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Abstract: Natalizumab reduced the rate of clinical relapse at one year by 68% and the risk of
sustained progression of disability by 42-54% over 2 years in its pivotal phase Ill trial (AFFIRM)
in relapsing-remitting multiple sclerosis (RRMS]. Natalizumab is generally well tolerated, but
due to rare and potentially fatal side-effects, it was approved with a restricted-distribution
format in 2006. Expert statements and the European Medical Agency recommend the use of
natalizumab after failure of first-line disease-modifying therapies in patients with relapsing
forms of MS. As part of the risk management plan, worldwide extensive safety programmes
aim to provide more data on natalizumab safety in clinical practice. At the end of September
2008, 48000 patients have received natalizumab and 18000 patients are on treatment for at
least 1 year. The assessment of risk and benefit is still ongoing.
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Introduction

Multiple sclerosis (MS) is regarded as a chronic
inflammatory autoimmune disease of the central
nervous systems (CNS) that affects more than
2.5million people worldwide [Compston,
2006]. Most patients suffer from a relapsing—
remitting course that is usually characterised by
between one and two episodes of neurological
deficits per year that often tend to resolve at
least partly after days to months. However,
single relapses can cause permanent disability.
While severe disability is infrequent in the early
years after diagnosis, patients experience relevant
disability after a median time of about 8 years
(Expanded Disability Status Scale (EDSS) 4)
and may become wheelchair-bound after about
30 years on average [Confavreux and Vukusic,
2006]. The overall healthcare costs of MS in
the United States and Europe are similar and
at a mean about $50000 per patient per year
and rise tremendously with increasing disability.
The proportion of cost of disease-modifying
therapy (DMT) depends on disability status
and range from 50% (EDSS <4) to about 23%
(EDSS > 6) [Kobelt er al. 2006].

The aetiology and pathogenesis of MS are not
fully understood. Autoreactive immune cells

(auto-aggressive T-cells), targeted to myelin
constituents, migrate across the blood—brain
barrier and initiate inflammatory processes
within the CNS. Transmigration is regulated
by chemo-attractant cytokines and adhesions
molecules. Natalizumab is the first licensed
monoclonal antibody directed to one of these
adhesion molecules [Leger er al. 1997]. It was
derived from experimental data in the 1990s
[Yednock ez al. 1992] with a mere 13 years
between proof of concept and clinical licensing.

Mechanism of action of natalizumab

Natalizumab is an immunoglobulin G4 (IgG4)
kappa monoclonal antibody produced in murine
myeloma cells. It contains a human IgG4 frame-
work region and complementarity determining
regions of a murine antibody. It does not activate
complement and persists longer in the blood
than other immunoglobulins [Mountain and
Adair, 1992]. Natalizumab is directed against
ad-beta-1-integrin (very late activation antigen-4,
VLA-4), a surface molecule found on all leuko-
cytes with exception of neutrophils [Stiive ez al.
2007; Leger er al. 1997]. Thus, natalizumab
inhibits the interaction between VLA-4 and
vascular cell adhesion molecule-1 (VCAM-1)
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expressed on endothelial cells. It is thought that
this interaction controls leukocyte adhesion,
attachment and migration across the blood—
brain barrier into CNS [Sandborn and
Yednock, 2003; Lobb and Hemler, 1994;
Yednock er al. 1992; Burkly ez al. 1991; Damle
and Aruffo, 1991]. Natalizumab may also
alleviate ongoing CNS inflammation, mediated
by leukocytes already present in the CNS by
blockade the interactions between VLA-4 and
extracellular matrix proteins such as osteopontin
and fibronectin [Bayless ez al. 1998; Lobb and
Hemler, 1994]. Moreover, natalizumab can
inhibit the interaction of leukocytes with the
mucosal adressin cell adhesion molecule-1 in
the small intestine. Thus, it can block the
transendothelial migration of mononuclear cells
into inflammatory tissue in patients with Crohn’s
disease [von Andrian and Engelhardt, 2003].

Pharmacokinetics and pharmacodynamics
The pharmacokinetic of natalizumab was system-
atically investigated in three single infusion stu-
dies with volunteers, in nine target-population
studies with MS patients and two pharmacoki-
netic studies with patients with Crohn’s disease
[European Medicine Agency, 2006; Vollmer er al.
2004; Rudick and Sandrock, 2004; Sheremata
et al. 1999]. These data provided evidence that
the pharmacokinetic of natalizumab is nonlinear,
resulting in a fixed dose recommendation of
300 mg. Patients who received 3 mg of natalizu-
mab per kg body-weight had more than 80%
VLA-4 saturation on peripheral blood leukocytes
[Miller ez al. 2003] and detectable concentrations
for 8 weeks [Sheremata er al. 1999]. After
multiple doses, natalizumab has a mean half-
life of 1644 days with a clearance of
13.1 £5ml/hour. The clearance was only
weakly correlated with body weight over the
range 40-100kg. The biological effects persist
for about 12 weeks and changes in the distribu-
tion of cerebrospinal fluid (CSF) cells for about
6 months after cessation were found [Hauser
and Weiner, 2006; Niino er al 2006; Stiive
et al. 2006a). Higher doses of natalizumab
resulted in longer mean half-lives and slower
mean total body clearance despite the use of
weight-based dosing [Sheremata er al. 1999].
Pharmacokinetics of natalizumab in paediatric
MS patients, elderly patients or patients with
renal or hepatic insufficiency have not been
studied.

Efficacy in clinical studies

MRI efficacy of natalizumab in MS patients
were first reported in 1999 [Tubridy er al
1999]. In this randomized, double-blind,
placebo-controlled trial, 72 patients received
either two infusions of natalizumab (3 mg/kg)
with an interval of 4 weeks or placebo. At week
12 the number of new active lesions on MRI was
significantly lower in the treatment arm.

In 2003 the results of a major phase II trial
were published [Miller er al. 2003]. Sixty-eight
patients received 3mg/kg of natalizumab,
74 patients 6 mg/kg of natalizumab, and 71
patients placebo intravenously every 28 days for
6 months. Natalizumab suppressed the formation
of contrast-enhancing lesions by about 90% (pri-
mary endpoint). This effect was already manifest
1 month after the first dose and sustained over the
whole treatment phase. Based on these positive
preliminary results, two large phase III studies
(AFFIRM and SENTINEL) were conducted
[Polman er al. 2006; Rudick er al. 2006]. Both
were multicenter, double-blind, randomized
and placebo-controlled trials. Study characteris-
tics of AFFIRM are summarized in Table 1.

AFFIRM investigated 942 patients randomly
assigned to receive natalizumab at a dose of
300 mg (627 patients) or placebo (315 patients)
by intravenous infusion every 4 weeks for 2 years.
After 1 year of treatment the annualized relapse
rate in the natalizumab group was significantly
lower (0.26) compared with the placebo group
(0.81) (relative risk reduction of 68%:;
$<0.001). The effect was maintained at
2 years. At 2 years, the cumulative probability
of disability progression was 17% in patients
receiving natalizumab compared to 29% in the
placebo group (relative risk reduction of 42%;
p<0.001). Regarding the secondary endpoints,
natalizumab reduced both the mean number of
new or enlarging hyper-intense T2 MRI lesions
over two years from 11.0 to 1.9 (relative risk
reduction 83%; p<0.001) and the mean
number of gadolinium-enhancing lesions from
1.2 to 0.1 (relative risk reduction of 92%;
$»<0.001).

