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Recombinant human erythropoietin: novel
strategies for neuroprotective/neuro-
regenerative treatment of multiple sclerosis

Claudia Bartels, Kira Spate, Henning Krampe and Hannelore Ehrenreich

Abstract: Treatment of multiple sclerosis (MS) is still unsatisfactory and essentially
non-existing for the progressive course of the disease. Recombinant human erythropoietin
(EPO) may be a promising neuroprotective/neuroregenerative treatment of MS. In the
nervous system, EPO acts anti-apoptotic, antioxidative, anti-inflammatory, neurotrophic

and plasticity-modulating. Beneficial effects have been shown in animal models of various
neurological and psychiatric diseases, including different models of experimental autoimmune
encephalomyelitis. EPO is also effective in human brain disease, as shown in double-blind
placebo-controlled clinical studies on ischemic stroke and chronic schizophrenia. An
exploratory study on chronic progressive MS yielded lasting improvement in motor

and cognitive performance upon high-dose long-term EPO treatment.
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Introduction

With a prevalence of more than 100 per 100,000
in Northern and Central Europe (annual
incidence of 3.5-5 per 100,000 in Germany),
and a disease onset predominantly in individuals
aged between 20 and 40 years, multiple sclerosis
(MS) is the most common cause of neurological
disability in young and middle-aged adults, and of
premature retirement in 33% of affected subjects
[Flachenecker er al. 2008, 2005; Pugliatti er al.
2006]. MS is etiologically as well as patho-
genetically heterogeneous and despite intensive
research efforts still poorly understood.

To date, MS is not curable and even worse there
are no means of stopping the disease process
lastingly. Immunomodulatory, immunosuppres-
sive and anti-inflammatory treatment approaches
have at best led to a reduction of the relapse
rate and temporary improvement of clinical
severity in relapsing-remitting MS, but it is still
unclear if newer compounds such as natalizumab
or rituximab will deliver any persisting ameliora-
tion of the clinical syndrome [Confavreux and
Vukusic, 2006; Feldmann and Steinman, 2005;
Giovannoni, 2004; Hohlfeld and Wekerle,
2004; Noseworthy, 2003; Wingerchuk and

Noseworthy, 2002]. In chronic progressive MS,
treatment approaches are essentially all ineffec-
tive. Importantly, no neuroprotective/neuro-
regenerative strategy has been developed so far
for MS despite the fact that disease progression
is mainly driven by neurodegenerative pathologi-
cal changes [e.g. Confavreux and Vukusic, 2006;
Hauser and Oksenberg, 2006; Compston and
Coles, 2002]. Therefore, identification of an
efficient add-on treatment targeting axonal
repair and remyelination, in addition to a perhaps
disease subtype-oriented and more -effective
immunomodulatory therapy, will be the pivotal
challenge for MS therapy research over the next
decade [Hauser and Oksenberg, 2006; Rovaris
et al. 2006; Briick, 2005; Giovannoni, 2004;
Compston and Coles, 2002].

Erythropoietin, a hematopoietic growth

factor with potent neuroprotective/neuro-
regenerative properties in the nervous system
Erythropoietin (EPO) is a hematopoietic growth
factor that has long been known to be produced
in kidney and fetal liver, and has more recently
been described to be expressed in the brain
[Masuda ez al. 1994, 1993; Konishi ez al. 1993].
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The EPO system plays an important role during
normal brain development, where it is associated
with physiological apoptosis as well as the pro-
duction and differentiation of neuronal precursor
cells [Knabe ez al. 2005, 2004; Shingo et al. 2001;
Juul ez al. 1998]. Postnatal and, even more pro-
nounced during adulthood, the EPO system is
downregulated, resulting in low-level expression
of EPO and EPO receptor (EPOR) in the normal
adult brain [Ehrenreich ez al. 2005, 2004; Marti
et al. 1996]. In situations of distress, ranging
from metabolic to inflammatory, from ischemic
to neurodegenerative conditions, EPO/EPOR
appear to act as part of an endogenous neuro-
protective ’stand by’ system. In these situations,
EPO and/or EPOR are strongly upregulated
[Ehrenreich ez al. 2004; Eid et al. 2004; Chung
et al. 2004; Sirén er al. 2001b]. Interestingly,
extraction of endogenous EPO during experi-
mental stroke by intracerebroventricular applica-
tion of soluble EPOR was found to induce
a dramatic increase in ischemic damage
[Sakanaka er al. 1998]. Knock-out of the brain
EPOR, in turn, provokes higher rates of neuronal
apoptosis and enhanced vulnerability to hypoxia
[Yu ez al. 2002]. Reduced concentrations of EPO
in the cerebrospinal fluid (CSF) in amyotrophic
lateral sclerosis (ALS) may point to a relative
deficiency of endogenous EPO production in
neurodegenerative disease. A more efficient
extraction of any free molecule of EPO by brain
tissue due to high reactive EPOR expression
would perhaps explain this phenomenon
[Brettschneider ez al. 2006].

