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Abstract: In parallel to our better understanding of the role of the immune system in neurologic diseases, there has
been an increased availability in therapeutic options for autoimmune neurologic diseases such as multiple sclerosis,
myasthenia gravis, polyneuropathies, central nervous system vasculitides and neurosarcoidosis. In many cases, the
purported benefits of this class of therapy are anecdotal and not the result of good controlled clinical trials. Nonetheless,
their potential efficacy is better known than their adverse event profile. A rationale therapeutic decision by the clinician
will depend on a comprehensive understanding of the ratio between efficacy and toxicity. In this review, we outline
the most commonly used immune suppressive medications in neurologic disease: cytotoxic chemotherapy, nucleoside
analogues, calcineurin inhibitors, monoclonal antibodies and miscellaneous immune suppressants. A discussion of their
mechanisms of action and related toxicity is highlighted, with the goal that the reader will be able to recognize the most
commonly associated toxicities and identify strategies to prevent and manage problems that are expected to arise with

their use.
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INTRODUCTION

Advances in our understanding of the intricate interaction
between the immune system and the nervous system have
translated into the routine use in clinical practice of immune
suppressive therapy for neurologic disease of presumed or
confirmed autoimmune etiology. Diligent research has led to
therapies that can alter or modify the course of the disease in
multiple sclerosis (MS), myasthenia gravis (MG), acute and
chronic demyelinating polyneuropathies, and other neu-
rologic illnesses (Table 1). The neurologist must be aware
not only of the potential benefit but also of the side effect
profile to utilize the appropriate immune suppressive drug
with the optimal therapeutic ratio for the individual patient.

In this review, we will discuss the medication-related
toxicity of immunosuppressive treatments most widely used
in neurology, as well as new medications that are advanced
in the drug development pipeline with potential for Food and
Drug Administration (FDA) approval. Due to the large num-
ber of therapies and side effects, an exhaustive discussion of
all medications is beyond the scope of this article. We will
classify the drugs according to their professed mechanism of
action, briefly review their indication in neurologic disease,
and then describe the most frequent adverse effects includ-
ing, when appropriate, recommendations for monitoring and
management (Table 2).

CORTICOSTEROIDS

Corticosteroids depress the immune system by stabilizing
lysosomal membranes, decreasing migration of leukocytes,
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reducing the number of immune cells, and inhibiting the
production of cytokines and other immune modulators [1].
Being the most widely used immunomodulatory medication
in neurology, they are prescribed for MS, MG, chronic in-
flammatory demyelinating polyradiculoneuropathy (CIDP),
central nervous system (CNS) vasculitides and neurosarcoi-
dosis to name a few.

Corticosteroid side effects depend on daily dose, dosing
frequency, and duration of treatment. Brief courses of these
drugs, even at very high doses are typically well tolerated.
Prolonged use can cause a multitude of symptoms that range
from skin changes to fatal adrenal suppression. The most
common side effects of chronic use include: hypertension,
cushingoid habitus; skin changes; proximal myopathy;
psychological disturbances; hyperglycemia and diabetes;
peripheral edema; acid peptic disease; infections; osteoporo-
sis and aseptic necrosis of bone. Patients on chronic treat-
ment should be monitored for osteoporosis and will fre-
quently require of the use of bisphosphonates. Dosing corti-
costeroids treatment on alternate days is thought by many to
be associated with fewer side effects but there have been no
good comparative trials to prove this claim.

CYCLOPHOSPHAMIDE

As an alkylating agent, cyclophosphamide interferes
with the growth of rapidly proliferating cells, including
lymphocytes, by intercalating DNA [2]. It is used off-label
in refractory MS, neurosarcoidosis and CNS vasculitides.

Cyclophosphamide therapy is associated with nausea and
vomiting, hair loss, skin irritation, liver enzyme abnormali-
ties and marrow depression. Infertility occurs in both men
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Table 1.
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Immunosuppressive Medications Used for Treatment of Autoimmune Neurologic Diseases

Immunosuppressive Therapy

FDA Approved Indication

Generally Accepted Indication

Investigational

Cyclophosphamide

Leukemia, Lymphoma, carcinoma

Neurosarcoidosis, MS, Primary or

secondary CNS vasculitis

Mitoxantrone

MS, Prostate cancer

Intravenous immunoglobulin

CIDP

MG, LEMS, GBS, MMN

Azathioprine Renal transplantation, Rheumatoid arthritis MG CIDP, Neurosarcoidosis
Mycophenolate Renal, hepatic and cardiac transplantation MG CIDP, Neurosarcoidosis
Cyclosporine Renal, hepatic and cardiac transplantation MG MS

Tacrolimus Renal, hepatic and cardiac transplantation MG

Cladribine Hairy cell leukemia MS, Neurosarcoidosis
Natalizumab MS, Crohn’s disease

Rituximab Non-Hodgkin’s lymphoma, Rheumatoid arthritis MS, CIDP, CNS vasculitis
Alemtuzumab B-cell chronic lymphocytic leukemia MS

Fingolimod MS

MS- Multiple sclerosis, MG — Myasthenia gravis, GBS — Guillain-Barre Syndrome, CIDP - Chronic inflammatory dyemelinating polyradiculoneuropathy, LEMS — Lambert-Eaton

myasthenic syndrome, MMN — Multifocal motor neuropathy CNS — Central nervous system

Table2. Toxicities of Imnmunosuppressive Medications
Drug MOA Major Toxicity
Cytotoxic chemotherapy
Cyclophosphamide Intercalates DNA Leucopenia, hemorrhagic cystitis, bladder malignancy,
myeloproliferative disorders, Infertility
Mitoxantrone Intercalates DNA, interferes Cardiomyopathy, leukemia

with RNA synthesis

(myeloproliferative), Infertility

Chemotherapy Immunosuppresant

Azathioprine Inhibition of purine nucleotide synthesis Leucopenia, pancreatitis, hepatotoxicity, malignancy
Mycophenolate Inhibition of guanosine nucleotide synthesis | Gastrointestinal symptoms, lymphopenia, infections
Cladribine Inhibition of purine nucleotide synthesis Lymphopenia

Monoclonal antibody — transmigration inhibition

Natalizumab

across the blood-brain barrier

Prevents trans-migration of lymphocytes

PML and other opportunistic infections

Monoclonal antibody — Lymphocyte depletion

Rituximab

Depletion of B-lymphocytes

PML and other opportunistic infections

Alemtuzumab

Depletion of lymphocytes

Autoimmune disease (ITP, Grave’s disease),
leucopenia

Lymphocytic sequestration

Fingolimod

Lymphatic sequestration of lymphocytes

Bradycardia, infection

Non-specific antibody binder

Intravenous immunoglobulin

function of Fc receptors

Modulation of the expression and

Aseptic meningitis, anaphylaxis, renal failure

MOA - Mechanism of action, PML - Progressive multifocal leukoencephalopathy, ITP - Immune thrombocytopenic purpura.
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and women and the reported incidence of amenorrhea is as
high as 42% with 24% becoming permanent [3].

A potentially life threatening side effect is the develop-
ment of acute hemorrhagic cystitis. Acrolein, a metabolite of
cyclophosphamide, enters the uroepithelial cells and acti-
vates intracellular pathways which result in peroxynitrite
production that ultimately leads to necrotic cell death [4, 5].
The use of intravenous fluid hydration and prophylactic
mesna, a chelating agent for acrolein, has significantly low-
ered the incidence of this complication [6, 7]. However,
since cyclophosphamide doses used in MS are less than
1g/m’, there is usually no need for prophylactic mesna in this
setting.

Bladder cancer, also thought to be due to accumulation of
acrolein, has an estimated incidence of 5% at 10 years and
16% at 15 years [8]. A twenty year follow-up study showed
that those who developed cancer in relation to cyclophos-
phamide had received a higher dose of the medication and
that it can occur many years after its discontinuation [9].
Cardiac side effects have been observed after high doses of
cyclophosphamide (exceeding 200 mg/kg) and the abnor-
malities range from mild electrocardiographic changes to
fatal cardiomyopathy [10, 11]. Congestive heart failure and
pericarditis may occur within the first 10 days of treatment.
The risk factors include prior anthracycline/anthracenedione
therapy, age >50 years or chest irradiation [10, 12]. While
these risk factors are not absolute contraindications, caution
must be used when considering cyclophosphamide therapy in
these patients.

