 
4 years following randomization. AHSCT signifi-
cantly reduced the number of new T2 lesions over 
4 years, compared with MTX. The median num-
ber of new T2 lesions was 2.5 (range 0–8) com-
pared with 8 (range 2–34). None of the 
AHSCT-treated patients had gadolinium (Gd)-
enhancing lesions compared with 56% of MTX-
treated patients. The clinical outcomes showed a 

significantly lower annual relapse rate in the 
AHSCT arm (0.19) compared with the MTX arm 
(0.6), but no difference in progression, which 
occurred in 57% of the AHSCT-treated patients 
and in 48% of the MTX-treated patients. The 
MIST trial was an open-label multicenter study 
with a median follow up of 2 years. It included 110 
patients with RRMS who were randomized to 
nonmyeloablative AHSCT (n = 55) or to an 
approved DMT (n = 55).22 The DMT treatments 
consisted of at least seven different treatments of 
various efficacies. The primary endpoint was disa-
bility progression (EDSS score increased ⩾1.0), 
which occurred in 3 AHSCT-treated patients 
compared with 34 patients in the DMT arm. The 
proportions of patients who progressed at 1, 3, and 
5 years of follow up were 1.9%, 5.2%, and 9.7%, 
respectively, for the AHSCT group, and 24.5%, 
62.5%, and 75.3%, respectively, for the DMT 
group. The EDSS score improved in the AHSCT 
group whereas it worsened in the DMT group. 
The proportions of patients reaching NEDA at 1, 
3, and 5 years after randomization were 93.3%, 
90.3%, and 78.5%, respectively, in the AHSCT 
group and 20.8%, 5.9%, and 3%, respectively, in 
the DMT group. Thus, although these studies 
have several limitations, they both showed that 
AHSCT has profound effects in RRMS, halting 
disease activity and preventing worse disability. 
Note that no randomized phase II, head-to-head 
comparison with a single DMT has been per-
formed and that the DMTs in the MIST trial did 

Table 1. Outcomes in patients with MS (study populations with ⩾50% RRMS) treated with AHSCT.

Authors Study RRMS/
PMS/TOTAL

Relapse-free 
survival (%)

Median 
follow-up 
time (years)

Progression-
free survival (%)

NEDA 
(%)

Regimen 
intensity

TRM

Burman et al.19 RO 34/7/41 90 4 77 68 Intermediate 0

Burt et al.20 RO 118/27/145 80 2 87 68 intemediate 0

Nash et al.31,36 PO 24/0/24 87 5 83 69 Intermediate 0

Atkins et al.33 PO 12/11/23 100 6.7 70 70* High 4

Burt et al.22 RCT 53/0/53 85 2 90 78 Intermediate 0

Moore et al.37 PO 19/15/34 90 3 77 60 Intermediate 0

Casanova et al.30 RO 28/10/38 68 8.4 77 55 Intermediate 0

*NEDA not including T2 lesions on magnetic resonance imaging.
AHSCT, autologous hematopoietic stem cell transplantation; MS, multiple sclerosis; NEDA, no evidence of disease activity; PMS, progressive 
multiple sclerosis (including primary, secondary, and progressive-relapsing MS); PO, prospective observational; RCT, randomized controlled trial; 
RO, retrospective observational; RRMS, relapsing-remitting multiple sclerosis; TRM, treatment-related mortality.
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not include highly effective therapies such as alem-
tuzumab or ocrelizumab. Thus, in the absence of 
direct comparisons of the efficacy of AHSCT and 
that of approved DMTs, two review papers have 
reported post hoc analyses of clinical trials to assess 
NEDA in RRMS after 2 years of therapy.38,39 A 
cross-sectional analysis revealed that the propor-
tion of patients who achieved NEDA after 2 years 
of treatment with placebo was 7–16%, with inter-
feron beta 1a 13–27%, with other DMTs includ-
ing those considered highly effective 22–48%, and 
with AHSCT 70–92%.39 A similar analysis of 
NEDA status at 5 years found that it was achieved 
by 60–68% of transplanted patients.38

