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ABSTRACT
Background  A growing evidence base supports the use 
of autologous haematopoietic stem cell transplantation 
(aHSCT) for treatment of relapsing-remitting multiple 
sclerosis (RRMS), but it has not yet been integrated into 
most national clinical guidelines. The objective of this 
study was to assess efficacy and safety when aHSCT is 
implemented in routine healthcare.
Methods  We assessed 231 patients and the final 
analysis included 174 RRMS patients who were treated 
with aHSCT in Sweden before 1 January 2020. Efficacy 
was evaluated by performing a retrospective analysis 
of prospectively collected data from the Swedish MS 
registry. Procedure-related safety was assessed by 
analysing data from electronic patient records covering a 
period of 100 days following aHSCT.
Results  With a median follow-up time of 5.5 (IQR: 
3.4–7.5) years, the Kaplan-Meier estimate for no 
evidence of disease activity was 73% (95% CI 66% to 
81%) at 5 years and 65% (95% CI 57% to 75%) at 10 
years. Out of the 149 patients with baseline disability, 
80 (54%) improved, 55 (37%) were stable and 14 
(9%) deteriorated. The mean number of adverse events 
per patient was 1.7 (±SD: 1.5) for grade 3 events and 
0.06 (±SD: 0.3) for grade 4 events. Febrile neutropenia 
was the most common adverse event, affecting 68% of 
patients. There was no treatment-related mortality.
Conclusions  Treatment with aHSCT for RRMS is 
associated with freedom from disease activity in a 
majority of patients, with acceptable adverse events. This 
procedure should be considered a standard of care for 
patients with highly active RRMS.

INTRODUCTION
Multiple sclerosis (MS) is a leading cause of perma-
nent neurological disability in young adults.1 The 
prevailing theory posits that MS is an autoim-
mune inflammatory disease mediated by B and T 
lymphocytes,2 resulting in demyelination, gliosis 
and axonal degeneration in the central nervous 
system (CNS).3 4 The most frequently observed 
disease course at onset is relapsing-remitting MS 
(RRMS), characterised by distinct inflammatory 
episodes in the CNS that cause varying degrees of 

residual disability. Over time, RRMS typically tran-
sitions into a secondary progressive (SPMS) disease 
course marked by neurodegeneration and disability 
accumulation. Natural history studies estimate that 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Autologous haematopoietic stem cell 
transplantation (aHSCT) is an emerging 
treatment option for relapsing-remitting 
multiple sclerosis (RRMS) patients. To date, 
only one randomised clinical trial has 
compared aHSCT with standard disease-
modifying treatment (DMT) for RRMS. This 
trial demonstrated a significant advantage of 
aHSCT over standard DMT in terms of time to 
progression and neurological disability after 
2 years. Moreover, there were no recorded 
Common Terminology Criteria for Adverse 
Events grade 4 adverse events or instances 
of treatment-related mortality. However, it 
remains uncertain whether these results can be 
translated into routine healthcare.

WHAT THIS STUDY ADDS
	⇒ This study supports and strengthens the 
evidence from the sole randomised controlled 
trial on aHSCT for RRMS conducted thus far. 
More than half of the participants experienced 
improved disability, and approximately 
two-thirds displayed no evidence of disease 
activity over a 10-year period. The incidence 
of severe adverse events was low, and 
there was no record of treatment-related 
mortality, suggesting that aHSCT can be safely 
implemented within routine healthcare.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ aHSCT has the potential to benefit a larger 
number of MS patients and should be 
considered a standard of care for highly active 
MS. Further research is needed to identify the 
specific patient populations that would derive 
the most benefit from aHSCT.
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the median time from RRMS onset to secondary progression is 
approximately 19 years.5

Current disease-modifying treatments (DMTs) primarily 
focus on reducing inflammation to prevent the formation of 
MS plaques and clinical relapses. However, the extent to which 
DMTs slow disability accumulation and delay the transition 
to SPMS remains unknown. It has been proposed that around 
half of disability worsening in RRMS occurs without an associ-
ated relapse. Such progression independent of relapse activity 
is common; it occurs frequently in early MS and persists even 
with highly effective MS therapies.6 An increasingly used treat-
ment goal is to maintain no evidence of disease activity (NEDA), 
which encompasses the absence of new relapses, new or enlarged 
lesions on MRI, and confirmed disability worsening (CDW).7 8