MITOXANTRONE

Mitoxantrone is an anthracenedione that crosslinks
DNA, interferes with RNA synthesis and inhibits the
enzyme topoisomerase II [13]. It is approved by the FDA
for reducing neurologic disability and/or the frequency
of clinical relapses in patients with secondary (chronic)
progressive, progressive relapsing, or worsening relapsing-
remitting MS.

The most common serious toxicity is myelosuppression
that appears about 10 -14 days after treatment. Leucopenia is
more frequently seen than thrombocytopenia and anemia.
Transaminase elevation is noted in up to 15% of patients but
this is typically transient. Secondary amenorrhea occurs in
up to 25% of MS patients [14]. Mitoxantrone is moderately
emetogenic, and rarely causes mucositis and hair loss.

A serious side effect of mitoxantrone is cardiotoxicity
that usually appears after large cumulative doses. Drug-
related congestive heart failure occurs in 2.6-6.0% of pa-
tients who received cumulative doses of up to 140 mg/m” as
treatment for leukemia or solid tumours [15]. The incidence
of asymptomatic left ventricular ejection fraction (LVEF)
that is <50% is approximately 5% in MS. When treatment is
limited to a cumulative lifetime dose of 60 mg/m’, the ob-
served incidence is <0.2% [16]. Due to these complications,
mitoxantrone must not be given to patients with underlying
cardiac disease especially cardiomyopathy, with LVEF <50%,
who previously received treatment with other anthracyclines
or had mediastinal irradiation. The FDA recommends
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quantitative evaluation of LVEF prior to each treatment and
yearly after its completion. A recent study suggests that
measurement of brain natriuretic peptide in blood may be a
useful marker of sub-clinical cardiac injury [17].

Topoisomerase II inhibitors such as mitoxantrone have
also been associated with the development of secondary
leukemia, most frequently acute myeloid leukemia [18]. The
early experience in MS suggested a low incidence of the
complication, estimated at 0.21%[19-20] but recent studies
suggest a higher incidence of up to 3.3% [21]. Most cases
have occurred in patients receiving >60 mg/m” of mitoxan-
trone. There was also an initial assumption that the prognosis
of treatment-associated leukemia was better [22], but some
authors report a mortality rate as high as 24% [23]. A post
marketing report found 39 cases of secondary leukemia in
the United States from 2003 to 2007. Most of the cases were
either acute myeloid leukemia (38.5%) or acute promyelo-
cytic leukemia (33.3%). While these reports were of a spon-
taneous nature and the incidence rate cannot be estimated,
there needs to be an increased vigilance towards the occur-
rence of secondary leukemia.

INTRAVENOUS IMMUNOGLOBULIN

Intravenous immunoglobulin (IVIg) is prepared from
pooled plasma and has a complex mode of action that is not
completely defined. It is thought to modulate the expression
and function of Fc receptors, interfere with the activation of
complement and the cytokine network, produce antiidiotypic
antibodies, and affect the functions of lymphocytes [24].
IVIg is indicated in the treatment of CIDP, and is used
off-label in Guillain-Barre syndrome, MG, multifocal motor
neuropathy, and dermatomyositis.

About 10% of those receiving IVIg experience side ef-
fects that are generally mild [25]. The most common are
headaches, chills, myalgias, and chest discomfort that occur
during infusion. Less frequent side effects are dyspnea, back
pain, nausea, vomiting, diarrhea, blood pressure changes,
and tachycardia that are usually transient and subside with-
out intervention. After the infusion, patients sometimes re-
port nausea, loss of appetite, fatigue, and fever. Skin reac-
tions of uncertain etiology are also known to occur within 24
hours after infusion [26]. Pre-treatment with analgesics, non-
steroidal anti-inflammatories, antihistamines, or low-dose
corticosteroids has been frequently observed to be beneficial
in preventing these reactions.

Aseptic meningitis is an infrequent adverse reaction of
immunoglobulin therapy and has been reported to have an
incidence as high as 11% [27] although most reports estimate
it to be 1% [26]. It occurs within 24 hours of infusion and
can last 3-5 days before spontaneously resolving.

There is a risk for a severe anaphylactic reaction in pa-
tients who have IgA deficiency. The anti-IgA antibodies in
the serum of patients with this deficiency form an immune
complex with the traces of IgA in the infused IVIg. Checking
for IgA levels can screen patients at risk and the use of IgA
depleted IVIg can prevent this reaction [28].

Elderly patients, poorly hydrated individuals and patients
with diabetes or impaired kidney function are at risk for
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acute renal failure [26]. Additionally, patients who receive
high doses or high infusion rates of IVIg or have a history of
prior thromboembolism are at risk of thromboembolic events
[29].

The possibility of transmission of infectious agents is
present whenever IVIg is used although the occurrence is
rare. The use of IVIg remains relatively safe compared with
other immunosuppressive drugs or interventions.

AZATHIOPRINE

Azathioprine, a prodrug of 6-mercaptopurine (6-MP),
interferes in purine nucleotide synthesis and metabolism
which makes it an effective inhibitor of lymphocyte prolif-
eration. It has been used off-label in MS and MG.

This medication causes nausea and vomiting in about
22% of patients with a third having severe enough symptoms
to cause its discontinuation [30]. These side effects start soon
after initiation of treatment. Pancreatitis and hepatotoxicity
have also been reported and these symptoms occur within the
first 3-6 months [31, 32]. There are frequent liver enzyme
elevations that resolve spontaneously with dose decreases or
discontinuation.

Monitoring of complete blood counts is recommended
during azathioprine therapy due to leucopenia and thrombo-
cytopenia. In the rheumatology literature, the incidence of
leucopenia is about 27% and thrombocytopenia 5% [33, 34].
Dosage adjustments are necessary when leucocyte count
becomes lower than 3000/uL. Macrocytic anemia has been
reported and is treated with folate supplementation [35].
Thiopurine S-methyltransferase (TPMP) catalyzes 6-MP to
its inactive metabolite methyl-6-mercaptopurine. Patients
who are deficient of TPMP may be more sensitive to the
myelosuppressive effects. Additionally, patients on concur-
rent therapy with drugs which may inhibit TPMP (olsa-
lazine) or xanthine oxidase (allopurinol) may be susceptible
to the same sensitivity. A high incidence of azathioprine in-
tolerance in MS patients has been reported which is purport-
edly secondary to genetic polymorphysism in the enzymes
metabolizing the drug [36].

Malignancies are known to occur in azathioprine treated
patients but the exact incidence is unknown. Although
originally thought to be due to the immune suppression caused
by the drug, several studies have shown that azathioprine has
a direct mutagenic effect [37-39]. Lymphoma (Fig. 1) is the
most well known of these rare malignancies and is estimated
to occur in 0.5% of renal transplant patients [40]. Other
tumors associated with azathioprine are: squamous cell
carcinomas of the skin, Kaposi's sarcoma, in situ carcinomas
of the cervix, carcinomas of the vulva and perineum, hepato-
biliary carcinoma, and mesenchymal tumors [41, 42].

Serious infections are a constant hazard for patients re-
ceiving azathioprine. The overall infection rate is estimated
to be approximately 9% [34]. Fungal, viral, bacterial, and
protozoal infections have been observed and must be treated
with the appropriate antimicrobial therapy.

MYCOPHENOLATE

This drug inhibits purine synthesis and has mostly been
used off-label in MG [43, 45, 46]. Mycophenolic acid inhibits
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the enzyme inosine monophosphate dehydrogenase, and as
a consequence, it decreases de novo guanosine nucleotide
synthesis. Since lymphocytes are dependent on the de novo
synthesis of purines, this deficiency results in significant
reduction of lymphocyte proliferation. Mycophenolate has
also been shown to directly induce programmed cell death of
activated human T cells and inhibit the antibody production
of activated B cells [47, 48]. As a result, lymphopenia is the
most common adverse reaction. At therapeutic doses, lym-
phopenia is noted in about 2% of myasthenics [49]. Anemia,
neutropenia and thrombocytopenia are also seen [50]. These
hematologic side effects are easily reversed with lowering
the dosage or discontinuing the drug.

