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Abstract

Purpose of review—Immunomodulatory medications for multiple sclerosis provide only
modest control of this potentially debilitating auto-immune disease of the central nervous system.
The immunosuppression provided by high-dose chemotherapy has been studied to address
treatment-refractory disease. In this review, we discuss the recent significant work in this field and
its associated controversies.

Recent findings—Conclusive evidence for the efficacy of high-dose chemotherapy with stem
cell rescue is lacking given the lack of uniform patient populations and varying treatment
protocols. Moreover, the significant toxicity associated with this procedure has dampened
enthusiasm for its widespread use. High-dose chemotherapy without stem cell rescue has been
trialed as a less toxic approach that eliminates the possibility of re-infusing autoreactive
lymphocytes found in the stem cell product.

Summary—Before high-dose chemotherapy with or without stem cell rescue can be adopted for
clinical practice, both approaches require testing in randomized clinical trials. Both procedures
have the possibility of decreasing disease activity but high-dose chemotherapy without stem cell
rescue having a more favorable safety profile, may prove a more significant advance in the field of
high-dose therapy for multiple sclerosis.
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Introduction

Multiple sclerosis (MS), an auto-immune disorder, results in inflammatory and degenerative

pathology in the brain, spinal cord, and optic nerves. Relapsing-remitting MS (RRMS)
manifests clinically with sporadic episodes of neurologic symptoms, whereas secondary
(SPMS) and primary progressive MS result in accrual of disability without clear relapses
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[1]. Therapeutic response is assessed by evaluation of rates of clinical relapse and disability
accrual, and measurement of lesion burden with brain magnetic resonance imaging [2].

The standard MS therapies are disease modifying agents aimed at blunting the auto-immune
response without producing significant immune suppression. Interferon-beta and glatiramer
acetate, chronic injection therapies, have been available for almost two decades. These
medications reduce the rate of relapse by approximately one-third, reduce the accrual of
CNS lesion burden, and slow the accumulation of disability [3-5]. Recently, natalizumab, a
monoclonal antibody against a-4 integrin, in RRMS has reduced relapses by 68% [6] but is
associated with risks, such as progressive multifocal leukoencephalopathy [7°].

Because of the modest efficacy of current disease-modifying therapies for RRMS and their
complete lack of efficacy in progressive MS [8°], more aggressive therapeutic options have
been investigated. On the basis of their immunosuppressive properties, chemotherapeutics
such as mitoxantrone and cyclophosphamide have been explored [9-12]. Although
mitoxantrone is an effective remittive agent in steroid and interferon refractory MS, long-
term toxicity concerns limit its use [10,13].

Inspired by the safety of high-dose chemotherapy with stem cell rescue in refractory B-cell
and T-cell malignancies, this procedure has recently been studied in refractory auto-immune
illnesses. Although myeloablative therapy is proven effective with an acceptable toxicity
profile in hematologic malignancies [14], the toxicity of this procedure in auto-immune
illness is not established, nor has its efficacy been compared to nonmyeloablative high-dose
therapy. Here we review high-dose chemotherapy with and without stem cell rescue in the
treatment of aggressive MS.

High-dose chemotherapy with stem cell rescue in multiple sclerosis

In 1995, Karussis et al. [15], based on a systemic lupus erythematosus mouse model
surmised: high-dose immunosuppression followed by autologous transplantation may
represent a new therapeutic approach for drug-resistant auto-immune diseases. In 1997,
Fassas et al. [16] reported the first autologous bone marrow transplant experience in 15 MS
patients. Stem cells were collected by apheresis after a cyclophosphamide/growth factor
mobilization strategy. A standard carmustine/etoposide/cytarabine/melphalan (BEAM)
preparative regimen was followed by stem cell infusion; rabbit antithymocyte globulin
(ATG) was utilized (days +1 and +2) for in-vivo lymphocyte depletion. At 6 months follow-
up, a durable neurologic improvement was described in seven patients and the era of high-
dose therapy with stem cell rescue for MS began.

