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IMPORTANCE Hematopoietic stem cell transplantation (HSCT) represents a potentially useful
approach to slow or prevent progressive disability in relapsing-remitting multiple sclerosis (MS).

OBJECTIVE To compare the effect of nonmyeloablative HSCT vs disease-modifying therapy
(DMT) on disease progression.

DESIGN, SETTING, AND PARTICIPANTS Between September 20, 2005, and July 7, 2016, a total
of 110 patients with relapsing-remitting MS, at least 2 relapses while receiving DMT in the prior
year, and an Expanded Disability Status Scale (EDSS; score range, 0-10 [10 = worst neurologic
disability]) score of 2.0 to 6.0 were randomized at 4 US, European, and South American
centers. Final follow-up occurred in January 2018 and database lock in February 2018.

INTERVENTIONS Patients were randomized to receive HSCT along with cyclophosphamide
(200 mg/kg) and antithymocyte globulin (6 mg/kg) (n = 55) or DMT of higher efficacy
or a different class than DMT taken during the previous year (n = 55).

MAIN OUTCOMES AND MEASURES The primary end point was disease progression, defined as
an EDSS score increase after at least 1 year of 1.0 point or more (minimal clinically important
difference, 0.5) on 2 evaluations 6 months apart, with differences in time to progression
estimated as hazard ratios.

RESULTS Among 110 randomized patients (73 [66%] women; mean age, 36 [SD, 8.6] years),
103 remained in the trial, with 98 evaluated at 1 year and 23 evaluated yearly for 5 years
(median follow-up, 2 years; mean, 2.8 years). Disease progression occurred in 3 patients in
the HSCT group and 34 patients in the DMT group. Median time to progression could not be
calculated in the HSCT group because of too few events; it was 24 months (interquartile
range, 18-48 months) in the DMT group (hazard ratio, 0.07; 95% CI, 0.02-0.24; P < .001).
During the first year, mean EDSS scores decreased (improved) from 3.38 to 2.36 in the HSCT
group and increased (worsened) from 3.31 to 3.98 in the DMT group (between-group mean
difference, −1.7; 95% CI, −2.03 to −1.29; P < .001). There were no deaths and no patients who
received HSCT developed nonhematopoietic grade 4 toxicities (such as myocardial infarction,
sepsis, or other disabling or potential life-threatening events).

CONCLUSIONS AND RELEVANCE In this preliminary study of patients with relapsing-remitting
MS, nonmyeloablative HSCT, compared with DMT, resulted in prolonged time to disease
progression. Further research is needed to replicate these findings and to assess long-term
outcomes and safety.
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R elapsing-remitting multiple sclerosis (MS) is an
immune-mediated disorder of the central nervous
system.1 Despite a 2013 annual cost of treatment with

disease-modifying therapy (DMT, such as interferons, glati-
ramer acetate, fingolimod, natalizumab, or dimethyl fuma-
rate) of approximately $65 000 per patient,2,3 the proportion
of patients with no evidence of disease activity (defined as
no progression, no relapses, and no new or enlarging lesions
on magnetic resonance imaging [MRI]) is 30% to 50% after 2
years of treatment and approximately 18% after 4 years of
treatment.4 The majority of patients with relapsing-remitting
MS eventually enter an axonal degenerative phase of irre-
versible and progressive disability for which there are no sig-
nificant efficacious therapies and during which there is an
increase in disease-related mortality.5,6

Unlike DMT, hematopoietic stem cell transplantation
(HSCT) is designed to eliminate autoreactive lymphocytes
and restart a new immune system in a non-inflammatory
environment without costimulatory signals.7-9 A previous
case series of nonmyeloablative HSCT for relapsing-remitting
MS found improvement in neurologic disability and a 4-year
disease-free remission of 70%.10 The purpose of this study,
the Multiple Sclerosis International Stem Cell Transplant
(MIST) randomized clinical trial, was to compare the effects
of nonmyeloablative HSCT with continued DMT treatment
on disease progression among patients with highly active
relapsing-remitting MS.

Methods
The trial was approved by the US Food and Drug Administra-
tion (FDA) and by institutional review boards and research eth-
ics committees at each study site. All patients provided writ-
ten informed consent.

Study Design and Inclusion Criteria
This open-label randomized clinical trial was conducted at 4
centers, and patients were enrolled between 2005 and 2016.
Northwestern University (Chicago, Illinois) enrollment began
in 2005, Sheffield Teaching Hospitals NHS Foundation Trust
& University of Sheffield (Sheffield, England) enrollment
began in 2014, University of Uppsala (Uppsala, Sweden)
enrollment began in 2011, and University of São Paulo
(Ribeirão Preto, Brazil) enrollment began in 2009. The study
protocol was developed by the investigators in 2005 and was
updated in 2017 for clarification after a scheduled institu-
tional review board review. The updated protocol is available
in Supplement 1. For this study, the final date of follow-up
was January 31, 2018, and the database lock for data analy-
sis was February 1, 2018.

