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Importance Most patients with relapsing-remitting (RR) multiple sclerosis
(MS) who receive approved disease-modifying therapies experience
breakthrough disease and accumulate neurologic disability. High-dose
immunosuppressive therapy (HDIT) with autologous hematopoietic cell
transplant (HCT) may, in contrast, induce sustained remissions in early MS.
Objective To evaluate the safety, efficacy, and durability of MS disease
stabilization through 3 years after HDIT/HCT.

Design, Setting, and Participants Hematopoietic Cell Transplantation for
Relapsing-Remitting Multiple Sclerosis (HALT-MS) is an ongoing, multicenter,
single-arm, phase 2 clinical trial of HDIT/HCT for patients with RRMS who
experienced relapses with loss of neurologic function while receiving disease-
modifying therapies during the 18 months before enrolling. Participants are
evaluated through 5 years after HCT. This report is a prespecified, 3-year interim
analysis of the trial. Thirty-six patients with RRMS from referral centers were
screened; 25 were enrolled.

Interventions Autologous peripheral blood stem cell grafts were CD34+
selected; the participants then received high-dose treatment with carmustine,
etoposide, cytarabine, and melphalan as well as rabbit antithymocyte globulin
before autologous HCT.

Main Outcomes and Measures The primary end point of HALT-MS is
event-free survival defined as survival without death or disease activity from any
one of the following outcomes: (1) confirmed loss of neurologic function, (2)
clinical relapse, or (3) new lesions observed on magnetic resonance imaging.
Toxic effects are reported using National Cancer Institute Common Terminology
Criteria for Adverse Events.

Results Grafts were collected from 25 patients, and 24 of these individuals
received HDIT/HCT. The median follow-up period was 186 weeks (interquartile
range, 176-250) weeks). Overall event-free survival was 78.4% (90% CI,
60.1%-89.0%) at 3 years. Progression-free survival and clinical relapse-free
survival were 90.9% (90% CI, 73.7%-97.1%) and 86.3% (90% CI, 68.1%-94.5%),
respectively, at 3 years. Adverse events were consistent with expected toxic effects
associated with HDIT/HCT, and no acute treatment-related neurologic adverse
events were observed. Improvements were noted in neurologic disability, quality-
of-life, and functional scores.

Conclusions and Relevance At 3 years, HDIT/HCT without maintenance
therapy was effective for inducing sustained remission of active RRMS and was



associated with improvements in neurologic function. Treatment was associated
with few serious early complications or unexpected adverse events.

Introduction
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Multiple sclerosis (MS) is an autoimmune disease characterized by the migration
of immune cells into the central nervous system, production of proinflammatory
cytokines, demyelination, and neuronal damage. A neurodegenerative process
may contribute to loss of neurologic function during later secondary progressive
MS.1 Active inflammation is most evident in early relapsing-remitting (RR) MS.
Most patients with RRMS who receive approved disease-modifying therapies
experience breakthrough disease activity.2,3 For example, in the Natalizumab
Safety and Efficacy in Relapsing-Remitting Multiple Sclerosis (AFFIRM) study4
comparing natalizumab with placebo for RRMS, only 37% of the patients who
received natalizumab were without radiologic or clinical activity after 2 years of
treatment. Furthermore, in Comparison of Alemtuzumab and Rebif Efficacy in
Multiple Sclerosis, Study Two (CARE-MS II),5 a trial of first-line treatment for
refractory RRMS, 32% of the patients who received alemtuzumab and 14% of
those who received interferon beta-1a showed no evidence of disease on magnetic
resonance imaging (MRI) and clinical examination at 2 years of treatment.
Discontinuation of disease-modifying therapies typically leads to reactivation of
disease activity within months and is therefore not recommended.3
Consequently, patients are exposed to agents with potentially serious adverse
effects (AEs) for years.