Fig. (1). A 54 year old woman with auto-immune hepatitis on
treatment with azathioprine for five years who presented with sub-
acute neurologic symptoms of right facial drooping and loss of
vision in the right eye. MRI revealed a ring-enhancing pontine le-
sion. Pathological examination proved this to be large B-cell pri-
mary central nervous system lymphoma (PCNSL). The imaging
characteristics of the tumor were that of a ring-enhancing mass
typical of PCNSL found in HIV patients.

Mycophenolate causes nausea, vomiting, diarrhea and
cramping but these side effects are self-limited and do
not usually cause discontinuation of treatment [S1]. In a
prospective study of patients with MG, the incidence of
mild nausea was 8% and severe gastrointestinal symptoms
1% [49]. Gastrointestinal bleeding is occasionally seen
in transplant patients receiving mycophenolate but has
not been reported in rheumatologic or neurologic literature.
This medication has been associated with transient elevations
of liver enzymes but no other significant hepatotoxicity
[52].

There have been case reports of lymphoma and other
malignancies associated with mycophenolate treatment.
However, in a prospective observational study of renal trans-
plant patients treated with mycophenolate, there was no
evidence of increased risk for malignancy relative to other
immunosuppressive treatments [53]. This suggests that the
increased rate of malignancy is associated with the immune
suppression and not a direct mutagenic effect.

Mycophenolate treatment can increase the risk of
opportunistic infections such as activation of latent viral
infections. Progressive multifocal leukoencephalopathy
(PML) has been reported and presents with hemiparesis,
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apathy, confusion, cognitive deficiencies, visual changes and
ataxia [54].

CLADRIBINE

Cladribine is another medication that inhibits purine
synthesis. It is an adenosine deaminase-resistant purine
nucleoside [55] that causes lymphocyte apoptosis [56]. A
recent trial of oral therapy in patients with relapsing—
remitting MS revealed a significantly lower annualized rate
of relapse, higher relapse-free rate, lower risk of 3-month
sustained progression of disability and significant reductions
in the brain lesion count on magnetic resonance imaging
(MRI) [57].

The most common and serious side effect of the oral
administration is lymphopenia, although moderate to severe
neutropenia, thrombocytopenia and pancytopenia may also
occur.

Reactivation of herpes zoster, varicella and tuberculosis
due to the immune suppression have been reported. Mild
respiratory tract infection, urinary tract infection, and subcu-
taneous abscess have also been observed. Hepatobiliary dis-
orders like cholelithiasis, infectious hepatitis and cholecysti-
tis were also seen. There were three cases of cancer: a mela-
noma and carcinomas of the pancreas and ovary. Peripheral
neuropathy, a known rare side effect of the injectable
cladribine, has not been reported with the oral preparation.

CYCLOSPORINE

Cyclosporine, a polypeptide immunosuppressant agent
[58], preferentially inhibits clonal expansion of activated
T-helper cells while allowing the activation and expression
of T-suppressor lymphocytes [44]. The drug binds to the
cytosolic protein cyclophilin to form a complex that inhibits
calcineurin, an inducer of the production of interleukin-2. It
is used off-label in the treatment of MG and MS.

The most common limiting adverse event of this medica-
tion is nephrotoxicity, both acute and chronic, which was
first recognized in renal transplant patients. The acute neph-
rotoxicity is usually reversible and believed to be due to a
vasoconstriction of the afferent arterioles [59]. The irreversi-
ble chronic form is a consequence of interstitial fibrosis that
develops after 6 to 12 months of treatment [60] and increases
the risk of end-stage renal disease and need for hemodialysis.
Since nephrotoxicity is dose dependent and cyclosporine has
a narrow therapeutic range, blood concentration should be
regularly monitored. However, drug monitoring does not
always prevent nephrotoxicity. Renal function monitoring by
laboratory parameters is required and at the earliest signs of
nephrotoxicity, the medication should be discontinued.

Hypertension is a common side effect that is easily
managed with medication. Potassium-sparing diuretic agents
are avoided due to the occasional hyperkalemia associated
with cyclosporine use. Additionally, calcium channel block-
ers, which may have some beneficial effect on renal afferent
arteriolar blood flow, can interfere with cyclosporine
metabolism and its use is not recommended in this group
of patients.
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Infrequent mild to moderate adverse events include hirsu-
tism, tremor, gum hyperplasia, diarrhea, cramps, anorexia,
confusion and paresthesias. Similar to other immunesuppres-
sants, there is a recognized increase in susceptibility to
infection and possible development of lymphoma and other
neoplasms [61].

TACROLIMUS

This is another immune suppressive medication that in-
hibits, by an unknown mechanism, T-lymphocyte activation.
Like cyclosporine, it has a macrolide molecule and inhibits
calcineurin. Its main use has been in organ transplantation
and while its main limiting factor is also nephrotoxicity, it
has not been a significant issue in the published studies treat-
ing patients with MG [62-67]. In these studies, there were
only sporadic cases of treatment limiting side effects. There
was one case of elevated serum creatinine in the setting of
hypertension [65], one case of severe headache, and one case
of severe eye pain [63]. However, there were three cases of
malignancy which may or may not be related to the treat-
ment since these occurred within 4 to 6 months of initiating
therapy and patients in this study had previously been
chronically treated with cyclosporine [67].

Other side effects include hypomagnesemia, paresthesias,
tremor, diarrhea, constipation, hypertension, abdominal pain,
and hyperkalemia. Severe infections have been reported in
transplant patients but were not observed to be significant in
MG studies.

Tacrolimus appears to be a well tolerated treatment but
close observation of patients on this medication is necessary
because of its potential for serious side effects.

NATALIZUMAB

Natalizumab is a humanized monoclonal antibody that
targets the alpha-4 subunit of integrins on the surface of
lymphocytes. This interaction prevents the integrin from
binding to the endothelial receptor, vascular-cell adhesion
molecule-1 [68], thereby effectively blocking the transmigra-
tion of lymphocytes across the blood-brain barrier. When
used in patients with relapsing MS, it reduces the risk of the
sustained progression of disability and the rate of clinical
relapses [69, 70].

The most serious adverse event associated with its use is
PML. The first 2 reports of PML were seen in patients who
had received natalizumab in combination with intramuscular
interferon beta la [71, 73]. Following these two events, a
review of all patients treated revealed that there was a third
case of PML in a Crohn's disease patient who had been heav-
ily pretreated with immunosuppressants [72]. This prompted
the manufacturer to voluntarily withdraw the medication
from the market in February, 2005. After review of safety
information and no further occurrences of PML, a prescrip-
tion safety risk monitoring system was devised and the
medication was allowed to return to the market in June,
2006. At that time, PML was believed to occur only in im-
munosuppressed individuals or if used in combination ther-
apy with an immunomodulator. In June, 2008, one of the
first cases of PML in MS patients treated with natalizumab
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monotherapy was found. The FDA reports that as of January
21, 2010 there have been 31 confirmed cases of PML. De-
spite the number of cases, the FDA believes that its clinical
benefits continue to outweigh the potential risks. Based on
their information, there have been no reports of PML in pa-
tients treated for less than 12 months and that the incidence
of PML in patients with at least 24 months of treatment is
about 1 per 1000 patients [74].

JC virus infection of oligodendrocytes in an immune
suppressed state is the cause of PML. The virus is present
in 58% of the general population, indicating asymptomatic
current or previous infection [75]. In MS patients, it is
believed that natalizumab reduces immune surveillance
in the CNS, thereby causing regional immune compromise.
The virus is reactivated from the kidney or lymphatic tissue
which is then disseminated into the CNS. However, other
authors believe that the JC virus is ubiquitous and is
also latent in the brain [76]. Prior to natalizumab, PML was
virtually unseen in the MS population.