Inclusion criteria were relapsing-remitting MS according
to McDonald criteria,11 age 18 to 55 years, 2 or more clinical
relapses or 1 relapse and MRI gadolinium-enhancing
lesion(s) at a separate time within the previous 12 months
despite receiving treatment with DMT, and an Expanded
Disability Status Scale (EDSS) score between 2.0 and 6.0.
Exclusion criteria were primary or secondary progressive

multiple sclerosis; hereditary neurologic diseases; preg-
nancy; pulmonary, cardiac, renal, or liver dysfunction;
abnormal platelet or white blood cell counts; active infec-
tion; prior treatment with alemtuzumab or mitoxantrone; or
use of natalizumab within the prior 6 months, fingolimod
within 3 months, or, for teriflunomide (which undergoes
extensive enterohepatic recycling), failure of oral cholesty-
ramine to decrease teriflunomide to a plasma concentration
of less than 0.02 µg/mL.

Randomization and Interventions
Patients were randomized to receive DMT or HSCT. Study
coordinators at each site were notified by email of random-
ization via computer-generated block sequences of size
4 and 6.

Patients randomized to the DMT group received an
FDA-approved DMT of higher efficacy or a different class
than the therapy they were taking at the time of randomiza-
tion, based on the judgment of their treating neurologist.
In addition to DMT, patients in this group could receive
immune-modulating or immunosuppressive drugs such
as methylprednisolone, rituximab, intravenous immuno-
globulin, or cyclophosphamide. Ocrelizumab was excluded
because the study completed enrollment in 2016 and ocreli-
zumab was not FDA licensed until 2017. Alemtuzumab was
excluded because of drug-related persistent lymphopenia
and autoimmune disorders12-14 that might increase compli-
cations and risk related to HSCT in the crossover group.
After at least 1 year of treatment, patients in the DMT group
who experienced progression of disability could cross over
to receive HSCT.

For patients randomized to the HSCT group, use of DMT
was discontinued and variable washout periods were ob-
served before admission for HSCT (6 months for natali-
zumab, 3 months for fingolimod and dimethyl fumarate, and
4 months for rituximab). Patients who were receiving teriflu-
nomide underwent either oral cholestyramine or activated
charcoal clearance. Interferons and glatiramer acetate were
continued until mobilization. After HSCT, patients did not re-
ceive immune-based therapies unless they experienced clini-
cal relapse, new lesions on MRI, or both.

Key Points
Question Is nonmyeloablative autologous hematopoietic stem
cell transplantation (HSCT) more effective than disease-modifying
therapy for patients with highly active relapsing-remitting multiple
sclerosis (MS)?

Findings In this randomized clinical trial that included 110 patients
with relapsing-remitting MS, treatment with nonmyeloablative
HSCT compared with disease-modifying therapy resulted in a
significantly prolonged time to disease progression (hazard ratio,
0.07).

Meaning In this preliminary study, nonmyeloablative HSCT was
more effective than disease-modifying therapy for patients with
relapsing-remitting MS.
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HSCT Procedures
Peripheral blood stem cells were collected 10 days after intra-
venous cyclophosphamide (2 g/m2) and 5 to 10 µg/kg per day
of subcutaneous filgrastim beginning 5 days after cyclophos-
phamide. The immune ablative regimen was intravenous cy-
clophosphamide, 50 mg/kg per day on days −5 to day −2 be-
fore stem cell infusion (day 0) and rabbit antithymocyte
globulin, 0.5 mg/kg on day −5, 1.0 mg/kg on day −4, and
1.5 mg/kg on days −3, −2, and −1. Methylprednisolone (1000
mg) was infused 30 minutes prior to rabbit antithymocyte
globulin infusion. Beginning on day 0, daily oral prednisone
was dosed at 60 mg for 3 days, 40 mg for 2 days, 20 mg for 2
days, and 10 mg for 2 days.

Blood products were irradiated, cytomegalovirus safe, and
leukocyte depleted. Filgrastim (5-10 µg/kg per day) was started
on day +4 and continued until engraftment. Hydration (125-
150 mL normal saline per hour), diuretics, and intravenous
mesna were continued until 24 hours after the last dose of cy-
clophosphamide. A Foley catheter was placed in patients with
greater than 60 mL of postvoid urinary residual. Intravenous
cephalosporin was started on day 0. Intravenous vancomy-
cin was added for a febrile episode. Methylprednisolone (250
mg) was infused for rabbit antithymocyte globulin–related fe-
ver. Oral acyclovir was started on admission and continued for
1 year. Oral fluconazole was started on day +2, and oral tri-
methoprim-sulfamethoxazole or monthly nebulized pentami-
dine was started after platelet engraftment and continued for
3 months. Cytomegalovirus viral load was monitored for 90
days and was treated preemptively by switching from acyclo-
vir to oral valganciclovir (900 mg twice daily) until testing nega-
tive by quantitative polymerase chain reaction.