Long-term outcomes following AHSCT
In many AHSCT trials of MS, the outcome 
assessment is limited to a relatively short follow up 
of usually 2–4 years.19,20,22,31,37 However, longer-
term outcomes of AHSCT have been reported 
from some small, mostly retrospective, single-cen
ter11,13,26,30,34,40 or two-center30 cohort studies, but 
from only two relatively large retrospective cohort 
studies, one single-center27 and one multicenter 
cohort study.28 A total of 8 studies, including 552 
patients with a follow up of more than 4 years, 
were identified (Table 2). Although a high degree 
of heterogeneity between these long-term studies 
is apparent, some conclusions can be drawn. Most 
had PMS (74%) and moderate-to-severe disabil-
ity at transplantation. Their progression-free sur-
vival varied from 25% to 83%, with worse outcome 
in studies including more PMS and patients with 
higher baseline EDSS. The TRM was higher 
compared with those reported for AHSCT in 
RRMS. In the multicenter study of 281 patients 
with mostly progressive course (78%), the median 
EDSS score was 6.5 (range 1.5–9.0), the 5-year 
probability of EDSS progression-free survival was 
46% [95% confidence interval (CI) 42–54%), and 
overall survival was 93% (CI 89–96%).28 The fac-
tors from the multivariate statistics of this study 
showed increased risk of progression with age, 
progressive course, and prior treatment with more 
than two DMTs. Patients with higher EDSS at 
baseline had worse overall survival.

The effect from AHSCT on lesion formation 
and neurodegeneration
AHSCT has a marked effect on lesion formation 
on MRI and prevented the appearance of new T2 
and Gd-enhancing lesions in approximately 85% 

of patients at 5 years of follow up.19,31,36 There is 
also evidence that T2 lesion volume may decrease 
following AHSCT, when comparing the baseline 
with the last follow-up MRI scans.20,22,31,36,37 
These measures of reduced inflammatory activity 
may also have influenced degeneration, since 
brain atrophy seemed to stabilize31,34,36 or was 
reduced post-AHSCT.37 However, these conclu-
sions relied on comparisons with brain-volume 
measurements from healthy persons and no com-
parison of brain atrophy rate was performed 
between treatment cohorts in the RCT studies 
ASTIMS and MIST.22,34

There are several factors that might influence 
determination of brain volumes in MS. In 
AHSCT, the possible neurotoxic effect was inves-
tigated in a prospective study of 19 patients, 12 
with RRMS and 7 with SPMS, followed for 1.5–
10.5 years with serial MRI.41 They were treated 
with a high-intensity regimen using busulfan for 
conditioning. The brain atrophy rate was acceler-
ated during the first year following AHSCT, indi-
cating a neurotoxic effect of busulfan. The atrophy 
rate of both gray and white matter of the brain 
seemed thereafter to normalize.

Selection of patients for AHSCT
Accumulating evidence from previous AHSCT 
studies serves to refine the profile of the best can-
didate for this treatment. It has become obvious 
from long-term retrospective observational stud-
ies that the effect of AHSCT in PMS is often 
transient, and that an increasing number of 
patients continue to deteriorate with time.28,30 In 
contrast, AHSCT causes a pronounced reduction 
of inflammatory activity in RRMS, and has a 
marked and sustainable impact on disability 
development during this stage of the disease.39 
Outside clinical trials, current consensus reports 
and reviews suggest the use of AHSCT in patients 
with RRMS who are young (<40–45 years old), 
less disabled and able to ambulate independently, 
have disease duration of <10 years, and present 
clinical and/or MRI evidence of concurrent dis-
ease activity despite the use of DMTs.9,17,39,42 
However, recently ocrelizumab was approved for 
PPMS7 and siponimod for SPMS.8 In both stud-
ies, patients of younger age who were less disa-
bled and had more inflammatory active disease 
were those that benefited most from these treat-
ments. Thus, some patients with progressive dis-
ease can be considered for AHSCT if there is 
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clear clinical and MRI evidence of significant dis-
ease activity, although the benefit in these patients 
is probably limited. Moreover, patients consid-
ered for AHSCT should not have severe comor-
bidity and their cognition should be preserved 
enough that they can understand the possible 
adverse effects and risks with AHSCT.