As in other organs, expression of the brain EPO
system appears to be mainly stimulated via low
tissue oxygen concentration. In this condition,
hypoxia-inducible factor-1 (HIF-1) is activated,
leading to increased production of EPO and
EPOR together with various other hypoxia-
inducible genes, for example vascular endothelial
growth factor (VEGF) [Jelkmann, 2007;
Ehrenreich ez al. 2005; Beleslin-Cokic ez al. 2004;
Sharp and Bernaudin, 2004; Chikuma ez al. 2000;
Lewczuk er al. 2000; Bauer and Kurtz, 1989].

EPO acts on cells of the nervous system by binding
to its specific receptor, EPOR, which belongs to the
cytokine type-1 receptor super-family [Jelkmann,
2007, 1992; Fisher, 2003]. Dimerizing of EPOR
upon ligand binding leads to autophosphorylation
of the receptor-associated Janus tyrosine kinase 2
and activation of distal signal transduction cas-
cades: phosphatidylinositol-3-kinase (PI3-K)/Akt

(protein kinase-B), RAS/mitogen-activated protein
kinases (MAPK), signal transducers and activators
of transcription-5 (STAT-5), as well as NF-
kB-dependent transcription [Byts er al. 2006;
Park er al. 2006; Kilic er al. 2005; Digicaylioglu
and Lipton, 2001; Sirén ez al. 2001a]. Up to now,
it is unclear whether EPOR in the nervous system
consists of a homodimer, homopolymer or, as
claimed by Brines and coworkers, is composed of
an EPOR monomer, dimerizing with the so-called
beta-common receptor (BCR), to form a hetero-
dimer [T'sai ez al. 2006; Brines er al. 2004; Livnah
et al. 1999; Jubinsky ez al. 1997]. Among others, a
modified brain EPOR could explain why certain
EPO analogs, for example carbamylated erythro-
poietin (CEPO), still possess the neuroprotective
properties of EPO but are essentially devoid of its
hematopoietic effects [Leist ez al. 2004]. The group
of nonhematopoietic EPO analogs/derivatives or
EPOR stimulants may provide interesting future
pharmacological tools for long-term treatment
of brain diseases [for review see Jelkmann, 2008].

EPO has been described both in cell culture work
and animal models of neurological and psychiatric
diseases to exert potent anti-apoptotic, anti-
inflammatory, and antioxidative properties. In
addition, its neurotrophic, axon-protective,
angiogenetic and neurogenetic properties make
EPO an attractive candidate for neuroprotection/
neuroregeneration. It stimulates axonal sprouting
and synaptogenesis under certain circumstances
and modulates plasticity [Adamcio et al. 2008;
Byts er al. 2008; Jelkmann, 2007; Erbayraktar
et al. 2006; Kaiser et al. 2006; Tsai er al. 20006;
Diem er al. 2005; Bianchi er al. 2004; Chang
et al. 2004; Csete et al. 2004; Kertesz et al. 2004;
Keswani et al. 2004; Sattler er al. 2004; Weishaupt
et al. 2004; Villa et al. 2003; Bocker-Meffert et al.
2002; Celik et al. 2002; Genc et al. 2002; Gorio
et al. 2002; Grasso et al. 2002; Grimm et al. 2002;
Springborg er al. 2002; Campana and Myers,
2001; Genc et al. 2001; Shingo ez al. 2001; Sirén
et al. 2001a; Brines et al. 2000; Bernaudin er al.
1999; Sadamoto ez al. 1998; Sakanaka ez al. 1998;
Konishi ez al. 1993]. Interestingly, EPO has very
potent effects on learning and memory-associated
readouts of hippocampal neuronal plasticity
(e.g. long-term and short-term potentiation)
[Adamcio ez al. 2008].