Outcomes
The primary end point was time to disease progression, de-
fined as an increase (worsening) in EDSS score of at least 1 point
on 2 evaluations 6 months apart after at least 1 year of
treatment,15 and not due to a non-MS disease process. If pa-
tient had a fever or infection, the evaluation was postponed
until symptoms resolved. Progression may be defined as an in-
crease in EDSS score of at least 0.5 points in patients with high
disability scores (EDSS score >6.0) but an increase of at least
1.0 is generally used as in this study for moderate levels of dis-
ability (EDSS score 2-6).15,16 The numerical EDSS score ranges
from 0 to 10 in 0.5-point increments from no neurologic dis-
ability (0) to worst neurologic disability (10) .17 A neurologist
masked to treatment group assignment documented the EDSS
evaluations. Because transient alopecia is common after HSCT,
all patients, regardless of treatment allocation, wore a wig dur-
ing the neurologic evaluation.

Prespecified secondary end points included survival;
relapses; Neurologic Rating Scale (NRS) (range, 0-100 in
1-point increments from worst [0] to no [100] disability;
minimal clinically important difference, 10)1 8; MRI
T2-weighted lesion volume; Short Form 36 quality-of-life
score (range, 1-100; higher scores indicate more favorable
health state); Multiple Sclerosis Functional Composite
(MSFC) score, which incorporates a timed 25-ft walk test; the
9-Hole Peg Test; and the Paced Auditory Serial Addition Test

(PASAT).19 The NRS was assessed by a neurologist who was
masked to treatment group assignment. Ambulation index
was prespecified but is not reported because of quantitative
documentation of gait via the timed 25-ft walk test.

Relapses were defined as neurologic symptoms lasting
more than 24 hours; not associated with infection, fever, or
heat intolerance; and deemed to require corticosteroids and
were documented by an investigator who was not masked to
treatment assignment. T2-weighted lesion volume on MRI was
reported as percentage change from baseline.20

For the MRI assessments, patients underwent scanning
procedures on the same type of scanner (General Electric or
Siemens) and same magnet strength for their initial scan.
Postcontrast T1-weighted imaging was obtained 5 minutes
after intravenous infusion of gadolinium (a single dose of
0.1 mmol/kg). Patient positioning inside the scanner was
standardized per the University of Texas MRI Analysis Center
(Houston) imaging acquisition manual. T2-weighted lesion
volume was determined using semiautomated contouring
technique via J imaging software (National Institutes of
Health; https://imagej.nih.gov/ij/docs/faqs.html). The same
observer (X.H.) marked all lesions, and an experienced reader
(F.N.) masked to treatment group assignment randomly
reviewed MRI scans for accuracy.

Post hoc end points included evaluation of time to first re-
lapse in the HSCT and DMT groups; outcomes in the subset of
patients in the DMT group treated with natalizumab; evalua-
tion for no evidence of disease activity (ie, no progression, no
relapses, and no new or enlarging lesions on MRI in the entire
study group); evaluation of clinical outcomes for patients in
the DMT group who crossed over to receive HSCT; and evalu-
ation of the entire study cohort to assess the effects of dis-
ease duration or study site on disease progression.

Transplantation-related adverse events were graded
according to the National Cancer Institute’s Common Toxic-
ity Criteria version 2.0 for grade 3 or 4 nonhematopoietic tox-
icity for all organs.21 For the DMT group and for the HSCT
group after transplantation discharge, recorded adverse
events included hospitalizations, emergency department vis-
its, infections other than uncomplicated upper respiratory
tract infections, and new medical problems or diagnoses.

Statistical Analysis
Sample size was determined a priori based on a study of mi-
toxantrone 2-year progression of 8% and control 2-year pro-
gression of 25%.22 Assuming a 5-year progression of 45% for mi-
toxantrone, it was estimated that a sample size of 110 patients
(55 in each group) would provide at least 90% power to detect
a difference of 30% or more if the corresponding progression
rate in the HSCT group was 15%, with an α=.05.

Statistical differences in the primary outcome of time to
progression between the DMT and HSCT group were esti-
mated as hazard ratios. Between-group statistical differ-
ences in secondary outcomes (survival, number of relapses,
EDSS, NRS, T2-weighted lesion volume, 25-ft walk, 9-Hole
Peg Test, PASAT, and Short Form 36) were analyzed with the
Wilcoxon rank sum test. The MSFC score and z scores were
standardized to the patients within the trial and calculated
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in accordance with the National Multiple Sclerosis Society’s
MSFC Administrative and Scoring Manual23 (eTable 1 in
Supplement 2).