Autologous hematopoietic cell transplant (HCT) has been studied in MS for more
than 20 years,6,7 with the goal of removing disease-causing immune cells and
inducing a reset of the immune system. Early clinical trials8- 10 of high-dose
immunosuppressive therapy (HDIT)/HCT were conducted in patients with
advanced disabilities and progressive forms of MS. Many patients continued to
lose neurologic function, consistent with the contribution of noninflammatory
factors and progressive neurodegeneration. After monitoring for 15 years,
patients with active central nervous system inflammation before HDIT/HCT had
a significantly better outcome compared with those without active inflammation
before HDIT/HCT.11 Thus, HDIT/HCT may be more successful if instituted in
the earlier inflammatory stages of MS.

We hypothesized that control of inflammation in earlier RRMS may provide
prolonged remission with the potential to reverse neurologic dysfunction. The
Hematopoietic Cell Transplantation for Relapsing-Remitting Multiple Sclerosis
(HALT-MS) study is investigating the efficacy of early intervention with HDIT/
HCT for patients with RRMS and breakthrough disease. A comprehensive



assessment of MS disease activity, including progression, clinical relapse, or new
lesions documented on MRI, was used as a composite primary end point in
contrast to most previous HCT studies6 in which progression was the standard
measure. To fully evaluate the safety of HDIT/HCT in RRMS, the protocol for
HALT-MS includes collection and analysis of AEs through completion of the
study.

Methods
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Patients

The clinical study (protocol ITN033AI; BB-IND 12164 with type II DMF BB-IND
11821) was approved by the institutional review boards at participating sites, and
the participants provided written informed consent. The participants self-
identified race and ethnicity at screening. No financial compensation was
provided.

Eligible patients (eFigure 1 in the Supplement) were aged 18 to 60 years and had
a diagnosis of MS according to the McDonald criteriai2 with: (1) RRMS, (2)
Kurtzke Expanded Disability Status Scale (EDSS)13 scores of 3.0 to 5.5 at
baseline, (3) lesions demonstrated on brain MRI that were consistent with MS,
(4) disease duration of less than 15 years, and (5) failure of disease-modifying
therapies, defined as 2 or more clinical relapses during 18 months of therapy that
were associated with an increase in the EDSS score (by 1.0 for prerelapse EDSS
score of 3.0-3.5 or by 0.5 for an EDSS score of 4.0-5.5 and sustained for >4
weeks). Patients “off therapy” during an 18-month period in which they had 2
relapses and an increase in the EDSS score were also eligible if they had
previously met the criteria of treatment failure “on therapy” within 4 years of
determining study eligibility. Patients with comorbidities precluding safe HDIT
were excluded. Patient data were evaluated by an MS review panel composed of 2
neurologists and a transplant physician.

Procedures

Peripheral blood stem cells were mobilized with filgrastim (16 pg/kg/d for 4
days), collected by leukapheresis, CD34 selected (Isolex 300I; Baxter), and
cryopreserved6,14 (minimum dose, 2.0 x 106 CD34+ cells/kg with purity of >70%
viable CD34+ cells). To prevent MS relapse during mobilization, prednisone, 1
mg/kg/d, was given for 10 days beginning 1 day before filgrastim therapy was
started. High-dose BEAM chemotherapy was composed of carmustine, 300 mg/
mz, on day —6; etoposide, 200 mg/mz2, and cytarabine, 200 mg/mz, daily from
day -5 to —2; and melphalan, 140 mg/mz2, on day —1.8 Rabbit antithymocyte
globulin, 2.5 mg/kg/d, was administered on days —2 and —1. On day 0, CD34+



cells were thawed and infused. Filgrastim, 5 ug/kg/d, was administered from day
5 until the absolute neutrophil count was greater than 500/uL (to convert to
x109/L, multiply by 0.001). To prevent fever associated with engraftment
syndrome, prednisone, 0.5 mg/kg/d, was administered from day 7 to 21 and then
tapered over a 2-week period. Supportive care was administered as previously
described.g

Study Evaluations

Clinical evaluations, including EDSS, the MS Functional Composite (MSFC),15
and the 29-item Multiple Sclerosis Impact Scale (MSIS-29),16 were performed at
baseline before stem cell mobilization, at 6 and 12 months, and annually
thereafter to 5 years after HCT. Patients were contacted by telephone every 3
months between annual visits; if they reported neurologic changes, they returned
for evaluation, including MRI. The MSFC consisted of the (1) Timed 25-Foot
Walk, (2) 9 Hole Peg Test, and (3) Paced Auditory Serial Addition Test. The
MSFC is the mean of the z scores from each of 3 components. Each z score
component is a relative measure that indicates how many SDs the current
observation is from the mean of those in the task force database. Negative MSFC
values indicate worse health.