High-dose chemotherapy followed by autologous haema-
topoietic stem cell transplantation (aHSCT) has been used 
to treat MS since the 1990s. The goal of aHSCT is to reset 
the immune system by eliminating autoreactive lymphocytes, 
in order to induce long-term remission.9 Growing evidence 
supports the efficacy and safety of aHSCT, with two-thirds 
of treated patients maintaining NEDA up to 4–5 years post-
treatment.10 11 It has also been reported that more than half 
of patients improve in disability outcomes after aHSCT.12 13 
The treatment-related mortality rate following aHSCT is esti-
mated at 0.2%–0.3%.11 14 15 The timing of aHSCT is crucial, as 
it is significantly more effective in RRMS than in progressive 
forms of MS.11 15 Efficacy and safety have improved in recent 
years due to increasing experience, improved patient selection, 
and optimised conditioning regimens.16 The Swedish Board of 
Health and Welfare approved aHSCT for MS in 2016, but in 
most countries, it has not yet been integrated into clinical guide-
lines. The outcome of aHSCT for RRMS in broader use outside 
clinical trials remains undetermined.

The objective of this multicentre retrospective cohort study 
was to assess the efficacy and safety of aHSCT for RRMS when 
implemented in a setting of routine healthcare.

METHODS
Data collection
Patients were identified using the Swedish MS registry (SMSreg) 
and local European Society for Blood and Marrow Transplan-
tation (EBMT) registries at the seven transplantation centres 
throughout Sweden. The SMSreg is a nationwide registry that 
has been amassing prospective data on MS patients since the 
mid-1990s. It currently has an estimated coverage of >80% 
overall and nearly 100% for patients with advanced therapy 
such as aHSCT.17

Data were extracted from the SMSreg and electronic patient 
records. A neurologist at each transplantation centre retro-
spectively reviewed disease course and all outcome data in the 
SMSreg to ensure their validity. A haematologist collected safety 
data by systematically analysing medical records from the time of 
stem cell mobilisation to 3 months following aHSCT. All severe 
adverse events (AEs), defined as AE of grade 3 or higher, were 
documented in accordance with version 5.0 of the Common 
Terminology Criteria for Adverse Events.18 Anaemia, leuco-
penia, neutropenia and thrombocytopaenia as well as transient 
alopecia and amenorrhoea were expected during the first weeks 
after aHSCT and were not included. A comprehensive overview 
of all data is given in online supplemental section 1. The study 
protocol is available in online supplemental file 2.

Inclusion criteria
Inclusion criteria were diagnosis of MS according to the revised 
McDonald criteria,19 with a relapsing-remitting disease course,20 
and aHSCT performed for MS at any of the seven Swedish trans-
plantation centres before 1 January 2020.

Exclusion criteria
Exclusion criteria were progressive MS (primary progressive MS 
or SPMS) according to Lublin et al20 at the time of aHSCT, that 
the patient did not consent to reporting of data to the EBMT 
register or failure to meet the minimal dataset. The minimal 
dataset covered disease course at the time of transplantation, date 
of transplantation, data on conditioning regimen and at least one 
follow-up visit (unless early death before first follow-up visit) 
with data on clinical assessment using the Kurtzke Expanded 
Disability Status Scale (EDSS) and neuroradiological assessment 
with MRI.21

Endpoints
The primary endpoints were NEDA at 5 years and treatment-
related mortality. Secondary endpoints were NEDA at 3 and 10 
years; CDW, relapse-free survival and MRI event-free survival at 
3, 5 and 10 years; annualised relapse rate after aHSCT; propor-
tion of patients with confirmed disability improvement; and 
EDSS change between baseline and follow-up at 1, 2 and 3 years. 
The frequency and grade of severe AEs were used to estimate the 
safety of the procedure, limited to within 100 days of aHSCT in 
order to restrict information bias. Definitions of these endpoints 
are given in online supplemental section 2.

Procedures
Mobilisation
Stem cells were mobilised using a combination of cyclophospha-
mide 2 g/m2 and granulocyte-colony-stimulating factor (G-CSF) 
5 µg/kg subcutaneously starting on day 5 or 6 until stem cell 
harvest.

Harvest
Haematopoietic stem cells were harvested by apheresis of 
peripheral blood. A minimum of 2.0×106 CD34+ cells/kg were 
harvested and cryopreserved, with no ex vivo manipulation.