In the SENTINEL study (z=1171, 589 rando-
mised to natalizumab) [Rudick ez al. 2006],
natalizumab 300mg or placebo was added to
interferon-beta la once weekly intramuscular
(Avonex®) for patients who had had at least one
relapse during 12 months of previous treatment
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with interferon-beta 1a intramuscular (Avonex®).
Overall efficacy parameter resembled results
from AFFIRM study. The study ended a month
earlier than planned, because of the occurrence
of progressive multifocal leukoencephalopathy
(PML) in two patients who received natalizumab
in addition to interferon-beta la intramuscular.

Table 1. Results of the AFFIRM study [Polman et al. 2006].

Adverse events

Natalizumab was well tolerated in its pivotal
trials. In AFFRIM, 6% of the patients receiving
natalizumab and 4% of the patients in the pla-
cebo group discontinued the study. The most
common adverse events (AEs) in the phase II
trials were headache and infections. Two deaths
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occurred during the AFFIRM study, both in the
natalizumab group: one patient died due to
malignant melanoma, which was pre-existing, a
second patient died of alcohol intoxication after
having received 25 doses of natalizumab. Other
AEs in AFFIRM included headache (38% in the
natalizumab group oversus 33% in the placebo
group), fatigue (27% in the natalizumab group
versus 21% in the placebo group), arthralgia
(19% in the natalizumab group versus 14% of
the patients receiving placebo) and allergic reac-
tions (9% in the natalizumab group versus 4%
in the placebo group). The overall frequency of
infections did not differ between natalizumab
and placebo.

Acute hypersensitivity reactions

Acute hypersensitivity reactions usually occur
within 2 hours after beginning of natalizumab
infusions. In AFFIRM, 27 hypersensitivity reac-
tions occurred in 25 patients receiving natalizu-
mab (4%). Seventeen of these 25 patients (68%)
were persistently anti-natalizumab antibody posi-
tive. Fifty-six per cent of the hypersensitivity
reactions (mostly urticaria) occurred during the
second infusion. Re-exposure was the major risk
for developing acute hypersensitivity reactions
and the risk of developing type I allergic reactions
decreased with longer treatment duration. Severe
hypersensitivity reactions were rare (0.8%) and

patients recovered without sequelae [Polman
et al. 2000].

Infusion-related symptoms

In AFFIRM, infusion-related symptoms

occurred in 19% of patients receiving natalizu-
mab compared with 14% of patients with pla-
cebo. The most common infusion related
symptom was headache (5% in the natalizumab
group wersus 3% in the placebo group).
Interestingly, serum sickness-like reactions
(serum IIT allergic reaction) in antibody-negative
patients were described recently [Hellwig er al
2008]. Such patients with delayed infusion
related discomfort better tolerated the natalizu-
mab infusion by administration of 250mg
methyl-prednisolone intravenously the day
before and after natalizumab infusions and
decreasing the infusion rate from 100ml/h to
50 ml/h.

Anti-natalizumab antibodies

Infusion-related AEs and anti-nataliazumab
antibodies were associated. In the pivotal trials,
infusion-related reactions occurred in 76% of

persistently antibody positive patients compared
with 20% of antibody-negative and 25% of
transiently positive patients [Rudick ez al. 2006;
Polman ez al. 2006]. Hypersensitivity reactions
were experienced by 46% of the persistently
anti-natalizumab antibody positive patients,
15% of the transiently positive patients and
0.7% of antibody-negative patients. Anti-natali-
zumab antibodies had the potential to neutralise
natalizumab in vitro. About 9-11% of the
patients receiving natalizumab developed anti-
bodies at least once during treatment, 3-5%
transiently and 6% persistently. The presence of
antibodies was correlated not only with a higher
incidence of infusion-related symptoms but also
with a reduction in serum concentrations of
natalizumab and reduced efficacy. In patients
with persistent anti-natalizumab antibodies the
level of natalizumab remains below the limit of
quantification. Owing to high therapy costs and
near loss of efficacy in persistently antibody-
positive individuals [Calabresi er al. 2007],
antibody testing is justified in every patient
receiving natalizumab. The antibody testing
should be repeated after 2—3 months. Persistent
antibodies to natalizumab should result in
treatment discontinuation [Krumbholz er al
2007].

Progressive multifocal leukencephalopathy
Progressive  multifocal  leukencephalopathy
(PML) is a demyelinating infectious CNS disease
usually observed in immunodeficient patients,
especially HIV-positive individuals, caused by
the JC virus. JC are the initials of the first patient
in whom the virus was isolated in 1971 [Padgett
et al. 1971].

JCV is a double-stranded DNA virus. Depending
on the region, up to 95% of the population
have antibodies against JCV [Walker, 1983].
Following infection, the virus becomes latent
in bone marrow, tonsils, spleen and kidney but
it is unclear whether latency universally follows
infection [Sabath and Major, 2002; Caldarelli-
Stefano et al. 1999; Monaco ez al. 1998, 1996].
JCV has been identified in circulating white
blood cells, predominantly in B cells of healthy
adults and AIDS patients [Gallia ez al. 1997] and
in almost 50% of brains from immunological
normal individuals post mortem [Elsner and
Dorries, 1992; Mori ez al. 1992; White er al
1992].
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PML was first described in 1958 in chronic
lymphatic leukaemia and Hodgkin disease
[Astrom er al. 1958] and it remained a rare
condition until the advent of AIDS in the
1980s. From 1958 to 1984 only 230 cases were
described in English language literature [Brooks
and Walker, 1984]. Since 1979 the incidence of
PML has increased 50-fold. Eighty-five per cent
of patients with PML are HIV-positive, but even
in AIDS patients in the pre-high active anti-
retroviral therapy era the prevalence of PML
was only 5% [Koralnik, 2006]. PML has been
also described in patients with lymphoprolifera-
tive diseases, organ transplants, bone marrow
transplantation and in patients receiving immu-
nosuppressive drugs (including azathioprine and
mitoxantrone) [Crowder ez al. 2005; Shitrit ez al.
2005; Cuevas and Fuchs, 2004; Warnatz et al.
2003; Daibata et al. 2001; Ouwens et al. 2000;
Tubridy er al. 2000; Morgenstern and Pardo,
1995; Rankin and Scaravilli, 1995; Silver ez al.
1995; White et al. 1992; Dawson, 1982;
Nagashima ez al. 1982; Peters et al. 1980;
Weitzman ez al. 1978; Malas and Weiss, 1977;
Bleyer er al. 1973]. Until 2006 PML has not
been described in MS patients.

Pathogenesis of PML in MS patients

The pathogenesis of PML in patients receiving
natalizumab is complex and not fully understood.
The issue of PML in patients with monoclonal
antibodies is not restricted to natalizumab
[Houff and Berger, 2008; Martin er al. 2006;
Uppenkamp er al. 2002]. PML occurred in
association with rituximab, a monoclonal anti-
body which induces B-cell depletion and efalizu-
mab in a patient with psoriasis [Crowder er al
2005; Shitrit ez al. 2005]. Nevertheless PML in
natalizumab-treated patients remains unique
because the patients with PML treated with
other monoclonal antibodies had conditions
that were already associated with a higher risk
for PML. Currently, it is unclear whether PML
is an off-target AE of natalizumab or a direct
consequence of VLA-4 blocking. Natalizumab
was found not only to decrease the number of
CD4+ T cells within the CSF up to 6 months
after cessation of natalizumab treatment but also
the number of antigen-presenting cells and the
expression of MHC class II in the Virchow
Robin spaces but the significance of this finding
with regard to PML is uncertain. It is unclear
whether the duration of natalizumab treatment
predisposes to development of PML per se.