Since, more than 400 transplants for MS have been performed [17°,18,19°]. Given the
relatively small and diverse patient populations studied, the diverse conditioning regimens
utilized, and the possibility for auto-graft T-cell depletion (TCD), trial comparisons are
difficult [18,19°].
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Toxicity of stem cell collection

Autologous peripheral blood progenitor collection (PBPC) in hemato-oncologic diseases is
safe. In a recent PBPC report, during 136 collections only three transient reactions occurred:
mild hypocalcemia twice and hypotensive reaction once [20°]. However, the toxicity profile
of stem cell mobilization differs in auto-immune patients. Even in the nontransplant setting,
the rapid increase in polymorphonuclear leukocytes induced by granulocyte colony
stimulating factors in neutropenic-auto-immune patients can lead to central nervous system
disease exacerbations [21]. During a filgrastim dose-escalation stem cell mobilization study
in rheumatoid patients, disease exacerbations were common [22]. As MS exacerbations also
commonly occur during stem cell mobilization [23°,24-26], many current MS mobilization
strategies include immunosuppression, such as 1 mg/kg methylprednisolone, concurrent
with filgrastim to avoid this cytokine release syndrome [17°,25].

Toxicity of the preparative regimen and T-cell depletion

The preparative regimens used for autologous bone marrow transplant for hemato-oncologic
diseases are safe. In a recent study of lymphoma patients, the treatment-related mortality
(TRM) using a carmustine/etoposide/cytarabine/cyclophosphamide (BEAC) or BEAM
preparative regimen was approximately 2% [27°]. However, given the early relapse rate of
autologous transplantation in auto-immune illness by either autoreactive lymphocytes
surviving the conditioning regimen or contaminating the graft [28], TCD has been
incorporated into nearly all MS transplant trials. In the first MS trial, ATG (2.5-5.0 mg/kg,
days +1 and +2) resulted in severe allergic reactions prompting methylprednisolone co-
administration with ATG. Additionally, prophylactic IVIg was utilized to prevent infections
[16]. As a result of severe viral and fungal infections, the development of other auto-
immune illness, post-transplant lymphoproliferative disorder and death, ex-vivo—in-vivo
TCD combination MS trials [29-31] have been largely abandoned.

Importantly, the increased treatment-related toxicity observed in MS patients is not limited
to ATG infusion reactions and ex-vivo TCD: the increased use of steroids and in-vivo TCD
both increase the treatment-related morbidity and mortality. Openshaw et al. [32] reported
three deaths in five MS patients from influenza A, Staphylococcus sepsis and pneumococcal
pneumonia after a busulfan/cyclophosphamide/ATG preparative regimen. In comparative
analysis in 2006, the European Blood and Marrow Transplantation Group reported an
overall TRM of 5.3% and a 0% TRM when limiting analysis to a BEAM/ATG preparative
regimen without in-vitro purging [24]. However, they also documented an additional 4.7%
death rate from MS disease progression [24]. Arguably, as the leading cause of death in MS
is infectious, a 4.7% death rate requires further analysis. More recently, Hamerschlak et al.
[17°], when comparing the same BEAM/ATG preparative regimen versus the
nonmyeloablative cyclophosphamide/ATG preparative regimen, in MS patients, reported a
14.3% TRM (three deaths in 21 patients) and an overall higher statistically significant
toxicity profile in the BEAM/ATG arm. To reduce the toxicity of myeloablation, a
nonmyeloablative preparative regimen of high-dose cyclophosphamide and either
alemtuzumab or ATG followed by autologous stem cell rescue has been trialed [23°].
Although the toxicities encountered appear less intense than those of patients undergoing a
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fully ablative preparative regimen [33°], as in the early intensive TCD strategies, other auto-
immune phenomenon developed [23°].