Conditioning
Two conditioning regimens were used; BEAM-antithymocyte 
globulin (ATG) and Cy-ATG. The BEAM-ATG comprised 
carmustine 300 mg/m2, etoposide 800 mg/m2, cytarabine arabi-
noside 3200 mg/m2, melphalan 140 mg/m2 and ATG from rabbit 
(rATG) 10 mg/kg and was given during 7 days. This protocol was 
mainly used during the first few years of the study period and was 
then replaced by Cy-ATG at all centres. The Cy-ATG protocol 
was given during 5 days and included cyclophosphamide 200 mg/
kg, rATG 6 mg/kg and 5000 mg methylprednisolone, including 
tapering after stem cell infusion, and hyperhydration and uromi-
texan to prevent haemorrhagic cystitis. There was a minimum 
wash-out time of 48 and 24 hours from the last chemotherapy 
administration to the reinfusion of the autologous stem cells for 
BEAM-ATG and Cy-ATG, respectively.

Antimicrobial prophylaxis
Oral ciprofloxacin was used to prevent bacterial infection during 
the neutropenic phase, except for eight patients who received 
prophylactic intravenous antibiotics. Prophylaxis against 
herpes simplex virus and Pneumocystis jiroveci was given for a 
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minimum of 3 months following aHSCT. Monitoring for reacti-
vation of cytomegalovirus (CMV) and Epstein-Barr virus (EBV) 
was performed for patients with positive serology.

Supportive care
If needed, all patients were given filtered and irradiated blood 
products until their lymphocyte counts exceeded 1.0×109/L.

Statistical analysis
Statistical analysis was performed with V.3.5.3 of R, using 
the packages ggplot2, survival, fBasics, ggpubr, moments, 
survminer, plotrix, grid, gridExtra, lattice and devtools. Data 
were summarised using frequencies for categorical variables, 
medians (IQR) for discrete variables and time data unless inap-
propriate due to rare events, and means (±SD:) for continuous 
variables. The Mann-Whitney test was used to determine statis-
tically significant differences between two groups, Fisher’s exact 
test was used to determine statistically significant differences 
between proportions, and the Wilcoxon signed rank test was 
used to determine statistically significant differences between 
two time points. Survival was estimated using Kaplan-Meier 
plots (95% CI). A two-tailed p<0.05 was considered statistically 
significant.

RESULTS
Patient characteristics
Data were exported from the SMSreg on 22 May 2022. We 
evaluated 231 patients for participation in the study, of whom 
174 were included in the final analysis. Fifteen patients did not 
meet the inclusion criteria and were not analysed further, 30 
patients had progressive MS at aHSCT and 12 did not fulfil the 
minimal dataset; these 42 patients were excluded from the study 
(figure 1). Baseline patient characteristics are shown in table 1.

The first patient was treated on 25 May 2004. Median 
age at aHSCT was 31 years (IQR: 26–36) and 64% of the 
patients were women. Median disease duration was 3.4 

years (IQR: 1.0–6.9). The patients had received a median of 
2 (IQR: 1–3) DMTs prior to aHSCT, and 23 patients were 
previously untreated. The median follow-up time was 5.5 
years (IQR: 3.4–7.5). A total of 2435 follow-up visits with 
EDSS scoring and 1785 MRI scans were analysed, with a 
cumulative follow-up time amounting to 1034 years. After 
a median of 2.9 years (IQR: 2.1–4.4), 20 patients (11%) 
received DMT after aHSCT (figure 2). After a median of 4.1 
years (IQR: 1.8–5.9) years, 10 patients transitioned from 
RRMS to SPMS.

Procedures
All patients were mobilised with cyclophosphamide+G CSF. 
For the conditioning, BEAM-ATG was used in 33 patients 
and Cy-ATG in 141 patients. The last patient receiving 
BEAM-ATG was treated in 2015. The median time to 
engraftment (defined as absolute neutrophil count ≥0.5 and 
thrombocyte counts >20 and rising, without transfusion of 
thrombocytes) was 12 days (IQR: 11–13.5). The median time 
of hospitalisation for aHSCT was 20 days (IQR: 19–22), 
calculated from the day of admission to the hospital to the 
day of discharge. Twenty-eight patients received G-CSF in 
the first week following aHSCT. There was a mean decrease 
in body weight of 2.2 (±SD: 2.1) kg and a median loss of 
plasma albumin of 7.5 (5–11) g/L during hospitalisation for 
aHSCT.

Primary endpoints
The Kaplan-Meier estimate of NEDA at 5 years was 73% (95% 
CI 63% to 81%). There was no treatment-related mortality 
(figure 3).