Previous cases occurred after 8-37 doses and a
pattern for PML development is not obvious.
Also, there is no evidence that a ‘drug holiday’
could decrease the risk of PML [Martin er al
2008 Stiive ez al. 2006a, 2006b]. It is noteworthy
that the patient with Crohn’s disease and PML
had a drug holiday [Van Assche ez al. 2005].
He received three monthly infusions of natalizu-
mab during the Evaluation of Natalizumab as
Continuous Therapy 1 (ENACT-1) trial,
followed by treatment with placebo for 9
months in the ENACT-2 trial. First symptoms
of PML occurred after a further five infusions
of natalizumab.

Houff and Berger [2008] postulated that by
blocking VILLA-4, natalizumab may prevent the
entry of JCV-specific cytotoxic T cells into the
brain, necessary for the control of latent JCV
infection.  Another possible pathogenetic
mechanism includes the VLA-4 dependent
homing and retention of lymphocytes in bone
marrow and spleen [von Andrian and
Engelhardt, 2003], both sites of viral latency.
This mechanism leads to an increase of periph-
eral leukocytes and possibly also to an increase
of JC viral load. Retrospective analyses of 214
serum samples collected during the treatment
with natalizumab showed detectable JCV DNA
in only 2.3% of patients, which is not outside
of the expected range in healthy individuals
[Major ez al. 2005], but assaying blood plasma
may underestimate the JCV viral load [Houff
and Berger, 2008]. However, the presence of
JCV DNA in the blood of MS patients on inter-
feron-beta treatment did not seem to be a risk
factor for PML [Delbue et al. 2007]. Plasma
JCV DNA is neither predictive nor diagnostic
for PML [Koralnik, 2006]. Thus, routine blood
testing for plasma JCV is not helpful to improve
drug safety [Gold er al. 2007]. Although the
detection of JCV DNA in CSF is not a mere
biomarker for PML, this test confirms the diag-
nosis in suspected cases. However in 10-40% of
HIV patients with active PML, JCV DNA could
not be detected in CSF [Marzocchetti ez al. 2005;
McGuire et al. 1995]. In natalizumab recipients,
JCV DNA was detected in CSF only in patients
with PML and not in 400 samples of CSF with-
out PML [Yousry et al. 2006]. JCV DNA poly-
merase chain reaction (PCR) in CSF is
recommended in all natalizumab recipients pre-
senting with any clinical feature suggestive
of PML.
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PML in MS patients

During the pivotal trials with natalizumab, three
PML cases occurred: one case in a Crohn’s
disease trial (ENACT) [Van Assche er al. 2005]
and two cases in MS patients in SENTINEL
[Kleinschmidt-DeMasters and Tyler, 2005;
Langer-Gould ez al. 2005]. PML in the patient
with Crohn’s disease was first histologically diag-
nosed as astrocytoma but post-mortem analysis
revealed the diagnosis of PML. In July and
October 2008, Biogen Idec and Elan distributed
information about three further new PML cases.
Among them is one patient who had never
received any other DMT. These are the first
cases of PML in an MS patient receiving natali-
zumab as monotherapy outside from clinical
trials. Table 2 summarizes all cases of PML
associated with natalizumab therapy thus far.

Management of new neurological symptoms
in natalizumab patients

PML should be taken into account in any patient
receiving natalizumab who presents with new
neurological symptoms. Although there may be
some typical differences between PML and MS
relapses, differentiation can be difficult in indivi-
dual cases. So far, optic neuritis has not been
reported in PML and spinal manifestation is
very rare [Bernal-Cano er al. 2008]. In contrast
to patients with MS relapses, the development
of subacute neuropsychological abnormalities
are common in PML. In case of relapse, short
courses of glucocorticosteroid therapy (3—5 days
methyl-prednisolone 500-1000 mg/day) can be
given during therapy with natalizumab. A long-
lasting combination therapy with steroids should
be avoided since it results in immunosuppression
[Gold ez al. 2007].

In case of uncertainty and PML suspicion,
natalizumab treatment has to be stopped and
MRI has to be performed. If the clinical presen-
tation and/or the MRI raise suspicion to PML,
CSF for JCV DNA testing by PCR has to be
obtained. If PCR is negative but suspicion
remains, repeated CSF analyses have to be
performed until PCR is positive or PML can be
ruled out. PML treatment may be initiated
before PCR results are indicative in cases of
strong clinical suspicion and/or typical MRI find-
ings (see below). Physicians should be aware of
the possibility that other opportunistic infections
may occur during natalizumab treatment and
should include them in the differential diagnosis.

Table 2. Overview of PML cases in patients receiving natalizumab.

Outcome

Treatment regime DMT before

Gender Age Disease Location No.of Study

Year

Authors

n

doses

Severe Disability
Death

Disabled*
Disabled*

Death
n.k.

None

None

Ifn-b, aza
Ifn-b, ga, mtx

Aza, infliximab
None

Combination with Ifn-b

Combination with Ifn-b
Monotherapy
Monotherapy
Monotherapy

Monotherapy

ENACT
SENTINEL
SENTINEL
Post-Marketing
Post-Marketing
Post-Marketing

8
28

37
17
14
14

Europe
USA
USA
Europe
Europe
USA

Crohns
RRMS
RRMS
RRMS
RRMS
RRMS

60
41
46
37
52
n.k.

M
M
F
M
M
n.k.

2005
2006
2006
2008
2008
2008

1
2

Kleinschmidt et al.
Biogen data’

Langer-Gould et al.
Biogen data

Van Asche et al.
Biogen data

1
2
g
4
5
6

"Data presented

sclerosis;
Press release from Biogen Idec on 29 oct 2008; * current status; n.k., currently

2

Abbrevations: no. of doses, number of doses of natalizumab prior to first PML-symptoms; DMT, disease modifying therapy; RRMS, relapsing-remitting multiple
aza, azathioprine; mtx, methotrexat; ga, glatiramer acetate; ifn-b, interferon-beta; ENACT, Evaluation of Natalizumab as Continuous Therapy in Crohn’s disease.

by R. Gold at the World Congress on Therapy of Multiple Sclerosis in Montreal, Sep, 2008;

not known.
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Table 3. Therapeutic options in PML [Stiive et al. 2007].

Therapeutic options in natalizumab-associated PML

Antiviral therapy

Immunomodulatories

Haematopoietic growth factors
Other interventions

Cidofovir

Topotecan

Mefloquine

Cytosine arabinoside
Interferon-beta
Interferon-alpha

Interleukin 2

5HT-2 a receptor blockers
Intravenous immunoglobulins
Granulocyte colony stimulating factors
Plasmapheresis
Leukapheresis

Treatment options of PML in patients receiving
natalizumab

There is no proven treatment for PML. Early
PML diagnosis could be of crucial importance
and immune reconstitution may result in
improved outcome [Shitrit ez al. 2005; Clifford
et al. 1999]. Recently, Stiive and Bennett
[2007] reviewed possible interventions in
patients with PML. Potential therapeutic options
are summarized in Table 3. The primary goals of
PML treatment include immune reconstitution,
antiviral therapy and elimination of natalizumab.
However, it remains uncertain if any of these
strategies will improve the outcome.

To eliminate free unbound natalizumab, plasma
exchange is thought to be effective, safe and well
tolerated [Khatri ez al. 2008; Lehmann ez al
2006a, 2006b]. According to the natalizumab
PLEX study, five plasma exchange sessions
every other day reduces natalizumab concentra-
tions to <1lmg/ml in over 95% of patients
[Khatri er al. 2008; Lehmann et al 2006a,
2006b]. Eighteen days after plasma exchange
leukocytes transmigration significantly improved
in an i vitro model of the blood—brain barrier
[Fox et al. 2008].

