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Abstract: For patients with relapsing—remitting multiple sclerosis (RRMS), there are currently
six approved medications that have been shown to alter the natural course of the disease. The
approved medications include three beta interferon formulations, glatiramer acetate, natali-
zumab and mitoxantrone. Treating aggressive forms of RRMS and progressive disease forms of
MS still presents a great challenge to neurologists. Intense immunosuppression has long been
thought to be the only feasible therapeutic option. In patients with progressive forms of MS,
lymphoid tissues have been detected in the central nervous system (CNS) that may play a
critical role in perpetuating local inflammation. Agents that are currently approved for patients
with MS have no or very limited bioavailability in the brain and spinal cord. In contrast,
cyclophosphamide (CYC), an alkylating agent, penetrates the blood—brain barrier and CNS
parenchyma well. However, while CYC has been used in clinical trials and off-label in clinical
practice in patients with MS for over three decades, data on its efficacy in very heterogeneous
groups of study patients have been conflicting. New myeloablative treatment paradigms with
CYC may provide a therapeutic option in patients that do not respond to other agents. In this
article we review the scientific rationale that led to the initial clinical trials with CYC. We will
also outline the safety, tolerability and efficacy of CYC and provide neurologists with guidelines
for its use in patients with MS and other inflammatory disorders of the CNS, including
neuromyelitis optica (NMO). Finally, an outlook into relatively novel treatment approaches

is provided.
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Cyclophosphamide In addition to the antimitotic and antireplicative

effects CYC has immunosuppressive as well as

Mechanism of action

Cyclophosphamide (CYC) is an alkylating che-
motherapeutic agent related to nitrogen mustard
that binds to DNA and interferes with mitosis
and cell replication [Kovarsky, 1983]. CYC tar-
gets predominantly rapidly dividing cells, and it
has been widely used as an antineoplastic medi-
cation in a range of solid tumors and hematolo-
gical malignancies. It is FDA-approved to be
used in the treatment of lymphomas, leukemias,
multiple myeloma, breast carcinoma, ovarian
adenocarcinoma, retinoblastoma, disseminated
neuroblastoma, advanced mycosis fungoides
and minimal change nephritic syndrome in chil-
dren [ONS Clinical Practice Committee].

immunomodulatory properties. Most of these
properties were discovered many years after the
drug was first utilized in patients with autoim-
mune diseases. Specifically, it causes suppression
of cell-mediated and humoral immunity through
its actions on T cells and B cells [Kim er al
2009]. In multiple sclerosis (MS), CYC has
been shown to decrease the secretion of the
pro-inflammatory T helper (Th) 1 cytokine inter-
feron-y (IFNY) and interleukin (IL)-12 and to
increase the secretion of the anti-inflammatory
Th2 cytokines IL.-4 and IL-10 in cerebrospinal
fluid (CSF) and peripheral blood [Smith ez al
1997]. Increased peripheral secretion of IFNy
and IL-12 has been reported in patients with
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secondary progressive MS (SPMS) m wvirro
[Comabella er al. 1998; Balshov ez al. 1997].
Interestingly, in these studies increased concen-
trations of both cytokines were shown to correlate
with clinical disease activity [Comabella er al
1998; Balshov er al. 1997]. Specifically, elevated
levels of IFNy preceded clinical attacks
[Comabella ez al. 1998; Balshov er al. 1997].

CYC therapy also appears to alter T lymphocytes
towards a less inflammatory phenotype. During
MS relapses, CXCR3* and CCR5" IFNy-
producing T cells were readily detectable in the
CSF of MS patients [Karni ez al. 2004; Takashim
et al. 1998]. The frequency of these cells also
appears to increase in patients with SPMS in
the peripheral blood [Karni et al. 2004;
Takashim er al. 1998]. In one of these studies,
CYC therapy upregulated the percentage of
anti-inflammatory CCR4* IL-4-producing T
cells and normalized the percentages of the
CCR5" and CXCR3" T cells in patients with
SPMS [Karni er al. 2004]. The induction of a
Th2-type response by CYC was reproduced in
several studies and appears to positively affect
the course of MS [Karni er al. 2004; Takashim
et al. 1998]. In a study by Gladstone and
co-workers [2007], high-dose CYC resulted in
cellular profiles similar to the ones achieved by
bone marrow transplant, including the preferen-
tial targeting of naive T cells. In this particular
study, CYC therapy was also associated with
diminished clinical disease activity.

With chronicity of MS, the inflammatory
response  becomes trapped behind the
blood—brain barrier (BBB), giving rise to slowly
progressive inflammatory damage that affects the
brain and spinal cord [Steinman, 2001]. This
process seems to be driven by the aberrant for-
mation of ectopic lymphatic tissue within the
brain compartment [Prineas, 1979; Prineas and
Wright, 1978]. It has to be assumed that most
pharmacotherapies that are currently approved
for MS or are in clinical development do not pen-
etrate the BBB. In addition, these agents may
have limited indirect effects on immunological
events within the CNS. For instance, natalizu-
mab may prevent most of B cells and plasma
cells from entering the brain and spinal cord,
but it has no effect on the number and quantity
of oligoclonal bands (OCBs), total IgG, or IgG
synthesis in the CSF [Stuve ez al. 2009, 2006].
The B cell-depleting antibody rituximab also has
no effect on OCBs in the CSF [Cross ez al. 2006].

Thus, it has to be assumed that potentially patho-
genic plasma cells and other immune cells may
persist in the CNS compartment despite these
aggressive treatment approaches.

In contrast, CYC has the advantage of good bio-
availability within the CNS. Consequently, it may
induce local immunomodulation and immuno-
suppression even after the formation of lymphatic
tissues in the brain and spinal cord that could
potentially result in stabilizing the disease and
preventing further progression. Proof of principle
for the direct intrathecal and intracerebral actions
of CYC on compartmentalized immune cells was
provided in a disease other than MS. Kanter ez al.
[2008] reported a case of anti-glutamic acid dec-
arboxylase (GAD) antibody associated refractory
status epilepticus where treatment with CYC
resulted in cessation of seizures and intrathecal
synthesis of anti-GAD antibody [Kanter et al
2008]. Given that all currently approved agents
for patients with RRMS do not penetrate the
BBB (with the exception of mitoxantrone),
CYC may potentially play a therapeutic role in
patients with advanced disease. This potential
has not been explored in a controlled setting of
a state-of-the-art randomized clinical trial that
enrols patients according to modern diagnostic
criteria [Polman et al. 2005]. In addition, novel
imaging modalities have not been applied to
determine the effects of CYC on CNS demyeli-
nation and neurodegeneration.

Safety and tolerability of cyclophosphamide

in MS patients

The major safety issues that have been associated
with CYC include bladder cancer and gonadal
toxicity. These will be discussed in separate sec-
tions. Common side effects of CYC in the clinical
trials include: alopecia, nausea/vomiting, tran-
sient myelosuppression, hemorrhagic cystitis,
amenorrhea and transient azospermia [Perini
et al. 2007; Compendium of Pharmaceuticals
and Specialties, 2006; Portaccio et al. 2003;
Hohol ez al. 2009; Weinstock-Guttman 1997;
Talar-Williams ez al. 1996; Likosky ez al. 1991].