Secondary endpoints
Clinical relapses, MRI events and CDW
The Kaplan-Meier estimates of clinical relapses, MRI events 
and CDW at different time points are presented in figure 3 

Figure 1  In this study, a total of 231 patients were evaluated for potential inclusion, with 174 ultimately being incorporated into the final analysis. Fifteen 
patients were excluded as they failed to meet the inclusion criteria, which required a diagnosis of multiple sclerosis (MS), a relapsing-remitting disease 
course and autologous haematopoietic stem cell transplantation (aHSCT) performed for MS at any of the seven Swedish transplantation centres before 1 
January, 2020. Thirty patients had progressive MS at aHSCT and were excluded. An additional 12 did not fulfil the requirements for the minimal dataset, 
which were data on disease course at the time of transplantation, date of transplantation, data on conditioning regimen and at least one follow-up visit. 
EBMT, European Society for Blood and Marrow Transplantation; SMSreg, Swedish MS registry.
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and table 2. Notably, all instances of CDW occurred inde-
pendent of relapses, and there was no relapse-associated 
worsening. An ad hoc analysis was made to determine the 
further clinical course in the 48 patients who displayed 
evidence of disease activity after AHSCT. A new baseline 
was set after the first instance of disease activity. After a 
median follow-up time of 6.2 years (IQR: 5.1–7.4), 5 
patients exhibited CDW, 12 suffered from a clinical relapse 
and 16 patients had an MRI event. The Kaplan-Meier esti-
mate of NEDA was 62% (95% CI 49% to 79%) 5 years after 
rebaselining.

Annualised relapse rate
The annualised relapse rate was 1.7 (±SD: 1.9) in the year prior 
to aHSCT and 0.035 (±SD: 0.12) during the follow-up period 
(p<0.0001).

Proportion of patients with confirmed disability improvement
Of the 149 patients with any degree of disability at baseline 
(EDSS≥2), 80 (54%) improved in disability, 55 (37%) were 
stable and 14 (9%) deteriorated at the end of follow-up. The 
proportions of patients with changes in disability at different 
time points are presented in figure 4.

EDSS change
The median EDSS at baseline was 3.5 (IQR: 2–4). The evolution 
of EDSS over the first 3 years is shown in figure 5. At the last 
follow-up, the median EDSS was 2 (IQR: 1–3.5), significantly 
lower than at baseline (p<0.0001).

Safety
To assess the safety of aHSCT, we analysed mortality, need for 
intensive care and severe AEs. The mean number of severe AEs 
per patient was 1.7 (±SD: 1.5) for grade 3 events and 0.06 
(±SD: 0.3) for grade 4 events. Thirty patients (18%) did not 
experience any severe AE (those directly related to the proce-
dure excluded). The frequencies of all severe AEs are presented 
in table 3.

Overall mortality
One patient in the cohort died during the follow-up period. The 
deceased patient had pre-existing depression and a history of 
a suicide attempt. The cause of death was attributed to suicide 
precipitated by substance abuse. The death occurred more than 
6 years after aHSCT, and this event was deemed unrelated to the 
treatment.

Intensive care
Five patients were admitted for intensive care, with a median 
duration of 2 days (range: 1–2). The reasons for intensive care 
were correction of hyponatraemia (n=2), sepsis and hypoxia 
(n=1), febrile neutropenia and hypotonia (n=1), and pulmo-
nary embolism in combination with perimyocarditis with a tran-
sient decrease in left ventricle ejection fraction to 30% (n=1).

Febrile neutropenia
Febrile neutropenia was the most frequently observed AE linked 
to aHSCT, affecting 125 patients (72%) Intravenous antibiotics 
were administered to 138 patients (79%).

Bacterial infections
Bacterial infection was verified through culture in 61 patients 
(35%) at any time from stem cell mobilisation to day+100. The 
most common bacterial species were Escherichia coli (n=20 
patients), alpha streptococci (n=8) and coagulase negative 
streptococci (n=6). The most common clinical infections were 
septicaemia (n=20), urinary tract infections (n=17), and venous 
catheter-related infections (n=4).