Brain MRI17- 19 was performed as a component of screening procedures at
baseline before transplant and then at week 8, month 6, month 12, and annually
through 5 years after HCT. Follow-up scans were performed on the same type of
scanner used at baseline or, if a scanner had been replaced (retired), an assigned
replacement. Scans were analyzed centrally (NeuroRx). The brain MRI at 2
months was considered the posttreatment reference scan for assessment of
treatment failure. The screening scan was the reference for brain volume
changes. For brain volume changes, if scanner hardware had been replaced or
upgraded, volume changes measured across the hardware adjustments were
unreliable and therefore were not reported. When this occurred, the reference
visit was updated to the most recent visit that used the new hardware, and the
missing data across the scanner were imputed using the mean percent volume
change of other patients who had not undergone a hardware change at that visit.
17

Toxic effects were reported according to National Cancer Institute Common
Terminology Criteria for Adverse Events, version 3.0.20 Adverse events of grade 2
or higher were recorded throughout the study; however, from the start of
conditioning through day 60, only events that were grade 3 or higher were
recorded.

For flow cytometry, blood was collected in 10-mL glass tubes containing sodium
heparin (Vacutainer, Becton Dickinson) and shipped ambient overnight to the
Immune Tolerance Network Flow Cytometry Core at Roswell Park Cancer
Institute. Using a stain-lyse method, cells from blinded samples were stained
with 5-color monoclonal antibody panels conjugated to fluorescein
isothiocyanate (FITC), phycoerythrin (PE), peridinin chlorophyll protein complex



(PERCP), phycoerythrin with cyano dye Cy7 (PECy?7), or allophycocyanin (APC).
The T cells were analyzed using antihuman CD3-PECy7, CD4-PERCP, CD4-
PECy7, CD8-PERCP, CD31-FITC, CD45RA-FITC, CD45RA-APC, CD45RO-PE,
and CD62L-APC (BD Biosciences). The B cells were analyzed using antihuman
CD1c-FITC (Ancell), IgD-PE, CD27-PERCP, CD19-PECy7, and IgM-APC (BD
Biosciences). Samples were acquired on a flow cytometer (Canto A; BD
Biosciences) and then were gated and analyzed using FlowJo, Macintosh version
9.6.4 (Tree Star Inc).

Neutrophil engraftment was defined as the first of 2 consecutive days of
neutrophil levels of 500/uL or more. Platelet engraftment was defined as the first
day of a platelet count of 20 x 103/uL or more and sustained without transfusions
during the previous 7 days. (Conversion of the platelet count to x109/L is 1:1.)

Study Design and Primary End Point

HALT-MS is a prospective, open-label, single-arm, multicenter phase 2 clinical
trial (clinicaltrials.gov Identifier: NCT00288626). The primary end point is the
time to treatment failure during 5 years post HCT, defined as the first event of
death from any cause or MS disease activity or disability defined by any of the
following: (1) change in EDSS score of more than 0.5 points compared with EDSS
at baseline when the test was performed 6 months or more post HCT and
confirmed at least 3 months later; (2) relapse, defined as worsening or
development of new neurologic sign and corresponding symptom lasting for
more than 48 hours; and (3) 2 or more independent MS disease-related lesions
(either gadolinium-enhancing or new T2-weighted lesions) on brain MRI
performed 1 year or more after HCT.

Statistical Analysis

Analyses were conducted on interim data captured after the last participant
completed the year 3 visit. SAS software, version 9.2 or higher (SAS Institute
Inc), was used.

