
Erythropoietin Molecules to Treat Acute Ischemic Stroke: A
Translational Dilemna!

Paul A. Lapchak, Ph.D., FAHA

Abstract
Importance of the field—Since the realization that Erythropoietin (EPO) molecules have
“neuroprotective” properties, they have been investigated as treatments for acute ischemic stroke
(AIS), but not systematically. The results of the 2009 clinical trial showed that EPO was ineffective
as a stroke treatment, and moreover, increased mortality when combined with tissue plasminogen
activator (tPA). Currently, CEPO, an EPO analog is entering into a safety, tolerability and
pharmacokinetic clinical trial for the treatment of AIS.

What the reader will gain—The primary aim of this article is to review the information available
regarding the pharmacological and biological characteristics of EPO molecules. Secondly, based
upon the translational research with EPO molecules in preclinical stroke models, a recommendation
is made regarding the continued development of EPO molecules as an option to treat AIS.

Areas covered in this review—This review covers translational and clinical studies carried out
over the period 1998–2010.

Take home message—EPO, CEPO and helix B peptide (HBP) EPO analogs have significant
neuroprotective activity is preclinical stroke models. However, given the detrimental effect of EPO
in a recent clinical trial, preclinical safety studies of EPO molecules in embolic stroke models that
parallel human stroke are warranted.
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1. Background
Human EPO, a 34 kDa glycoprotein hormone, which promotes the maturation of erythroid
progenitor cells into erythrocytes, is essential for regulating circulating levels of red blood
cells. EPO was the first hematopoietic growth factor to be cloned and studied in depth [1–5].
The protein consists of a single 165 amino acid polypeptide chain with three N-glycosylation
sites at asparagine residues (positions 24, 38, 83) and one serine O-glycosylation site (position
126). Studies have shown that the average carbohydrate content is approximately 40%. The
oligosaccharide chains have been shown to be modified with terminal sialic acid residues with
N-linked chains typically having up to 4 sialic acids per chain and O-linked chains having up
to two sialic acids [2]. In addition, the mature EPO protein has eight lysine residues, in addition
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to the N-terminal alanine, which provides nine primary amino groups for carbamylation [2]
and the production of a molecule designated as CEPO.

The chemical process of carbamylating EPO starts with the parent molecule recombinant
human EPO and a well-controlled chemical reaction in the presence of potassium cyanate
resulting in the transformation of lysine residues to homocitrulline. This process known as
erythropoiesis silencing was originally described by Mun and Golper[6] and Park et al.[7]. In
CEPO, 8 primary lysine groups and an N-terminal amino acid are modified by carbamylation.
However, CEPO can have as many as 15 carbamyl residues and there are also some isoforms
of CEPO, however, the majority of isoforms do not have substantial erythropoietic activity, if
any at all, assessed using a human erythroleukemia cell line (TF-1; ATCC.org ATCC No.
CRL-2003) [8,9], or a human erythropoietin-dependent leukemia cell line (UT-7/EPOR;
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Cat. No. ACC 363)
[10,11] in vitro assay.

2.1 EPO Molecule Responses
EPO is commonly known as an erythropoietic protein that effectively increases hemoglobin
levels via the binding of the molecule to a specific EPO receptor (EPoR) located on the surface
of red cell precursors in bone marrow[12–14], thereby stimulating them to transform into
mature red blood cells. The binding of EPO to a transmembrane receptor (Class I cytokine
receptor), initiates a series of signaling pathways and physiological responses. The homodimer
receptor complex (EPoR)2 consists of an extracellular domain which contributes to ligand
binding, receptor processing and transport [12,15], whereas the cytosolic regions of the
receptor mediate induced mitogenesis, gene transcription, and interaction with numerous
kinases, including ERK, tyrosine, PI3-, JAK-2 kinases[12,16].

Recently, Brines et al. identified portions of the EPO protein helix required for the differential
erythropoietic or neuroprotective effects of the protein[15]. The structure activity information
shows that EPO interacts with They propose that specific amino acid residues 58–82 of helix
B confers neuroprotective activity. Moreover, an 11 amino acid sequence (or peptide) in EPO
helix B, adjacent to 58–82, known as HBP, was shown to be non-erythropoietic and
neuroprotective in vitro and in vivo[15]. Interestingly, the 11 amino acid sequence is not one
modified by carbamylation due to the lack of lysine residues. Thus, it is proposed that the
sequence may be responsible for the neuroprotective activity of EPO and CEPO[15].