Efficacy of high-dose chemotherapy with stem cell rescue

Because of the lack of randomized controlled studies performed to date, a clear
determination of the relative efficacy of stem cell transplantation strategies is difficult.
Additionally, pooling of data from multiple studies into meta-analyses to overcome small
sample sizes is fraught with difficulty, given the heterogeneity between studies in the
mobilization and transplantation regimens used and marked differences in enrollment
criteria. This understood, many of the pivotal studies with this approach report clinical
efficacy that warrants attention. Fassas et al. [30] were the first to report efficacy data in a
comprehensive study of high-dose chemotherapy with stem cell rescue (described above).
This study only enrolled subjects with primary or secondary progressive MS, most of whom
had significant baseline disability. Disability outcomes in clinical trials in MS are based on
the Kurtzke Expanded Disability Status Scale (EDSS), an ordinal scale that rates disability
from 0.0 (none) to 10.0 (death), with a score of 6.0 corresponding to the need for unilateral
assistance when walking [34]. The median EDSS in this study was 6.0. During a median 40-
month follow-up, 18/23 (78%) of patients had either stabilization of or improvement in their
EDSS score compared to baseline. Efficacy was similar in subsequent studies, including one
utilizing a total body irradiation and ATG approach, and a meta-analysis of multiple
differing protocols (63% progression-free survival) [24,26,29]. Although these numbers may
initially appear impressive, one must note that in a large randomized study of rituximab in
primary progressive MS, the treatment group achieved the same status in 69.8% of patients,
which was not statistically different from placebo [35°]. Utilization of change in EDSS score
as an outcome measure for such trials can be problematic, as the probability of EDSS
progression over time is reduced with increasing baseline EDSS scores [36]. Because most
studies have enrolled patients with median EDSS scores in the 5.0-6.5 range, it is expected
that proving efficacy would be more difficult. Unfortunately, more objective measures of
clinical response, such as MRI findings, were not well standardized or described in most of
these studies, which could act as supportive efficacy data if it were present.

Even more impressive efficacy appears attainable with a different patient selection strategy.
Saccardi et al. [37] reported a 95% progression-free survival more than 6 years after a
cyclophosphamide and filgrastim mobilization followed by a BEAM/ATG preparative
regimen. This marked difference in outcome is likely secondary to patient selection, as this
study included relapsing—remitting patients (which the above studies did not) and required
the presence of gadolinium-enhancing lesions on MRI at baseline. As gadolinium
enhancement is a marker of an active inflammatory state within lesions, selection for this
criterion enriches for a population with a more inflammatory clinical phenotype. In fact, the
mean number of gadolinium-enhanced lesions pretreatment in this study was 10.8, which is
markedly higher than found in a more recent clinical trial for relapsing—remitting MS [6]. In
this study, inflammatory activity was reduced (only one patient had a single gadolinium-
enhanced lesion in follow-up) and there was a 64% probability of relapse-free survival at 4.5
years. With this knowledge, a more recent phase /11 study using the nonmyeloablative
cyclophosphamide/alemtuzumab conditioning regimen in relapsing—remitting patients was
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attempted [23°]. Sixty-six percent of patients were relapse-free in the follow-up period and
improvement was noted in all of the measured scales of neurologic disability. As this was
not a placebo-controlled trial, however, such results need to be viewed with caution,
especially given the nature of the patients enrolled. This study recruited a very clinically
active population, requiring two relapses within the previous 12 months or one relapse and
one later gadolinium-enhancing lesion. Due to the natural history of RRMS, enrolling
patients in the midst of elevated clinical activity leads to a phenomenon of ‘regression to the
mean,” with a statistical tendency for even placebo-treated patients to have reductions in
rates of relapse and regression of disability [38]. Additionally, alemtuzumab itself has
recently been shown to have significant independent efficacy in MS [39°].

High-dose chemotherapy without stem cell rescue in multiple sclerosis

In 1996, Brodsky et al. [40] published on six of 10 patients with severe aplastic anemia
(SAA) who at 10 years were in a complete remission after high-dose cyclophosphamide
(HDC) without bone marrow transplantation. This year, the Johns Hopkins group published
a more extensive report on 67 SAA patients treated with HDC confirming the efficacy of
this treatment [41°°]. In 2002, we published the first report of HDC without stem cell rescue
for an auto-immune neurologic illness: chronic inflammatory-demyelinating polyneuropathy
and updated that experience in 2005 and 2007 [42,43]. We and others have shown HDC
without stem cell rescue can decrease disease activity and improve quality of life in
numerous immune-mediated illnesses [44,45°,46,47]. In 2006, based on 13 patients, we
published the first report showing HDC without stem cell rescue to be effective therapy in
moderate to severe refractory MS [48].

HDC without stem cell rescue is an alternative to standard autologous transplantation.
Cyclophosphamide’s unique metabolism is responsible for its immunosuppressive yet stem
cell-sparing properties. Cyclophosphamide is essentially completely inactivated by tissue
ALDH1, which converts the metabolic pathway intermediate aldophosphamide to the
noncytotoxic metabolite carboxyphosphamide. Because hematopoietic progenitors highly
express ALDH1, hematologic recovery is complete and rapid regardless of the dose of
cyclophosphamide. Conversely, committed lymphoid cells express little or no ALDH1 and
are susceptible to the alkylating effects of high-dose cyclophosphamide [49°,50]. Thus HDC
completely eliminates the need for stem cell collection and its inherent toxicities and also
completely eliminates any possibility of re-infusing autoreactive lymphocytes as there is no
stem cell rescue.