The probability of overall event-free survival (as well as progression-free, relapse-
free, or MRI event-free survival) at 1 through 5 years was calculated. Analyses
were conducted using Kaplan-Meier estimates with Wald-type 90% Cls based on
Greenwood’s formula for SE.21 The percentage of change in brain volume was
calculated from screening and analyzed by end point status at year 3 with an
exact Wilcoxon rank sum test using mean scores when the results were identical.
The null hypothesis tests whether the median percentage of change in brain
volume among participants who met the end point by year 3 is equal to the
median of those who have not met the end point by year 3 at the baseline, month
6, and year 1 through 3 visits.

All other measures were analyzed using a Wilcoxon signed rank test. The null
hypothesis was that the median difference from baseline measurement in the
values at the month 6, year 1, year 2, and year 3 visits was significantly different
from zero, with baseline measurement defined as the screening assessment for
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the percentage of change in brain volume and the baseline visit for all other end
points. To calculate MSFC, results from each of the 3 components were
transformed into a z score and averaged to yield a composite for each patient at
each time point. The z scores that compose the MSFC score were calculated using
the reference population from the National Multiple Sclerosis Society Task Force
database.22 For secondary end points, P values are presented for descriptive
purposes.

Results
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Patient Characteristics

From August 24, 2006, to August 28, 2009, 36 patients with RRMS were
screened and 25 eligible individuals were enrolled (eFigure 1 in the Supplement).
Among those eligible, 7 patients were not enrolled owing to insurance denial and
1 patient withdrew consent. The median age of the 25 participants was 38 years
(interquartile range [IQR], 32-42 years); 17 were women (68%) (Table 1). The
median disease duration was 4.9 years (IQR, 2.7-7.3 years); the baseline median
EDSS score was 4.5 (IQR, 4.0-5.0). Baseline MSFC score is presented in Table 1,
and the component raw scores of the baseline MSFC are presented in eTable 1 in
the Supplement. Patients previously failed a median of 3 (IQR, 2-4) MS
medications before transplant. Twenty-four participants proceeded to undergo
autologous HCT; 1 individual was withdrawn from the study following an AE that
occurred during mobilization.

Table 1. Demographic and Baseline Characteristics

- e e ———
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Peripheral Blood Stem Cell Collection and Engraftment
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Participants underwent a median of 2 (IQR, 2-2) aphereses for graft collection.
Mobilization with filgrastim failed in one individual but was successful after the
administration of cyclophosphamide. Patients received a median of 4.58 x 106/kg
(IQR, 3.49 x 106 to 5.95 x 106/kg) CD34-selected cells of 91.6% purity (IQR,
87.0%-95.8%) on day 0. The median time to neutrophil and platelet engraftment
was 11 days (IQR, 10-11 days) and 18 days (IQR, 16.5-20 days), respectively.
Adverse Events

Grade 3 and 4 AEs are listed by time of occurrence in Table 2. Among 25 patients
with evaluable data for mobilization AEs, one individual (4%) experienced a
grade 4 pulmonary embolus associated with heparin-induced thrombocytopenia
and was withdrawn from further study. Seven patients experienced 10 grade 3
AEs that were not hematopoietic or gastrointestinal, with most being line-
associated thromboses and infections. One patient was nonadherent to
prophylaxis therapy with prednisone during administration of filgrastim and
experienced a grade 3 MS relapse. A brain MRI demonstrated new gadolinium-
enhancing lesions with no change in the EDSS score.

Table 2. Adverse Events

View Large | Save Table | Download Slide (.ppt)

Among 24 participants proceeding to HCT, the median follow-up at interim
analysis was 186 weeks (IQR, 176-250 weeks). Among the 25 enrolled patients,
130 grade 3 and 94 grade 4 AEs occurred (Table 2); most were cytopenias or
infections. Of the grade 4 AEs that occurred after transplant, only 8 were not
hematopoietic or gastrointestinal; these included depression, suicide attempts (1
with associated respiratory failure), respiratory arrest, hyperuricemia,
hypokalemia, and an increased alanine aminotransferase level. Two patients
attempted suicide late after the transplant; the clinical course of both individuals
was previously unremarkable.