Common AEs
Other common AEs included hypokalaemia, which affected 31 
patients (18%) and was associated with the use of hyperhydra-
tion and furosemide in half of the cases. There were no recorded 
arrhythmias. Nausea interfering with dietary intake and requiring 

Table 1  Baseline patient characteristics

n=174 No of patients (%)

Age in years (range: 9–58)

 � 0–9 1 (0.6)

 � 10–19 6 (3.4)

 � 20–29 70 (40)

 � 30–39 68 (39)

 � 40–49 26 (15)

 � 50–59 3 (1.7)

 � Sex

 � Female 112 (64)

 � Male 62 (36)

Comorbidities*

 � Depression 7 (4.0)

 � Obesity 5 (2.9)

 � Asthma 5 (2.9)

 � Bipolar disorder 4 (2.3)

 � Anxiety disorder 4 (2.3)

 � Mb Crohn 3 (1.7)

 � Hypertension 3 (1.7)

 � Psoriasis 3 (1.7)

 � Prior malignancy† 2 (1.1)

 � Diabetes mellitus 2 (1.1)

 � Chronic renal disease 2 (1.1)

 � Rheumatoid arthritis 2 (1.1)

 � Prior deep vein thrombosis 2 (1.1)

 � Thyrotoxicosis 2 (1.1)

 � Ankylosing spondylitis 2 (1.1)

 � Irritable bowel syndrome 2 (1.1)

 � No comorbidity 122 (70)

EDSS at aHSCT‡

 � 0–1.5 23 (13)

 � 2–3.5 88 (51)

 � 4–5.5 38 (22)

 � 6–6.5 16 (9.2)

 � 7–9.5 8 (4.6)

Gadolinium-enhancing lesions at aHSCT§

 � 0 91 (57)

 � 1–9 44 (28)

 � 10–20 11 (6.9)

 � >20 13 (8.2)

*Comorbidities with a frequency of more than 1%.
†Two cases of breast cancer.
‡Data missing for one patient.
§Fifteen patients did not have a contrast-enhanced MRI scan at baseline.
aHSCT, autologous haematopoietic stem cell transplantation; EDSS, Expanded 
Disability Status Scale.
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parenteral nutrition occurred in 14 patients (8.0%). ATG-
associated serum sickness requiring steroids or intravenous fluids 
affected 11 patients (6.3%). Thromboembolic events occurred 
in eight patients (4.6%): deep vein thrombosis (n=5), vascular 
access thrombosis (n=2) and pulmonary embolism (n=1). One 
case of autoimmune disease (immunological thrombocytopenic 
purpura) occurred in the first 100 days following aHSCT.

There were few associations between AEs and pre-existing comor-
bidities. The only grade 4 psychiatric AE happened in a patient with 
pre-existing bipolar disorder and the only grade 4 thromboembolic 
event occurred in a patient with heterozygote activated protein C 
resistance. Gastrointestinal AEs with grade 3 diarrhoea occurred in 
one patient with pre-existing Crohn’s disease and in another who 
had undergone a gastric by-pass procedure.

EBV and CMV
None of the patients developed EBV-related or CMV-related 
disease. In 59 patients, at least one PCR test showed detectable 
EBV levels, while 49 patients had PCR tests positive for CMV. 
In the majority of cases, low levels of EBV and CMV reactiva-
tions (below 900 copies/mL) were detected in a single blood 
sample from asymptomatic patients. Twenty-one patients had 
measurable EBV levels in at least two samples, but only one 
received rituximab treatment as a preventive measure. In the 
case of CMV, eight patients had persistent, measurable levels 
in at least two samples. Five of these patients received pre-
emptive oral treatment for CMV, while one patient required 
intravenous therapy. Data were unavailable for five patients.

Figure 2  Current and previous treatments. This Sankey diagram shows disease-modifying treatments used before and after autologous haematopoietic 
stem cell transplantation (aHSCT). Twenty-three patients had not used any disease-modifying treatment prior to aHSCT. ALZ, alemtuzumab; DMF, dimethyl 
fumarate; FLM, fingolimod; GLA, glatiramer acetate; IFN, interferon; IVIG, intravenous IgG; MTX, mitoxantrone; NZB, natalizumab; RTX, rituximab; TMF, 
teriflunomide.

Figure 3  Primary and secondary endpoints. Kaplan-Meier curves for the primary endpoint: no evidence of disease activity (NEDA), and for the secondary 
endpoints: freedom from MRI events, freedom from clinical relapses and freedom from confirmed disability worsening (CDW).
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Other viral and fungal infections
Other viral infections were verified in 23 patients (13%). Respi-
ratory viruses (rhinoviruses, adenoviruses and coronaviruses) 
were found in eight patients. Four patients tested positive for 
BK virus, with three cases detected exclusively in urine and one 
case found in both urine and plasma. All four of these patients 
had undergone cyclophosphamide conditioning. Notably, no 
instances of haemorrhagic cystitis were observed. Herpes zoster 
reactivation was documented in three patients. In the full cohort, 
only 1.7% (n=3 patients) had a confirmed localised fungal infec-
tion. Two of these patients presented with oral candidiasis, while 
the third had vaginal candidiasis. Importantly, no cases of inva-
sive fungal infection were seen.