In 2003, Portaccio and co-workers [2003] evalu-
ated 112 patients with MS who received pulse
CYC of 700 mg/m® monthly for 12 months
then bimonthly for 12 months and found that
81.8% of patients considered the treatment toler-
able. Discontinuation of treatment due to serious
side effects occurred in 18% of patients. Serious
side effects happened in 21.4% of patients and
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included: amenorrhea (33.3% of fertile women),
hypogammaglobulinemia (5.4%), hemorrhagic
cystitis  (4.5%) and malignancies (3.6%).
Malignancies were seen in four patients and
three of them were treated with azathioprine
before CYC.

Perini and co-workers [2007] evaluated the
safety profile of CYC in MS patients in 2007.
They concluded that CYC, using the usual MS
protocol (monthly for 1 year then bimonthly for
extra year), is well tolerated. The most common
side effects were mild alopecia, nausea, vomiting
and cystitis and these side effects were transient
and completely reversible. Amenorrhea was only
observed in older women (more than 40 years
of age).

Cyclophosphamide-induced

hemorrhagic cystitis

As already mentioned, hemorrhagic cystitis can
be seen in up to 4.5% of MS patients treated
with CYC [Kanter er al. 2008]. On the other
hand, hemorrhagic cystitis can be seen in 10%
of cancer patients treated with CYC and
more than 40% of patients treated with high-
dose CYC (HDC) for bone marrow transplanta-
tion [Compendium of Pharmaceuticals and
Specialties, 2006; Cross ez al. 2006].

Increasing fluid intake and/or administering
sodium 2-mercaptoethanesulfonate (mesna), a
thiol compound, can reduce the risk of this
complication [Takamoto ez al. 2004]. Acrolein,
the metabolite of cyclophosphamide, irritates
mucous membranes and is considered pathogen-
etically important in hemorrhagic cystitis.
Monitoring of urinary acrolein concentration
could indicate when to take heightened preven-
tive measures against hemorrhagic cystitis
[Takamoto ez al. 2004].

Bladder cancer in MS patients treated

with cyclophosphamide

De Ridder and co-workers [1998] reported a
retrospective study of 2351 patients with MS.
Of the 2351 patients, two women and five men
(0.29%) had bladder cancer. Of the 850 chroni-
cally catheterized patients, the incidence was
0.7%. In the subgroup of 70 patients treated
with CYC, five chronically catheterized patients
(5.7%) had bladder cancer. The mean time
lapsed from the last dose of CYC until the
occurrence of neoplastic growth was 5.8 years

(range 3—10 years). No other CYC-induced
tumors were detected.

While all of the aspects of CYC-associated onco-
genesis remain incompletely understood, the
involvement of nitric oxide is an almost univer-
sally accepted co-factor. The mechanism of nitric
oxide carcinogenesis is twofold: DNA damage
and cytotoxicity [Tamir and Tannenbaum,
1996]. Chronic urinary tract infection due to
indwelling catheterization and exposure to high
doses of CYC may have a synergistic effect on the
carcinogenesis of bladder cancer. The author
recommends annual cystoscopy in patients with
MS with indwelling catheters, especially those
who received CYC.

The exact incidence and prevalence of CYC-
associated neoplasms have yet to be determined.
For instance, Lebrun and co-investigators
reported a descriptive study of MS patients with
documented oncologic event in 2007 [Lebrun
et al. 2008]. These investigators retrospectively
gathered information on 7428 MS patients
from nine French centers between 1995 and
2006 (after the era of immunosuppressive ther-
apy) and found no increased risk of cancer in MS
patients exposed to disease-modifying agents
including CYC compared to the general popula-
tion. These results contrast with results reported
by De Ridder in 1998. Based on experience with
other autoimmune diseases, long-term oral CYC
has been associated with significant risk of blad-
der cancer [Talar-Williams er al. 1996; Moore,
1991], a finding that resulted in abandoning
oral CYC in MS. The experience of Radis
and co-workers shed some light on the safe
accumulative dose of CYC [Radid et al. 1995].
They published a 20-year follow-up study in 119
patients with rheumatoid arthritis who received
oral cyclophosphamide. The risk of malignancy
appears to increase as a function of total dosage.
Accumulative doses of more than 80—100g are
associated with the highest risk of malignancy.

Gonadotoxicity secondary to cyclophosphamide
use in MS

Infertility is one of the major limiting factors
concerning the use of CYC in young patients
with aggressive forms of MS. Amenorrhea is a
common side effect in women with child-
bearing period (CBP) and the risk ranges
from 33.3—44.7% in MS patients treated with
CYC [Kanter er al. 2008; Wetzels, 2004].
Extreme caution should be taken when starting
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a patient in her CBP on CYC and should only be
initiated if warranted and with the patient’s full
understanding and consent. Blumenfeld [2007]
showed that the use of IM monthly gonadotro-
pin-releasing hormone (GnRH) resulted in resto-
ration of normal ovarian cycle in more than 93%
of women exposed to gonadotoxic medications
including CYC. Larger studies will be required
to substantiate the iz vivo effect of GnRH-a as
an unequivocal means of minimizing follicular
apoptosis.

In contrast to amenorrhea, azoospermia is clearly
related to the dose of CYC. Doses more than
7.2g/m? and accumulative doses more than
300mg/kg carry the highest risk in non-MS
patients and the onset can be early or late
[Wetzels 2004]. Thus far, no studies have evalu-
ated the risk of azoospermia in MS patients trea-
ted with CYC. For instance, it is currently unclear
whether or not effects on spermatogenesis are
reversible or permanent. Blake and co-workers
reported the case of a man who developed
azoospermia after CYC treatment that resolved
after 3 years of treatment cessation [Blake et al.
1976]. Masala and co-workers [1997] conducted
a randomized clinical trial of 15 patients with
nephritic syndrome who were treated with CYC.
Five patients were given testosterone 100 mg
intramuscularly (IM) every 15 days. All patients
developed oligospermia and azoospermia. The
sperm count normalized after 6 months in the
group that received testosterone therapy, but
only in one patient in the control group. More
insight into these potential adverse events and
possible interventions is clearly needed before
CYC can be considered as pharmacotherapy for
a broad group of young patients with MS.

Pregnant patients with MS and
cyclophosphamide

CYC is teratogenic in animals, but population
studies have not conclusively demonstrated its
teratogenicity in humans [Meirow et al. 2001;
Ujhazy, 1993]. Until more information regarding
safety is available; CYC should not be used in
pregnancy and should be discontinued before
anticipated pregnancy.

Elderly patients with MS and cyclophosphamide
There are no clinical data to guide the use of
CYC in elderly patients. Given complications
associated with immunosenescence, a potent
immunosuppressive agent like CYC should be
used with caution in senior individuals.

Children with MS and cyclophosphamide

A recent multicenter retrospective study con-
ducted by Makhani and co-workers [2009] eval-
uated the use of CYC in 17 children. The
children in this study were diagnosed with
aggressive MS (15 with RRMS and two with
SPMS) refractory to first-line disease-modifying
agents. The 17 children had a mean age at first
CYC use of 15.0 years (range 9.1—18.4 years)
and mean disease duration of 3.1 years (range
0.3—6.4 years). Ten children (59%) were girls
and 7 (41%) were boys. The Expanded
Disability Status Scale (EDSS) scores at treat-
ment initiation were available for 16 children
and mean EDSS was 3.7. Interestingly, four
children had an EDSS of 6.0 or higher. Three
different protocols were utilized: (1) induction
alone, (2) induction plus maintenance, or (3)
maintenance alone. CYC was administered at
600—1000mg/m?® per dose. EDSS scores;
annual relapse rates before, during, and after
treatment with CYC; and all reported side effects
were determined. For each patient, all brain MRI
scans obtained from 12 months before initiation
of CYC and up to 12 months after treatment
were reviewed.