This unusual assortment of properties, likely
derived from a prominent multifaceted role of
the EPO system during brain development, may
explain the broad neuroprotective action of EPO
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in animal models of diseases as different as
hypoxia/ischemia, traumatic brain or spinal cord
injury, subarachnoid hemorrhage or epilepsy,
retina degeneration, peripheral neuropathies and
radiation-induced brain damage [Jelkmann, 2007;
Erbayraktar er al. 2006; Sirén er al. 2006;
Tsai et al. 2006; Bianchi ez al. 2004; Chang et al.
2004; Keswani er al. 2004; Weishaupt ez al. 2004;
Villa er al. 2003; Bocker-Meffert er al. 2002;
Celik ez al. 2002; Gorio et al. 2002; Grasso et al.
2002; Grimm et al. 2002; Springborg et al. 2002;
Campana and Myers, 2001; Sirén ez al. 2001a;
Brines et al. 2000; Bernaudin ez al. 1999;
Sadamoto er al. 1998; Sakanaka ez al. 1998].
Furthermore, reports on beneficial effects of
EPO exist in animal models of Parkinson’s disease
[Csete et al. 2004; Genc er al. 2002, 2001] ALS
[Grignaschi ez al. 2007; Grunfeld ez al. 2007; Koh
et al. 2007], or cerebral malaria [Wiese ez al. 2008;
Kaiser er al. 2006]. Interestingly, regarding the
neurological consequences of cerebral malaria,
the amount of endogenous EPO has recently
been found to play an important role for disease
severity of children, once more pointing to the
importance of EPO as an endogenous neuro-
protective system [Casals-Pascual ez al. 2008].

Both 2 vitro and i vivo, EPO has been shown to
have a bell-shaped dose-response curve regarding
its neuroprotective properties [Ehrenreich er al.
2005; Weishaupt er al. 2004; Sakanaka er al.
1998]. This bell-shaped curve makes the predic-
tion of the adequate dose for optimal translation
from animal models to man difficult. Perhaps the
most suitable determinant of the ‘right dose’ is
the amount of EPO reaching the brain via the
blood—brain barrier. While EPO, given systemi-
cally at high doses, can indeed penetrate an
intact blood-brain barrier sufficiently to exert
neuroprotective effects (0.1-1% of the peripher-
ally applied dose), the exact mechanism of
penetration of this over 30,000 Dalton molecular
weight protein via the blood-brain barrier is still
unclear [Xenocostas ez al. 2005; Banks ez al. 2004;
Ehrenreich er al. 2004; Martinez-Estrada ez al.
2003; Brines er al. 2000].

Taken together, EPO possesses a broad spectrum
of properties suitable to address several of the
pathophysiological mechanisms involved in
neuropsychiatric diseases. Since many of these
mechanisms also play a major role in MS, it
was most logical to explore the potential of
EPO in relevant MS animal models.

Effects of EPO in animal models

of neuroinflammatory disease

With respect to the clinical application of EPO as
neuroprotective/neuroregenerative treatment in
MS, several preclinical studies have shown
potential efficacy of EPO as modulator of disease
severity, using experimental autoimmune ence-
phalomyelitis (EAE) as an animal model of MS
(see Table 1 for overview).

Among the available animal models, various
different EAE models most suitably resemble
different basic mechanisms and specific features
of the histopathology and neurobiology of MS
and therefore provide relevant and established
tools to investigate emerging therapeutic
approaches. EAE in rodents can be induced; for
example, via active immunization with central
nervous system tissue, myelin oligodendrocyte
glycoprotein (MOG), myelin or myelin basic pro-
tein (MBP), and results in a high incidence of
disease with a reproducible clinical course
[Gold ez al. 2006].