Under certain circumstances, for the treatment of certain diseases or symptoms related to
medical treatment, the erythropoietic activity is recognized as a benefit[17–20]. However, there
may also be serious adverse effects of erythropoiesis when administered to treat conditions
where increases in red blood cells are not warranted[21–25], such as ischemic stroke. In contrast
to EPO, CEPO apparently does not bind to the EPoR complex and does not stimulate the
production of red blood cells[26,27].

2.2 Do different receptors/signal pathways mediate the effects of CEPO?
In 2004, Brines and colleagues [28] proposed that the neuroprotective effects of EPO may be
mediated, in part, by a common beta receptor (βR), a signal-transduction subunit which is
shared by growth factors and cytokines (i.e. CD131). Since βR knockout mice exhibit normal
erythrocyte maturation, it appears that βR is not required for erythropoiesis. The authors
postulated that βR in combination with the EpoR expressed by nonhematopoietic cells
constitutes a tissue-protective (i.e. neuroprotection mediating) receptor. Further to this, the
authors showed that membrane proteins prepared from rat brain were greatly enriched in EpoR
after passage over either EPO or CEPO columns but covalently bound in a complex with βR.
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They also showed that βR co-immunoprecipitated with EpoR[28]. This suggested that a dimer
of EpoR-βR may be responsible for non-hematopoietic responses to both EPO and CEPO.

Few other studies have attempted to elucidate mechanisms responsible for the neuroprotective
effects of CEPO. One study[29], using mouse neural progenitor cells derived from the
subventricular zone suggested that there may be an association of CEPO with the morphogen,
sonic hedgehog (SHH), which mediates effects via a pathway involving SHH/Patched/
Smoothened[30]. The SHH signaling pathway is usually involved in developmental processes
[31–33], but can also be associated with tumorigenesis[30]. Wang et al. [29] showed that SHH
may mediate CEPO-induced neurogenesis via Mash1, a downstream target of the SHH
signaling pathway[29]. However, this does not appear to be unique to CEPO, since a recent
study showed that EPO-induced neuroprotection was also mediated by SHH[34]. Sturm and
colleagues[35] recently used human erythroleukaemic K562 cells[36] to show that both EPO
and CEPO can increase the expression of frataxin, a nuclear encoded protein that may be
involved in iron homeostasis in mitochondria[37]. In addition, both molecules increased
frataxin in THP-1 cells[38] that do not express the classical EPO-R. This same effect of EPO
was previously described using primary fibroblast cell cultures [39].

It is clear that the elucidation of pathways involved in the response(s) to EPO and CEPO are
still at their rudimentary stage. Other than the observation that CEPO does not increase
hematocrit [26,27,40], and identification of EPO molecule characteristics involved in EPO
neuroprotection [15], little is known about unique signaling or molecular pathways involved
in neuroprotection.

2.3 EPO and CEPO- Preclinical Development
A substantial literature has documented some level of neuroprotection by EPO and CEPO in
multiple models (see reviews and Meta-Analyses[14,41–45]). However, it has been suggested
that the efficacy and possibly safety of EPO has been overestimated[41,42] due to poor
preclinical study quality.

The potential for using CEPO to treat neurodegeneration resulting from ischemia was published
by Leist and colleagues[26]. The first demonstration of neuroprotection by CEPO following
“ischemia” used a rodent ischemia model induced by multiple permanent occlusions. The
research team found that intravenous CEPO administered up to 4 hours after a stroke reduce
cortical cell death. The same research team [46], also showed that CEPO could reduce cortical
cell death if CEPO treatment was delayed by 6 hours and dosing was repeated at 24 and 48
hours. More important than any effect on measured of cell death, if CEPO is to be considered
as a stroke treatment, it must improve behavior. The authors also provided some preliminary
evidence for improved motor function up to 28 days following the stroke. Confirmation of the
neuroprotective effects of CEPO was documented by Wang et al. [40], this time using an
embolic stroke model. This group also showed that delayed CEPO treatment (6-hour post-
embolization) protected cortical, but not striatal neurons from embolization-induced ischemia.
Another confirmation of the benefit of CEPO was documented by Lapchak et al. [47] using a
translational model of multiple infarct ischemia[48], which preferentially affects cortical
structures, although other brain regions such as thalamus and cerebellum are affected. CEPO
administered intravenously up to 3 hours after embolization reduced behavioral deficits
(primarily motor function).