Clinically, the symptoms are difficult to distinguish from
a severe MS relapse. Once PML is suspected, natalizumab
must be discontinued and MRI should be done immediately.
However, there is not one specific PML MRI appearance.
Most commonly, PML appears as a large white matter
T2/FLAIR hyperintensity that can involve the adjacent gray
matter without producing any significant mass effect.
Polymerase chain reaction (PCR) analysis of cerebrospinal
fluid for JC virus DNA is very sensitive and specific for the
diagnosis [77, 78]. In cases where suspicion remains strong
despite a negative cerebrospinal fluid PCR, a brain biopsy
may be indicated. Once the diagnosis is confirmed, immune
reconstitution must be facilitated. Various antiretroviral
drugs [79, 80] have been used, as well as other medications
such as mefloquine and mirtazapine [81] but evidence of
their efficacy is lacking. Several authors have advocated
plasma exchange and immunoabsorption to remove any
remaining natalizumab in the patient's circulation [82]. How-
ever, abrupt immune reconstitution may precipitate a severe
immune reconstitution inflammatory syndrome (IRIS) which
is manifested by worsening symptoms and MRI abnormali-
ties [83]. An IRIS-like rebound phenomenon can occur
without intervention, as exemplified by the case described
(Fig. 2). Other diseases associated with CNS immune
suppression like toxoplasmosis [84], primary central nervous
system lymphoma [85] and melanoma [86] have been
reported but a clear association has not been established.

Hepatic injury has been reported in several patients and
in one case series [87], half of the cases had features of auto-
immune hepatitis. So far, there have been no atypical infec-
tions that have been documented to affect the liver during
natalizumab therapy.

The more common side effects of natalizumab are fatigue
and allergic reactions. Headaches, chest discomfort, rigors
and syncope have also been frequently reported. The symp-
toms are typically noted during the infusion or immediately
after. Mild to moderate infections have been observed but
there were no significant differences between the natalizu-
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mab and the placebo treatment groups in the original pivotal
trials [69, 70].

ONTRAST

Fig. (2). A 25 year old man with a diagnosis of MS had sudden
change in neurologic status after discontinuation of natalizumab. He
had been on therapy for two years with good response but
natalizumab was discontinued due to concerns of increased risk for
PML. He switched to glatiramer acetate but after three months from
discontinuation of natalizumab, he had acute symptoms of ataxia
and fatigue. MRI revealed multiple new T2/FLAIR hyperintensities
and T1 enhancing lesions. He was treated with a 5 day course of
methylprednisolone and his symptoms promptly resolved (case
report and MRI courtesy of Ann Cabot, D.O.).

RITUXIMAB

Rituximab is a monoclonal antibody that binds to the
CD20 antigen in mature B lymphocytes. It causes depletion
of its target cells through a combination of cell-mediated and
complement-dependent cytotoxic effects and the promotion
of apoptosis [88, 89]. Several preliminary studies have
shown that rituximab can reduce inflammatory brain lesions
and clinical relapses in MS [90, 91]. There are several case
reports of its efficacy in refractory MG [92-97], CIDP [98-
101] and CNS involvement of systemic vasculitis [102, 103].
Ocrelizumab is a humanized monoclonal antibody similar to
rituximab that is currently in phase II trials for the treatment
of relapsing MS.

These antibodies have also been associated with PML.
Although the original cases were in patients with non-
Hodgkin's lymphoma who were receiving chemotherapy,
two cases of PML occured in patients with systemic lupus
erythematosus [104]. A third case was reported to the FDA
in 2009 in a patient with rheumatoid arthritis [105]. It is es-
timated that the rate of occurrence is about 2.2 per 100,000,
significantly lower than what is seen in natalizumab.

Serious, sometimes fatal infections have been reported.
Hepatitis B reactivation resulting in hepatic failure, fulmi-
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nant hepatitis and death have been seen in rituximab treated
patients with hematologic malignancies [106]. In a phase II
trial for MS, there were also mild to moderate infections of
the upper respiratory tract, urinary tract and sinuses [90].
Frequently reported mild side effects include chills, head-
ache, nausea, pruritus, fever, fatigue, and throat irritation.

ALEMTUZUMAB

Alemtuzumab is a humanized monoclonal antibody
that targets the CDS52 receptor, causing mononuclear cell
depletion that can last for years [107]. In a prospective phase
IT MS study, it significantly reduced the rate of sustained
accumulation of disability and annualized rate of relapse
when compared against interferon beta 1a [108].

Paradoxically, autoimmunity is one of the most serious
side effects of alemtuzumab, probably associated to regula-
tory lymphocyte depletion. Immune thrombocytopenic pur-
pura occured in 6 patients resulting in one death during the
above referenced phase II trial [108]. Autoimmune thyroid
disease was frequently found in the alemtuzumab treatment
group and was associated with thyroid autoantibodies in
96% of affected individuals. Graves' disease is associated
with increased numbers of CD8" cells and a low production
of memory CD4" cells 15-18 months after treatment [109].
These findings are consistent with previously established
association of CD8' positive counts in Graves' disease
[110].

It frequently causes severe and persistent lymphopenia
along with moderate to severe neutropenia, anemia and
thrombocytopenia. Anaphylactoid infusion reactions which
include pyrexia, chills, hypotension, urticaria, and dyspnea,
were common but are a rare cause of discontinuation of
treatment. Abnormal liver function tests are occasionally
seen and are usually reversible.

Mild to moderate infections of the upper respiratory tract
were common in the MS trial. There have been no reported
cases of PML to date.

FINGOLIMOD

The immune modulating drug FTY720 (fingolimod) in-
duces lymphopenia by revesibly redistributing lymphocytes
from the circulation to the secondary lymphoid tissues. It is
thought to act through sphingosine 1-phosphate (S1P) signal-
ing pathways to modulate chemotactic responses and regu-
late the recirculation of lymphocytes [111, 112]. In two
phase III studies, it was shown to decrease the relapse rate,
disability progression and number of new or enlarged lesions
on T2 -weighted images, gadolinium-enhancing lesions,
and brain-volume loss in patients with relapsing MS [113,
114].

The S1P receptor also regulates heart rate [115], coronary
artery blood flow [116] and blood pressure [117]. Atrial
myocytes have the S1P3 receptors that fingolimod effec-
tively signals [112]. This interaction results in slowing of the
sinoatrial node and reactivation of G-protein-activated potas-
sium channels 1 and 4. It is also theorized that fingolimod
has similar effects on the atrioventricular (AV) node. Pre-
dictably, the most common adverse event in the clinical trials
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were bradycardia and AV block. The transient, dose depend-
ent decrease in heart rate occurred within one hour of the
first dose of the medication. The majority of the patients who
had bradycardia were reported to be asymptomatic while a
few had symptoms that resolved within 24 hours without
intervention [114, 118].

The most frequently reported infections involved the up-
per respiratory and urinary tracts. Severe infections were
seen, including herpes virus reactivations. There is also one
case report of hemorrhagic focal encephalitis complicated by
complex partial seizures after 7 months of treatment [119].

The most common side effects are mild and include
headache, fatigue, dizziness, musculoskeletal pain, cough
and dyspnea. There are few reports of elevation of liver func-
tion tests, hypertension and leucopenia.

CONCLUSION

The treatment of presumed autoimmune neurologic
diseases has rapidly expanded in the last two decades. The
research to date has resulted in the acceptance of immune
suppressive drugs as an important regimen for neurologic
diseases. Prior to the advent of these medications, corticos-
teroids were used widely, in some cases with little proven
benefit, resulting in a high rate of long term side effects.
Since then, the use of IVIg, mycophenolate, azathioprine,
cyclosporine and tacrolimus has provided a better therapeutic
ratio than corticosteroids in neuromuscular disease and neu-
rosarcoidosis. Cytotoxic chemotherapy has offered patients
with MS, CNS vasculitis and neurosarcoidosis a therapeutic
option when they become refractory to first line agents. An-
tibodies and other targeted biologic agents have the potential
for improved disease control in MS, as well as in other auto-
immune neurologic illnesses. However, it must be pointed
out that only mitoxantrone, natalizumab and 1VIg have FDA
approved indications in neurologic diseases. Great care and
diligence must be made whenever deciding to use these
medications as recent clinical trials have taught us about
unexpected adverse events. As we have outlined here, there
can be significant problems associated with these treatments,
the most important of which are hematotoxicity, increased
infection rate, and carcinogenicity. With this knowledge we
proceed with vigilance but we anticipate that the advances
in our understanding of the immune system will bring
more targeted therapies that will not only result in improved
efficacy but also decreased toxicity.