Post hoc analyses included time to first relapse and no
evidence of disease activity for the entire group and for the

subset of patients in the DMT group who were treated with
natalizumab, which were estimated via the Kaplan-Meier
method using the log-rank test. A mixed-effects analysis was
performed on the primary end point of time to progression
and adjusted by Cox proportional hazards modeling for dura-
tion of disease or transplantation site. The effect of site on
disease progression was assessed by incorporating site as a
random effect in the Cox regression model (ie, models were
adjusted by site). The proportional hazards assumption was
evaluated graphically by visualizing simulations of Schoen-
feld residual patterns. These patterns appeared symmetric
over time around 0, indicating that the proportional hazards
assumptions were met. Two-tailed paired signed rank tests
were used for comparison of prespecified EDSS, NRS, and
T2-weighted lesion volume for all patients undergoing HSCT
(including those who crossed over from the DMT group to
receive HSCT) and followed up for up to 5 years.

During the first year, 3.8% of clinic visits were missed;
thus, the number of individuals with missing data was small
and was deemed unlikely to influence the results, and com-
plete case analyses were performed without imputation for
missing values. Because MS is more prevalent in white per-
sons, race was documented based on physical examination
and history. However, because this approach may be unreli-
able for determining some race/ethnicity categories, this vari-
able was not reported.

Analyses were conducted using SAS version 9.4 (SAS In-
stitute Inc) and Microsoft Excel 2007. For the primary and sec-
ondary outcomes, statistical significance was based on a
2-sided significance threshold of P < .05. The thresholds for
significance were not adjusted for multiple comparisons; there-
fore, the findings from the secondary end points and post hoc
analyses should be considered exploratory.

Results
Patient Characteristics
Among 926 patients who were physician- or self-referred
for the trial, 634 were excluded after telephone screening,
electronic evaluation, or both and 182 were excluded after
history taking and physical examination. The most common
reasons for exclusion were the absence of 2 relapses in the
preceding 12 months or a diagnosis of progressive MS.
Among the 110 patients enrolled in the study, 55 were ran-
domized to each group. There were no significant differ-
ences between the HSCT and DMT groups in terms of sex,
age, baseline EDSS scores, number of gadolinium-enhancing
lesions, T2-weighted lesion volume on MRI before random-
ization, number of prior DMTs, or type of prior DMT or
immune treatments except for interferon beta-1a, which
was more common in the DMT group (Table 1). Duration of
disease before enrollment was numerically longer in the
DMT group, but the difference was not significant and dura-
tion was not related to disease progression in a mixed-
effects model.

Three patients in the HSCT group were subsequently with-
drawn from the study, 2 for having secondary progressive MS

Table 1. Baseline Demographics and Disease Characteristics

Characteristics

Hematopoietic
Stem Cell
Transplantation
(n = 55)

Disease-Modifying
Therapy (n = 55)

Sex, No. (%)

Men 21 (38) 16 (34)

Women 34 (62) 39 (66)

Age, y

Mean (SD) 35.6 (8.4) 35.6 (8.2)

Median (range) 34 (18-54) 36 (19-52)

Duration of disease, mo

Mean (SD) 63.1 (44.8) 84.8 (61.2)

Median (range) 56 (9-168) 65 (8-255)

Prior immune
modulation/suppression
history, No.

Corticosteroids 53 54

Glatiramer acetate 30 28

Interferon beta-1a (Rebif) 17 27

Interferon beta-1a (Avonex) 20 23

Dimethyl fumarate 12 12

Interferon beta-1b 15 11

Natalizumab 7 11

Intravenous immunoglobulin 3 3

Fingolimod 6 3

Teriflunomide 1 1

Plasmapheresis 0 1

Azathioprine 1 1

Methotrexate 1 0

No. of different immune
modulation/suppression
treatments before
hematopoietic stem cell
transplantation

Mean (SD) 3.2 (1.1) 3.2 (1.2)

Median (range) 3 (1-7) 3 (1-7)

Baseline disability on Expanded
Disability Status Scalea

Mean (SD) 3.4 (1.2) 3.3 (1.0)

Median (range)b 3.0 (1.5-6.5) 3.0 (1-6)

No. of gadolinium-enhancing
lesions on baseline MRI

Mean (SD) 4.5 (8.2) 4.9 (8.4)

Median (range) 2 (0-50) 2 (0-41)

MRI T2-weighted
lesion volume, cm3

Mean (SD) 16.4 (19.4) 12.5 (13.6)

Median (range) 8.2 (0.2-95) 8.6 (0.1-58)