Thus, experiments conducted in 3 independent laboratories, using CEPO formulated by 2
independent companies (Johnson & Johnson and Lundbeck), reduced ischemia-induced cell
death or improved behavior with a therapeutic window of 3–6 hours. None of the studies
documented toxicities related to CEPO administation and none of the studies attempted to
combine CEPO with tPA therapy for either measures of efficacy or safety.
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How does a therapeutic window of 6 hours or 3 hours in a rodent and rabbit, respectively,
correlate with a therapeutic window in AIS patients. To date, there is little correlation between
the therapeutic window observed for any treatment in rodents and that expected to be achieved
in humans[48]. However, using correlative analysis techniques, it has recently been
hypothesized[48], that a 3hour therapeutic window in the rabbit stroke model may represent a
7.3–9 hour therapeutic window in AIS patients. However, the caveat that similar PK and
ADME properties of the molecule should exist in both species must be added.

3. Preclinical and Clinical Toxicity
Since there is a long history of EPO use in a clinical setting, a substantial amount of literature
has been dedicated to the adverse effects of the protein. These have been reviewed previously
[21,22,49,50]. An additional toxicity related to EPO administation was uncovered in the EPO
stroke clinical trial conducted by Ehrenreich[51]. This will be discussed in detail in Section 5.

There is some valuable risk and benefit information in the scientific literature regarding the
use of EPO to increase hemoglobin levels in chronic kidney disease patients [52,53] and in
heart disease patients (congestive heart failure or ischemia) where EPO was used to maintain
normal hematocrit levels (CREATE and CHOIR trials). In the trial by Besarab[54], there was
no significant difference in either cerebrovascular accidents or hemorrhage-related deaths in
patients on EPO-low hematocrit maintenance doses. The authors show that the mortality rate
in the low-hematocrit group was higher, but not significantly higher, than the normal hematocrit
group. The CREATE investigators enrolled kidney dialysis patients to be treated with EPO to
attempt to normalize hemoglobin levels[53]. This trial showed no difference in adverse events
when EPO was administered and the investigators concluded that normalization of anemia
does not reduce the risk of cardiovascular events. The CHOIR trial by Singh et al. [52] also
studied correction of anemia with EPO in kidney disease patients. Importantly, in this trial, the
authors showed that there was no difference in stroke incidence between either a high
hemoglobin (target 13–13.5 g/dl) or low-hemoglobin (10.5–11 g/dl) group. Thus, the
administration of EPO did not promote acute ischemic strokes. However, the authors note that
the hazard ratio for the high-hemoglobin group versus the low-hemoglobin group in 1.37, with
a P value of 0.02.

In contrast to the study cited above, the TREAT study [55] showed that darbepoetin alfa
administered to a mixed population of patients (diabetic, chronic kidney disease, and anemia)
who were not undergoing dialysis, had a 5.02% incidence of stroke (101/2012), whereas the
placebo group had an incidence of 2.61% (53/2026). The hazard ratio, 1.92; 95% CI, 1.38 to
2.68; P<0.001 for this results was significantly different. Thus, in certain patient populations,
there are adverse cardiovascular events related to EPO administration when the goal is to
increase or maintain hematocrit.

4. Prospects for the Use of EPO Molecules to Treat Stroke & Conclusion
In section 3.3, evidence was presented to support the possible use of EPO and CEPO to treat
AIS. However, in light of the recent clinical trial results documented by Ehrenreich and
colleagues [51], a translational dilemna has been created requiring researchers and clinicians
to determine if the benefit of EPO therapy will outweigh the substantial “side-effects” of the
drug.