All but one patient had experienced worsening of
EDSS scores or multiple relapses prior to treat-
ment initiation. After conclusion of CYC ther-
apy, 7 (41%) children continued a single
standard first-line therapy. One child was not
on any disease-modifying agents 1 year after
CYC. The remaining nine children (53%)
required combination therapy or treatment with
a second-line therapeutic agent.

CYC was well tolerated in most patients.
However, side effects included vomiting, tran-
sient alopecia, osteoporosis and amenorrhea.
One patient developed bladder cancer. The
study suggests that for children with aggressive
disease, CYC is a potential option. However,
given the potential long-term side effects of
CYC, the risk—benefit ratio should be considered
even more carefully than in adult patients. Also,
randomized, prospective trials of CYC in young
patients with refractory disease are needed to
clearly assess defined treatment outcomes.

Treatment paradigms with cyclophosphamide
Cyclophosphamide monotherapy in MS

For patients with RRMS, there are currently six
approved medications that have been shown to
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alter the natural course of the disease. The
approved medications include three beta inter-
feron (IFNP) formulations (Avonex, Rebif and
Betaseron), glatiramer acetate (GA; Copaxone),
natalizumab  (Tysabri) and mitoxantrone
(Novantrone). There is currently no evidence
that IFNB, GA, and natalizumab are effective in
patients with very aggressive forms of RRMS and
progressive disease forms of MS. Mitoxantrone is
approved for treatment of secondary progressive
MS with worsening relapsing and progressive
relapsing disease course. Mitoxantrone has sev-
eral potentially very severe side effects and its
lifetime cumulative dose is restricted by regula-
tory agencies to 140 mg/m?.

Given that the outcome in this patient population
is usually poor with profound impact on lifestyle
and productivity, alternatives to these six
approved agents are needed by clinical neurolo-
gists. Intense immunosuppression has long been
thought to be the only feasible therapeutic
option. Over the past three decades, substantial
experience has been gathered with CYC.

The first study that evaluated the safety and effi-
cacy of CYC in MS was an open-label trial con-
ducted by Hommes and co-workers in 1975.
This and subsequent trials with CYC as a
potent immunosuppressant were not without
controversy, given the perception at that time of
MS as a viral or postviral disorder. Hommes ez al.
[1975] treated 86 patients with chronic progres-
sive MS with a short course of 400 mg intrave-
nous (IV) CYC in combination with 1g
prednisone daily. Approximately 69% of patients
experienced clinical stabilization of their disease
for a period of 1-5 years. The second noteworthy
trial was conducted by Hauser and his co-
workers in 1983. These investigators conducted
another open-label, prospective, randomized trial
in 58 patients with a clinical phenotype that was
termed ‘progressive MS’. Study patients were
randomized into three treatment arms: (1) a
short course of high-dose IV CYC with adreno-
corticotropin hormone (ACTH), (2) low-dose IV
CYC with ACTH in addition to plasma exchange
(PLEX), or (3) ACTH alone. Stabilization of
clinical disease was reported in 80%, 50% and
20% of the respective treatment arms. These
results were interpreted as evidence for the ben-
eficial effects of high-dose IV CYC in patients
with progressive MS. In retrospect, the interpre-
tation of this trial is complex due to the fact that
diagnostic criteria for MS relevant for use in

clinical trials were only introduced in 1983 by
Poser ez al. [1983]. Recognition of the substantial
clinical and paraclinical differences between
patients with RRMS, progressive-relapsing MS
(PRMS), SPMS, and primary progressive MS
(PPMS) occurred even later [Lublin and
Reingold 1996] and are still not fully understood.
It has to be assumed that the patients enrolled by
Hauser ez al. were very heterogeneous and may
not have been appropriately randomized among
treatment arms.

Conflicting data on the use of CYC in MS came
from two large randomized trials between 1991
and 1993. The Northeast Cooperative Multiple
Sclerosis Treatment Group conducted a rando-
mized trial of 256 patients with progressive MS
who were randomly assorted to one of four arms:
(1) IV CYC and ACTH was administered
according to an established induction regimen
(600 mg/m? daily for 5 days), (2) with or without
IV boosters of CYC (700mg/m?) every other
month, or (3) IV CYC and ACTH given accord-
ing to a modified regimen (600 mg/m? on days 1,
2,4, 6 and 8), with or (4) without IV boosters of
CYC (700 mg/m?) every other month [Weiner
et al. 1993]. Initially, there were no differences
in disease stabilization between the two induction
regimens. However, patients who received
maintenance boosters of CYC experienced a sig-
nificant delay in reaching time-to-treatment fail-
ure-defined as one point increase on the EDSS
[Kurtzke, 1983] that lasted for 2 months com-
pared with the group that did not receive CYC
boosters. A significant therapeutic effect was
more pronounced among younger individuals.

These encouraging results were challenged by the
results of a clinical trial conducted by the
Canadian Cooperative  Multiple  Sclerosis
Group. The Canadian trial was a single-blinded,
placebo-controlled, multicenter trial that ran-
domly assigned 168 patients with progressive
MS to one of three arms: (1) IV CYC with oral
prednisone, (2) oral CYC and oral (PO) predni-
sone on alternate days with weekly PLEX, or
(3) oral placebo with sham PLEX [Canadian
Cooperative Multiple Sclerosis Study Group,
1991]. The investigators of this trial reported
no significant differences in terms of time-to-
treatment failure defined as a worsening of one
or more points on the EDSS sore on two consec-
utive exams separated by a minimum of
6 months. The conflicting data from these two
large trials may also have resulted from distinct
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patient populations, and ultimately resulted in an
ongoing debate about the efficacy of CYC in
patients with MS. The regional influence of
these two studies on the neurology community
can perhaps best be appreciated by looking
at the data reported by Oger in 2007. He
reported that CYC is used relatively frequently
in patients with MS in France and the US (in
respectively 6.9% and 5.5% of patients), whereas
Canadian, British, and Scandinavian neurologists
appear quite reluctant in this regard (0.6%)
[Oger, 2007].