In a pivotal paper, screening the effect of EPO in
various different animal models of neurological
and psychiatric diseases, Brines and colleagues
noted that the onset of acute MBP-induced
EAE was delayed upon EPO and that the severity
of symptoms was significantly reduced [Brines
et al. 2000]. The same group showed later that
EPO has an effect on the inflammatory compo-
nent of EAE, with delayed increase in tumor
necrosis factor and blunted elevation of IL-6,
together with reduced gliosis and cell infiltration
in the spinal cord of EPO-treated EAE rats
[Agnello er al. 2002]. Because EAE in the
Lewis rat is considered a short-term transient
monophasic disease model, another model was
subsequently used by Li and coworkers that
apparently shares more clinical and neuropatho-
logical features with MS [Li er al. 2004]. In
the progressive model of MOG-induced EAE in
mice, a reduction of symptom severity was found
even upon EPO treatment start after disease
onset. EPO blocked axonal injury, demyelination
and blood-brain barrier leakage, as well as
reduced glial expression of major histocompa-
tibility complex (MHC) class II, interpreted as
modulation by EPO of inflammation in EAE
[Li ez al. 2004]. In a MOG-induced optic neuritis
model in Brown Norway rats, improved survival
and function of retinal ganglion cells in EPO-
treated animals were described [Séttler er al.
2004]. In the same model, a combined treatment
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of EPO and methylprednisolone was superior to
each component alone in targeting the inflamma-
tory as well as the neurodegenerative aspects of
optic neuritis [Diem er al. 2005]. Finally, EPO
was found to increase oligodendrocyte progenitor
cell proliferation and to elevate brain-derived
neurotrophic factor (BDNF)-expressing cells in
a relapsing-remitting proteolipid protein (PLP)
induced murine EAE model [Zhang et al.
2005]. EPO as well as nonhematopoietic EPO
derivatives, CEPO [Leist ez al. 2004] and
ASIALO EPO [Erbayraktar et al. 2003],
decreased production of inflammatory cytokines
in spinal cord and peripheral lymphocytes in a
chronic MOG-induced mouse EAE model
[Savino er al. 2006]. Very recently, Yuan and
coworkers focused on the immunological aspects
of MOG-induced EAE in mice and found that
EPO induces substantial long-term tissue protec-
tion in the host through signaling to several
critical subsets of immune cells that reside in
the peripheral lymphatic system as well as
through modulating their corresponding cyto-
kines [Yuan ez al. 2008].

To summarize, various different groups showed
with different EAE models and different treat-
ment schedules that EPO reduces clinical
severity, improves electrophysiological and histo-
logical readouts of EAE, and reduces inflam-
matory cytokine expression. These stimulating
results from preclinical MS models obtained by
ourselves and others, together with the beneficial
effects of EPO in our human studies in stroke
and schizophrenia, have strongly motivated us
to perform a first exploratory study on EPO in
chronic progressive MS (see below).

Human studies on EPO effects in brain disease

Stroke

Before performing exploratory work in human
MS patients using high-dose EPO treatment,
we collected evidence of beneficial effects of
EPO in other human brain diseases. The first
study of its kind was initiated in 1997 and
included patients suffering from acute ischemic
stroke in the territory of the middle cerebral
artery [Ehrenreich ez al. 2002]. This study was
set up as a small proof-of-concept (phase IIb)
trial and comprised a safety and a double-blind
placebo-controlled part. EPO was applied over
3 days daily at a dose of 33,000 IU as intravenous
infusion to result in a total dose of 100,000 IU.

The first application was performed as rapidly as
possible after the onset of stroke with a time
window of maximally 8 h. The second and third
dose was given 24 h and 48h later, respectively.
EPO was well tolerated in this group of patients
and led to an improvement compared with the
placebo group with respect to clinical outcome,
imaging results and serum levels of the circulat-
ing glial damage marker S100B. Based on
these very encouraging results, the German
Multicenter EPO Stroke Trial (ClinicalTrial.gov
Identifier: NCT00604630) was started in 2003,
and aimed to include over 500 patients. This
trial, performed in a multicenter setting including
Gottingen, Hanover, Bremen, Celle, Erlangen,
Leipzig, Essen, Dresden, Braunschweig, Aachen
and Berlin has been concluded in summer 2008,
as expected. As compared with the first EPO
stroke trial, the ‘entire stroke landscape’ has
changed due to the approval of recombinant
tissue plasminogen activator (rtPA) for treatment
of stroke patients, which took place in Germany
in 2000 [Weimar ez al. 2006]. As a result, over
60% in total of the patients included in this trial
received thrombolytic therapy. Therefore, for
analysis of a neuroprotective EPO effect, patients
will be divided into an rtPA and a non-rtPA

group.