Switch from high- to low-dose 
immunosuppressants in AHSCT for MS
There are four key steps that encompass the 
AHSCT procedure: (a) mobilization of CD34+ 
hematopoietic stem cells (HSCs); (b) HSC collec-
tion and preservation; (c) immunoablative condi-
tioning; (d) infusion of cryopreserved HSC 
1–2 days postconditioning. Mobilization of HSC 
from the bone marrow is achieved by granulocyte 
colony-stimulating factor (G-CSF) together with 
cyclophosphamide (Cyc). This combined regimen 
is preferable to G-CSF alone since it improves the 
HSC yield, reinforces immunosuppression (by 
using Cyc sequentially at both the mobilizing and 
conditioning steps), lowers the risk of exacerbation 
of disease activity, and reduces the risk of carry-
over of auto-aggressive T cells with the transplant.43 
After mobilization, HSCs are harvested from 
peripheral blood through leukapheresis and 

cryopreserved until re-infusion. A further CD34+ 
selection of the leukapheresis product seems not to 
improve the outcome of AHSCT.44,45 According  
to the EBMT guidelines, the conditioning regi-
mens for transplantation for autoimmune diseases 
are classified and defined as high, intermediate, 
and low intensity9 (Table 3). However, the high-
intensity protocols were not recommended in 
autoimmune diseases due to short- and long-term 
toxicity with unacceptable morbidity and high 
TRM, and have been replaced with less toxic regi-
mens.44 In line with this evolution AHSCT in MS 
has moved from high- to intermediate-intensity 
and also, in recent years, low-intensity protocols. 
The most accepted protocol has previously been 
BEAM, i.e. carmustine (BiCNU), etoposide, cyta-
rabine (cytosine arabinoside), and melphalan, an 
intermediate-intensity protocol inducing myeloab-
lation. This protocol is often followed by anti-thy-
mocyte globulin (ATG), which further depletes 
surviving T cells.39,46 However, some centers are 
now moving to high-dose Cyc and ATG and even to 
low-intensity protocols, mostly using only high-dose 
Cyc for conditioning.21 With this regimen the toler-
ability and safety are improved and immunoab-
lation without myeloablation is achieved.21,33 
Thus, the treatment target is limited to the dysregu-
lated lymphocyte clones, which are considered 

Table 2. Long-term outcomes in patients with MS treated with AHSCT.

Authors RRMS/PMS/
TOTAL 1–5 years 
of follow up after 
AHSCT, n

Median 
follow-
up time 
(years)

Median 
baseline 
EDSS

Progression-
free survival, 
% (follow-up 
duration)

Regimen 
intensity

TRM

Chen et al.13 3/22/25 8 8.0 48 (9 years) Intermediate 8*

Fassas et al.26 1/34/35 11 6.0 25 (15 years) Intermediate 6$

Shevchenko et al.27 43/56/99 4 3.5 83 (8 years) Intermediate 0

Bowen et al.11 1/24/25 4 7.0 48 (6 years) High 4

Casanova et al.30 28/10/38 8.4 5.0 77 (9 years) Intermediate 0

Muraro et al.28 46/235/281 6.6 6.5 46 (5 years) High 2.8

Krasulová et al.40 11/15/26 5.5 6.0 29 (6 years) Intermediate 0

Atkins et al.34 12/11/23 6.7 5.0 70 (6.7 years) High 4

*One from pneumonia and one from varicella-zoster hepatitis at 4.5 months and 15 months post- transplantation, 
respectively.
$One from aspergillosis and one from factor VIII inhibitor at 2 months and 2.5 years post- transplantation, respectively.
AHSCT, autologous hematopoietic stem cell transplantation; EDSS, expanded disability status scale; MS, multiple 
sclerosis; PMS, progressive multiple sclerosis (including primary, secondary, and progressive-relapsing MS); RRMS, 
relapsing-remitting multiple sclerosis; TRM, treatment-related mortality.
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responsible for the autoreactive CNS attack in 
MS. However, based on MRI activity measures 
from only seven patients, a low-intensity regimen 
was considered less efficacious than intermediate-
intensity regimens.21 Similar differences in safety 
and efficacy of different intensity regimens of 
AHSCT have previously been reported from 
reviews consisting of heterogeneity of autoimmune 
diseases.47,48

A retrospective review found higher progression-
free survival with intermediate-intensity com-
pared with high-intensity regimens in SPMS.50 
However, other attempts to find differences in 
efficacy between conditioning regimens, includ-
ing retrospective surveys17 and a meta-analysis,25 
have so far failed.27 Greater safety is achieved 
with lower intensity conditioning regimens, but 
no consensus yet exists regarding the optimal 
AHSCT protocol.