Two patients who experienced grade 5 AEs died. One death was related to MS
progression more than 22 years after transplant; the patient’s condition had
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been stable until meeting the study end point owing to loss of neurologic function
(increased EDSS score) at 1.6 years. No other cause for loss of neurologic function
was identified. The second individual had preexisting asthma; although she was
evaluated and approved by pulmonary medicine physicians for transplant, she
died more than 32 years after HCT from worsening asthma. She had met the
study end point earlier at 5 months after HCT owing to clinical relapse in the
setting of aseptic meningitis after receiving trimethoprim-sulfamethoxazole.

Evaluation of Disease

Treatment in 5 (21%) of the 24 patients who underwent transplant failed
according to the criteria of the primary end point by 3 years (eTable 2 in the
Supplement and Figure 1) either by an increase in the EDSS score of more than
0.5 or by clinical relapse. Beyond 3 years after HCT, an additional 2 patients met
the study end point according to MRI criteria. The estimated event-free survival
probability was 95.8% (90% CI, 80.2%-99.2%) at 1 year, 82.8% (90% CI,
65.0%-92.0%) at 2 years, 78.4% (90% CI, 60.1%-89.0%) at 3 years, 68.6% (90%
CI, 44.9%-83.7%) at 4 years, and 58.8% (90% CI, 33.7%-77.2%) at 5 years (eTable
2 in the Supplement and Figure 1A). At 3 years, probabilities for the components
of event-free survival were (1) EDSS progression-free survival, 90.9% (90% CI,
73.7%-97.1%); (2) clinical relapse-free survival, 86.3% (90% CI, 68.1%-94.5%);
(3) MRI event-free survival, 100.0% (90% CI, 100%-100%); and (4) overall
event-free survival probability, 78.4% (90% CI, 60.1%-89.0%) (eFigure 1 and
eTable 2 in the Supplement and Figure 1B-D). Final survival probabilities using
all 4- and 5-year data will be assessed in a future article once all participants have
completed 5 years of follow-up.

Figure 1.

Neurologic Outcomes: Composite Primary End Point and
Components

Kaplan-Meier plots of the probability an event will not occur were calculated. The
number of participants at risk is presented at each time point along the x axis.
Short vertical bars on the curves indicate censored data. A, The primary end
point was a composite of all components. B, The end point of progression,
defined as increased Expanded Disability Status Scale (EDSS) score greater than
0.5 from baseline. C, The end point of clinical relapse. D, The end point of
presence of 2 or more independent multiple sclerosis lesions indicated on
magnetic resonance imaging (MRI). Death is not shown because patients who
died met another component of the primary end point first. At the date of
meeting the primary end point, a participant is censored from further events in
that component as well as the remaining components. Participants who withdrew
early were censored at the date of last follow-up.
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The EDSS score improved after HCT, with a median change from baseline of
-0.50 (IQR, —1.5 to 0.0) at 3 years (P =.007) (Figure 2A). Improvement in the
EDSS score was also demonstrated at year 1 (P =.003) and year 2 (P =.004). The
MSFC score improved from baseline (Figure 2B) by a median of 0.15 (IQR, 0.04
to 0.32) at 3 years after HDIT (P = .01); components of the MSFC are illustrated
in Figure 2C-E. The MSIS-29 quality-of-life score also improved, with a median
change from baseline of —15.0 (IQR, —40.0 to 0.6) at 3 years after HCT (P =.02)
(Figure 2F).

Figure 2.

Clinical Outcomes

Change from baseline outcomes was calculated for each patient who underwent
transplant as the posttransplant value minus the baseline value. A, Expanded
Disability Status Scale (EDSS). B, The Multiple Sclerosis Functional Composite
(MSFC). C, Three-Second Paced Auditory Serial Addition Test (PASAT-3). D, 9-
Hole Peg Test. E, Timed 25-Foot Walk. F, Quality of life: 29-item Multiple
Sclerosis Impact Scale (MSIS-29). The horizontal line in the middle of each box
indicates the median, while the top and bottom borders of the box mark the 75th
and 25th percentiles, respectively. The whiskers above and below the box mark
the 9oth or 10th percentiles.