Schizophrenia

After the promising results of short-term high-
dose EPO treatment in human stroke as a classic
example of an acute brain disease, we investigated
the effect of long-term high-dose EPO treatment
in chronic brain diseases. In the first disease that
we chose, schizophrenia, neuroprotection was an
important challenge to meet. In preparation of
this trial, we had to first test the capability of
EPO to penetrate an intact blood-brain barrier
[Ehrenreich ez al. 2004]. We did not only prove
that EPO enters the brain in healthy rats, achiev-
ing a peak level in the CSF after 3.5h of intraper-
itoneal injection, but also demonstrated, using
indium 111-labeled EPO, that even in healthy
human subjects, EPO enriched within brain
tissue [Ehrenreich et al. 2004]. The accumulation
of labeled compound within the brain, however,
was higher in schizophrenic patients as compared
with healthy controls, most likely explained by a
higher density of EPOR expression in frontal
cortex and hippocampus. Importantly, EPO is
able to improve cognitive functioning in mice
and to enhance hippocampal long-term potentia-
tion and various features of neuronal plasticity,
essential for learning and memory processes
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[Ehrenreich er al. 2004, Adamcio er al. 2008].
Intriguingly, we found that EPO prevents the
development of slowly progressing global brain
atrophy in a mouse model of chronic neuro-
degeneration [Sirén ez al. 2006]. Furthermore,
EPO reduces haloperidol-induced cell death
in primary hippocampal neuronal cultures
[Ehrenreich et al. 2004].

Based on these grounds, we performed a double-
blind placebo-controlled multicenter trial on
EPO add-on treatment in chronic schizophrenic
men [Ehrenreich ez al. 2007b]. Participating cen-
ters were Gottingen, Kiel, Homburg, Cologne
and Marburg. Treatment over 12 weeks with
high-dose weekly (40,000IU intravenously)
EPO led to significant improvement of cognitive
performance compared to placebo controls
[Ehrenreich ez al. 2007b]. Employing voxel-
based morphometrical magnetic resonance
imaging (MRI) analysis, we obtained first
evidence that EPO treatment of chronic schizo-
phrenic patients delays progressive cortical gray
matter loss (manuscript in preparation), similar
to the prevention by EPO of brain atrophy,
observed in our mouse model of chronic neuro-
degeneration [Sirén er al. 2006]. In contrast,
we did not see any effect on psychopathology
or psychosocial outcome parameters within the
3-month observation time of the human study
[Ehrenreich er al. 2007b]. The fact that EPO is
the first compound ever that appears to exert a
beneficial effect on cognition in schizophrenia
will definitely encourage further work along
these lines. A treatment trial including patients
with a first episode of a schizophrenic psychosis
has been initiated.

Multiple sclerosis

Encouraged by the manifold neuroprotective
effects of EPO in experimental models of MS
[Chopp er al. 2008, Yuan er al. 2008; Savino
et al. 2006; Diem er al. 2005; Zhang et al. 2005;
Li er al. 2004; Sittler er al. 2004; Agnello et al.
2002; Brines ez al. 2000] as well as by the success
of our human trials on stroke and schizophrenia
[Ehrenreich ez al. 2007b; Ehrenreich ez al. 2002],
we initiated an investigator-driven, exploratory
open label study (phase IIa) addressing patients
suffering from either primary or secondary
chronic progressive MS [Ehrenreich er al.
2007a]. The main objectives of this study were
as follows: (1) evaluation of the safety of long-
term high-dose intravenous EPO treatment in
MS, and (2) collecting first evidence of potential