Adverse effects and safety with AHSCT in MS
AHSCT is associated with TRM which previ-
ously has been the main concern limiting the use 
of AHSCT in MS. The main reasons for AHSCT 
complications are the intensity of the immuno-
suppression, particularly in conditioning, and 
age, disability, clinical course, and comorbidi-
ties.25 However, TRM has decreased from 7.3% 
in 1995–2000 and 1.3% in 2001–2007, to 0.7% 
in 2008–2016, according to the EBMT registry.28 
Similarly, a meta-analysis of 15 published studies 

showed that the TRM was 0.3% in patients 
treated with AHSCT after 2005, and no TRM 
was observed in patients receiving intemediate-
intensity conditioning.25 Three identified factors 
can explain this improvement: (a) patient selec-
tion; (b) intensity of conditioning regimen; (c) 
center experience.47

The common side effects following AHSCT are 
due to the toxic effect of the conditioning and infec-
tions due to immunosuppression, an expected and 
desirable transient effect of the treatment. The con-
ditioning causes pancytopenia and transient bone-
marrow aplasia lasting for approximately 1–2 weeks 
where mainly bacterial infections, mucocitis, and 
transient alopecia occur. In the following period of 
at least 3–6 months, before re-setting and re-popu-
lation of the immune system, the patient is still in 
an immunosuppressed state with increased risk of 
infections. In particular, reactivation of Epstein-
Barr virus and cytomegalovirus infection,51 and 
sometimes reactivation of herpes varicella-zoster 
infection occur as a late complication. In addition, 
the patient often experiences a transient increase in 
neurological symptoms and deterioration during 
and following AHSCT.17 Fever, in particular, due 
to ATG and/or infection, may cause such exacerba-
tion of neurological symptoms. These symptoms 
persist in only a minority of patients.52 However, 
one study reported poor long-term neurological 
recovery in patients with peri-transplant-sustained 
pyrexia.20 Transient amenorrhea is also commonly 
seen after AHSCT.

Table 3. Conditioning regimens for AHSCT in multiple sclerosis.

Intensity Conditioning regimen Effect Reference

High Total body irradiation,  
Cyc and ATG
Busulfan, Cyc, and ATG 
(BuCycATG)

Immunoablative Bowen et al.11; Burt et al.12;  
Samijn et al.15; Fassas et al.26;  
Muraro et al.28; Atkins et al.34;  
Nash et al.35

Intermediate BEAM and ATG  
(BEAM-ATG)
Cyc and ATG (Cyc-ATG)

Myeloablative and 
lymphoablative

Chen et al.13; Xu et al.16; Burman et al.19;  
Burt et al.20,22; Mancardi et al.23;  
Shevchenko et al.27, Casanova et al.30;  
Nash et al.31,36; Moore et al.37;  
Saiz et al.49

Low Cyc alone
Melphalan alone
Fludarabine-based 
regimens alone

Lymphoablative Curro et al.21

AHSCT, autologous hematopoietic stem cell transplantation; ATG, anti-thymocyte globulin; BEAM, carmustine (BiCNU), 
etoposide, cytarabine, and melphalan; Cyc, cyclophosphamide.
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Cardiac impairment in MS is rare. Although car-
diac toxicity during AHSCT is low, a baseline 
cardiac functional assessment before the trans-
plant is recommended.53 Cyc, the most-used 
agent for mobilization and conditioning, displays 
dose-dependent cardiotoxicity but no risk for 
accumulated cardiac toxicity.54 However, special 
concern is only recommended in patients with 
known cardiovascular disorders and in patients 
already exposed to MTX, an immunosuppressive 
agent previously used in MS with accumulative 
risks for cardiotoxicity.55 AHSCT should not be 
performed in patients with a left ventricular ejec-
tion fraction of less than 40%.

Two long-term adverse effects of AHSCT that 
should be taken into consideration are the 
increased risk of secondary autoimmune diseases 
and infertility.