REFERENCES

[1] Guyton, A.C., Hall, J.E. Textbook of Medical Physiology. 11th ed.
Philadelphia, PA: Saunders; 2005.

[2] Weiner, H.L., Cohen, J.A. Treatment of multiple sclerosis with
cyclophosphamide: critical review of clinical and immunologic
effects. Mult. Scler., 2002, 8(2), 142-54.

[3] La Mantia, L., Milanese, C., Mascoli, N., D'Amico, R., Weinstock-
Guttman, B. Cyclophosphamide for multiple sclerosis. Cochrane
Database of Systematic Reviews. Chichester, UK: John Wiley &
Sons, Ltd; 2007.

[4] Korkmaz, A., Topal, T., Oter, S. Pathophysiological aspects of
cyclophosphamide and ifosfamide induced hemorrhagic cystitis;
implication of reactive oxygen and nitrogen species as well as
PARP activation. Cell Biol.Toxicol., 2007, 23(5), 303-12.

[5] Virag, L., Szabo , E., Gergely, P., Szabo, C. Peroxynitrite-induced
cytotoxicity: mechanism and opportunities for intervention.
Toxicol. Lett, 2003, 140-141, 113-24.



Toxicities of Immunosuppressive Treatment of Autoimmune Neurologic

(6]

(7]

[13]

[14]

[15]

[16]

[17]

[19]

Goren, M.P., McKenna, L.M., Goodman, T.L. Combined
intravenous and oral mesna in outpatients treated with ifosfamide.
Cancer Chemother. Pharmacol., 1997, 40(5), 371-5.

Kurowski, V., Wagner, T. Urinary excretion of ifosfamide, 4-
hydroxyifosfamide, 3- and 2-dechloroethylifosfamide, mesna, and
dimesna in patients on fractionated intravenous ifosfamide and
concomitant mesna therapy. Cancer Chemother. Pharmacol., 1997,
39(5), 431-9.

Talar-Williams, C., Hijazi, Y.M. Cyclophosphamide-induced
cystitis and bladder cancer in. Ann. Intern. Med., 1996, 124(5),477.
Charles, D.R., Leslie, EK., Gary, L.B., Mary, C.M.W., Joseph,
M.C., Aileen, G., Bertrand, L.S., Amrit, K.A., Thomas, A.M., Jr,
Kwoh, C.K. Effects of cyclophosphamide on the development of
malignancy and on long-term survival of patients with rheumatoid
arthritis a 20-year followup study. Arthritis Rheumat., 1995, 38(8),
1120-7.

Steinherz, L.J., Steinherz, P.G., Mangiacasale, D., O'Reilly, R.,
Allen, J., Sorell, M., Miller, D.R. Cardiac changes with
cyclophosphamide. Med. Pediatr. Oncol., 1981, 9(5), 417-22.
Gottdiener, J.S., Appelbaum, F.R., Ferrans, V.J., Deisseroth, A.,
Ziegler, J. Cardiotoxicity associated with high-dose cyclophosphamide
therapy. Arch. Intern. Med., 1981, 141(6), 758-63.

Pai, V.B., Nahata, M.C. Cardiotoxicity of Chemotherapeutic
Agents: Incidence, Treatment and Prevention. Drug Safety, 2000,
22(4),263-302.

Mitoxantrone. Prescribing Information. Rockland, MA: EMD
Serono Inc.; 2009.

Hartung, H-P., Gonsette, R., Konig, N., Kwiecinski, H., Guseo, A.,
Morrissey, S.P., Krapf, H., Zwingers, T. Mitoxantrone in
progressive multiple sclerosis: a placebo-controlled, double-blind,
randomised, multicentre trial. Lancet, 2002, 360(9350), 2018-25.
Mather, F.J., Simon, R.M., Clark, G.M., Von Hoff, D.D.
Cardiotoxicity in patients treated with mitoxantrone: Southwest
Oncology Group phase II studies. Cancer Treat. Rep., 1987, 71(6),
609-13.

Ghalie, R.G., Edan, G., Laurent, M., Mauch, E., Eisenman, S.,
Hartung, H.P., Gonsette, R.E., Butine, M.D., Goodkin, D.E.
Cardiac adverse effects associated with mitoxantrone (Novantrone)
therapy in patients with MS. Neurology, 2002, 59(6), 909-13.
Luchowski, P., Mitosek-Szewczyk, K., Bartosik-Psujek, H.,
Rubaj, A., Jankiewicz, M., Wojczal, J., Szczepanska-Szerej, A.,
Stelmasiak, Z. B-type natriuretic peptide as a marker of subclinical
heart injury during mitoxantrone therapy in MS patients--
Preliminary study. Clin. Neurol. Neurosurg., 2009, 111(8), 676-8.
Capobianco, M., Malucchi, S., Ulisciani, S., Fava, C., Cambrin,
G.R.,, Avonto, L., Saglio, G., Bertolotto, A. Acute myeloid
leukemia induced by mitoxantrone treatment for aggressive
multiple sclerosis. Neurol. Sci, 2008, 29(3), 185-7.

Ghalie, R.G., Mauch, E., Edan, G., Hartung, H.P., Gonsette, R.E.,
Eisenmann, S., Le Page, E., Butine, M.D., Goodkin, D.E. A study
of therapy-related acute leukaemia after mitoxantrone therapy for
multiple sclerosis. Multiple Sclerosis (13524585), 2002, 8(5), 441-5.
Raymond, V., Starck, M., Zingler, V., Strupp, M., Kolb, H-J.
Mitoxantrone therapy in multiple sclerosis and acute leukaemia:
a case report out of 644 treated patients. Multiple Sclerosis
(13524585),2004, 10(4), 472-4.

Martinelli, V., Radaelli, M., Straffi, L., Rodegher, M., Comi, G.
Mitoxantrone: benefits and risks in multiple sclerosis patients.
Neurol. Sci., 2009, 30 Suppl 2, S167-70.

Cohen, B.A., Mikol, D.D. Mitoxantrone treatment of multiple
sclerosis: Safety considerations. Neurology, 2004, 63(12_suppl _6),
S28-32.

Ellis, R., Boggild, M. Therapy-related acute leukaemia with
Mitoxantrone: what is the risk and can we minimise it? Mulz.
Scler., 2009, 15(4), 505-8.

Kazatchkine, M.D., Kaveri , S.V. Immunomodulation of
Autoimmune and Inflammatory Diseases with Intravenous Immune
Globulin. N. Engl. J. Med., 2001, 345(10), 747-55.

Dalakas, M.C. Intravenous immune globulin therapy for neurologic
diseases. Ann. Intern. Med., 1997, 126(9), 721-30.

Orbach, H., Katz, U., Sherer, Y., Shoenfeld, Y. Intravenous
immunoglobulin. Clin. Rev. Allergy Immunol., 2005, 29(3), 173-84.
Sekul, E.A., Cupler, EJ., Dalakas, M.C. Aseptic Meningitis
Associated with High-Dose Intravenous Immunoglobulin Therapy:
Frequency and Risk Factors. Ann. Intern.Med., 1994, 121(4), 259-62.

[38]

[42]

[43]

[44]

[47]

[50]

Current Neuropharmacology, 2011, Vol. 9, No. 3 475

Cunningham-Rundles, C., Zhou, Z., Mankarious, S., Courter, S.
Long-term use of IgA-depleted intravenous immunoglobulin in
immunodeficient subjects with anti-IgA antibodies. J. Clin.
Immunol., 1993, 13(4), 272-8.

Katz, U., Shoenfeld, Y. Review: intravenous immunoglobulin
therapy and thromboembolic complications. Lupus, 2005, 14(10),
802-8.

Pinto, A.L., Chebli, L.A., Ribeiro, M.S., Pace, F.H., Moraes, J.P.,
do Amaral, F.J., Jr., Gaburri, P.D., Meirelles de Souza, A.F.,
Chebli, J.M. Azathioprine therapy in steroid-dependent patients
with Crohn disease: results of a 10-year longitudinal follow-up
study. Med. Sci. Monit., 2009, 15(5), P119-26.