efficacy of EPO on clinical outcome parameters
most relevant for MS. We included a total of
eight MS patients [five randomly assigned to
high-dose (48,000IU), three to low-dose
(8,000IU) EPO treatment] and, as disease con-
trols, two drug-naive Parkinson’s disease patients
also receiving high-dose EPO. The study design
comprised a 6-week lead-in phase, a 12-week
treatment phase with weekly intravenous applica-
tions of EPO, another 12-week treatment phase
with biweekly EPO application and a 24-week
post-treatment phase (with an individual
study duration of up to 1 year in total). After
12 weeks of weekly EPO treatment, a decision
was made for each individual patient on
continuing or terminating study participation.
Qualification for study continuation required
that the patient had improved upon treatment
in at least three independent test items (e.g. walk-
ing distance, fine motor and bladder function).
It turned out that all high-dose EPO patients
fulfilled the criteria of study continuation
whereas none of the low-dose patients did.
Clinical and electrophysiological improvement
of motor function, reflected even by a reduction
in the Expanded Disability Status Score (EDSS),
and improvement of cognitive performance, in
particular working memory, was found upon
high-dose EPO treatment in MS patients,
persisting for 3—6 months after cessation of
EPO application. In contrast, low-dose EPO
MS patients as well as drug-naive Parkinson’s
disease patients receiving high-dose EPO did
not improve in any of the parameters tested.

In this small exploratory trial there were no safety
concerns, no study drug-related adverse events
reported or observed, and a surprisingly low
need for blood lettings. The infrequent
requirement of blood lettings in MS upon EPO
is interesting since it might reflect a relative
hyporesponsiveness of the hematopoietic system
to EPO as shown in other conditions of systemic
latent inflammatory disease [Kwack and
Balakrishnan 2006]. Altered cytokine patterns
in chronic MS may well modulate the bone
marrow response causing an ‘EPO nonresponder
profile’. Since clear diagnosis of flaring
inflammation in MS and thus the prediction of
imminent disease progression are essentially
impossible up to now, we suggest developing
the degree of hematopoietic response of MS
patients to EPO as a biological readout of
occult inflammation. Estimation of required
additional immunosuppression may be derived
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from such a test. Most interestingly, the hypo- 300 - 0=0.002
responsiveness of the hematopoietic system as
observed in our group of high-dose EPO MS © 250 A p=0.001 4 002
patients supports the notion that the therapeutic © p=0.002
efficacy of EPO in MS is not simply related to % 200 1
improved oxygen supply via increased red blood § 150
cell mass (Figure 1). [

S 100 — . . —
In addition to the above described results of our 2 100 + ————= . . s
exploratory phase Ila trial in chronic progressive 95 p=0-09\\*\}—§
MS, we have accumulated further evidence of 90 - p=0.18 =009 p=0.05
beneficial effects of EPO in MS over the years,

Hematocrit

based on long-term follow up of individual
patients. In Figure 2, the effect of high-dose
long-term EPO treatment on strength and fine
motor function of paretic upper extremities is
illustrated. The data were obtained from a
single patient with relapsing-remitting MS who
presented with considerable residual dysfunction
of the sensory system (up to level C8/Thl)
and severe bilateral pareses of both upper extre-
mities, mainly affecting his hands. Despite treat-
ment with corticosteroids, plasmapheresis,
mitoxantrone and glatiramer acetate (the latter
continuing over the EPO treatment period), no
improvement of his situation was observed. The
clinical state had been stable over half a year
before EPO treatment was initiated. As illu-

baseline week 12 week24 week 36 week 48
| Il Il |
weekly  bi-weekly EPO-free
EPO EPO follow-up

Figure 1. Course of maximum walking distance and of hematocrit in five
nonanemic, chronic progressive multiple sclerosis patients receiving high-
dose erythropoietin (EPO). The mean of all available measurements of
maximum walking distance of each patient obtained during the whole
lead-in period was set to 100% (to provide a reliable baseline value) and
used for calculating individual improvement over time. Mean change of all
patients at denoted timepoints of follow-up upon treatment or during the
treatment-free period was calculated from percentage individual baseline.
Respective hematocrit values are presented in parallel. Note the
difference in scales. The slight decrease in hematocrit was explained by
strong encouragement of patients to adhere to high fluid intake.
Mean +s.e.m given. Statistical analysis: Friedman test.

strated in Figure 2, the EPO-free lead-in period
shows a slight training effect on strength and
endurance as well as on fine motor performance.
Upon weekly and biweekly EPO treatment, a
dramatic further improvement became obvious
that persisted over the EPO-free follow-up
period, similar to the results obtained in maxi-
mum walking distance in the exploratory chronic
progressive MS trial [Ehrenreich ez al. 2007a].