http://archneur.jamanetwork.com/DownloadImage.aspx?image=/data/Journals/NEUR/932709/noi140097f1.png&sec=71513196&ar=2084840&sectionType=2&imagename=

View Large | Save Figure | Download Slide (.ppt)

MRI Assessments

The observed MRI gadolinium-enhancing lesions and new T2 lesions are
illustrated in Figure 3A and B, respectively. A reduction of gadolinium-enhancing
lesions was observed immediately after transplant (Figure 3A, baseline vs months
2 and 6 after HCT). Two patients developed new brain gadolinium-enhancing
and/or T2 lesions between 32 and 4 years after transplant (Figure 3A and B),
meeting the study end point (eTable 2 in the Supplement and Figure 1D). Median
percent change in brain volume from screening was significantly different at
month 6 and years 1 to 3 (P < .001 for each visit). The greatest change in brain
volume occurred in the first months after transplant. Brain volume was decreased
at 6 months compared with baseline but subsequently appeared to stabilize until
year 3 (Figure 3C). Participants for whom treatment failed may have had a
greater rate of atrophy (Figure 3D), although this finding was not statistically
significant. The T1 lesion volume (Figure 3E) increased from baseline over time.
The median change from baseline in the T1 lesion volume was significantly
different from zero at year 1 (P = .019), year 2 (P =.018), and year 3 (P =.006).
The T2 lesion volume decreased from baseline through 3 years (Figure 3F). The
median change was significantly different at month 6 (P =.025), year 1 (P < .001),
year 2 (P < .001), and year 3 (P < .001).

Figure 3.

Magnetic Resonance Imaging Studies at Baseline and After
Transplant

A, New gadolinium-enhancing (GD+) lesions present at visit. B, New T2 lesions
since previous visit. C, Percentage of change in brain volume from screening;
median and interquartile ranges (IQRs) are indicated. D, Percentage of change in
brain volume from screening for participants meeting the primary end point
owing to treatment failure by year 3 vs those who have not met the primary end
point by year 3; median and IQRs are indicated. The median percent change in
brain volume was not significantly different between the 2 groups. E, T1 lesion
volume (in milliliters) change from baseline for the time points is indicated. F, T2
lesion volume (in milliliters) change from baseline.
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Immune Reconstitution

Depletion and reconstitution of immune cell populations were analyzed through
3 years after HCT (eFigure 2 in the Supplement). After HDIT/HCT, CD8 memory
T-cell counts returned to baseline by 2 months, CD8-naive T-cell counts by 1
year, CD4 T-cell counts by longer than 3 years, and B-cell counts by 6 months
(eFigure 2 in the Supplement).

Discussion
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Since HDIT/HCT is associated with significant risks, this treatment would need
to be highly effective to be considered as a reasonable alternative to non-HCT
therapies for MS. In the HALT-MS study of individuals with RRMS, event-free
survival was estimated to be 82.8% at 2 years and 78.4% at 3 years after HCT. In
contrast, although comparisons across clinical trials can be problematic, in a
retrospective analysis of the AFFIRM study that included patients with EDSS
scores of 0.0 to 5.0 and used a composite end point,4 only 37% and 7% of patients
who received natalizumab treatment or placebo, respectively, remained free from
both clinical and MRI-documented disease activity at 2 years. Furthermore, in
the HALT-MS study, there was improvement from baseline in the MSFC score
and neurologic function (EDSS score) in contrast to observations for interferon
therapy.5 Continued breakthrough disease activity with currently approved non-
HCT treatments is an indicator of poor prognosis and may justify the risks
associated with use of an intensive approach that may improve long-term
outcome.