Paloyan, D., Levin. B., Simonowitz, D. Azathioprine-associated
acute pancreatitis. Am. J. Dig. Dis., 1977, 22(9), 839-40.

Javier, P.G., Yago, G-L., José, M. Thiopurine-Induced Liver Injury
in Patients With Inflammatory Bowel Disease: A Systematic
Review. Am.J.Gastroenterol., 2007, 102(7), 1518-27.
Weinshilboum, R.M., Sladek SL. Mercaptopurine pharmaco-
genetics: monogenic inheritance of erythrocyte thiopurine methyl-
transferase activity. Am. J. Hum.Genet., 1980, 32(5), 651-62.
Huskisson. E.C. Azathioprine. Clin. Rheum. Dis., 1984, 10(2),
325-32.

Sanders, D.B., Evoli, A. Immunosuppressive therapies in myasthenia
gravis. Autoimmunity, 2010, 43(5-6), 428-35.

Craner, M.J., Zajicek, J.P. Immunosuppressive treatments in MS —
side effects from azathioprine. J.Neurol., 2001, 248(7), 625-6.
Nguyen, T., Vacek, P.M., O'Neill, P., Colletti , R.B., Finette, B.A.
Mutagenicity and potential carcinogenicity of thiopurine treatment
in patients with inflammatory bowel disease. Cancer Res., 2009,
69(17), 7004-12.

Smith, C.C., Archer, G.E., Forster, E.J., Lambert, T.R., Rees, RW.,
Lynch, AM. Analysis of gene mutations and clastogenicity
following short-term treatment with azathioprine in MutaMouse.
Environ. Mol. Mutagen, 1999, 34(2-3), 131-9.

Uribe-Luna, S., Quintana-Hau, J.D., Maldonado-Rodriguez, R.,
Espinosa-Lara, M., Beattie, K.L., Farquhar, D., Nelson, J.A.
Mutagenic consequences of the incorporation of 6-thioguanine into
DNA. Biochem. Pharmacol., 1997, 54(3), 419-24.

Imuran. Prescribing Information. San Diego, CA: Prometheus
Laboratories Inc.; 2009.

Karran, P., Attard, N. Thiopurines in current medical practice:
molecular mechanisms and contributions to therapy-related cancer.
Nat. Rev. Cancer, 2008, 8(1), 24-36.

Penn, I. Cancers complicating organ transplantation. N. Engl. J.
Med., 1990, 323(25), 1767-9.

Ciafaloni, E., Nikhar, N.K., Massey, J.M., Sanders, D.B.
Retrospective analysis of the use of cyclosporine in myasthenia
gravis. Neurology, 2000, 55(3), 448-50.

Richard S. A .T. J., Theodore, P., Julia, A .R., Lieselotte, W.,
Karen, H. A Clinical Therapeutic Trial of Cyclosporine in
Myasthenia Gravisa. Annals of the New York Academy of
Sciences, 1993, 681(Myasthenia Gravis and Related Disorders:
Experimental and Clinical Aspects), 539-51.

Ciafaloni, E., Massey, J.M., Tucker-Lipscomb, B., Sanders, D.B.
Mycophenolate mofetil for myasthenia gravis: an open-label pilot
study. Neurology, 2001, 56(1), 97-9.

Palace, J., Newsom-Davis, J., Lecky, B. A randomized double-
blind trial of prednisolone alone or with azathioprine in myasthenia
gravis. Myasthenia Gravis Study Group. Neurology, 1998, 50(6),
1778-83.

Cohn, R.G., Mirkovich, A., Dunlap, B., Burton, P., Chiu, S.H.,
Eugui, E., Caulfield, J.P. Mycophenolic acid increases apoptosis,
lysosomes and lipid droplets in human lymphoid and monocytic
cell lines. Transplantation, 1999, 68(3), 411-8.

Allison, A.C., Almquist, S.J., Muller, C.D., Eugui, E.M.
In vitro immunosuppressive effects of mycophenolic acid and
an ester pro-drug, RS-61443. Transplant. Proc., 1991, 23(2 Suppl
2), 10-4.

Sanders, D.B., Hart, 1.K., Mantegazza, R., Shukla, S.S., Siddiqi,
Z.A., De Baets, M.H.V., Melms, A., Nicolle, M.W., Solomons, N.,
Richman, D.P. An international, phase III, randomized trial of
mycophenolate mofetil in myasthenia gravis. Neurology, 2008,
71(6), 400-6.

Nogueras, F., Espinosa, M.D., Mansilla, A., Torres, J.T.,
Cabrera, M.A., Martin-Vivaldi, R. Mycophenolate mofetil-induced



476

[54]

[55]

[56]

[57]

[68]

[69]

[70]

[71]

Current Neuropharmacology, 2011, Vol. 9, No. 3

neutropenia in liver transplantation. Transplant. Proc., 2005, 37(3),
1509-11.

Epinette, W.W., Parker, C.M., Jones, E.L., Greist, M.C.
Mycophenolic acid for psoriasis. A review of pharmacology, long-
term efficacy, and safety. J. Am. Acad. Dermatol., 1987, 17(6),
962-71.

Hantash, B., Fiorentino, D. Liver enzyme abnormalities in patients
with atopic dermatitis treated with mycophenolate mofetil. Arch.
Dermatol., 2006, 142(1), 109-10.

Robson, R., Cecka, JM., Opelz, G., Budde, M., Sacks, S.
Prospective registry-based observational cohort study of the long-
term risk of malignancies in renal transplant patients treated with
mycophenolate mofetil. Am. J. Transplant., 2005, 5(12), 2954-60.
Cellcept. Prescribing information. South San Francisco, CA:
Genentech Inc.; 2010.

Carson, D.A., Wasson, D.B., Taetle, R., Yu, A. Specific toxicity of
2-chlorodeoxyadenosine toward resting and proliferating human
lymphocytes. Blood, 1983, 62(4), 737-43.

Beutler, E., Sipe, J.C., Romine, J.S., Koziol, J.A., McMillan, R.,
Zyroff, J. The treatment of chronic progressive multiple sclerosis
with cladribine. Proc. Natl. Acad. Sci. US4, 1996, 93(4), 1716-20.
Giovannoni, G., Comi, G., Cook, S., Rammohan, K., Rieckmann,
P., Sorensen, P.S., Vermersch, P., Chang, P., Hamlett, A., Musch,
B., Greenberg, S.J.The CSG. A Placebo-Controlled Trial of Oral
Cladribine for Relapsing Multiple Sclerosis. N. Engl. J. Med.,
362(5), 416-26.

Neoral. Prescribing Information. East Hanover, NJ: Novartis
Pharmaceuticals Corp.; 2009.

de Mattos, A.M., Olyaei, A.J., Bennett, W.M. Nephrotoxicity of
immunosuppressive drugs: long-term consequences and challenges
for the future. Am. J. Kidney Dis., 2000, 35(2), 333-46.

Ruiz, P., Kolbeck, P.C., Scroggs, M.W., Sanfilippo, F.
Associations between cyclosporine therapy and interstitial fibrosis
in renal allograft biopsies. Transplantation, 1988, 45(1), 91-5.
Guba, M., Graeb, C., Jauch, K.W., Geissler, E.K. Pro- and anti-
cancer effects of immunosuppressive agents used in organ
transplantation. Transplantation, 2004, 77(12), 1777-82.

Evoli, A., Di Schino, C., Marsili, F., Punzi, C. Successful treatment
of myasthenia gravis with tacrolimus. Muscle Nerve, 2002, 25(1),
111-4.

Konishi, T., Yoshiyama, Y., Takamori, M., Saida, T. Long-
term treatment of generalised myasthenia gravis with FK506
(tacrolimus). J. Neurol. Neurosurg. Psychiatry, 2005, 76(3),
448-50.

Konishi, T., Yoshiyama, Y., Takamori, M., Yagi, K., Mukai, E.,
Saida, T. Clinical study of FK506 in patients with myasthenia
gravis. Muscle Nerve, 2003, 28(5), 570-4.