Intravenous immunoglobulins may represent
another therapeutic option. By binding to the
antigen-binding fragment of natalizumab, immu-
noglobulins could block the binding of natali-
zumab to VLA-4. Currently, experimental
approaches to PML treatment include the evolu-
tion of antisera from patients who have developed
anti-natalizumab antibodies and proteins that
mimic VLA-4 antigen. To date, there are no uni-
form guidelines for PML treatment [Marra ez al.
2002; Hall ez al. 1998].

Analogue to AIDS patients, the reconstitution
of the immune system can be associated with
increasing inflammation and clinical deteriora-
tion, so-called immune reconstitution inflamma-
tory syndrome (IRIS) [Kappos et al. 2007].
In HIV-positive patients, IRIS is usually asso-
ciated with an increasing CD4+ cell count in
plasma and decrease of HIV RNA load
[Venkataramana er al. 2006]. The management
of IRIS is beyond the limits of this review.

Malignancy

The incidence of breast cancer and basal cell
carcinoma seen in AFFIRM was within keeping
of the rates commonly seen in the population
at large [European Medicine Agency, 2006].
There is no evidence for mutagenic effects of
natalizumab either clinically or # vizro (human
chromosomal aberration assays). Natalizumab
had no effect on tumour growth or metastasis
in a xenograft model involving an w4-integrin—
positive human melanoma and leukemia
tumour line implanted in nude mice [European
Medicine Agency, 2006]. In February 2008 two
cases of melanoma in women with MS treated
with natalizumab were published [Mullen ez al
2008]. The authors presented in one patient
a ‘rapidly changing mole’ after a single dose of
natalizumab and in another patient an ocular
melanoma derived from a long-standing ocular
nevus after several doses of natalizumab.
Another case of metastatic melanoma occurred
in the AFFIRM study [Polman ez al. 2006].
There is controversy regarding the potential
effect of natalizumab on melanoma cells. While
the one postulate that the integrin-endothelium-
contact could promote metastasis [Klemke ez al.
2007; Garofalo et al. 1995], the others believe
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in a protective effect of the integrins and harmful
effect of natalizumab [Qian ezr al. 1994].

We have also observed a melanoma in situ
(unpublished data) derived from an atypical
mole in a 41-year-old woman after 12 doses of
natalizumab. Treatment was continued after
surgical excision and we could neither ascertain
‘rapidly changing moles’ nor ‘dramatic increase
in size’ of atypical nevi. Currently, there is no
evidence that melanoma is more common in
patients treated with natalizumab than in the
general population [Panzara er al 2008].
Atypical moles should be closely monitored.
Active malignancy except of basal cell carcinoma
represents a contraindication for natalizumab
treatment.

Increase of liver enzymes

Potential liver injury with natalizumab raised
interest in February 2008. In AFFIRM, the
incidence of hepatic events and an increase in
liver enzymes were 4-5% and similar in the
verum and placebo group [Polman ez al. 2006].
Liver-related severe AEs in natalizumab-treated
individuals were attributable to other causes
such as cholelithiasis or drugs including inter-
feron-beta. However, one patient in the phase
I study in healthy volunteers did develop an
unexplained hepatitis [European Medicine
Agency, 2006]. As in November 2007, the total
cumulative exposure to natalizumab was
estimated to be 24000 patients, there were
eight serious cases of hepatic events where the
association to natalizumab was probable. In two
patients the elevated liver enzymes recurred upon
re-challenge, providing evidence for natalizu-
mab-induced injury. All patients had at least
one confounding risk factor. No case resulted in
liver transplant or death. Currently, liver enzyme
examination is recommended before treatment
initiation with natalizumab and in case of clinical
signs of liver dysfunction.

Pregnancy

Immunohistological studies indicated that
natalizumab binds to the placenta and foetal
tissues, indicating a potential for teratogenic
and/or abortifacient activity. A reproductive
toxicology study evaluating the effects of
natalizumab demonstrated no foetotoxicity or
drug-related teratogenic effects.

Data on 95 pregnancies during clinical studies
and three pregnancies post-marketing have
shown that exposure to natalizumab during preg-
nancy had no negative effect on pregnancy out-
comes [Bozic er al. 2007]. Since there is lack of
data on natalizumab therapy in pregnant women,
natalizumab is contraindicated during pregnancy.
In case of pregnancy during natalizumab treat-
ment, immediate discontinuation of natalizumab
is necessary and close monitoring of the foetus
should follow. Ideally, natalizumab should be dis-
continued at least 3 months before conception.

License

Natalizumab was first approved by the Food
and Drug Administration (FDA) for treatment
of RRMS in November 2004 on the basis of
1-year results of the pivotal trials AFFIRM and
SENTINEL. Because of the two PML -cases,
distribution of natalizumab was suspended in
March 2005. An extensive safety study on 3417
patients with MS, Crohn’s disease or rheumatoid
arthritis who had received natalizumab in clinical
trials was undertaken. Additional cases of PML
were not identified [Yousry ez al. 2006]. In March
2006, the Advisory Panel of the FDA voted in
favour of the return of natalizumab on the
market as monotherapy in relapsing forms
of MS with a black-box warning about PML.
Treatment with natalizumab was restricted
to physicians participating in a risk manage-
ment program (Tysabri® Outreach: Unified
Commitment to Health, TOUCH). In addition,
the safety of natalizumab is being further assessed
in a 5000-patient registry cohort (Tysabri Global
Observation Program in Safety, TYGRIS) in the
European Union and North America with 5-year
follow-up for infections requiring hospitalization,
cases of PML, malignancies, and all AEs that
are serious or medically significant.

Current indication

Head-to-head studies to determine the relative
efficacy of natalizumab in comparison with
other DMT's were not undertaken. Results from
phase III trials suggested superior efficacy
compared to the corresponding trials for inter-
feron-beta or glatiramer acetate, but across-trial
comparisons can be misleading.

Because of safety concerns, EMEA has restricted
the use of natalizumab to the following patients
groups: (a) patients who have failed to respond
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to a full and adequate course of interferon-beta.
Patients should have had at least one relapse in the
previous year while on therapy, and have at least 9
T2-hyperintense lesions in cranial MRI or at least
one gadolinium-enhancing lesion; and (b) patients
with rapidly evolving severe relapsing remitting
MS, defined by two or more disabling relapses
in one year, and with one or more gadolinium-
enhancing lesions on brain MRI or a significant
increase in T2 lesion load as compared with a
previous recent MRI. [European Medicine
Agency, 2006]. Phase II trials supported a benefit
of natalizumab in patients with progressive forms
who still have relapses.

Before switching from other DMT to natalizu-
mab it is obligatory to evaluate possible reasons
for lack of efficacy; for example, pseudo relapses
(during fever, infections), neutralizing antibodies
to interferon-beta or nonadherence. Currently,
there are no data from phase III trials for patients
below the age of 18, over 55 years or EDSS > 5.

Contraindications

Natalizumab is contraindicated in immunocom-
promised patients with increased risk of opportu-
nistic infections. Immune competence is crucial
before treatment initiation. Expert recommenda-
tions suggested that neutrophils should be
more than 1500 cells/pl, lymphocytes more than
1000 cells/pl, CD4+ cells more than 500 cells/pl
and CD8+ cells more than 250 cells/ul [Gold
et al. 2007]. Also the CD4/CD8 ratio should be
within normal limits. However, there is no
evidence that CD4 T-cells play a critical role in
the development of opportunistic infections
during natalizumab treatment. Natalizumab is
contraindicated in patients with PML.
Concomitant immunomodulatory agents or
immunosuppressive drugs are contraindicated.