DISCUSSION
A key finding of this cohort study of 174 RRMS patients is 
that treatment with aHSCT was followed by maintenance of 
NEDA over 5 years in 73% of patients, without compromising 
safety. There was no treatment-related mortality and AEs were 
manageable. These findings support what is currently the only 
randomised controlled trial of aHSCT for RRMS,12 suggesting 
that the results are generalisable to routine healthcare settings.

One of the advantages of aHSCT is that it is a one-time treat-
ment, allowing for comparison with immune replacement ther-
apies such as alemtuzumab and cladribine. While direct trial 
comparisons are generally discouraged, factors such as age, 
disease duration, annualised relapse rate and the percentage 
of patients with gadolinium-enhancing lesions at baseline were 
reasonably comparable between the CARE-MS trials and our 
study. In the CLARITY trial, however, patients were older, had 
longer disease durations and a lower percentage of participants 
had gadolinium-enhancing lesions at baseline, suggesting a 
slightly less inflammatory disease. Disability was lower in both 
CARE-MS trials and CLARITY, indicating that patients in our 
trial had more severe disease. The proportion of patients main-
taining NEDA over 2 years (88%) was considerably higher than 
that reported in the CARE-MS I and II studies of alemtuzumab 
(32%–39%)22 23 and the CLARITY study of cladribine (47%).24 
A previous study comparing outcomes of patients treated with 
aHSCT or alemtuzumab at two Swedish centres reported similar 
results, with the Kaplan-Meier estimate of NEDA at 3 years 
being 88% for aHSCT and 37% for alemtuzumab.13

A substantial number of patients were followed for more than 
5 years. At the 10-year mark, 65% of patients still maintained 

Table 2  Kaplan-Meier estimates of NEDA and freedom from clinical relapses, MRI events and CDW by year

Year

Clinical relapse MRI event CDW NEDA

KM 95% CI KM 95% CI KM 95% CI KM 95% CI

1 95% 92% to 98% 99% 97% to 100% 98% 96% to 100% 92% 88% to 96%

2 92% 89% to 96% 97% 94% to 100% 96% 94% to 99% 87% 82% to 93%

3 91% 87% to 96% 94% 91% to 98% 95% 91% to 98% 83% 77% to 89%

5 87% 82% to 93% 88% 83% to 94% 91% 87% to 96% 73% 66% to 80%

10 86% 80% to 92% 79% 69% to 90% 87% 80% to 94% 65% 56% to 74%

CDW, confirmed disability worsening; KM, Kaplan-Meier estimate; NEDA, no evidence of disease activity.

Figure 4  Changes in disability over time. Proportions of patients with confirmed disability improvement (CDI), stable disability and confirmed disability 
worsening (CDW) at different timepoints. Scores on the Kurtzke Expanded Disability Status Scale (EDSS) at baseline were compared with the EDSS scores at 
3, 5 and 10 years as well as with the EDSS scores at last follow-up. Only patients with some degree of disability (EDSS≥2) were taken into account for this 
analysis.
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NEDA and 88% did not experience disability worsening. These 
results indicate a durable response, further emphasised by the 
low number of patients requiring additional treatment after 
aHSCT and the low conversion rate from RRMS to SPMS. 
These figures are slightly more favourable than those reported in 
a study of Italian patients treated with the BEAM conditioning 
regimen,25 which may reflect differences in disease severity and 
emphasises the importance of early intervention.

The indication for aHSCT in Sweden evolved during the 
study period. Initially considered a rescue treatment, reserved 
for patients with the most aggressive forms of MS where other 
treatment options were considered futile.26 The indication was 
later changed to include patients with active disease despite 
adequate course of treatment with at least one DMT or with 
rapidly evolving severe RRMS defined by at least two disabling 
relapses in 1 year with evidence of MRI disease activity, similar 
to the European Medicines Agency label for natalizumab. Conse-
quently, this group represents individuals with a poor long-term 
prognosis; nevertheless, aHSCT was associated with an improve-
ment in EDSS at group level. Nearly half of the patients were 
free from disability 3 years after aHSCT, a significant increase 
from the 13% who had no disability at baseline. Over half of 
those with disability at baseline improved after aHSCT, and 
only 9% had worsened at the last follow-up. This improvement 
distinguishes aHSCT from standard DMTs. Although this was 
an observational study where parts of the improvement can be 
explained by regression to the mean, the proportion of patients 
with improvement in EDSS was very similar to that reported in 
the randomised controlled Multiple Sclerosis International Stem 
Cell Transplant trial.12