Nagane, Y., Utsugisawa, K., Obara, D., Kondoh, R., Terayama, Y.
Efficacy of low-dose FK506 in the treatment of Myasthenia gravis-
-a randomized pilot study. Eur. Neurol, 2005, 53(3), 146-50.
Yoshikawa, H., Mabuchi, K., Yasukawa, Y., Takamori, M.,
Yamada, M. Low-dose tacrolimus for intractable myasthenia
gravis. J. Clin. Neurosci., 2002, 9(6), 627-8.

Ponseti, .M., Azem, J., Fort, ].M., Lopez-Cano, M., Vilallonga, R.,
Buera, M., Cervera, C., Armengol, M. Long-term results of
tacrolimus in cyclosporine- and prednisone-dependent myasthenia
gravis. Neurology, 2005, 64(9), 1641-3.

Yednock, T.A., Cannon, C., Fritz, L.C., Sanchez-Madrid, F.,
Steinman, L., Karin, N. Prevention of experimental autoimmune
encephalomyelitis by antibodies against alpha 4 beta 1 integrin.
Nature, 1992, 356(6364), 63-6.

Polman, C.H., O'Connor, P.W., Havrdova, E., Hutchinson, M.,
Kappos, L., Miller, D.H., Phillips, J.T., Lublin, F.D., Giovannoni,
G., Wajgt, A., Toal, M., Lynn, F., Panzara, M.A., Sandrock, A.W.,
The AI. A Randomized, Placebo-Controlled Trial of Natalizumab
for Relapsing Multiple Sclerosis. N. Engl. J. Med., 2006, 354(9),
899-910.

Rudick, R.A., Stuart, W.H., Calabresi, P.A., Confavreux, C.,
Galetta, S.L., Radue, E-W., Lublin, F.D., Weinstock-Guttman, B.,
Wynn, D.R., Lynn, F., Panzara, M.A., Sandrock , A.W.The SIL.
Natalizumab plus Interferon Beta-la for Relapsing Multiple
Sclerosis. N. Engl. J. Med., 2006, 354(9), 911-23.
Kleinschmidt-DeMasters, B.K., Tyler, K.L. Progressive multifocal
leukoencephalopathy complicating treatment with natalizumab and

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

Lallana and Fadul

interferon beta-la for multiple sclerosis. N. Engl. J. Med., 2005,
353(4), 369-74.

Van Assche, G., Van Ranst, M., Sciot , R., Dubois, B., Vermeire,
S., Noman, M., Verbeeck, J., Geboes, K., Robberecht, W.,
Rutgeerts, P. Progressive multifocal leukoencephalopathy after
natalizumab therapy for Crohn's disease. N. Engl. J. Med., 2005,
353(4), 362-8.

Langer-Gould, A., Atlas, S.W., Green, A.J.,, Bollen, AW,
Pelletier, D. Progressive multifocal leukoencephalopathy in a
patient treated with natalizumab. N. Engl. J. Med., 2005, 353(4),
375-81.

FDA. Risk of Progressive Multifocal Leukoencephalopathy
(PML) with the use of Tysabri (natalizumab). Drug Safety
Communication. Rockville MD; 2010.

Egli, A., Infanti, L., Dumoulin, A., Buser, A., Samaridis, J.,
Stebler, C., Gosert, R., Hirsch, H.H. Prevalence of polyomavirus
BK and JC infection and replication in 400 healthy blood donors. J.
Infect. Dis., 2009, 199(6), 837-46.

Perez-Liz, G., Del Valle , L., Gentilella, A., Croul, S., Khalili, K.
Detection of JC virus DNA fragments but not proteins in normal
brain tissue. Ann. Neurol., 2008, 64(4), 379-87.

Koralnik, 1.J., Boden, D., Mai, V.X., Lord, C, 1., Letvin, N.L. JC
virus DNA load in patients with and without progressive multifocal
leukoencephalopathy. Neurology, 1999, 52(2), 253-60.

Hammarin, A.L., Bogdanovic, G., Svedhem, V., Pirskanen, R.,
Morfeldt, L., Grandien, M. Analysis of PCR as a tool for detection
of JC virus DNA in cerebrospinal fluid for diagnosis of progressive
multifocal leukoencephalopathy. J. Clin. Microbiol., 1996, 34(12),
2929-32.

Gonzalez-Duarte, A., Sullivan, S., Sips, G.J., Naidich, T.,
Kleinman, G., Murray, J., Morgello, S., Germano, 1., Mullen, M.,
Simpson, D. Inflammatory pseudotumor associated with HIV,
JCV, and immune reconstitution syndrome. Neurology, 2009,
72(3), 289-90.

De Luca, A., Ammassari, A., Pezzotti, P., Cinque, P., Gasnault, J.,
Berenguer, J., Di Giambenedetto, S., Cingolani, A., Taoufik, Y.,
Miralles, P., Marra, C.M., Antinori, A. Cidofovir in addition to
antiretroviral treatment is not effective for AIDS-associated
progressive multifocal leukoencephalopathy: a multicohort
analysis. AIDS, 2008, 22(14), 1759-67.

Verma, S., Cikurel, K., Koralnik, 1.J., Morgello, S., Cunningham-
Rundles, C., Weinstein, Z.R., Bergmann, C., Simpson, D.M.
Mirtazapine in progressive multifocal leukoencephalopathy
associated with polycythemia vera. J. Infect. Dis., 2007, 196(5),
709-11.

Wenning, W., Haghikia., A., Laubenberger, J., Clifford, D.B.,
Behrens, P.F., Chan, A., Gold, R. Treatment of progressive
multifocal leukoencephalopathy associated with natalizumab. N.
Engl. J. Med., 2009, 361(11), 1075-80.

Khatri, B.O., Man, S., Giovannoni, G., Koo, A.P., Lee, J.C., Tucky,
B., Lynn, F., Jurgensen, S., Woodworth, J., Goelz, S., Duda, P.W.,
Panzara, M.A., Ransohoff, RM., Fox, R.J. Effect of plasma
exchange in accelerating natalizumab clearance and restoring
leukocyte function. Neurology, 2009, 72(5), 402-9.

Zecca, C., Nessi, F., Bernasconi, E., Gobbi, C. Ocular
toxoplasmosis during natalizumab treatment. Neurology, 2009,
73(17), 1418-9.

Schweikert, A., Kremer, M., Ringel, F., Liebig, T., Duyster, J.,
Stuve, O., Hemmer, B., Berthele, A. Primary central nervous
system lymphoma in a patient treated with natalizumab. Ann.
Neurol., 2009, 66(3), 403-6.

Mullen, J.T., Vartanian, T.K., Atkins, M.B. Melanoma
complicating treatment with natalizumab for multiple sclerosis. N.
Engl. J. Med., 2008, 358(6), 647-8.

Bezabeh, S., Flowers, C.M., Kortepeter, C., Avigan, M. Review
article: clinically significant liver injury in patients treated with
natalizumab (TYSABRI). Aliment Pharmacol Ther.

Reff, M.E., Carner, K., Chambers, K.S, Chinn, P.C., Leonard, J.E.,
Raab, R., Newman, R.A., Hanna, N., Anderson, D.R. Depletion of
B cells in vivo by a chimeric mouse human monoclonal antibody to
CD20. Blood, 1994, 83(2), 435-45.

Anderson. D.R., GrilloLopez, A., Varns, C., Chambers, K.S.,
Hanna, N. Targeted anti-cancer therapy using rituximab, a
chimaeric anti-CD20 antibody (IDEC-C2B8) in the treatment of



Toxicities of Immunosuppressive Treatment of Autoimmune Neurologic

[91]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

non-Hodgkin's B-cell lymphoma. Biochem. Soc. Transact., 1997,
25(2),705-8.

Hauser, S.L., Waubant, E., Arnold, D.L., Vollmer, T., Antel, J.,
Fox, R.J., Bar-Or, A., Panzara, M., Sarkar, N., Agarwal, S.,
Langer-Gould, A., Smith, C.H.The HTG. B-Cell Depletion with
Rituximab in Relapsing-Remitting Multiple Sclerosis. N. Engl. J.
Med., 2008, 358(7), 676-88.