Abbreviation: MRI, magnetic resonance imaging.
a Score range, 0-10 in 0.5-point increments; higher scores indicate higher

neurologic disability.10 An EDSS score of 3 indicates fully ambulatory but with
moderate disability in 1 functional system or mild disability in 3 or 4 functional
systems.

b The EDSS scores at the time of enrollment were 2.0 to 6.0 in all patients.
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and 1 for recurrent infections before receiving transplanta-
tion. The 2 cases of secondary progressive MS were identified
shortly after enrollment, and these patients were censored af-
ter review by each study site’s principal investigator, the data
and safety monitor, and FDA notification. Four patients in the
DMT group were lost to follow-up after seeking HSCT at out-
side facilities (Figure 1).

Patients in the DMT group were treated with DMT as deemed
appropriate by their treating neurologist, with a mean of 1.3 dif-
ferent DMTs per patient: 21 patients received natalizumab, 14 di-
methyl fumarate, 14 fingolimod, 9 glatiramer acetate, 7 inter-
feron beta-1a, 6 mitoxantrone, and 1 teriflunomide. In addition
to DMT, 38 patients received methylprednisolone, 2 received ri-
tuximab, and 1 patient each received plasmapheresis, intrave-
nous cyclophosphamide, or intravenous immunoglobulins.

Primary End Point
Disease progression (EDSS score increase of ≥1.0) occurred in
3 patients in the HSCT group and 34 patients in the DMT group,

with a median follow-up of 2 years (mean, 2.8 years). Median
time to progression could not be calculated in the HSCT group
because of too few events and was 24 months (interquartile
range, 18-48 months) in the DMT group (hazard ratio, 0.07; 95%
CI, 0.02-0.24; P < .001) (Figure 2A). For the HSCT group, the
proportion of patients with disease progression was 1.92% (95%
CI, 0.27%-12.9%) at 1 year and 2 years, 5.19% (95% CI, 1.26%-
20.1%) at 3 years, and 9.71% (95% CI, 3.0%-28.8%) at 4 and 5
years. For the DMT group, the proportion of patients with dis-
ease progression was 24.5% (95% CI, 14.7%-39.1%) at 1 year,
54.5% (95% CI, 40.7%-69.4%) at 2 years, 62.5% (95% CI, 48.3%-
76.7%) at 3 years, 71.2% (95% CI, 56.8%-84.2%) at 4 years, and
75.3% (95% CI, 60.4%-87.8%) at 5 years. In the HSCT group,
the mean EDSS score decreased (improved) from a pre-HSCT
score of 3.38 to 2.36 at 1 year (mean change, −1.02 points). In
the DMT group, the mean EDSS score increased (worsened)
from 3.31 to 3.98 at 1 year (mean change, +0.67 points). The
between-group difference in the change in EDSS scores from
baseline to 1 year was −1.7 (95% CI, −2.03 to −1.29; P < .001).

Figure 1. Participant Flow in the Multiple Sclerosis International Stem Cell Transplant Randomized Clinical Trial

926 Patients assessed

816 Excludeda

634 Ineligible after telephone or electronic screening

182 Ineligible after in-person evaluation
 50 Secondary progressive disease
 41 Not more than 2 relapses in prior 12 months
 34 No insurance approval
19 Newly diagnosed or mild burden of disease
18 Did not meet McDonald criteria11

8 Medical contraindications
7 Primary progressive disease
6 Otherc

207 Expanded Disability Status Scale score >6.0
170 Not aged 18-55 y

30 Newly diagnosed or mild burden of disease
16 No prior disease-modifying therapy

5 Medical contraindications
11 Otherb

485 Had <2 relapses in prior 12 mo
270 Primary or secondary progressive disease

110 Randomized

52
3

Included in primary analysis
Excluded (did not receive
intervention)

51
4

Included in primary analysis
Excluded (lost to follow-up after
outside transplantation)

55 Randomized to hematopoietic
stem cell transplantation
52 Received intervention as

randomized
3 Did not receive intervention

2 Found to have secondary
progressive disease

1 Had recurrent infections

55 Randomized to receive disease-
modifying therapy
55 Received intervention as

randomized

52 Completed 1-y follow-up 51 Completed 1-y follow-up
4 Lost to follow-up after receiving

hematopoietic stem cell
transplantation at outside facilities

31 Crossed over to receive
hematopoietic stem cell
transplantation

a Patients could have been ineligible
for more than 1 reason, so numbers
do not add to total.

b Four patients did not meet
McDonald criteria,11 3 had no
insurance approval, 1 pregnancy,
1 prior hematopoietic stem cell
transplantation in another country,
1 patient with psychosocial
problems, and 1 inability to commit
to follow-up.