To better assess the feasibility of HDIT/HCT for treatment of MS, we
characterized toxic effects by documentation of AEs for all participants through


http://archneur.jamanetwork.com/DownloadImage.aspx?image=/data/Journals/NEUR/932709/noi140097f3.png&sec=71513201&ar=2084840&sectionType=2&imagename=

completion of the study at 5 years. Most AEs observed thus far in the HALT-MS
study have been hematologic or gastrointestinal, which are expected and
reversible after high-dose immunochemotherapy, and no early treatment-related
mortality or organ failure has occurred. Only 11% of the National Cancer Institute
Common Terminology Criteria for Adverse Events grade 4 or 5 AEs involved
other organ systems, only 3 of these occurred in the first month after HCT when
most regimen-related toxic effects develop, and the AEs consisted of transient
changes in laboratory values that did not affect transplant outcome. Of the other
grade 4 or 5 events, one occurred before transplant and the others developed late
after HCT. Two suicide attempts occurred late after transplant. A higher rate of
suicide attempts in patients with MS compared with the general population has
been reported.23,24 Two deaths occurred, with one at more than 212 years and
the other more than 3V2 years after HCT. Progression of disease with loss of
neurologic function and death has been reportedio in European Group for Blood
and Marrow Transplantation registry studies between 15 and 42 months after
transplant. Two patients developed new immune-mediated events during HALT-
MS, with one consisting of heparin-induced thrombocytopenia during
mobilization and the other being trimethoprim-sulfamethoxazole—induced
aseptic meningitis after HDIT/HCT (eTable 3 in the Supplement). Patients with
autoimmune diseases may be predisposed to developing new immune-mediated
disorders.25 The infrequent visit schedule may have led to an underestimation of
AEs and relapses, both of which are participant generated; this concern is
mitigated by telephone contact every 3 months and a detailed review of events at
each annual study visit.

In general, there was no improvement in neurologic function in the early clinical
trials6 of autologous HCT for patients with secondary progressive MS. In a more
recent study,26 patients with RRMS and a median baseline EDSS score of 3.5
demonstrated improvement by greater than 1 point after 2 or more years.
Although participants in the HALT-MS study had a median EDSS score of 4.5 at
entry, improvement in neurologic function, as measured by MSFC, EDSS, and
quality of life, was observed in the first 3 years.

Magnetic resonance imaging was included as a component of the primary end
point for the present study since it is a sensitive indicator of MS activity. As
measured by gadolinium-enhancing lesions and new T2 lesions, disease activity
was controlled through 3 years after HCT. Subsequently, however, treatment
failed in 2 patients beyond 3 years according to MRI criteria. Furthermore, in this
study we observed a decrease in brain volume early after transplant that
appeared to stabilize until year 3, similar to previous observations,18 except for
patients whose treatment failed. Follow-up of all participants through 5 years for
HALT-MS will be needed to confirm these observations and fully evaluate their
implications.

In the early months after transplant, MS remissions are likely achieved as a result
of lymphoablation. However, we speculated that long-term remission may result



from persistent immunomodulatory effects of HDIT/HCT. We have confirmed
the previous observation that CD4+ memory T cells have not recovered to
baseline levels in peripheral blood even at 2 years after transplant.27 Other
lymphocyte subsets recovered by 6 months to 1 year after HCT. Furthermore, in
the HALT-MS study, we used high-throughput deep sequencing of T-cell receptor
B chains to directly assess millions of individual T-cell receptors per patient
sample to evaluate immune reconstitution at 1 year.28 For CD4+ T cells,
dominant T-cell receptor clones present before treatment were not detectable
following reconstitution, and patients usually developed a new repertoire
consistent with an immune reset. In contrast, the CD8 repertoire reconstituted
largely from clonal expansion of cells that were present before treatment.

Conclusions
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In the present study, HDIT/HCT induced remission of MS disease activity for up
to 3 years in most participants. It may therefore represent a potential therapeutic
option for patients with MS in whom conventional immunotherapy fails, as well
as for other severe immune-mediated diseases of the central nervous system.
Most early toxic effects were hematologic and gastrointestinal and were expected
and reversible. Longer follow-up is needed to determine the durability of the
response. Careful comparison of the results of this investigation and other
ongoing studies26,29- 31 will be needed to identify the best approaches for high-
dose immunosuppressive therapies for MS and plan the next clinical studies.32-
34 We have presented the 3-year interim analysis of the HALT-MS trial; the
prespecified full duration of observation is 5 years, after which the final report on
the study will be prepared.
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