Secondary autoimmune diseases
Although alemtuzumab treatment of MS is associ-
ated with increased risk of secondary autoimmune 
diseases, this is also a concern after AHSCT. In 
alemtuzumab-treated patients with RRMS, with a 
median follow up of 7 years (range 33–144 months), 
48% developed secondary autoimmunity, predom-
inantly with thyroid disease.56 Patients with auto-
immune disease treated with AHSCT also develop 
secondary autoimmune diseases but the risk is 
considerably lower.57,58 The different conditioning 
protocols of AHSCT are all lymphoablative and 
aim to eliminate autoreactive T-cell clones. The 
increased risk might be associated with ATG, 
which is usually included in the conditioning 
regime to induce rapid and profound lymphopenia 
and cause durable impairment of T-cell function 
for at least 12 months.59 In a retrospective multi-
center study, the incidences of at least one second-
ary autoimmune disease after 3 years and 5 years of 
follow up were 7.7% and 9.8%, respectively.57 The 
most common secondary autoimmune diseases 
were those affecting the thyroid gland, immune 
thrombocytopenia, autoimmune hemolytic ane-
mia, and acquired hemophilia. Risk factors were 
sysytemic lupus erythematosus as a primary auto-
immune disease, conditioning with ATG and 
CD34+ graft selection, and younger age.57

Only a few AHSCT studies in MS reported the 
risk of secondary autoimmunity. In line with 
alemtuzumab treatment, the highest risk after 
AHSCT was found for thyroid disease. In a study 

of SPMS treated with a high-intensity AHSCT 
regimen, 2 of 14 patients developed thyroid dis-
ease15 and 8.3% were diagnosed with thyroid  
disease in a study of intermediate-intensity condi-
tioning of patients with RRMS.19 In the EBMT 
report of AHSCT-treated patients with MS from 
1995, 3.4% had secondary autoimmune dis-
ease.17 The higher risk of secondary autoimmun-
ity associated with alemtuzumab was also shown 
in a prospective nonrandomized study of 123 
patients with RRMS and 28 with SPMS, treated 
with Cyc together with either alemtuzumab 
(n = 22) or ATG (n = 129) as conditioning regi-
mens. Secondary autoimmune diseases including 
thyroid disease were reported in 22.7% of alem-
tuzumab-treated patients and in 6.9% of ATG-
treated patients.20

Infertility
Temporary ovarian and testicular failure is com-
mon after AHSCT and the risk of infertility and 
premature menopause is significantly increased 
after AHSCT. Counseling is therefore important, 
and patients should be offered fertility conserva-
tion procedures, such as cryopreservation of sperm, 
eggs, or embryos before treatment. However, age is 
an important influence on fertility and the risk of 
infertility and spontaneous abortion increase rap-
idly in women aged 35 years or older.60,61 In a ret-
rospective study on 41 premenopausal women 
treated for lymphoma with AHSCT and BEAM 
conditioning, 59% aged 18–25 years, 29% aged 
26–30 years, and 12% aged 31–35 years recovered 
menstruation.62 In a study based on responses 
from an online questionnaire of 28 women treated 
with AHSCT with low- or intermediate-intensity 
conditioning, menstruation was restored in 38% of 
women 33–41 years of age, and in all women 
younger than 32 years.63 It is important to note 
that MS increases the risk of infertility in both men 
and women,64,65 and that infertility in MS is influ-
enced by multiple factors, among which the choice 
of conditioning has crucial impact.

Immunoreconstitution mechanisms: 
comparing AHSCT with alemtuzumab  
and cladribine
Intensive immunosuppression followed by 
AHSCT reconstitutes the immune system, which 
loses its previous harmful auto-aggressivity against 
CNS tissue and regains tolerance with long-term 
effects on disease course. The goal is similar with 
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two approved therapies for RRMS: alemtuzumab, 
a monoclonal antibody that targets CD52 and 
thereby depletes T lymphocytes and B lympho-
cytes,66,67 and cladribine (2-chlorodeoxyadeno-
sine), which is activated through phosphorylation 
and accumulates preferentially in lymphocytes 
where it disrupts DNA, leading to cell death.68 
They and AHSCT are considered immune-recon-
stitution therapies or induction therapies, since 
after a short-term course all aim to re-build the 
immune system in order to establish immune tol-
erance. The main differences in outcome between 
these therapies are summarized in Table 4. Results 
from the pivotal studies of alemtuzumab66,67 and 
cladribine68 were compared with 2 years of data 
obtained from study populations consisting of 
44% or more RRMS, which were included in one 
of the meta-analysis of AHSCT.25 The heteroge-
neity among these AHSCT studies was high.