Also in 1991, Likosky and co-workers conducted
a placebo-controlled single blinded study of
42 patients with what they termed ‘chronic-
progressive MS’. Again, it is unclear whether
the study population was composed of patients
with PRMS, SPMS, PPMS, or a mixture of all
of these phenotypes. A dose of IV CYC 500 mg
daily for five times was used. The investigators
reported no apparent effect on clinical disease
activity after 12, 18 and 24 months. Since then,
there have been many open-label trials of CYC in
patients with rapidly progressive and refractory
MS. In summary, all of these trials stated positive
and encouraging results. In 1997 Weinstock-
Guttman reported an open-label study with IV
CYC (500 mg/m? for 5 days followed by mainte-
nance therapy) in 17 patients with fulminant MS
defined as worsening of more than one a half
points on the EDSS for more than 3 months
[Weinstock-Guttman, 1997]. In 24 months,
69% of patients were clinically stable or had
some improvement. In 1999, two other
open-label trials were reported. The first,
conducted by Hohol ez al. [1999], was an open-
label observational study of 95 patients with pro-
gressive MS. They reported that 80% of the
patients who received monthly CYC with IV
pulses of methylprednisolone (MP) had stable
or improved EDSS scores at 12 months. The
second trial was reported by Gobbini and co-
investigators [1999] who treated five patients
with rapidly deteriorating RRMS using monthly
IV CYC for 6 months followed by IV CYC on
alternate months. The investigators observed
rapid reduction in the number of enhancing
lesions which was concordant with clinical stabi-
lity. In 2001, Khan and co-workers [2001] eval-
uated 14 patients with rapidly deteriorating
RRMS, defined as more than three points
increase in EDSS score in 12 months despite
immunomodulating therapy and IV steroids,
who were given monthly CYC. The results were

very encouraging: no further relapses were
reported, and stabilization of EDSS scores
occurred for up to 18 months. In 2003, Perini
and Gallo [2003] reported an open-label study
of 24 patients with active refractory MS who
received monthly IV CYC and IV MP for
1 year followed by CYC therapy in alternate
months for one extra year. They noticed signifi-
cant improvement in EDSS scores, relapse rate
and surrogate disease makers on magnetic reso-
nance imaging (MRI). In 2004, Zephir
and co-investigators conducted a retrospective
review of the charts of 490 patients with progres-
sive MS (362 with SPMS and 128 with PPMS)
who were given 12 monthly IV pulses of CYC.
After 12 months, 78.6% of patients with SPMS
and 73.5% of patients with PPMS showed stabi-
lization or improvement of their EDSS scores.

In terms of comparing different regimens of
CYC, La Mantia and co-workers [1998] com-
pared three different CYC treatment paradigms
in MS patients: (1) induction followed by
bimonthly IV boosters for one year (17 patients),
(2) bimonthly IV boosters for 1 year without
induction (15 patients), and (3) monthly IV
boosters for 1 year (21 patients). The percentage
of stable patients was significantly higher in the
first and the third groups. Myelotoxicity occurred
only in the first group, and bronchopneumonia
was observed in the second group. No major side
effects were observed in the third group. The
study suggested that monthly pulses of CYC
are effective and safe in MS patients.

Based on all of these studies it is hard to conclude
how effective CYC is in patients with MS.
Specifically, it was never definitely determined
which patient population may benefit, and
which treatment paradigm should best be utilized.
The potential lack of interest by a corporate entity
to conduct state-of-the art clinical trials with
CYC in patients with RRMS, SPMS, or PPMS
has perhaps been the single biggest obstacle in
determining its role as a disease-modifying agent.

Combination of cyclophosphamide and
interferon beta in MS

In 2004, Patti and co-investigators reported
10 patients with rapidly worsening MS refractory
to interferon beta (IFNp) (six patients on IFN[3-
la, Avonex and four patients on IFN(-1b,
Betaseron) therapy in whom monthly IV CYC
was added to the treatment regimen. Addition
of CYC led to significant reduction in the
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number of relapses, EDSS scores and radiologi-
cal disease burden. Importantly, these findings
were sustained for 36 months after cessation of
CYC.

In 2005, Smith and co-workers reported the
results of a trial of 59 patients with IFNp-
refractory RRMS who were treated with a com-
bination of IV CYC and IFNB-1b (Betaseron).
This was a randomized, single-blind, parallel-
group, multicenter trial in MS patients with a
history of active disease during IFNf treatment.
Patients were randomized to either IV CYC
800 mg/m? plus IV MP 1g or IV MP once a
month for 6 months and then followed for an
additional 18 months. All patients received
3 days of IV MP 1g at screening and 30pug
IFNB-1a IM weekly for the entire 24 months.
The primary endpoint was change from baseline
in the mean number of enhancing lesions on
MRI. Secondary clinical endpoints included
time to treatment failure. Fifty-nine patients
were randomized to treatment: 30 to CYC/MP
and 29 to MP. Change from baseline in the
number of enhancing lesions was significantly
different between treatment groups at 3, 6 and
12 months with fewer lesions in the CYC/MP
group. The cumulative rate of treatment failure
was significantly lower in the CYC/MP group
compared with the MP group. The CYC/MP
combination was also well tolerated.

Cyclophosphamide versus mitoxantrone in MS
There is only one trial that has compared CYC
with mitoxantrone, another alkylating che-
motherapeutic agent that was approved for
patients with PRMS and SPMS in 2002
[Hartung et al. 2002]. This open-label study
that compared the efficacy and safety of CYC
and mitoxantrone was conducted by Zipoli and
co-workers in 2007. Mitoxantrone was adminis-
tered at a dose of 8 mg/m? monthly for 3 months
and then every 3 months (total dose 120 mg/m?),
while CYC was given at a dose of 700 mg/m?
monthly for 12 months and then bimonthly for
24 months. Of the 153 patients enrolled, 75
received mitoxantrone and 78 received CYC.
After 12 months, radiological activity was
reduced by 69% in mitoxantrone group and
63% in CYC group with no significant differ-
ence. Discontinuation due to side effects was
more common in patients receiving CYC
though the difference was not clinically signifi-
cant. The overall tolerability for both agents
was acceptable.

High and myeloablative (immunoablative)
doses of cyclophosphamide in MS

The recognition of aberrant immune responses in
patients with MS has led many experts to believe
that a resetting of the immune system may lead to
sustained clinical and paraclinical benefits.
Pharmacological myeloablation is one strategy
that would potentially allow for a re-education
of the immune system. The use of myeloablative
doses of CYC in patients with neurological auto-
immune disorders was pioneered by Drachman
and co-workers [2003], who first used this strat-
egy to treat patients with refractory myasthenia
gravis (MGQG). The investigators treated three
patients with ablative doses of CYC (50 mg/kg/
day for 4 days). All study subjects tolerated the
treatment well and showed remarkable clinical
improvement. In 2008, Drachman showed data
on 12 patients with refractory MG treated with
myeloablatives doses of CYC (200 mg/kg).
Of these 12 patients, 11 displayed a dramatic
clinical improvement. The high dose was not
only found to be effective, but was also safe
over a period of 1-9 years of follow up.

In 2005, a report of a single patient by de
Bittencourt with RRMS who accidentally
received a dose of 3800 mg of CYC showed no
disease activity for 7 years [de Bittencourt and
Gomes-da-Silva, 2005]. In 2006, Gladstone and
co-workers conducted an open-label trial with
15 patients with moderate-to-severe refractory
MS who were treated with CYC 200 mg/kg over
4 days. In 15 months, the investigators observed
significant improvement in the quality of life and
stability of the disease. In 2008, Krishnan and co-
workers reported a 2-year open-label trial of nine
patients with aggressive MS who were treated
with CYC 50mg/kg/day for 4 days (total
200 mg/kg) [Krishnan er al. 2008]. To promote
immune reconstitution, CYC therapy was fol-
lowed by 5 pg/kg/day of granulocyte colony stimu-
lating factor (GCSF) until absolute neutrophil
count (ANC)>1.0 x 10°cells/L for 2 days. The
investigators demonstrated a significant reduction
of EDSS scores (39.4%) after a mean follow up of
12 months and a reduction in enhancing lesions
by 81.4%.