The comprehensive analysis of medical records allowed us to 
obtain high-resolution safety data, presenting the full range of 
severe AEs directly related to the procedure. All AEs could be 
managed using standard procedures at a tertiary referral hospital. 
Several commonly anticipated AEs, such as hypokalaemia 
resulting from loop diuretic use, serum sickness after rATG 
administration and elevated hepatic transaminases following 
cyclophosphamide treatment, were all resolved before hospital 

discharge. Hypokalaemia episodes did not lead to any observed 
arrhythmias. Only six patients (3.4%) experienced grade 4 AEs, 
which occurred evenly throughout the study period.

The most frequent severe AEs were febrile neutropenia and 
infectious complications, both of which are generally expected 
during the transient impairment of the immune system after 
conditioning. We observed a higher incidence of febrile neutro-
penia compared with most previous studies. One potential 
explanation could be that oral ciprofloxacin, instead of intrave-
nous antibiotics, is used for bacterial prophylaxis after aHSCT 
in Sweden. Eight patients in this study received prophylaxis 
with intravenous antibiotics and had comparable rates of febrile 
neutropenia, but none of them had any positive bacterial cultures. 
We defined febrile neutropenia as measurements of fever during 
neutropenia, and not, as in several previous studies, as positive 
bacterial cultures. Conversely, earlier research indicated a high 
prevalence of EBV and CMV reactivations following aHSCT for 
MS,27 28 while our study found a very low frequency of clinically 
relevant EBV and CMV reactivations despite active monitoring. 
Taking together data from our and previous studies, although 
varying types of infections are unavoidable in conjunction with 
aHSCT, we believe that the low risk of severe complications 
should not deter patients from undergoing this procedure in 
situations where the clinical benefits are considered to be high.

Acknowledging a low capture rate of AEs by review of medical 
records, we deliberately chose not to gather data on AEs beyond 
the initial 3 months. For reference, we recently published a 
registry linkage study on a largely overlapping patient cohort 
treated with aHSCT (n=139), and compared safety outcomes 
with patients treated with alemtuzumab (n=132) and a large 
reference population (n=2486) treated with regular DMTs.29 
Data from SMSreg were linked to a series of national demo-
graphic and health registers with excellent coverage, including 
the mortality register, cancer register and national patient 
register. The study revealed a moderately elevated risk of infec-
tions requiring hospital care with aHSCT, also beyond the first 
6 months. Thyroid disease was also more common compared 
with the reference population, but significantly lower than with 

Figure 5  Proportions of patients with different levels of disability over time. Disability strata defined using the Kurtzke Expanded Disability Status Scale 
(EDSS) from baseline and over the first 3 years after autologous haematopoietic stem cell transplantation. No disability was defined as EDSS 0–1.5, mild-to-
moderate disability as EDSS 2–3.5, significant disability as EDSS 4–5.5, severe disability as EDSS 6–6.5 and very severe disability as EDSS 7–9.5.
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alemtuzumab. Importantly, no malignancies were noted in the 
aHSCT group. Apart from the same fatal case reported here, 
there were no additional mortalities with aHSCT, compared 
with four with alemtuzumab.29

This study was an observational cohort study, inherently 
limited by the absence of a control group. Some data may have 
been missing, potentially leading to underreporting, primarily 
of AEs. To ensure data accuracy in SMSreg, an on-site neurolo-
gist cross-verified each patient’s register data with their medical 
health records. When any patient’s medical record is accessed in 
Sweden, the patient’s vital status is automatically synchronised 
with the Swedish Tax Agency’s records, which are updated 
daily. Consequently, we have complete and up-to-date mortality 
data for all patients, regardless of their last follow-up visit, and 
hence can confirm that no patient in the study cohort died from 
COVID-19 during the recent pandemic. The absence of a control 
group precludes definitive conclusions about the effect size in 
comparison to other RRMS treatments and makes it impos-
sible to estimate the magnitude of the regression to the mean. 
Conversely, notable strengths of this study are the near-complete 
coverage, high data density and granularity of the SMSreg.