Natalizumab treatment guidelines

Natalizumab should only be used by physicians
with adequate facilities for the application of
monoclonal antibodies, with experience in the
diagnosis and treatment of MS, and with timely
access to MRI (preferably within 24 hours).
Natalizumab is administered at a dose of
300 mg intravenously over 1hour. Patients have
to be monitored one additional hour after infu-
sion including clinical surveillance, intermittent
measurement of pulse and blood pressure.
A temporary suspension of the drug (i.e. for

days up to a few weeks) is not expected to com-
promise its effectiveness [O’Connor er al. 2006].
Expert guidelines were issued to provide further
guidance of patient selection and monitoring
[Gold er al. 2007; Kappos et al. 2007].

Pre-treatment examinations and wash-out
period

The pivotal studies do not provide guidance
for the switching procedures in clinical practise.
Expert statements were issued but one has to
acknowledge that the underlying evidence is
weak. Currently, for interferon-beta and glatira-
mer acetate it is unclear whether a wash-out is
necessary and if such a procedure will have
any impact on the risk of PML [Kappos ez al.
2007]. We cessate interferon-beta or glatiramer
acetate 2 weeks before natalizumab treatment.
Recommendations on an empirical basis for
azathioprine, methotrexate and mycophenolate
mofetil suggest a wash-out period of 3 months
and for mitoxantrone of 6 months [Kappos
et al. 2007; Hartung et al. 2002]. Moreover,
clinical and laboratory findings (see section on
‘contraindications’) should be taken into account
[Gold er al 2007]. Conditions which were
considered to be associated with an immunocom-
promised status include history of invasive fungal
infections, severe herpes infection, HIV infection,
opportunistic infections and current active infec-
tions [Gold er al. 2007]. A pretreatment cranial
MRI scan is obligatory and should be performed
within 3 months of starting natalizumab therapy.
This scan is needed for comparison with subse-
quent scans if patients experience worsening.
Annual follow-up scans are necessary as a
minimum.

Rebound effects after cessation of
natalizumab treatment

Tubridy ez al. [1999] were the first who reported
possible rebound effects after cessation of natali-
zumab treatment. In this phase II trial of a single
dose of natalizumab the authors observed an
increased relapse rate compared to placebo in
the second week after treatment without differ-
ences in MRI activity. In another phase II single-
dose trial, O’Connor et al. [2004] could not
observe such a rebound effect. Although neutra-
lizing antibodies decreased the clinical and MRI
benefit of natalizumab, there was no rebound
phenomenon in the pivotal phase III trials
[Calabresi er al. 2007]. Vellinga er al. [2008]
found that lesion activity increased after cessation
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of treatment and almost only in patients who
received up to eight infusions. Patients who
received 30 to 37 infusions had no MRI rebound
effect suggesting that patients with short
natalizumab treatment may be more likely to
experience rebound effects [Fox and Kappos,
2008]. The overall data rather suggest a return
to previous disease activity than an overshoot
(rebound) after cessation of natalizumab in
most conditions.

Conclusions

Clinical trial data demonstrated substantial
efficacy and a favourable risk-benefit profile.
Although across-study comparisons may be
misleading for reasons of different patient
populations and trial design, it appears that the
efficacy of natalizumab is higher than what we
can expect from interferon-beta and glatiramer
acetate treatment. However, the pivotal trials
were not designed to examine the efficacy of
natalizumab in second-line therapy and some
questions are yet unanswered. Post hoc subgroup
analyses from AFFIRM in highly active patients
(at least two relapses in 1 year prior to study inclu-
sion and at least 1 Gd enhancing lesion at baseline
revealed a comparable efficacy of the drug in this
subgroup (Biogen Idec, data on file). Our own
experiences with 31 patients who had treatment
failure with other DMT underlines the potential
of natalizumab in second-line therapy: annual
relapse rates on interferon-beta or glatiramer
acetate decreased from 2.3 to 0.2 after one year
of natalizumab treatment and MRI efficacy
resembled data from the pivotal trials [Putzki
2008]. Although such data is reassuring, only
a randomised head-to-head trial could answer
the question of the efficacy of natalizumab in com-
parison with other DMT. In times of limited
resources for health care, it is important that the
use of natalizumab was associated with favourable
cost-effectiveness outcome [Gani ez al. 2008].

At the end of September 2008, 48 000 patients
received natalizumab in the combined clinical
and post-marketing settings, 18000 patients
are on treatment for at least 1 year and 9500
have been exposed to natalizumab for at least
18 months. The pivotal trials suggested an inci-
dence of PML of 1:1000 over 18 months [Yousry
et al. 2006]. Current data have not indicated
a higher incidence of PML but more definite
conclusions can be drawn within the next 6-12
months.

Targeted biological therapies have introduced
remarkable improvement for the treatment and
for the life of hundreds of thousands of patients
suffering from autoimmune disorders such as
rheumatoid arthritis or systemic lupus erythema-
tosus. In MS, natalizumab represents the first
targeted therapy and has opened up a new era
of antibody treatment. Other monoclonal anti-
bodies like alemtuzumab, daclizumab or rituxi-
mab have already shown promising efficacy in
the treatment of RRMS. Future -challenges
include the selection of the appropriate drug for
individual conditions and careful evaluation
of risks and benefits.

Conflict of interest statement

NP has received honoraria, travel grants, perso-
nal compensation and research grants from Bayer
Schering, Biogen Idec, Merck Serono, Sanofi
Aventis and TEVA.

References

Astrom, K.E., Mancall, E.L. and Richardson Jr, E.P.
(1958) Progressive multifocal leuko-encephalopathy;
a hitherto unrecognized complication of chronic
lymphatic leukaemia and HJodgkin’s disease, Brain 81:
93-111.

Bayless, K.]J., Meininger, G.A., Scholtz, J.M. and
Davis, G.E. (1998) Osteopontin is a ligand for the
alphadbetal integrin, ¥ Cell Sci 111: 1165-1174.

Bernal-Cano, F., Joseph, ]J.T. and Koralnik, I.J. (2008)
Spinal cord lesions of progressive multifocal encepha-
lopathy in an acquired immunodeficiency syndrome
patient, ¥ Neurovirol 13: 474-476.

Bleyer, W.A., Drake, J.C. and Chabner, B.A. (1973)
Neurotoxicity and elevated cerebrospinal-fluid
methotrexate concentration in meningeal leukemia,
N Engl F Med 289: 770-773.

Bozic, C., Belcher, G., Kooijmans, M., Kim, R.,
Lynn, F. and Panzara, M.A. (2007) The Safety of
Natalizumab in Patients With Relapsing Multiple.
Update from TOUCH™ and TYGRIS. Poster

No P06.095, 59th Annual Meeting of the American
Academy of Neurology, April 28 May 5, 2007
Boston, MA.

Brooks, B.R. and Walker, D.L. (1984) Progressive
multifocal leukoencephalopathy, Neurol Clin 2:
299-313.

Burkly, L.C., Jakubowski, A., Newman, B.M.,

Rosa, M.D., Chi-Rosso, G. and Lobb, R.R. (1991)
Signaling by vascular cell adhesion molecule-1
(VCAM-1) through VLLA-4 promotes CD3-dependent
T cell proliferation, Eur ¥ Immunol 21: 2871-2875.

Calabresi, P.A., Giovannoni, G., Confavreux, C.,
Galetta, S.L., Havrdova, E., Hutchinson, M. et al.

124

http://tan.sagepub.com



O Yaldizli and N Putzki

(2007) The incidence and significance of anti-
natalizumab antibodies: results from AFFIRM
and SENTINEL, Neurology 69: 1391-1403.