The most recent publication of the use in high
dose CYC (HDC) was in February 2009 by
Schwartzman er al. These investigators treated
23 MS patients (nine patients with RRMS, 11
patients with SPMS and four patients with
PPMS) with HDC. After 3.5 years of follow-up
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they observed that the RRMS group benefited
the most from HDC (four patients showed no
progression, three patients maintained a normal
neurological exam and seven patients had a sig-
nificant reduction in the flare frequency).
According to this trial HDC was found ineffec-
tive in SPMS and failed in two out of four PPMS
patients. HDC was found safe and tolerable and
mild side effects.

A therapeutic approach that achieves depletion of
immune cells very similar to myeloablation
(immunoablation) is the administration of the
humanized recombinant monoclonal antibody
alemtuzumab (Campath), which is approved for
the treatment of B cell lymphoma and chronic
lymphoid leukemia [Cree, 2006]. Alemtuzumab
targets CD52+ T and B lymphocytes, monocytes
and macrophages and leads to cell death by cyto-
lysis and apoptosis [Flynn and Bird, 2000; Crowe
et al. 1992]. In patients with MS, alemtuzumab
was recently shown to be effective in controlling
the disease and improving disability in RRMS
[CAMMS223 Trial Investigators, 2008; Coles
et al. 2006. In SPMS patients, however, a sub-
stantial decrease of Gd-enhancing lesions was
followed by long-term increased brain and
spinal cord atrophy and increased disability
[Roccatagliata et al. 2007]. Thus, the optimal
time for alemtuzumab therapy may be in patients
with very early aggressive disease.

Myeloablation by autologous hematopoietic stem
cell transplantation (HSCT) has also more
recently been explored as a treatment strategy in
MS patients with an aggressive disease course.
There is compelling evidence that HSCT can
lead to significant and sustained control of inflam-
matory activity in patients with MS [Freedman
etal. 2007; Saccardi ez al. 2006; Fassas er al. 2002].

Brain atrophy in MS patients treated with
high-dose cyclophosphamide

Conventional neuroimaging modalities have been
disappointing when correlating clinical outcomes
with surrogate disease markers on MRI.
Measurement of cerebral atrophy is currently
being explored as a tool to monitor disease activ-
ity and the effect of pharmacotherapies in MS.
Brain volume loss is now well described after
immunomodulation secondary to the resolution
of brain edema (pseudoatrophy) [Zivadinov ez al.
2008]. However, there is accumulating evidence
that high-dose CYC is associated with true brain
atrophy. Most notably, a relatively high dose

(4—8 g/m?) that was used in the setting of auto-
logous hematopoietic stem cell transplantation
(AHSCT) was shown to be associated with
long-term significant loss of brain volume unre-
lated to the edema resolution [Roccatagliata ez al.
2007; Chet er al. 2006; Inglese ez al. 2004]. CYC
is commonly utilized in AHSCT to mobilize
peripheral blood progenitor cells.

In 2004, Inglese and his co-workers studied 10
patients with rapidly evolving SPMS treated with
a AHSCT regimen that incorporated CYC
(4 g/m?), there was an average annual decrease
in brain volume of about 1.9% over a period of
24 months, despite only five enhancing lesions
seen on triple dose follow up scans of two
patients. In 2006, Chen and co-workers mea-
sured brain atrophy in nine patients undergoing
AHSCT for MS. Stem cell mobilization was
achieved by using IV CYC (4.5g/m?). From
baseline to 1 month after treatment, cerebral
atrophy accelerated 10-fold compared to the pre-
treatment period. Roccatagliata and co-workers
conducted a long-term follow-up study of nine
patients with MS treated with AHSCT for a
mean of 63 months and observed a marked
decrease of brain atrophy after the second year
following treatment.

These observations suggest that brain atrophy
after immunotherapy with CYC may not be due
entirely to the resolution of edema, but may be
related to chemotoxicity [Chet ez al. 2006]. The
most important question is which cell type in the
CNS constitutes the target of CYC therapy. As
mentioned above, CYC has good bioavailability
in this compartment. As it eliminates predomi-
nantly rapidly dividing cells, it is conceivable
that immune cells that have become intrinsic to
the brain and spinal cord of patients with advanced
MS are slowly being eliminated. However, it is also
possible that neurons and glial cells may be
adversely affected. Alemtuzumab, as mentioned
above, has caused significant brain and spinal
cord atrophy, a finding that raises the question
whether the brain atrophy is medication-specific
or simply related to intensive immunoablation.
Controlled clinical trials will be required to clarify
the long-term effects of CYC on brain atrophy and
the potential differences between different dose
regimens.

Conclusions

In the past three decades, extensive experience
with CYC in patients with MS has
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been accumulated. Overall, CYC is a relatively
well-tolerated and promising option for patients
with aggressive forms of MS.

While some clinical studies have provided con-
flicting results with regard to the efficacy of
CYC in patients with MS, the majority of trials
have shown a positive response to CYC in treat-
ment-refractory progressive phenotypes of MS
with acceptable tolerability. Differences in out-
comes may be explained by different inclusion
criteria and outcomes employed by different
investigators.

It appears that younger patients with a shorter
disease course appear to derive the greatest ben-
efits in terms of efficacy and tolerability.
Furthermore, patients with RRMS, rapidly pro-
gressing MS and PPMS or SPMS with active
disease with no major medical co-morbidities
seem to be the good candidates for CYC therapy.
It is also conceivable that CYC could benefit
patients with other inflammatory disorders of
the CNS, including NMO [Hemmer and Stuve,
2007]. Poor candidates, from a safety perspec-
tive, include: pregnant and nursing women,
women of child-bearing age, the elderly (due to
lack of data) and patients with medical contra-
indication to CYC.

The most widely utilized regimen is monthly
pulses of 700—800 mg/m? for 1 year, followed
by bimonthly pulses in treatment responders.
Combination therapy with IFN appears to be
effective and safe. Refer to Table 1 for dose
adjustment based on white blood cell count for
the pulse regimen [Oger, 2007]. Other modified

Table 1. Dosing of cyclophosphamide based on
white blood cell (WBC] count in peripheral blood
(modified from Oger, 2007).

First dose of CYC

WBC/mm?® cYe

>4000 full dose

30004000 75%

2000—3000 50%

<2000 skip

Next monthly dose of CYC

WBC/mm? at nadir  CYC

1500—2000 full dose

<1500 decrease by 100—200 mg/m?
>2000 Increase by 100—200 mg/m?

regimens that have been used are summarized in
Box 1 [Smith, 2005]. Possible safety monitoring
is summarized in Box 2 [Gauthier and Weiner,
2005].

An intriguing and relatively novel approach that
needs to be studied more extensively is the use of
myeloablative (immunoablative) doses of CYC
(200mg/kg). The efficacy and safety of this
approach needs to be verified in controlled ran-
domized trials. If successful, these trials could
establish CYC as an alternative to other aggres-
sive treatment approaches, including alemtuzu-
mab and HSCT. Interestingly, the Kkinetic of
immune-reconstitution with all these strategies
appears to be very similar. These trials should
verify effects of CYC on brain atrophy and the
effect on intrathecal immune processes. It has the
advantage of providing long-lasting effects with
acceptable tolerability. Given the potentially seri-
ous side effects of CYC therapy and the availabil-
ity of safer treatment options, the identification of
an ideal patient population will remain challen-
ging. Some of the identified side effects, includ-
ing sterility and bladder cancer, will almost
certainly limit the broader use of this agent.