In summary, our findings demonstrate that aHSCT for RRMS 
is feasible within regular healthcare and can be performed 
without compromising safety. Our study corroborates the results 
observed in the only randomised controlled trial conducted to 
date.12 We believe that aHSCT could benefit a greater number 
of MS patients and should be included as a standard of care for 
highly active MS.
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Correction notice  This article has been corrected since it first published online. 
The authors state in their "Methods" section that “The Cy-ATG protocol was 
given during 5 days and included cyclophosphamide 200 mg/kg, rATG 10 mg/kg 
and 5000 mg methylprednisolone, including tapering after stem cell infusion, and 
hyperhydration and uromitexan to prevent haemorrhagic cystitis.” The stated dosage 
of rATG 10 mg/kg is incorrect and should instead be 6 mg/kg, so that the corrected 
sentence reads “The Cy-ATG protocol was given during 5 days and included 
cyclophosphamide 200 mg/kg, rATG 6 mg/kg and 5000 mg methylprednisolone, 
including tapering after stem cell infusion, and hyperhydration and uromitexan to 
prevent haemorrhagic cystitis.” The 10 mg/kg dosage stated for BEAM-ATG regimen 
in the same section remains correct. 

Table 3  Severe adverse events by frequency
n=174 Grade 3 (%) Grade 4 (%)

Febrile neutropenia* 119 (68.4) 6 (3.4)

Hypokalaemia† 31 (17.8) –

Nausea 14 (8.0) –

Serum sickness 11 (6.3) –

Oral mucositis 9 (5.1) –

Diarrhoea 9 (5.1) –

Elevated transaminases 9 (5.1) –

Hypoalbuminaemia 7 (4.0) –

Hypotension 6 (3.4) –

Fatigue 5 (2.9) –

Anorexia 5 (2.9) –

Hyperglycaemia 5 (2.9) –

Pericarditis 2 (1.1) 1 (0.6)

Depression 2 (1.1) 1 (0.6)

Thromboembolic event 2 (1.1) 1 (0.6)

Skin/soft tissue infection (non-neutropenic)‡ 3 (1.7) –

Vascular access thrombosis 3 (1.7) –

Pneumonia (non-neutropenic)‡ 3 (1.7) –

Catheter-related infection (non-neutropenic)‡ 3 (1.7) –

Cytokine release syndrome 3 (1.7) –

Myalgia 3 (1.7) –

Vomiting 3 (1.7) –

Elevated gamma-GT 3 (1.7) –

Heart failure 1 (0.6) 1 (0.6)

Hyponatraemia 1 (0.6) 1 (0.6)

Sepsis (non-neutropenic)‡ 2 (1.1) –

Infectious enterocolitis (non-neutropenic)‡ 2 (1.1) –

Fever 2 (1.1) –

Seizures 2 (1.1) –

Urticaria 2 (1.1) –

Syncope 2 (1.1) –

Abdominal pain 2 (1.1) –

Postherpetic pain 2 (1.1) –

CMV reactivation 1 (0.6) –

EBV reactivation 1 (0.6) –

Varicella zoster 1 (0.6)

Pyelonephritis (non-neutropenic)‡ 1 (0.6) –

Non-infectious enterocolitis 1 (0.6) –

Atrial fibrillation 1 (0.6) –

Hypoxia 1 (0.6) –

Pulmonary infiltrates 1 (0.6) –

Interstitial oedema in lungs 1 (0.6) –

Renal insufficiency 1 (0.6) –

Allergic reaction 1 (0.6) –

Leucocytosis 1 (0.6) –

Immunological thrombocytopaenia 1 (0.6) –

Mania 1 (0.6) –

Hallucinations 1 (0.6) –

Hemichorea 1 (0.6) –

Skeletal pain 1 (0.6) –

Genital herpes simplex infection 1 (0.6) –

Vaginal haemorrhage 1 (0.6) –

Elevated alkaline phosphatase 1 (0.6) –

All grades 3 and 4 adverse events according to CTCAE V.5.0 for all patients from start of mobilisation 
to day +100 after aHSCT. Anaemia, neutropenia, leucopenia and thrombocytopaenia as well as 
transient alopecia and amenorrhoea were expected during the first weeks after aHSCT, and were 
excluded. Neurological adverse events assessed as manifestations of MS were not included. There were 
no grade 5 adverse events.
*Febrile neutropenia comprises all episodes of fever (according to CTCAE V.5.0) regardless of clinical 
infection occurring during the neutropenic phase following stem cell mobilisation and conditioning.
†Hypokalaemia was associated with furosemide treatment after hyperhydration in 15 patients.
‡Occurring outside the neutropenic phase.
aHSCT, autologous haematopoietic stem cell transplantation; CMV, cytomegalovirus; CTCAE, Common 
Terminology Criteria for Adverse Events; EBV, Epstein-Barr virus.
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