c Two patients with prior use of
mitoxantrone, 1 died before
enrollment, 1 patient with drug
addiction, 1 patient with
psychosocial problems, and
1 declined hematopoietic stem cell
transplantation.
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Secondary End Points
There were no deaths in the HSCT group or in the DMT group.
In the first year, 36 (69%) of 52 patients relapsed in the DMT
group compared with 1 (2%) of 51 patients who relapsed in the
HSCT group (between-group difference, 78%; 95% CI, 64%-
88%; P < .001). For the HSCT group, the proportion of pa-
tients with relapse was 0% at 6 months, 1.92% (95% CI, 0.27%-
12.9%) at 1 year, 7.69% (95% CI, 2.96%-19.2%) at 2 years, 9.61%
(95% CI, 4.1%-22%) at 3 years, and 15.4% (95% CI, 8.01%-
28.4%) at 4 and 5 years. For the DMT group, the proportion of
patients with relapse was 51.9% (95% CI, 39.9%-65.6%) at 6
months, 64.8% (95% CI, 52.2%-77.2%) at 1 year, 72.2% (95%
CI, 66%-87.7%) at 2 years, 79.63% (95% CI, 68.1%-89.1%) at 3
years, 79.6% (95% CI, 68.1%-89.1%) at 4 years, and 85.2% (95%
CI, 74.5%-93.1%) at 5 years.

At 6 months and 1 year after randomization, EDSS, NRS,
and MRI T2-weighted lesion volume significantly improved
following HSCT compared with the DMT group (all P < .001)
(Table 2). The change in EDSS for each patient is shown in
eFigure 1 in Supplement 2. In the HSCT group, the mean
NRS score increased (improved) from a pre-HSCT score of
79.5 to 87.5 at 6 months and 88.3 at 1 year, and in the DMT
group, the mean NRS decreased (worsened) from 81.1 to
78.2 at 6 months and 79.5 at 1 year. The between-group dif-
ference in change in NRS scores at 1 year was 11.2 (95% CI,
8.08-14.29). In the HSCT group, mean MRI T2-weighted
lesion volume decreased from baseline 100% (16.2 cm3) to
75.5% (12.81 mm3) at 6 months and 68.3% (12.33 cm3) at 1
year compared with pre-HSCT baseline, whereas in the DMT
group baseline, mean MRI T2-weighted lesion volume
increased from 100% (12.54 cm3) to 129% (14.04 cm3) at 6
months and 134.3% (15.14 cm3) at 1 year. The between-group
difference in change in T2-weighted lesion volume at 1 year
was −66% (95% CI, −70.6% to −61.3%).

Total Short Form 36 quality-of-life scores significantly in-
creased following HSCT compared with the DMT group
(P < .001) (Table 2). In the HSCT group, the mean total Short
Form 36 score increased from 50.5 at baseline to 67.9 at 6 months
and 70.3 at 1 year, whereas in the DMT group, the mean total
Short Form 36 score decreased from 49.5 at baseline to 45.2 at
6 months and 46.1 at 1 year. The between-group difference in
change in Short Form 36 scores at 1 year was 23 (95% CI, 17.6-
28.9). The mean MSFC score increased (improved) in the HSCT
group (+0.32 at 1 year) and decreased (worsened) in the DMT
group (−0.31 at 1 year), for a between-group difference in change
in MSFC scores at 1 year of 0.51 (95% CI, 0.28-0.72; P < .001).
In the DMT group, the mean 25-ft walk time increased (wors-
ened) from 5.59 seconds to 7.01 seconds at 6 months and 7.96
seconds at 1 year, whereas in the HSCT group, the mean 25-ft
walk time decreased (improved) from 6.48 seconds at baseline
to 5.88 seconds at 6 months and 6.01 seconds at 1 year, for a be-
tween-group difference in change in 25-ft walk scores at 1 year
of −2.85 seconds (95% CI, −3.92 to −1.77 seconds; P < .001). In
the HSCT group, mean 9-Hole Peg Test scores decreased (im-
proved) from 30.81 seconds at baseline to 26 seconds at 6
months and 24 seconds at 1 year, but in the DMT group, 9-Hole
Peg Test scores increased (worsened) from 24.69 seconds at
baseline to 26.28 seconds at 6 months and 25.64 seconds at 1
year, for a between-group difference in change in scores at 1 year
of −8.03 seconds (95% CI, −11.3 to −4.76 seconds; P < .001). The
mean PASAT scores increased (improved) in both the DMT and
HSCT groups, and the between-group difference in change in
scores at 1 year was 0.22% (95% CI, −72.4% to 72.9%), which was
not statistically significant (P = .61).