Caldarelli-Stefano, R., Vago, L., Omodeo-Zorini, E.,

Mediati, M., Losciale, L., Nebuloni, M. ez al. (1999)
Detection and typing of JC virus in autopsy brains and
extraneural organs of AIDS patients and non-immu-

nocompromised individuals, ¥ Neurovirol 5:

125-133.

Clifford, D.B., Yiannoutsos, C., Glicksman, M.,
Simpson, D.M., Singer, E.]., Piliero, P.J. ez al. (1999)
HAART improves prognosis in HIV-associated
progressive multifocal leukoencephalopathy, Neurology
52: 623-625.

Compston, A. (2006) Making progress on the natural
history of multiple sclerosis, Brain 129: 561-563.

Confavreux, C. and Vukusic, S. (2006) Age at
disability milestones in multiple sclerosis, Brain 129:
595-605.

Crowder, C.D., Gyure, K.A., Drachenberg, C.B.,
Werner, J., Morales, R.E., Hirsch, H.H. ez al. (2005)
Successful outcome of progressive multifocal leu-
koencephalopathy in a renal transplant patient,

Am ¥ Transplant 5: 1151-1158.

Cuevas, LL.A. and Fuchs, H.A. (2004) Progressive
multifocal leucoencephalopathy and immunosuppres-
sion, Ann Rheum Dis 63: 112—113author reply 113.

Daibata, M., Hatakeyama, N., Kamioka, M.,
Nemoto, Y., Hiroi, M., Miyoshi, I. ez al. (2001)
Detection of human herpesvirus 6 and JC virus

in progressive multifocal leukoencephalopathy
complicating follicular lymphoma, Am § Hematol 67:
200-205.

Damle, N.K. and Aruffo, A. (1991) Vascular cell
adhesion molecule 1 induces T-cell antigen receptor-
dependent activation of CD4+T lymphocytes,

Proc Natl Acad Sci U S A 88: 6403—6407.

Dawson, D.M. (1982) Progressive multifocal
leukoencephalopathy in myasthenia gravis, Ann Neurol
11: 218-219.

del Pilar Martin, M., Cravens, P.D., Winger, R.,
Frohman, E.M., Racke, M.K., Eagar, T.N. et al.
(2008) Decrease in the numbers of dendritic cells
and CD4+ T cells in cerebral perivascular spaces
due to natalizumab, Arch Neurol 65(12):
1596-603.

Delbue, S., Guerini, F.R., Mancuso, R., Caputo, D.,
Mazziotti, R., Saresella, M. et al. (2007) JC virus
viremia in interferon-beta -treated and untreated
Ttalian multiple sclerosis patients and healthy controls,
F Neurovirol 13: 73-717.

Elsner, C. and Dorries, K. (1992) Evidence of human
polyomavirus BK and JC infection in normal brain
tissue, Virology 191: 72-80.

European Medicine Agency (2006) Available at: http://
www.emea.europa.eu/humandocs/PDFs/EPAR/
tysabri/H-603-en6.pdf

Fox, R., Man, S., Tucky, B., Lee, J.C., Koo, A.P.,
Khatri, B. er al. (2008) Plasma exchange augments
leukocyte transmigration across an in vitro blood-brain
barrier in natalizumab-treated patients with multiple
sclerosis, Annual Meeting of the American Academy of
Neurology, Scientific Sessions: Immunology I, Chicago,
IL, S27.005.

Fox, R.J. and Kappos, L. (2008) Is natalizumab over-
shooting its rebound?, Neurology 70: 1073-1074.

Gallia, G.L., Houff, S.A., Major, E.O. and Khalili, K.
(1997) Review: JC virus infection of lymphocytes —
revisited, ¥ Infect Dis 176: 1603—-1609.

Gani, R., Giovannoni, G., Bates, D., Kemball, B.,
Hughes, S. and Kerrigan, J. (2008) Cost-effectiveness
analyses of natalizumab (Tysabri) compared with other
disease-modifying therapies for people with highly
active relapsing-remitting multiple sclerosis in the UK,
Pharmacoeconomics 26: 617-627.

Garofalo, A., Chirivi, R.G., Foglieni, C., Pigott, R.,
Mortarini, R., Martin-Padura, 1. ez al. (1995)
Involvement of the very late antigen 4 integrin on
melanoma in interleukin 1-augmented experimental
metastases, Cancer Res 55: 414-419.

Gold, R., Jawad, A., Miller, D.H., Henderson, D.C.,
Fassas, A., Fierz, W. ez al. (2007) Expert opinion:
guidelines for the use of natalizumab in multiple
sclerosis patients previously treated with
immunomodulating therapies, ¥ Neuroimmunol 187:
156-158.

Hall, C.D., Dafni, U., Simpson, D., Clifford, D.,
Wetherill, P.E., Cohen, B. ez al. (1998) Failure of
cytarabine in progressive multifocal leukoencephalo-
pathy associated with human immunodeficiency virus
infection. AIDS Clinical Trials Group 243 Team, N
Engl ¥ Med 338: 1345-1351.

Hartung, H.P., Gonsette, R., Konig, N.,

Kwiecinski, H., Guseo, A., Morrissey, S.P. ez al.
(1998) Failure of cytarabine in progressive multifocal
leukoencephalopathy associated with human immu-
nodeficiency virus infection. AIDS Clinical Trials
Group 243 Team, N Engl ¥ Med 338: 1345-1351.

Hartung, H.P., Gonsette, R., Konig, N.,

Kwiecinski, H., Guseo, A., Morrissey, S.P. ez al.
(2002 Dec 21-28) Mitoxantrone in Multiple Sclerosis
Study Group (MIMS). Mitoxantrone in progressive
multiple sclerosis: a placebo-controlled, double-blind,
randomised, multicentre trial. Lancer 360(9350):
2018-25.

Hauser, S.L. and Weiner, H.L.. (2006) Natalizumab:
immune effects and implications for therapy,
Ann Neurol 59: 731-732.

Hellwig, K., Schimrigk, S., Fischer, M., Haghikia, A.,
Muller, T., Chan, A. er al. (2008) Allergic and nonal-
lergic delayed infusion reactions during natalizumab
therapy, Arch Neurol 65: 656—658.

Houff, S. and Berger, J.R. (2008) Reply to ““Thinking
without thinking” about natalizumab and PML,
F Neurol Sci 264: 198-199; author reply 199.

http://tan.sagepub.com

125



Therapeutic Advances in Neurological Disorders 2 (2)

Kappos, L., Bates, D., Hartung, H.P., Havrdova, E.,
Miller, D., Polman, C.H. ez al. (2007) Natalizumab
treatment for multiple sclerosis: recommendations for
patient selection and monitoring, Lancet Neurol 6:
431-441.

Khatri, B., Fox, R., Koo, A.P., Lynn, F., Duda, P.,
Jurgensen, S. et al. (2008) Plasma exchange accelerates
the decline of serum natalizumab concentration in
patients with multiple sclerosis: results of the
Natalizumab PLEX Study, Annual Meeting of the
American Academy of Neurology, Scientific Sessions:
Mulriple Sclerosis: Clinical Trials 111, Chicago, IL,
S22.005.

Kleinschmidt-DeMasters, B.K. and Tyler, K.L.
(2005) Progressive multifocal leukoencephalopathy
complicating treatment with natalizumab and inter-
feron beta-1a for multiple sclerosis, N Engl ¥ Med 353:
369-374.

Klemke, M., Weschenfelder, T., Konstandin, M.H.
and Samstag, Y. (2007) High affinity interaction of
integrin alphadbetal (VLA-4) and vascular cell
adhesion molecule 1 (VCAM-1) enhances migration
of human melanoma cells across activated endothelial
cell layers, ¥ Cell Physiol 212: 368-374.