Management of hematopoietic effects and
prevention of potential side effects of
high-dose EPO treatment in MS

Employing EPO as neuroprotective/neuro-
regenerative treatment of chronic progressive
MS (particularly when using the high dose of
EPO required to obtain sufficient EPO levels
within the brain in a situation of predominantly
intact blood-brain barrier), requires careful
and comprehensive safety management. A most
elaborated follow-up at all times is mandatory,
including clinical examination as well as routine
laboratory screening attached to each EPO appli-
cation. The hematocrit (hemoglobin) has to
stay within clearly defined limits. Although the
necessity of blood letting in our patients was

very low due to the above-described reduced
response of the hematopoietic system to EPO, it
is still of the utmost importance to carefully
follow each and every individual and strictly initi-
ate blood lettings in a situation of hematocrit
increase over 48% in females and over 50% in
males. Along the same lines, 7o iron substitution
is allowed at any time. Iron substitution, as
performed in studies targeting anemia, pushes
hematopoiesis and therefore would definitely
induce an undesired side-effect in non-anemic
patients suffering from diseases of the nervous
system. Indeed, we make use of the observation
that the need for blood lettings will not
perpetuate but undergo self-limitation in the
absence of iron substitution. Interestingly, the
fact that EPO treatment leads to temporary
shifts in iron stores as delineated in our explora-
tory trial in chronic progressive MS [Ehrenreich
et al. 2007a], might provide an additional bene-
ficial effect in chronic progressive MS patients.
Accelerated and intensified integration of iron
into new red blood cells and thereby withdrawal
of iron from its stores, leads to a picture similar
to that of true iron deficiency. This picture is
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Figure 2. Case report: Follow-up of parameters of motor function upon high-dose erythropoietin (EPO) treatment in a right-
handed multiple sclerosis (MS] patient with pareses of both upper extremities. (a] motor strength/endurance of the left
(nondominant, more severely affected) hand, presented as number of maximum expander grips for every test timepoint; (b fine
motor performance of the left hand, presented as number of threaded pearls over 2min for every test timepoint. Improvement of
the right hand in both tests was similar. Light columns on the left (—14 to 0 weeks) show performance during lead-in/baseline
period. Dark columns (1 to 24 weeks) show performance during active-treatment phase. Light columns (25 to 44 weeks) show
performance during EPO-free follow-up.

corrected after termination of EPO treatment
without iron substitution. In the absence of
appreciable blood loss and upon normal nutri-
tion, iron deficiency will not occur. Binding
more and more of the freely available iron, on
the other hand, might additionally reduce inflam-
matory processes in MS and thereby contribute
to beneficial effects of high-dose long-term EPO
treatment. In fact, iron chelators have been pro-
posed for treatment of MS [Lynch ez al. 2000].
Disturbed iron metabolism has been described in

MS patients [Sfagos er al. 2005] and iron-
deficient mice fail to develop EAE [Weilbach
et al. 2004; Grant er al. 2003]. Taken together,
the temporary relative iron depletion induced by
EPO might add to the panel of neuroprotective
effects of this growth factor.

Thrombocyte (platelet) counts have also to be
carefully and constantly observed. Patients with
thrombocytosis have to be excluded at any time,
be it upon inclusion or during treatment with

200

http://tan.sagepub.com



Review

EPO, which in some patients can lead to a pro-
nounced increase in circulating platelets above
normal limits. Risk patients with past throm-
boembolic complications have to be strictly
excluded. Exsiccosis has to be prevented at any
time. Immobility is contraindicated, precluding
the use of this treatment in patients who
are prone to bed. Furthermore, patients with
cardiovascular disease or cardiovascular risk
factors (diabetes, therapy-resistant hypertension,
smoking, contraceptive medication) have to be
excluded. Potential side-effects of EPO include
increases in blood pressure as observed in some
patients suffering from anemia due to renal failure
[Miyashita er al. 2004; Quaschning ez al. 2003;
Vaziri et al. 1995; Carlini er al. 1993a; 1993b].
Although in our studies no such increases have
been noted in any of our patients, blood pressure
monitoring is essential and increases in blood
pressure upon EPO treatment have to either be
pharmacologically counteracted or should lead
to exclusion of patients.

Although the exact effects of EPO on tumor
growth are still unclear, patients suffering from
any kind of malignancy, treated or untreated,
should be strictly excluded [for review see
(Jelkmann et al. 2008)].