Table 1 documents the criteria used by Ehrenreich and colleagues[51,56] to conduct the EPO
clinical trials in AIS patients and compares the criteria to those being used to develop CEPO
to treat AIS. There are only minor differences between the 2 EPO trials[51,56]. In the original
trial that showed both efficacy and safety[56], a lower dose of EPO was used and an extended
time to treat window was allowed. In the second trial[51], which was designed to reproduce
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the original “positive” trial[56], the investigators used a more limited time to treat window and
expanded the patient population to include analysis of patients receiving tPA, which is the
current standard of care [51]. The novel 4-arm study design also tested the effects of
combination therapy, neuroprotectant plus tPA, much like the SAINT 2 trial [57]. With
negative results similar to the SAINT 2 trial, EPO was not beneficial measured on either the
Scandinavian Stroke Scale (SSS) or National Institutes of Health Stroke Scale (NIHSS), when
given with a mean time to treatment of 263–271 minutes (Table 2B). However, the trial was
marred by major protocol violations, SAE’s and the inability to reproduce the beneficial results
of tPA within a 3–4.5 hours therapeutic window that has been demonstrated in many other
clinical trials[58–60].

Most surprising is documentation of significantly increased mortality in the EPO-treated
population compared to the placebo group (Table 2B). Prior to the publication of the Ehrenreich
clinical study[51], there was no information in the literature to indicate that EPO would be
lethal in stroke patients, even though there was information available concerning the general
“toxicity” of EPO [21–25]. However, coincident with the clinical trial publication, Hermann
and colleagues [61] reported that EPO interacted negatively with tPA to enhance membrane
metalloproteinase-9 (MMP-9) activity and EPO also increased MMP-9 activity. Moreover,
while EPO appeared to decrease edema, the combination of EPO and tPA significantly
increased edema. Thus, this study may partially explain the negative nature of the clinical trial.
A duplicate study showed similar result[62]. In the clinical study[51], the investigators
tabulated the cause of death for all treatment groups. Although the patient numbers are small,
in the EPO/tPA combination group, the investigators noted brain edema that was not present
in any of the other 3 groups[51]. Moreover, symptomatic ICH was increased in the presence
of EPO/tPA. Clearly, based upon lack of EPO efficacy, and EPO-induced toxicity whether in
the absence or presence of tPA, future clinical studies to test EPO molecules should be
postponed.

The second generation EPO molecule, CEPO is currently being studied for safety and efficacy
(Table 1[63]). According to the clinical trial website[63], last accessed on August 18, 2010,
the inclusion criteria indicate that patients will be enrolled ≤ 48 hours of a stroke. Based upon
the conclusion documented in the meta-analysis of Jerndal et al[42] and Minnerup et al[41],
which included numerous CEPO studies ([26,47,64], it would appear that CEPO would be
most effective if administered up to 6 hours after a stroke. Thus, if CEPO is to be developed,
enrollment ≤ 48 should be revised to reflect a reasonable time to treatment based upon
translational studies. However, before CEPO is to be developed, safety studies in at least 2
embolic stroke models in 2 species are warranted to ensure the patient consenting to the
treatment that adequate translational studies have been conducted to assure a reasonable safety
margin. To date, this recommendation for logical advancement of EPO analogs to clinical trials
has not been fulfilled.

5. Expert Opinion
Thus, in the aftermath of a failed randomized, placebo-controlled, double-blind trial, which
included more than 500 patients, the stroke field is no closer to achieving the critical goal of
developing and approving a safe and effective neuroprotective agent to treat stroke patients.
The cumulative preclinical data from numerous translational studies using embolic and non-
embolic stroke models suggests that EPO molecules do confer neuroprotection, reduce to some
extent the volume of brain dying after an ischemic event (i.e. infarct volume), and improve a
wide range of behaviors scored using diverse assessment criteria.

There is a need to straighten out the order of translational and clinical research so that we can
limit casualties, both in terms of patient mortality and failed trials. It is unfortunate that a
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negative interaction between EPO and tPA in patients sparked a rodent study, when that
particular simple study should have been conducted to support the clinical trial or advise
investigators of possible negative interactions. However, it was conducted more than 7 years
after the initiation of the EPO trial[51].

In conclusion, the most recent EPO clinical data is not aligned with the preclinical efficacy
data, and suggests that few AIS patients, if any, will benefit from the administration of EPO.
Because of the lack of benefit in the expanded Ehrenreich trial[51], and a significantly higher
mortality rate when EPO is combined with tPA, extreme caution should be used if additional
EPO molecule clinical studies are to be conducted. Investigators conducting the clinical trials
should arm themselves with the best preclinical translational research data possible to proceed
with a well designed and conceived clinical trial so that all is not lost with another clinical
failure.