Safety of high-dose cyclophosphamide without stem cell rescue in multiple sclerosis

Two independent studies of HDC for aggressive MS are reported. In 2009, we updated our
original 2006 report [48] to 15 (eight secondary progressive and seven relapsing—remitting)
MS patients who underwent HDC without stem cell rescue [51°°]. Their median age was 42
(range 26-58) years; all had an advanced EDSS (median 6.5); all had recent clinically
significant disease activity; all had disease progression despite at least two FDA approved
disease-modifying therapies. All patients were treated with cyclophosphamide, 50 mg/kg/
day, based on adjusted ideal body weight, over a 4-day period. Filgrastim (without
concurrent immunosuppression) was started on the 10th day and continued until the absolute
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neutrophil count rose to 1.0 x 1091 for two consecutive days. The median time of absolute
neutropenia was 9 (range 6-13) days. Only expected toxicities were encountered: 53%
received treatment for febrile neutropenia, one patient was treated for Escherichia coli
bacteremia and Clostridium difficile colitis. During a 2-year follow-up period, no deaths
occurred, no patient required re-admission for treatment-related toxicities and no other auto-
immune illnesses developed [51°].

In 2008, Krishnan et al. [52°] reported the Johns Hopkins group’s experience with HDC
without stem cell rescue in nine patients with gadolinium-enhancing, aggressive RRMS.
Their median age was 29 (range 20-47) years, eight patients had disease progression despite
previous remittive therapy and their median EDSS was 5 (range 1.5-7.0). All patients
received cyclophosphamide, 50 mg/kg/day, based on ideal body weight, over a 4-day period
and filgrastim (as above). All patients had full hematopoietic recovery without stem cell
rescue. Two patients developed febrile neutropenia, and three had self-limited documented
infections.

Efficacy of high-dose cyclophosphamide without stem cell rescue in

multiple sclerosis

In our updated report of 15 patients treated with HDC without stem cell rescue, only one
patient had sustained progression of disability and nine patients had a decrease in EDSS.
There were also improvements noted in quality of life and urologic symptoms. During 2
years of follow-up, only four patients had disease activity requiring additional treatment.
There were no significant post-treatment changes noted on MRI, although this cohort had
what appeared to be minimal MRI activity at baseline (only three with baseline-enhancing
lesions) [51°°].

Krishnan et al. [52°] treated nine patients, all of which had relapsing—remitting disease.
Two patients in this cohort required rescue treatment for clinical relapses, whereas the rest
remained relapse-free for 2 years. Disability also improved in this study and there was a
significant reduction in the number of gadolinium-enhanced lesions on post-treatment MRI.

These studies are open to similar criticisms as discussed for the high-dose therapy with stem
cell rescue trials. The small number of patients treated and the open-label nature of these
studies makes a true efficacy evaluation impossible. Additionally, the lack of progression in
EDSS score over the follow-up period in those with SPMS may be explained by natural
history alone, given the high baseline EDSS scores in the Gladstone et al. study. Finally, as
a result of the phenomenon of ‘regression to the mean’ described above, the reduction in
relapse risk, gadolinium-enhanced lesions, and EDSS scores in the relapsing—remitting
cohort in the Krishnan et al. study might also be attributable to natural history and require a
comparison arm to determine relative efficacy.

Conclusion

High-dose chemotherapeutic strategies with and without stem cell rescue are interesting
alternatives to standard of care for aggressive MS. Although early nonrandomized reports
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suggest significant clinical activity, given the natural history of this disease, the true impact
of these treatments will only be elucidated by randomized trials. Moreover, high-dose
therapy with stem cell rescue poses unique toxicities in MS patients: disease flares during
stem cell mobilization and the lymphocyte depletion incorporated into stem cell rescue
procedures greatly increase the morbidly and mortality of the procedure. Comparatively,
although limited by the small numbers of MS patients thus far treated, HDC without stem
cell rescue appears to have a far more acceptable safety profile without affecting efficacy.
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