Bar-Or, A., Calabresi, P.A., Arnold, D., Markowitz, C., Shafer, S.,
Kasper, L.H., Waubant, E., Gazda. S., Fox, R.J., Panzara, M.,
Sarkar, N., Agarwal, S., Smith, C.H. Rituximab in relapsing-
remitting multiple sclerosis: a 72-week, open-label, phase I trial.
Ann. Neurol, 2008, 63(3), 395-400.

Baek, W.S., Bashey, A., Sheean, G.L. Complete remission induced
by rituximab in refractory, seronegative, muscle-specific, kinase-
positive myasthenia gravis. J. Neurol. Neurosurg. Psychiatry,
2007, 78(7), 771.

Hain, B., Jordan, K., Deschauer, M., Zierz, S. Successful treatment
of MuSK antibody-positive myasthenia gravis with rituximab.
Muscle Nerve, 2006, 33(4), 575-80.

Illa, 1., Diaz-Manera, J., Rojas-Garcia, R., Pradas, J., Rey, A.,
Blesa, R., Juarez, C., Gallardo, E. Sustained response to Rituximab
in anti-AChR and anti-MuSK positive Myasthenia Gravis patients.
J. Neuroimmunol., 2008, 201-202, 90-4.

Lebrun, C., Bourg, V., Tieulie, N., Thomas, P. Successful treatment
of refractory generalized myasthenia gravis with rituximab. Eur. J.
Neurol., 2009, 16(2), 246-50.

Stieglbauer, K., Topakian, R., Schaffer, V., Aichner, F.T.
Rituximab for myasthenia gravis: three case reports and review of
the literature. J. Neurol. Sci., 2009, 280(1-2), 120-2.

Thakre, M., Inshasi, J., Marashi, M. Rituximab in refractory MuSK
antibody myasthenia gravis. J. Neurol., 2007, 254(7), 968-9.
Benedetti, L., Franciotta, D., Beronio, A., Cadenotti, L., Gobbi, M.,
Mancardi, G.L., Schenone, A., Tartaglione, A. Rituximab efficacy
in CIDP associated with idiopathic thrombocytopenic purpura.
Muscle Nerve, 2008, 38(2), 1076-7.

Gono, T., Matsuda, M., Shimojima, Y., Ishii, W., Yamamoto, K.,
Morita, H., Hashimoto, T., Susuki, K., Yuki, N., Ikeda, S.
Rituximab therapy in chronic inflammatory demyelinating
polyradiculoneuropathy with anti-SGPG IgM antibody. J. Clin.
Neurosci., 2006, 13(6), 683-7.

Kilidireas, C., Anagnostopoulos, A., Karandreas, N., Mouselimi,
L., Dimopoulos, M.A. Rituximab therapy in monoclonal IgM-
related neuropathies. Leuk. Lymphoma, 2006, 47(5), 859-64.
Munch, C., Anagnostou, P., Meyer, R., Haas, J. Rituximab in
chronic inflammatory demyelinating polyneuropathy associated
with diabetes mellitus. J. Neurol. Sci., 2007, 256(1-2), 100-2.
Memet, B., Rudinskaya, A., Krebs, T., Oelberg, D. Wegener
granulomatosis with massive intracerebral hemorrhage: remission
of disease in response to rituximab. J. Clin. Rheumatol., 2005,
11(6),314-8.

Saech, J., Owczarczyk, K., Roesgen, S., Petereit, H., Hallek, M.,
Rubbert, A. Successful Use of Rituximab in a Patient with Churg-
Strauss Syndrome and refractory CNS Involvement. Ann. Rheum.
Dis., 2009, 69(6), 1254-5.

FDA. Rituximab (marketed as Rituxan) Information. FDA Alert.
Rockville, MD; 2006.

[105]

[106]

[107]

[108]

[109]

[110]

(111

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Current Neuropharmacology, 2011, Vol. 9, No. 3 477

FDA. Rituxan (rituximab) - PML. Safety information. Rockville,
MD; 2009.

Rituximab. Prescribing Information. South San Francisco, CA:
Biogen Idec Inc. and Genentech Inc.; 2010.

Klangsinsirikul, P., Carter, G.I., Byrne, J.L., Hale, G., Russell,
N.H. Campath-1G causes rapid depletion of circulating host
dendritic cells (DCs) before allogeneic transplantation but does not
delay donor DC reconstitution. Blood, 2002, 99(7), 2586-91.

Coles, A.J., Compston, D.A., Selmaj, K.W., Lake, S.L., Moran, S.,
Margolin, D.H., Norris, K., Tandon, P.K. Alemtuzumab vs.
interferon beta-la in early multiple sclerosis. N. Engl. J. Med.,
2008, 359(17), 1786-801.

Coles, A.J., Wing, M., Smith, S., Coraddu, F., Greer, S., Taylor, C.,
Weetman, A., Hale, G., Chatterjee, V, K., Waldmann, H., Compston
A. Pulsed monoclonal antibody treatment and autoimmune thyroid
disease in multiple sclerosis. Lancet, 1999, 354(9191), 1691-5.
Watanabe, M., Amino, N., Hochito, K., Watanabe, K., Kuma, K.,
Iwatani, Y. Opposite changes in serum soluble CD8 in patients at
the active stages of Graves' and Hashimoto's diseases. Thyroid,
1997, 7(5), 743-7.

Rosen, H., Sanna, G., Alfonso, C. Egress: a receptor-regulated step
in lymphocyte trafficking. Immunol.Rev., 2003, 195, 160-77.
Brinkmann, V., Davis, M.D., Heise, C.E., Albert, R., Cottens, S.,
Hof, R., Bruns, C., Prieschl, E., Baumruker, T., Hiestand, P.,
Foster, C.A., Zollinger, M., Lynch, KR. The Immune Modulator
FTY720 Targets Sphingosine 1-Phosphate Receptors. J. Biol.
Chem., 2002, 277(24), 21453-7.

Kappos, L., Radue, E-W., O'Connor, P., Polman, C., Hohlfeld, R.,
Calabresi, P., Selmaj, K., Agoropoulou, C., Leyk, M., Zhang-
Auberson, L., Burtin, P.The FSG. A Placebo-Controlled Trial of
Oral Fingolimod in Relapsing Multiple Sclerosis. N. Engl. J. Med,
362(5),387-401.

Cohen, J.A., Barkhof, F., Comi, G., Hartung, H-P., Khatri, B.O.,
Montalban, X., Pelletier, J., Capra, R., Gallo, P., Izquierdo, G.,
Tiel-Wilck, K., de Vera, A., Jin, J., Stites, T., Wu, S., Aradhye, S.,
Kappos, L.The TSG. Oral Fingolimod or Intramuscular Interferon
for Relapsing Multiple Sclerosis. N. Engl. J. Med., 362(5), 402-15.
Sugiyama, A., Yatomi, Y., Ozaki, Y., Hashimoto, K. Sphingosine
1-phosphate induces sinus tachycardia and coronary vasoconstric-
tion in the canine heart. Cardiovas. Res., 2000, 46(1), 119-25.
Ohmori, T., Yatomi, Y., Osada, M., Kazama, F., Takafuta, T.,
Ikeda, H., Ozaki, Y. Sphingosine 1-phosphate induces contraction
of coronary artery smooth muscle cells via S1P2. Cardiovas. Res.,
2003, 58(1), 170-7.

Karliner, J.S. Lysophospholipids and the cardiovascular system.
Biochimica et Biophysica Acta (BBA). Mol. Cell Biol. Lipids,
2002, 7582(1-3),216-21.

Kappos, L., Antel, J., Comi, G., Montalban, X., O'Connor, P.,
Polman, C.H., Haas, T., Korn, A.A., Karlsson, G., Radue, E-W.
The FTYDSG. Oral Fingolimod (FTY720) for Relapsing Multiple
Sclerosis. N. Engl. J. Med., 2006, 355(11), 1124-40.

Leypoldt, F., Munchau, A., Moeller, F., Bester, M., Gerloff, C.,
Heesen, C. Hemorrhaging focal encephalitis under Fingolimod
(FTY720) treatment: a case report. Neurology, 2009, 72(11),
1022-4.

Received: March 12, 2010

Revised: June 01, 2010

Accepted: June 02,2010