Box 1. Different dosing regimens of cyclophosphamide

(modified from Smith, 2005).

1. IV induction therapy with CYC/MP: 600 mg/m? IV CYC given on days 1,

2, 4, 6, 8 plus IV MP given daily for 8 days.

2.

IV pulse therapy with CYC/MP after MP induction (1 g daily for 5 days):
IV CYC pulses begun at 800 mg/m? with dose escalation designed to
produce leukopenia of 2000/mm?; every 4 weeks for 12 weeks, every 6
weeks for 12, every 2 months for 12 months; 1 g IV MP given with CYC.
Maximum dose 1600 mg/m?

. IV pulse therapg with CYC at a fixed dose: IV CYC pulses given at

800—1000 mg/m
without [V MP.

every 4—8 weeks for 12—24 months; given with or

. Combination therapy: IV pulse CYC therapy given concomitantly with

IENP or glatiramer acetate for variable time periods.

Box 2. Safety monitoring for cyclophosphamide
(modified from Gauthier and Weiner, 2005).

1.

WBC count prior to each dose at mid-month (nadir).

2. Patients should be instructed to drink 3 L of fluid on the day of, and the

day after, treatment.

3. Urinalysis and cytology should be conducted annually during
treatment.

4. Cystoscopy: if cytology is abnormal; yearly after 3 years of treatment.

5. Maximum lifetime dose: 80—100g.

6. Contraception before planning CYC in women during CBP and preg-
nancy test prior to dosing.

7. Seminal fluid analysis when accumulative dose exceeds 300 mg/kg.

http://tan.sagepub.com

365



Therapeutic Advances in Neurological Disorders 2 (6)

Conflict of interest statement
None declared.

References

Balshov, K.E., Smith, D.R., Khoury, S.]J., Hafler, D.A.
and Weinrer, H.L.. (1997) Increased interleukin-12
production in progressive multiple sclerosis: induction
by activated CD4+ T cells via CD40 ligand. Proc Natl
Acad Sci USA 94: 599—603.

Blake, D.A., Heller, R.H., Hsu, S.H. and Schacter,
B.Z. (1976) Return of fertility in a patient with
cyclophosphamide-induced azoospermia. Fohns
Hopkins Med ¥ 139: 20—-22.

Blumenfeld, Z. (2007) Gender difference: fertility
preservation in young women but not in men exposed
to gonadotoxic chemotherapy. Minerva Endocrinol

32: 23-34.

CAMMS223 Trial Investigators, Coles, A.].,
Compston, D.A., Selmaj, K.W., Lake, S.L., Moran, S.,
Margolin, D.H. ez al. (2008) Alemtuzumab vs. inter-
feron beta-1a in early multiple sclerosis. N Engl ¥ Med
359: 1786—1801.

Canadian Cooperative Multiple Sclerosis Study
Group. (1991) The Canadian cooperative trial of
cyclophosphamide and plasma exchange in progressive
multiple sclerosis. Lancer 337: 441—446.

Chet, ]J.T., Collins, D.L., Atkins, H.L., Freedman,
M.S., Galal, A. and Arnold, D.L. (2006) Brain atrophy
after immunoablation and stem cell transplant in
multiple sclerosis. Neurology 66: 1935—1937.

Coles, A.]., Cox, A., Le Page, E., Jones, J., Trip, S.A.,
Deans, J. et al. (2006) The window of therapeutic
opportunity in multiple sclerosis: evidence from
monoclonal antibody therapy. ¥ Neurol 253: 98—108.

Comabella, M., Balashov, K., Hafler, D.A., Issazadeh,
S., Smith, D., Weiner, H.L. ez al. (1998) Elevated
interleukin-12 in progressive multiple sclerosis corre-
lates with disease activity and is normalized by pulse
cyclophosphamide therapy. ¥ Clin Invest

102: 671-678.

Compendium of Pharmaceuticals and Specialties.
(2006) ®Cytoxan: Canadian Pharmacists Association
(Canada).

Cree, B. (2006) Emerging monoclonal antibody
therapies for multiple sclerosis. Neurologist
12: 171-178.

Cross, A.H., Stark, J.L.., Lauber, J., Ramsbottom, M.J.
and Lyons, J.A. (2006) Rituximab reduces B cells and
T cells in cerebrospinal fluid of multiple sclerosis
patients. ¥ Neuroimmunol 180: 63—70.

Crowe, J.S., Hall, V.S., Smith, M.A., Cooper, H.J. and
Tite, J.P. (1992) Humanized monoclonal antibody
CAMPATH-1H: myeloma cell expression genomic
constructs nucleotide sequence of cDNA constructs
and comparison of effector mechanisms of myeloma
and Chinese hamster ovary cell-derived material.

Chin Exp Immunol 87: 105—110.

de Bittencourt, P.R. and Gomes-da-Silva, M.M.
(2005) Multiple sclerosis: long-term remission after a
high dose of cyclophosphamide. Acta Neurol Scand
111: 195-198.

De Ridder, D., van Poppel, H., Demonthy, L.,
D’hooghe, B., Gonsette, R., Carton, H. ez al. (1998)
Bladder cancer in patients with multiple sclerosis
treated with cyclophosphamide. ¥ Urol

159: 1881—1884.

Drachman, D.B., Jones, R.J. and Brodsky, R.A. (2003)
Treatment of refractory myasthenia: ‘rebooting’ with
high-dose cyclophosphamide. Ann Neurol 53: 29—34.

Drachman, D.B., Adams, R.N., Hu, R., Jones, R.J.
and Brodsky, R.A. (2008) Rebooting the immune
system with high-dose cyclophosphamide for treat-
ment of refractory myasthenia gravis. Ann N Y Acad
Sci 1132: 305—-314.

Fassas, A., Passweg, J.R., Anagnostopoulos, A., Kazis,
A., Kozak, T., Havrdova, E. er al. (2002)
Hematopoietic stem cell transplantation for multiple
sclerosis: a retrospective multicenter study. ¥ Neurol
249: 1088—1097.

Flynn, J.M. and Byrd, J.C. (2000) Campath-1H
monoclonal antibody therapy. Curr Opin Oncol
12: 574-581.

Freedman, M.S., Atkins, H.L., Arnold, D.L. and Bar-
Or, A. on behalf of the Canadian BMT group (2007)
Immune ablation and autologous stem cell transplan-
tation for aggressive multiple sclerosis: interim 5-year
report. Mult Scler 13(Suppl 2): 22(abstr).

Gauthier, S.A. and Weiner, H.L. (2005)
Cyclophosphamide therapy for MS. Int MS ¥
12: 52-58.

Gladstone, D.E., Golightly, M.G. and Brannagan,
IITI T.H. (2007) High dose cyclophosphamide
preferentially targets naive T (CD45/CD4/RA+) cells
in CIDP and MS patients. ¥ Neurotmmunol

190: 121-126.