While the AHSCT procedure is carried out only 
once, alemtuzumab and cladribine therapies are 
administered as courses, separated by an interval 
of 1 year. Thus, while the effect of AHSCT occurs 
early, the full effect of alemtuzumab and cladrib-
ine might not be reached before the second course 
is given. Unfortunately, such 12 months re-base-
line data have not been reported, which limits a 
comparison between these treatments.

AHSCT
The sustained effects of AHSCT on the immune 
system appear to be unspecific and result from the 
broad immunoablation and immune reconstitution 

that give rise to an immunotolerant state. AHSCT 
includes ablative chemotherapies that eradicate 
most of the mature lymphocyte pool. Thereafter, B 
cells, NK cells, and monocytes repopulate within 
weeks to 6 months, and CD3+ lymphocyte levels 
normalize by 6–12 months.69,70 The lymphopenia 
that follows AHSCT induces proliferation of T 
lymphocytes, and in particular CD8+ lympho-
cytes.71 While the repertoire of circulating T cells 
seems to be essentially novel for CD4+ cells, the 
CD8+ cells also derive from the expansion of pre-
existing T cells.72 These cells may either have sur-
vived chemotherapy or been reinfused from the 
cryopreserved leukapheresis product. When lym-
phocytes repopulate the immune system, they 
increase regulatory T-cell numbers, reconstitute 
NK cells, and reduce the capacity for proinflamma-
tory Th17 responses.73,74

Alemtuzumab
Alemtuzumab is approved by the European Medicines 
Agency (EMA) for active MS, but Food and Drug 
Administration (FDA) approval is limited to patients 
that have not responded sufficiently on two or more 
DMTs. However, the indication has recently been fur-
ther restricted due to severe infusion-related adverse 
events and the appearance of new secondary auto-
immune diseases.75 Alemtuzumab is a humanized 
monoclonal IgG1 antibody against CD52, a cell-sur-
face glycoprotein preferentially expressed on mature 
lymphocytes. These are rapidly depleted following 
alemtuzumab infusion by complement-dependent 
cytotoxicity, antibody-dependent cellular cytotoxicity, 
and apoptosis. In two phase III RCTs, alemtuzumab 
was more effective than interferon beta 1a in reducing 
the relapse rate, disability progression, and MRI activ-
ity66,67 (Table 4). Alemtuzumab is administered as 
12 mg infusions over 5 days and, 1 year later, over 
3 days. Additional courses may be given if there is 
breakthrough disease activity at follow up.76 Three 
major adverse events have been recognized: infusion-
related reactions, infections, and secondary autoim-
mune disease, in particular thyroid gland disease.

Following alemtuzumab infusion, mature B cells 
and T cells are depleted, but the reservoir of precur-
sor cells lacks CD52 and is therefore not affected, 
allowing reconstitution of lymphocytes.77,78 The 
repopulation of lymphocytes starts within weeks 
and shifts the relative proportions of lymphocyte 
subsets. The temporal repopulation of B cells and T 
cells typically shows a faster increase of B cells. 
Within 3–6 months, CD19+ B cells reach 

Table 4. The effect of immune-reconstitution therapy in MS.

AHSCT25 Alemtuzumab65,66 Cladribine67

ARR 0.04 0.18 and 0.26 0.14

Relative reduction of 
6-month worsening 
at 2 years

Not reported 30% and 42% 47%

Progression-free 
survival

92%* 87% and 91%‡ 80%$

NEDA at 2 years 83% 30% and 32% 47%

AHSCT from meta-analyses; alemtuzumab compared with interferon beta 1a; 
cladribine compared with placebo; *at 2 years; $free of 3-month confirmed EDSS 
progression; ‡free of 6-month confirmed EDSS progression.
AHSCT, autologous hematopoietic stem cell transplantation; ARR, annual relapse 
rate; EDSS, expanded disability status scale; NEDA, no evidence of disease activity.
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low-normal levels and at 12 months B-cell numbers 
are 124–165% higher than baseline.79 CD8+ cyto-
toxic T cells increase to the lower level of normal 
within 9–12 months, and CD4+ T cells repopulate 
more slowly and reach the lower level of normal 
after 1–2 years.80 Alemtuzumab preferentially 
depletes class-switched and unswitched memory B 
cells.81 The reconstituted pool of naïve B cells 
increases while there is a prolonged memory B-cell 
lymphopenia. In the CD4+ repertoire, regulatory T 
cells return after 24 months following treatment and 
T-cell function is regained after 3–4 years.82 
Following anti-CD52 treatment, the number of reg-
ulatory B cells increases at 12 months and the pro-
portions of Th1 and Th17 cells are reduced.83 
However, whether these changes in the lymphocyte 
repertoire cause a sustainable reset of the adaptive 
immune system remains unclear.