The temporary problem of antibody formation
upon EPO has essentially resolved due to changes
in EPO preparations/packaging introduced by

the ‘cooling chain’ upon EPO transportation
and storage. Nevertheless, antibody determina-
tions should be performed before EPO treatment
in all MS patients due to the known strong
autoimmune predisposition in this population.
Furthermore, potential formation of EPO
antibodies has to be controlled at any time when
reticulocyte counts below the normal limit are
observed, and at the end of each treatment period.

To conclude, results of further proof-of-concept
trials on EPO in MS should be awaited before
treatment of MS patients with EPO can be recom-
mended. In any case, careful risk and side-effect
management is mandatory. Even upon potential
future approval of EPO for the indication MS,
these safety rules have to be carefully followed.
High-dose EPO, although very well tolerated,
will never be a ‘laissez-faire’ treatment in any of
the neuropsychiatric patient populations.

Planning a proof-of-concept [phase IIb) trial on
EPO in chronic progressive MS

Based on the auspicious results obtained in our
exploratory study on high-dose long-term EPO
treatment in chronic progressive MS [Ehrenreich
et al. 2007a], a pivotal trial for proof-of-concept
and potential preparation of approval of EPO for
treatment of MS is under planning. The design
of the trial resembles in many ways the design
used for the exploratory study (Figure 3). In this

manufacturers and more careful adherence to double-blind, placebo-controlled, randomized
Week -8 to 0 Week 1 to 12 Week 13 to 24 Week 25 to 51 Week 52 to 64 Week 65 to 76 Week 77 to 104
First cycle Second cycle
Eeadyn Active treatment phase | Sy GlueHiEs Active treatment phase Il SHEY CHUEHTED
period follow-up period follow-up period
> EPO 48000IU EPO 48000IU EPO 48000IU EPO 480001U
S % weekly bi-weekly None % § weekly bi-weekly None
2
STUDY DRUG ] & sk
TREATMENT o ol
XH Placebo Placebo wiEll EPO 480001U EPO 48000I1U
None o ke weekly bi-weekly None & § weekly bi-weekly None

Figure 3. Investigational

drug treatment design of ‘recombinant human
treatment of chronic progressive multiple sclerosis (EPO-MS): a double-blind, placebo-controlled, randomized phase llb trial

erythropoietin as a neuroprotective/-regenerative

Patients start with an 8-week lead-in period, allowing extensive, repeated rating of baseline performance [(estimation of
fluctuations) ended by a short, dense 'start-up assessment’ (including clinical, neurophysiological, neuroophthalmological, MRI,
cognitive, laboratory assessments). Treatment initiation with 3 x 1000 mg methylprednisolone given on 3 consecutive days, and
EPO (48,000 IU; in additional dose-finding treatment arms alternative dosing with 32,000 and 16,000 1U, respectively) vs placebo on
days 2 and 3 of methylprednisolone treatment follows. Patients then receive EPO/placebo weekly for 12 weeks, biweekly for
another 12 weeks and undergo a 6-month post-treatment observation period with visits every 6 weeks. In the second year all
patients are switched to verum following the same schedule until individual study end after 26 months (2+ 12+ 12).
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proof-of-concept (phase IIb) trial, EDSS will be
used as a primary outcome measure, supplemen-
ted by motor and cognitive parameters as well as
readouts of neurophysiology, neuro-ophthalmo-
logy and MRI as secondary outcome measures.
The total duration of this study will extend to
3-4 years with an individual duration of two
years, comprising two EPO treatment cycles.
The second EPO cycle is planned as ’all patients
switch to verum’.

Concluding remarks

Development of EPO, EPO derivatives/analogs,
EPO mimetics or EPO inducers (all together
EPO variants), for improving motor function or
cognitive performance in patients suffering from
chronic progressive MS or other neuropsychiatric
diseases, is a novel and promising field of clinical
neuroscience that is still in its infancy. It will
not only require further human trials but also
a return to rodent studies designed to better
understand the mechanisms of action of EPO.
These mechanisms in turn will help to design
even better treatment schedules; for example,
with respect to timing of applications, duration
and combination therapies to just name a few,
and perhaps also to work on new EPO mimetics.
Main result of the translational EPO work in the
field of neuroscience at this point is that the con-
cept of neuroprotection works in man and that its
introduction into clinical practice is feasible.
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