Post Hoc Analysis
Median time to first relapse in the DMT group was 6 months
(interquartile range, 6-36 months), but data could not be

Figure 2. Time to Disease Progression and First Relapse Among Patients Receiving Hematopoietic Stem Cell Transplantation
vs Disease-Modifying Therapy
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Median follow-up time was 24 months (interquartile range, 12-48 months).
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calculated in the HSCT group because of too few events. The
hazard ratio for time to first relapse was 0.097 (95% CI, 0.045-
0.208; P < .001) (Figure 2B).

Proportions of patients with no evidence of disease activ-
ity were significantly different (P < .001) between the DMT and
HSCT groups (eFigure 2 in Supplement 2). For the HSCT group,
the proportion with no evidence of disease activity was 98.1%
(95% CI, 87.4%-99.7%) at 6 months and 1 year, 93.3% (95% CI,
80.6%-97.8%) at 2 years, 90.3% (95% CI, 75.9%-96.3%) at 3
years, and 78.5% (95% CI, 59.8%-89.5%) at 4 and 5 years. The
proportion with no evidence of disease activity in the DMT
group was 39.6% (95% CI, 26.6%-52.39%) at 6 months, 20.8%
(95% CI, 11%-32.5%) at 1 year, 11.9% (95% CI, 4.3%-23.6%) at 2
years, 5.93% (95% CI, 1.17%-16.6%) at 3 years, and 2.97% (95%
CI, 0.24%-12.8%) at 4 and 5 years.

In the DMT group, 21 patients received natalizumab. Two
left the study to receive HSCT at other sites and 19 were evalu-
able. For patients in the DMT group who received natali-
zumab, the proportion with progression (worsening on EDSS)
was 5.3% at 1 year, 24.3% at 2 years, 30.5% at 3 years, 46% at 4
years, and 67.6% at 5 years (eFigure 3 in Supplement 2). The pro-
portion of patients with relapse was 42.1% at 6 months, 69.3%
at 1 year, 75.4% at 2 years, 81.6% at 4 years, and 100% at 5 years.
The proportion with no evidence of disease activity was 52.6%
at 6 months, 31.6% at 1 year, 25.3% at 2 years, 12.6% at 3 years,
and 6.3% at 4 years (eFigure 2 in Supplement 2).

A mixed-effects analysis was performed on the primary end
point of time to progression and adjusted by Cox model for du-
ration of disease or transplantation site. Duration of disease
had no effect on progression in the HSCT group (adjusted haz-
ard ratio, 0.99; 95% CI, 0.95-1.03; P = .47) or in the DMT group
(adjusted hazard ratio, 1.00; 95% CI, 0.99-1.03; P = .98). There
was no significant difference between sites in the primary end
point of progression, except for in Sweden, which had a smaller
difference in the rate of progression between HSCT and DMT
(P = .05). The patients in Sweden had lower disability at the
time of enrollment (EDSS score, 2.7) compared with in the
United States (EDSS score, 3.4), England (EDSS score, 3.7), or
Brazil (EDSS score, 4.2).

Five-year outcomes after transplantation in the 52 pa-
tients in the HSCT group, the 31 patients in the DMT group who
crossed over to HSCT, and all 83 patients who underwent HSCT
are shown in eTable 2 in Supplement 2. For the 31 patients who
crossed over from the DMT group to receive HCST, there was
significant improvement in EDSS scores, NRS scores, and T2-
weighted lesion volume percentages. The outcomes for the com-
bined group of all 83 patients who underwent HSCT were com-
parable with the outcomes for the HSCT group alone (eTable 2).

Adverse Events
The median day of white blood cell engraftment (absolute neu-
trophil count >1000/μL) and day of hospital discharge after HSCT
were day +9 and +10, respectively. In the HSCT group, there were
no Common Toxicity Criteria grade 4 nonhematopoietic tox-
icities such as myocardial infarction, embolism, dialysis, sep-
sis, or need for pressor support; transfer to intensive care unit;
parenteral nutrition; surgery; or other disabling or potential life-
threatening events. Inpatient grade 3 toxicities are shown in

eTable 3 in Supplement 2. Inpatient infections included 1 case
of Clostridium difficile diarrhea, 1 Escherichia coli urinary tract
infection, and 1 culture-negative pneumonia. There were no
early or late fungal, Pneumocystis jirovecii, cytomegalovirus,
Epstein-Barr, or JC virus infections in either group.

In the HSCT group, posttransplantation infections were
16 upper respiratory tract infections (7 sinusitis; 2 each of
bronchitis, undefined pneumonia, and streptococcal pharyn-
gitis; and 1 each of influenza, respiratory syncytial virus, and
Mycoplasma pneumoniae), 6 urinary tract infections, 2 C diffi-
cile diarrhea, and 7 dermatomal varicella zoster reactivations.
In the DMT group, posttransplantation infections were 15
upper respiratory tract infections (6 sinusitis; 2 bronchitis; 2
influenza; and 1 each of streptococcal pharyngitis, undefined
pneumonia, M pneumoniae, tooth abscess, and otitis media),
8 urinary tract infections, and 2 varicella zoster reactivations.
The rate of infection per patient per year was 0.19 in the
HSCT group and 0.23 in the DMT group.