Cladribine
Oral cladribine is approved by the EMA for highly 
active relapsing MS, and by the FDA for relapsing 
MS, including relapsing SPMS. In the clinical RCT 
CLARITY and its extension, cladribine 3.5 mg/kg 
body weight was superior to placebo and reduced 
the relapse rate, disability progression, and MRI 
activity67,84 (Table 4). Cladribine treatment was 
associated with transient, mostly mild to moderate 
lymphocytopenia (21.6%). Other adverse effects 
were few, but herpes zoster was more common 
among the cladribine-treated patients than in the 
placebo group. The tablets are administered over 
4–5 days during weeks 1 and 5, and this procedure 
is repeated once again after 1  year. Cladribine is 
incorporated into cells and is phosphorylated by 
deoxycytidine kinase and inactivated by 5'-nucleoti-
dase. Due to the high ratio of kinase to phosphatase 
in lymphocytes, activated cladribine accumulates 
and disrupts DNA, leading to cell depletion. The 
depletion of B cells is more pronounced than that of 
T cells, but while the B-cell count returns to normal 
range within 3–6 months, the modest T-cell reduc-
tion is much slower to recover. The B-cell depletion 
affects mostly class-switched and unswitched mem-
ory B cells and the durable effects of cladribine have 
been hypothesized to be related to a sustained 
reduction in memory B cells.81

Conclusion and the future position of AHSCT 
in MS therapies
Attitudes to AHSCT as an alternative therapeutic 
option in patients with MS have gradually changed, 

and MS has become the main autoimmune indica-
tion for AHSCT.9 Since the mid-1990s, when the 
first attempts were made to treat MS with AHSCT, 
there has been a shift in patient selection from pro-
gressive to active RRMS. The safety of AHSCT 
has improved with less toxic conditioning regimens, 
and hematology centers have become more skilled 
at treating adverse events related to transplantation. 
These are probably the main reasons why AHSCT 
is now a more attractive therapeutic alternative in 
highly active RRMS. The recent introduction of 
alemtuzumab and cladribine as new immune-
reconstitution therapies for the treatment of RRMS, 
might also have increased the awareness of AHSCT 
as such a therapy for MS. Although they use differ-
ent mechanisms to restore a dysregulated immune 
system, their goal is to create durable effects after 
short-term treatment. However, when these thera-
pies are compared, AHSCT seems to be more 
effective than alemtuzumab or cladribine (Table 
4), with approximately two-thirds of AHSCT-
treated patients being free of inflammatory activity 
after transplantation.39 The safety of cladribine 
seems high, but its long-term efficacy has not been 
proven. The high risk of secondary autoimmune 
disease after alemtuzumab treatment is not seen 
with cladribine, but there is a slight increase in risk 
with AHSCT. Increased risks for acute infusion-
related stroke and cardiovascular disease were 
recently reported in alemtuzumab-treated 
patients,75 restricting the selection of patients for 
this therapy. It is obvious that a careful selection of 
patients for AHSCT is also needed to minimize 
risks and improve outcomes. Although a first RCT 
comparing AHSCT with several DMTs showed 
superior and impressive efficacy with AHSCT, 
with relatively preserved safety,22 there is a need for 
further RCTs. Initiatives have been taken to com-
pare AHSCT with the best available DMTs in 
RRMS and there are currently several active phase 
III trials in which patients are randomized to 
AHSCT and alemtuzumab, ocrelizumab, or clad-
ribine.9 There are also ongoing trials comparing 
different intensities of conditioning regimens to see 
if the efficacy of AHSCT is preserved with improved 
safety.9 Evidence from these trials will certainly 
have an impact on the position of AHSCT in MS 
treatment and determine if the indications for 
AHSCT can be broadened.
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