Gladstone, D.E., Zamkoff, K.W., Krupp, L., Peyster,
R., Sibony, P., Christodoulou, C. er al. (2006) High-
dose cyclophosphamide for moderate to severe
refractory multiple sclerosis. Arch Neurol

63: 1388—1393.

Gobbini, M.I., Smith, M.E., Richert, N.D., Frank,
J.A. and McFarland, H.F. (1999) Effect of open label
pulse cyclophosphamide therapy on MRI measures of
disease activity in five patients with refractory relap-
sing-remitting multiple sclerosis. ¥ Neuroimmunol

99: 142—149.

Hartung, H.P., Gonsette, R., Konig, N., Kwiecinski,
H., Guseo, A., Morrissey, S.P. et al. (2002)
Mitoxantrone in progressive multiple sclerosis: a
placebo-controlled, double-blind, randomised, multi-
centre trial. Lancet 360: 2018—2025.

Hauser, S.L., Dawson, D.M., Lehrich, J.R., Beal,
M.F., Kevy, S.V.,, Propper, R.D. ez al. (1983) Intensive
immunesuppression in progressive multiple sclerosis.

366

http://tan.sagepub.com



A Awad and O Stilve

A randomized, three-arm study of high-dose intrave-
nous cyclophosphamide, plasma exchange, and
ACTH. N Engl ¥ Med 308: 173—180.

Hemmer, B. and Stuve, O. (2007) Revised criteria for
neuromyelitis optica — a new diagnostic standard?
Nat Clin Pract Neurol 3: 132—133.

Hohol, M.]., Olek, M.]., Orav, E.]J., Stazzone, L.,
Hafler, D.A., Khoury, S.]. er al. (1999) Treatment of
progressive multiple sclerosis with pulse cyclopho-
sphamide/methylprednisolone: response to therapy is
linked to the duration of progressive disease. Mulr Scler
5: 403—409.

Hommes, O.R., Prick, J.J. and Lamers, K.J. (1975)
Treatment of chronic progressive form of multiple
sclerosis with a combination of cyclophosphamide and
prednisone. Clin Neurol Neurosurg 78: 59—72.

Inglese, M., Mancardi, G.L., Pagani, E., Rocca, M.A.,
Murialdo, A., Saccardi, R. ez al. (2004) Brain tissue
loss occurs after suppression of enhancement in
patients with multiple sclerosis treated with autologous
haematopoietic stem cell transplantation. ¥ Neurol
Neurosurg Psychiatry 75: 643—644.

Khan, O.A., Zavartau-Hind, M., Caon, C., Din,
M.U., Cochran, M., Lisak, D. ez al. (2001) Effect of
monthly intravenous cyclophosphamide in rapidly
deteriorating multiple sclerosis patients resistant to
conventional therapy. Mult Scler 7: 185—188.

Kanter, 1.C., Huttner, H.B., Staykov, D., Biermann,
T., Struffert, T., Kerling, F. er al. (2008)
Cyclophosphamide for anti-GAD antibody-positive
refractory status epilepticus. Epilepsia 49: 914—920.

Karni, A., Balashov, K., Hancock, W.W.,
Bharanidharan, P., Abraham, M., Kohoury, S.]. et al.
(2004) Cyclophosphamide modulates CD4+ T cells
into a T helper type 2 phenotype and reverses
increased IFN-y production of CD8+ T cells in sec-
ondary progressive multiple sclerosis. ¥ Neuroimmunol
146: 189—198.

Kim, Y.H., Choi, B.K., Oh, H.S., Kang, W.]J., Mittler,
R.S. and Kwon, B.S. (2009) Mechanisms involved in
synergistic anti-cancer effects of anti 4-1-BB and
cyclophosphamide therapy. Mol Cancer Ther

8: 469—478.

Kovarsky, J. (1983) Clinical pharmacology and toxi-
cology of Cyclophosphamide: emphasis on use in
rheumatic diseases. Semin Arthritis Rheum

12: 359—-372.

Krishnan, C., Kaplin, A.I., Brodsky, R.A., Drachman,
D.B., Jones, R.J., Pham, D.L. ez al. (2008) Reduction
of disease activity and disability with highdose cyclo-
phosphamide in patients with aggressive multiple
sclerosis. Arch Neurol 65: 1044—1051.

Kurtzke, J.F. (1983) Rating neurologic impairment
in multiple sclerosis: an expanded disability status scale
(EDSS). Neurology 33: 1444—1452.

La Mantia, L., Eoli, M., Salmaggi, A., Torri, V. and
Milanese, C. (1998) Cyclophosphamide in chronic

progressive multiple sclerosis: a comparative study. Izal
F Neurol Sci 19: 32—36.

Lebrun, C., Debouverie, M., Vermersch, P., Clavelou,
P., Rumbach, L., de Seze, J. er al. (2008) Cancer risk
and impact of disease-modifying treatments in patients
with multiple sclerosis. Mult Scler 14: 399—405.

Likosky, W.H., Fireman, B., Elmore, R., Eno, G.,
Gale, K., Goode, G.B. er al. (1991) Intense immuno-
suppression in chronic progressive multiple sclerosis:
the Kaiser study. ¥ Neurol Neurosurg Psychiatry

54: 1055—1060.

Lublin, F.D. and Reingold, S.C. (1996) Defining the
clinical course of multiple sclerosis: results of an
international survey. National Multiple Sclerosis
Society (USA) Advisory Committee on Clinical Trials
of New Agents in Multiple Sclerosis. Neurology

46: 907-911.

Makhani, M.P., Gorman, H.M., Branson, L.,
Stazzone, B.L., Banwell, T. and Chitnis. (2009)
Cyclophosphamide therapy in pediatric multiple scle-
rosis. Neurology 72: 2076—2082.

Masala, A., Faedda, R., Alagna, S., Satta, A.,
Chiarelli, G., Rovasio, P.P. ez al. (1997) Use of tes-
tosterone to prevent cyclophosphamide-induced
azoospermia. Ann Intern Med 126: 292—295.

Meirow, D., Epstein, M., Lewis, H., Nugent, D. and
Gosden, R.G. (2001) Administration of cyclopho-
sphamide at different stages of follicular maturation in
mice: effects on reproductive performance and fetal
malformations. Hum Reprod 16: 632—637.

Moore, M.]. (1991) Clinical pharmacokinetics of
cyclophosphamide. Clin Pharmacokiner 20: 194—208.

Oger, J. (2007) Immunosuppression: promises and
failures. ¥ Neurol Sci 259: 74—78.

ONS Clinical Practice Committee. (1999) Cancer
Chemotherapy Guidelines and Recommendations for
Practice. Pittsburgh, PA: ONS, pp. 32—41.

Patti, F., Reggio, E., Palermo, F., Fiorilla, T., Politi,
G., Nicoletti, A. er al. (2004) Stabilization of rapidly
worsening multiple sclerosis for 36 months in patients
treated with interferon beta plus cyclophosphamide
followed by interferon beta. ¥ Neurol 251: 1502—1506.

Perini, P., Calabrese, M., Rinaldi, L. and Gallo, P.
(2007) The safety profile of cyclophosphamide in
multiple sclerosis therapy. Expert Opin Drug Saf
6: 183—190.