Idiopathic thrombocytopenic purpura occurred in 1 HSCT
patient and in 1 other patient in the HSCT group who relapsed
and started fingolimod and in whom idiopathic thrombocy-
topenic purpura recurred after a fingolimod rechallenge. One
thyroid nodule was reported in the DMT group. Three cases
of hyperthyroidism and 1 case of hypothyroidism were ob-
served in the HSCT group; all of these patients had received
interferon therapy before HSCT.

Discussion
Approximately 85% of patients with MS have relapsing-
remitting MS.1 In this preliminary study of patients with relaps-
ing-remitting MS, nonmyeloablative HSCT, compared with DMT,
resulted in prolonged time to disease progression. Patients in
the HSCT group also experienced improvement in other out-
comes including the EDSS, NRS, and MSFC and quality of life
as well as a decrease in MRI T2-weighted lesion volume.

To our knowledge, this is the first randomized trial of HSCT
in patients with relapsing-remitting MS. Other centers have re-
ported observational studies showing similar improvements in
EDSS, no evidence of disease activity, or both in patients with
relapsing-remitting MS undergoing HSCT.10,24-26 This degree of
improvement has not been demonstrated in pharmaceutical
trials even with more intensive DMT such as alemtuzumab.12,13

In addition, in this study, the EDSS scores for patients
whose disease worsened while receiving DMT also improved
after crossover to receive HSCT. Since most patients who pro-
gressed and crossed over to HSCT subsequently improved in
EDSS disability, the current definitions of progression for re-
lapsing-remitting MS may not accurately assess irreversible dis-
ease progression for all patients.15

Limitations
This study has several limitations. First, a relatively small num-
ber of patients were treated compared with pharmaceutical-
sponsored trials, and the relatively small sample size resulted
in small numbers of patients available to assess longer-term
outcomes. The number of patients needed in randomized trials
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with active comparators depends on the known or expected
treatment effect of the 2 treatments. Previous DMT trials for
relapsing-remitting MS needed a fairly large number of pa-
tients to show the superiority of a new DMT compared with
interferons or glatiramer acetate. Because HSCT efficacy was
assumed to be superior to DMT, the MIST trial was designed
with a smaller number of patients.

Second, the study design allowed patients in the DMT
group in whom that treatment failed to cross over to receive
HSCT, which also limited the ability to collect follow-up data
for patients receiving DMT and to assess longer-term second-
ary outcomes. Because of ethical concerns of treatment equi-
poise between the 2 groups, the crossover option was in-
cluded for patients whose EDSS worsened with continued DMT
treatment. The crossover prevented comparison of the HSCT
and DMT groups after 1 year but did not affect the primary end
point of time to progression or the end points of time to first
relapse or no evidence of disease activity, and allowed comple-
tion of the study. Even with the provision for crossover, 4 pa-
tients in the DMT group left the study to receive HSCT at other
sites. Crossover did allow patients in whom DMT continued
to fail to be their own control, demonstrating, despite contin-
ued failure of DMT, marked improvement after HSCT (eTable 2
in Supplement 2).

Third, alemtuzumab and ocrelizumab were excluded from
use in the DMT group. Ocrelizumab was not included as
DMT because the study completed enrollment in 2016 and

ocrelizumab was not FDA licensed until 2017. Alemtuzumab was
FDA licensed in 2014 but was excluded because prolonged
alemtuzumab-induced lymphopenias and secondary autoim-
mune disorders14 could contribute to or cause post-HSCT in-
fections or autoimmune diseases in the crossover group.
In comparison with this study, which allowed multiple DMTs
in the control group, controls for pharmaceutical DMT trials have
been limited to placebo, interferon, and glatiramer acetate.

Fourth, although the evaluating neurologist for EDSS and
NRS was masked to treatment assignment, the physician who
recorded relapses was not masked. Fifth, although patients at
all sites had significant improvement in EDSS after HSCT and
the study was numerically weighted toward the US site, 1 site
enrolled patients with lower disability scores, and at that site
the primary outcome of progression between HSCT and DMT
groups was less pronounced. However, it would be antici-
pated that the rate of progression would be slower in less
disabled patients.27

Conclusions
In this preliminary study of patients with highly active relaps-
ing-remitting MS and moderate disability, nonmyeloablative
HSCT, compared with DMT, resulted in prolonged time to dis-
ease progression. Further research is needed to replicate the
findings and to assess long-term outcomes and safety.
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