Kobelt, G., Berg, J., Lindgren, P. and Jonsson, B.
(2006) Costs and quality of life in multiple sclerosis
in Europe: method of assessment and analysis, Eur ¥
Health Econ 7(Suppl. 2): S5-13.

Koralnik, I.J. (2006) Progressive multifocal leukoen-
cephalopathy revisited: Has the disease outgrown its
name?, Ann Neurol 60: 162-173.

Krumbholz, M., Pellkofer, H., Gold, R.,

Hoffmann, L.A., Hohlfeld, R. and Kumpfel, T. (2007)
Delayed allergic reaction to natalizumab associated
with early formation of neutralizing antibodies,

Arch Neurol 64: 1331-1333.

Langer-Gould, A., Atlas, S.W., Green, A.].,
Bollen, A.W. and Pelletier, D. (2005) Progressive
multifocal leukoencephalopathy in a patient treated
with natalizumab, N Engl ¥ Med 353: 375-381.

Leger, O.]., Yednock, T.A., Tanner, L., Horner, H.C.,
Hines, D.K., Keen, S. er al. (1997) Humanization

of a mouse antibody against human alpha-4 integrin:
a potential therapeutic for the treatment of multiple
sclerosis, Hum Antibodies 8: 3—16.

Lehmann, H.C., Hartung, H.P., Hetzel, G.R.,

Stiive, O. and Kieseier, B.C. (2006a) Plasma exchange
in neuroimmunological disorders: part 2. Treatment of
neuromuscular disorders, Arch Neurol 63:

1066-1071.

Lehmann, H.C., Hartung, H.P., Hetzel, G.R.,

Stive, O. and Kieseier, B.C. (2006b) Plasma exchange
in neuroimmunological disorders: Part 1: Rationale
and treatment of inflammatory central nervous system
disorders, Arch Neurol 63: 930-5.

Lobb, R.R. and Hemler, M.E. (1994) The pathophy-
siologic role of alpha 4 integrins in vivo, ¥ Clhn Invest
94: 1722-1728.

Major, E.O., Ryschkewitsch, C. and Fahle, G. (2005)
The laboratory evaluation for JC virus DNA in CSF
and plasma from multiple sclerosis patients partici-
pating in the phase III clinical trials of natalizumab,
Mulr Scler 11: S181.

Malas, D. and Weiss, S. (1977) Progressive multifocal
leukoencephalopathy and cryptococcal meningitis with
systemic lupus erythematosus and thymoma, Ann
Neurol 1: 188-191.

Marra, C.M., Rajicic, N., Barker, D.E., Cohen, B.A.,
Clifford, D., Donovan Post, M.]. et al. (2002)

A pilot study of cidofovir for progressive multifocal
leukoencephalopathy in AIDS, AIDS 16:

1791-1797.

Martin, S.I., Marty, F.M., Fiumara, K., Treon, S.P.,
Gribben, J.G. and Baden, L.R. (2006) Infectious
complications associated with alemtuzumab use for
lymphoproliferative disorders, Clin Infect Dis 43:
16-24.

Marzocchetti, A., Di Giambenedetto, S.,

Cingolani, A., Ammassari, A., Cauda, R. and De
Luca, A. (2005) Reduced rate of diagnostic positive
detection of JC virus DNA in cerebrospinal fluid in
cases of suspected progressive multifocal leukoence-
phalopathy in the era of potent antiretroviral therapy,
F Clin Microbiol 43: 4175-41717.

McGQGuire, D., Barhite, S., Hollander, H. and Miles, M.
(1995) JC virus DNA in cerebrospinal fluid of human
immunodeficiency virus-infected patients: predictive
value for progressive multifocal leukoencephalopathy,
Ann Neurol 37: 395-399.

Miller, D.H., Khan, O.A., Sheremata, W.A.,
Blumbhardt, L.D., Rice, G.P., Libonati, M.A. et al.
(2003) A controlled trial of natalizumab for
relapsing multiple sclerosis, N Engl ¥ Med 348:
15-23.

Monaco, M.C., Atwood, W.]., Gravell, M.,
Tornatore, C.S. and Major, E.O. (1996) JC virus
infection of hematopoietic progenitor cells, primary B
lymphocytes, and tonsillar stromal cells: implications
for viral latency, ¥ Virol 70: 7004-7012.

Monaco, M.C., Jensen, P.N., Hou, J., Durham, L.C.
and Major, E.O. (1998) Detection of JC virus DNA in
human tonsil tissue: evidence for site of initial viral
infection, ¥ Virol 72: 9918-9823.

Morgenstern, L.B. and Pardo, C.A. (1995)
Progressive multifocal leukoencephalopathy compli-
cating treatment for Wegener’s granulomatosis,

F Rheumatol 22: 1593-1595.

Mori, M., Aoki, N., Shimada, H., Tajima, M. and
Kato, K. (1992) Detection of JC virus in the brains of
aged patients without progressive multifocal leukoen-
cephalopathy by the polymerase chain reaction and
Southern hybridization analysis, Neurosci Lett 141:
151-155.

Mountain, A. and Adair, J.R. (1992) Engineering
antibodies for therapy, Biotechnol Genet Eng Rev 10:
1-142.

126

http://tan.sagepub.com



O Yaldizli and N Putzki

Mullen, ]J.T., Vartanian, T.K. and Atkins, M.B. (2008)
Melanoma complicating treatment with natalizumab
for multiple sclerosis, N Engl ¥ Med 358: 647-648.

Nagashima, K., Yamaguchi, K., Nakase, H. and
Miyazaki, J. (1982) Progressive multifocal leukoence-
phalopathy. A case report and review of the literature,
Acta Pathol Jpn 32: 333-343.

Niino, M., Bodner, C., Simard, M.L., Alatab, S.,
Gano, D., Kim, H.]J. ez al. (2006) Natalizumab
effects on immune cell responses in multiple sclerosis,
Ann Neurol 59: 748-754.

O’Connor, P.W., Goodman, A., Willmer-Hulme, A.]J.,
Libonati, M.A., Metz, L., Murray, R.S. er al. (2004)
Randomized multicenter trial of natalizumab in acute
MS relapses: clinical and MRI effects, Neurology 62:
2038-2043.

O’Connor, P.W., Goodman, A.D. and Kappos, L.
(2006) Results of clinical and magnetic resonance
imaging analyses following cessation of natalizumab
dosing in patients with multiple sclerosis, Mulr Scler
12(Suppl 1): S1-228.

Ouwens, J.P., Haaxma-Reiche, H., Verschuuren, E.A.,
Timens, W., Steenhuis, L.H., de Boer, W.]. ez al.
(2000) Visual symptoms after lung transplantation: a
case of progressive multifocal leukoencephalopathy,
Transpl Infect Dis 2: 29-32.

Padgett, B.L., Walker, D.L., ZuRhein, G.M.,
Eckroade, R.J. and Dessel, B.H. (1971) Cultivation of
papova-like virus from human brain with progressive
multifocal leucoencephalopathy, Lancet 1:

1257-1260.

Panzara, M.A., Bozic, C. and Sandrock, A.W. (2008)
More on melanoma with transdifferentiation, NEFM
359: 99.

Peters, A.C., Versteeg, J., Bots, G.T., Boogerd, W. and
Vielvoye, G.]. (1980) Progressive multifocal leukoen-
cephalopathy: immunofluorescent demonstration of
simian virus 40 antigen in CSF cells and response to
cytarabine therapy, Arch Neurol 37: 497-501.