Perini, P. and Gallo, P. (2003) Cyclophosphamide is
effective in rapidly deteriorating secondary progressive
multiple sclerosis. J Neurol 250: 834—838.

Polman, C.H., Reingold, S.C., Edan, G., Filippi, M.,
Hartung, H.P., Kappos, L. er al. (2005) Diagnostic
criteria for multiple sclerosis: 2005 revisions to the
‘McDonald Criteria’. Ann Neurol 58: 840—846.

Portaccio, E., Siracusa, G., Piacentini, S., Sorbi, S.
and Amato, M.P. (2003) Safety and tolerability of
cyclophosphamide ‘pulses’ in multiple sclerosis: a

http://tan.sagepub.com

367



Therapeutic Advances in Neurological Disorders 2 (6)

Visit SAGE journals online
http://tan.sagepub.com

®SAGEJOURNALS
Online

prospective study in a clinical cohort. Mulr Scler
9: 446—450.

Poser, C.M., Party, D.W., Scheinberg, L., McDonald,
W.I., Davis, F.A., Ebers, G.C. et al. (1983) New
diagnostic criteria for multiple sclerosis: guidelines for
research protocols. Ann Neurol 13: 227—-231.

Prineas, J.W. (1979) Multiple sclerosis: presence of
lymphatic capillaries and lymphoid tissue in the brain
and spinal cord. Science 203: 1123—1125.

Prineas, J.W. and Wright, R.G. (1978) Macrophages,
lymphocytes, and plasma cells in the perivascular
compartment in chronic multiple sclerosis. Lab Invest
38: 409—421.

Radis, C.D., Kahl, L.E., Baker, G.L., Wasko, M.C.,
Cash, J.M., Gallatin, A. et al. (1995) Effects of cyclo-
phosphamide on the development of malignancy and
on long-term survival of patients with rheumatoid
arthritis. A 20-year follow up study. Arthritis Rheum
38: 1120-1127.

Roccatagliata, L., Rocca, M.A., Valsasina, P.,
Bonzano, L., Sormani, M., Saccardi, R. ez al. (2007)
The long-term effect of AHSCT on MRI measures of
MS evolution: a five year follow-up study. Mulr Scler
13: 1068—1070.

Saccardi, R., Kozak, T., Bocelli-Tyndall, C., Fassas,
A., Kazis, A., Havrdova, E. er al. (2006) Autologous
stem cell transplantation for progressive multiple
sclerosis: Update of the European Group for Blood
and Marrow Transplantation autoimmune diseases
working party database. Mult Scler 12: 814—823.

Schwartzman, R.J., Simpkins, N., Alexander, G.M.,
Reichenberger, E., Ward, K., Lindenberg, N. ez al.
(2009) High-dose cyclophosphamide in the treat-
ment of multiple sclerosis. CNS Neurosci Ther

15: 118—127.

Smith, D.R. (2005) Cyclophosphamide therapy for
multiple sclerosis. In: Olek, M.]. (ed.). Multiple
Sclerosis Humana Press: New York, pp. 171—-191.

Smith, D.R., Balashov, K.E., Hafler, D.A., Khoury,
S.J. and Weiner, H.L. (1997) Immune deviation fol-
lowing pulse cyclophosphamide/methylprednisolone
treatment of multiple sclerosis: increased interleukin-4
production and associated eosinophilia. Ann Neurol
42: 313-318.

Smith, D.R., Weinstock-Guttman, B., Cohen, J.A.,
Wei, X., Gutmann, C., Bakshi, R. ez al. (2005) A
randomized blinded trial of combination therapy
with cyclophosphamide in patients with active multi-
ple sclerosis on interferon beta. Mulr Scler

11: 573-582.

Steinman, L. (2001) Multiple sclerosis: a two-stage
disease. Nat Immunol 2: 762—764.

Stuve, O., Cravens, P.D., Frohman, E.M., Phillips,
J.T., Remington, G.M., von Geldern, G. ez al. (2009)
Immunologic, clinical, and radiologic status 14

months after cessation of natalizumab therapy.
Neurology 72: 396—401.

Stuve, O., Marra, C.M., Jerome, K.R., Cook, L.,
Cravens, P.D., Cepok, S. ez al. (2006) Immune sur-
veillance in multiple sclerosis patients treated with
natalizumab. Ann Neurol 59: 743—747.

Takamoto, S., Sakura, N., Namera, A. and Yashiki, M.
(2004) Monitoring of urinary acrolein concentration in
patients receiving cyclophosphamide and ifosphamide.
F Chromatogr B Analyt Technol Biomed Life Sci

806: 59—63.

Takashima, H., Smith, D.R., Fukaura, H., Khoury,
S.]., Hafler, D.A. and Weiner, H.L. (1998) Pulse
cyclophosphamide plus methylprednisolone induces
myelin-antigen-specific IL.-4 secreting T cells in mul-
tiple sclerosis patients. Clin Immunol Immunopathol
88: 28—34.

Talar-Williams, C., Hijazi, Y.M., Walther, M.M.,
Linehan, W.M., Hallahan, C.W., Lubensky, 1. er al.
(1996) Cyclophosphamide-induced cystitis and blad-
der cancer in patients with Wegener granulomatosis.
Ann Intern Med 124: 477—484.

Tamir, S. and Tannenbaum, S.R. (1996) The role of
nitric oxide (NO.) in the carcinogenic process. Biochim
Biophys Acta 1288: F31-36.

Ujhazy, E., Balonova, T., Durisova, M., Gajdosik, A.,
Jansak, J. and Molnarova, A. (1993) Teratogenicity of
cyclophosphamide in New Zealand white rabbits.
Neoplasma 40: 45—49.

Weiner, H.L., Mackin, G.A., Orav, E.J., Hafler, D.A.,
Dawson, D.M., LaPierre, Y. ez al. (1993) Intermittent
cyclophosphamide pulse therapy in progressive multi-
ple sclerosis: final report of the Northeast Cooperative
Multiple Sclerosis Treatment Group. Neurology

43: 910-918.

Weinstock-Guttman, B. (1997) Treatment of fulmi-
nant multiple sclerosis with intravenous cyclopho-
sphamide. The Neurologist 3: 178—185.

Wetzels, J.F.M. (2004) Cyclophosphamide-induced
gonadal toxicity: a treatment dilemma in patients with
lupus nephritis. Neth § Med 62: 347—352.

Zephir, H., de Seze, J., Duhamel, A., Debouverie, M.,
Hautecoeur, P., Lebrun, C. er al. (2004) Treatment of
progressive forms of multiple sclerosis by cyclopho-
sphamide: a cohort study of 490 patients. ¥ Neurol Sci
218: 73-717.

Zipoli, V., Portaccio, E., Hakiki, B., Siracusa, G.,
Sorbi, S. and Amato, M.P. (2008) Intravenous
mitoxantrone and cyclophosphamide as second-line
therapy in multiple sclerosis: An open-label compara-
tive study of efficacy and safety. ¥ Neurol Sci

266: 25—30.

Zivadinov, R., Reder, A.T., Fillippi, M., Minagar, A.,
Stive, O., Lassmann, H. ez al. (2008) Mechanisms of
action of disease-modifying agents and brain volume

changes in multiple sclerosis. Neurology 71: 136—144.

368

http://tan.sagepub.com




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