Polman, C.H., O’Connor, P.W., Havrdova, E.,
Hutchinson, M., Kappos, L., Miller, D.H. et al. (2006)
A randomized, placebo-controlled trial of natalizumab
for relapsing multiple sclerosis, N Engl ¥ Med 354:
899-910.

Putzki, N.K., Woods, S., Igwe, E., Diener, H.C. and
Limmroth, V. (2008) Natalizumab is effective as
second line therapy in the treatment of relapsing
remitting MS, Eur ¥ Neur. DOI: 10.1111/j.1468-
1331.2008.02406.x.

Qian, F., Vaux, D.L. and Weissman, I.L. (1994)
Expression of the integrin alpha 4 beta 1 on melanoma
cells can inhibit the invasive stage of metastasis
formation, Cell 77: 335-347.

Rankin, E. and Scaravilli, F. (1995) Progressive
multifocal leukoencephalopathy in a patient with
rheumatoid arthritis and polymyositis, ¥ Rheumatol 22:
777-779.

Rudick, R.A. and Sandrock, A. (2004) Natalizumab:
alpha 4-integrin antagonist selective adhesion molecule
inhibitors for MS, Expert Rev Neurother 4:

571-580.

Rudick, R.A., Stuart, W.H., Calabresi, P.A.,
Confavreux, C., Galetta, S.L., Radue, E-W. ez al.
(2006) Natalizumab plus interferon beta-1a for relap-
sing multiple sclerosis, N Engl ¥ Med 354

911-923.

Sabath, B.F. and Major, E.O. (2002) Traffic of JC

virus from sites of initial infection to the brain: the

path to progressive multifocal leukoencephalopathy,
F Infect Dis 186(Suppl. 2): S180-186.

Sandborn, W.J. and Yednock, T.A. (2003) Novel
approaches to treating inflammatory bowel disease:
targeting alpha-4 integrin, Am ¥ Gastroenterol 98:
2372-2382.

Sheremata, W.A., Vollmer, T.L., Stone, L.A., Willmer-
Hulme, A.]. and Koller, M. (1999) A safety and
pharmacokinetic study of intravenous natalizumab in
patients with MS, Neurology 52: 1072—-1074.

Shitrit, D., Lev, N., Bar-Gil-Shitrit, A. and
Kramer, M.R. (2005) Progressive multifocal leuko-
encephalopathy in transplant recipients, Transpl Int
17: 658-665.

Silver, S.A., Arthur, R.R., Erozan, Y.S.,
Sherman, M.E., McArthur, J.C. and Uematsu, S.
(1995) Diagnosis of progressive multifocal
leukoencephalopathy by stereotactic brain

biopsy utilizing immunohistochemistry and

the polymerase chain reaction, Acta Cyrol 39:
35-44.

Stave, O., Marra, C.M., Bar-Or, A., Niino, M.,
Cravens, P.D., Cepok, S. ez al. (2006a) Altered CD4+/
CD8+ T-cell ratios in cerebrospinal fluid of natalizu-
mab-treated patients with multiple sclerosis,

Arch Neurol 63: 1383-1387.

Stive, O., Marra, C.M., Jerome, K.R., Cook, L.,
Cravens, P.D., Cepok, S. et al. (2006b) Immune
surveillance in multiple sclerosis patients treated with
natalizumab, Ann Neurol 59: 743-747.

Stive, O. and Bennett, J.L.. (2007) Pharmacological
properties, toxicology and scientific rationale for the
use of natalizumab (Tysabri) in inflammatory diseases,
CNS Drug Rev 13: 79-95.

Stiive, O., Marra, C.M., Cravens, P.D., Singh, M.P.,
Hu, W., Lovett-Racke, A. et al. (2007) Potential risk of
progressive multifocal leukoencephalopathy with
natalizumab therapy: possible interventions,

Arch Neurol 64: 169-176.

Tubridy, N., Behan, P.O., Capildeo, R.,

Chaudhuri, A., Forbes, R., Hawkins, C.P. ez al. (1999)
The effect of anti-alpha4 integrin antibody on brain
lesion activity in MS. The UK Antegren Study Group,
Neurology 53: 466—472.

Tubridy, N., Wells, C., Lewis, D. and Schon, F. (2000)
Unsuccessful treatment with cidofovir and cytarabine

http://tan.sagepub.com

127



Therapeutic Advances in Neurological Disorders 2 (2)

Visit SAGE journals online

http://tan.sagepub.com
®SAGEJOU RBIA!_S

nline

in progressive multifocal leukoencephalopathy
associated with dermatomyositis, ¥ R Soc Med 93:
374-475.

Uppenkamp, M., Engert, A., Diehl, V., Bunjes, D.,
Huhn, D. and Brittinger, G. (2002) Monoclonal
antibody therapy with CAMPATH-1H in patients
with relapsed high- and low-grade non-Hodgkin’s
lymphomas: a multicenter phase I/II study,

Ann Hematol 81: 26-32.

Van Assche, G., Van Ranst, M., Sciot, R., Dubois, B.,
Vermeire, S., Noman, M. et al. (2005) Progressive
multifocal leukoencephalopathy after natalizumab
therapy for Crohn’s disease, N Engl ¥ Med 353:
362-388.

Vellinga, M.M., Castelijns, J.A., Barkhof, F.,
Uitdehaag, B.M. and Polman, C.H. (2008)
Postwithdrawal rebound increase in T2 lesional
activity in natalizumab-treated MS patients, Neurology
70: 1150-1501.

Venkataramana, A., Pardo, C.A., McArthur, ]J.C.,
Kerr, D.A., Irani, D.N., Griffin, J.W. ez al. (2006)
Immune reconstitution inflammatory syndrome

in the CNS of HIV-infected patients, Neurology 67:
383-388.

Vollmer, T.L., Phillips, J.T., Goodman, A.D.,
Agius, M.A., Libonati, M.A., Giacchino, J.L. ez al.
(2004) An open-label safety and drug interaction
study of natalizumab (Antegren) in combination
with interferon-beta (Avonex) in patients with
multiple sclerosis, Mult Scler 10: 511-520.

von Andrian, U. H. and Engelhardt, B. (2003) Alpha4
integrins as therapeutic targets in autoimmune disease,
N Engl ¥ Med 348: 68-72.

Walker, D.P.B. (1983) The Epidemiology of Human
Polyomaviruses. New York: Alan R Liss, Inc.

Warnatz, K., Peter, H.H., Schumacher, M., Wiese, L.,
Prasse, A., Petschner, F. ez al. (2003) Infectious

CNS disease as a differential diagnosis in systemic
rheumatic diseases: three case reports and a review
of the literature, Ann Rheum Dis 62: 50-57.

Weitzman, S., Kaufman, S., Wolpow, E., Hinton, R.C.
and Richardson Jr, E.P. (1978) Case report.
Simultaneous fungal and viral infection of the central
nervous system, Am F Med Sci 276: 127-132.

White, F.A. 3rd, Ishaq, M., Stoner, G.L. and
Frisque, R.J. (1992) JC virus DNA is present in many
human brain samples from patients without progres-
sive multifocal leukoencephalopathy, ¥ Virol 66:
5726-5734.

Yednock, T.A., Cannon, C., Fritz, L.C., Sanchez-
Madrid, F., Steinman, L. and Karin, N. (1992)
Prevention of experimental autoimmune encephalo-
myelitis by antibodies against alpha 4 beta 1 integrin,
Nature 356: 63—66.

Yousry, T.A., Major, E.O., Ryschkewitsch, C.,

Fahle, G., Fischer, S., Hou, ]J. er al. (2006) Evaluation
of patients treated with natalizumab for progressive
multifocal leukoencephalopathy, N Engl ¥ Med 354:
924-933.

128

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 /Warning
  /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