Article Highlights

• Numerous EPO-type molecules have pleiotropic effects in the CNS

• EPO has been shown to be neuroprotective in preclinical animal models of stroke

• CEPO has also been shown to be neuroprotective in acute ischemic stroke models

• Receptor mediating CEPO and EPO neuroprotection require elucidation

• EPO administered to increase hematocrit significantly increases stroke incidence

• EPO administered to stroke patients in combination with tPA increases mortality

• EPO increases symptomatic hemorrhage and edema in stroke patients

• Development of EPO and analogs should be halted until adequate translational
studies have been completed
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Table 1

EPO Trial Design

Criteria EPO Trial #1[56] EPO Trial #2[51] CEPO Trial Design[63]

Stroke Subtype Ischemic stroke in MCA territory Ischemic stroke in MCA territory AIS- undefined regions or subtypes

Study Period 12/1998–6/2002 1/2003–3/2008 2/2009–10/1010

Patient # (intent to treat) 53 patients
rhEPO safety (13)
rhEPO (21)
Placebo (19)

522 patients
rhEPO (256)
Placebo (266)

Unknown

Age range < 80 years of age ≥ 18 years of age 50–90 years of age

Time to Treat ≤ 8 hours ≤ 6 hours ≤48 hours

Stroke Severity NI NIHSS ≥ 5 “Measurable” deficit

Drug Dose 3.3 × 104 IU/50 ml/30 min q.d. 3 days 4.0 × 104 IU/50 ml/30 min q.d. 3
days

0.6 μg/kg-50μg/kg

Major Exclusions ~ Any form of ICH
~ rhEPO allergy

~ Any form of ICH
~ rhEPO allergy
~ antibodies against EPO
~ coma (NIHSS-1a≥2)

~ Primary ICH, SAH, aneurysm
~previous EPO treatment
~Score ≥ 1 (NIHSS- 1a)Pre-stroke
mRS ≥ 2

Primary Endpoints NIHSS
SSS
BI
mRS
MRI- lesion size

NIHSS
SSS
BI
mRS
MRI- lesion size

NIHSS
mRS

Secondary Measures Serum EPO
Hematocrit
Hemoglobin
Leukocyte counts
Thrombocyte counts
PTT
CRP

Routine laboratory
Vital signs
SAE

PK
Antibody formation

NIHSS- National Institutes of Health Stroke Scale; SSS- Scandinavian Stroke Scale; BI- Barthel Index; mRS- modified Rankin Scale; MRI- magnetic
resonance imaging; S100β-S100 calcium binding protein β; PTT-partial prothrombin time; CRP- C-reactive protein; SAE- serious adverse events;
PK-pharmacokinetics; NI- Not indicated.
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Table 2

EPO Trial Results

A) EPO Trial #1[56]

Criteria

Treatment Groups- Double-Blind

EPO Placebo

Age range 39–80 (mean 68) 49–79 (mean 63)

Sex 15 males
6 female

13 male
6 female

Time to Treatment (minutes) 160–475 (mean 300) 200–465 (mean 285)

Stroke Subtype (%)

 • cardioembolic 42.9 52.6

 • small vessel 14.3 14.3

 • large vessel 19.0 23.8

 • other 23.8 22.2

Stroke Severity

 • SSS 8–52 (mean 30) 6–54 (mean 30)

 • NIHSS 3–26 (mean 11) 1–28 (mean 13)

Stroke Outcome

 • SSS Improvement at day 7, 18 and 30 (p<0.03-p<0.001)
9 point increase

Mean 30 increased to 35 on day 30

 • NIHSS Improvement by day 18 and 30 (p<0.03-p<0.09)
4 point decrease

Mean 13 was stable with variability for duration

 • mRS (Rank)

  5–6 14%* 37%

  3–4 33%* 21%

  2 5%* 16%

  1 33% 5%

  0 14% 21%

 • BI (Rank)# 14% 42%

  0–20 14% 5%

  21–30 10% 5%

  41–60 5% 5%

  61–80 57% 42%

  81–100

Mortality Rate ND ND
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B) EPO Trial #2[51]

Criteria

Treatment Groups- Double-Blind

EPO EPO/tPA Placebo tPA

Age range 38–95 (mean 71.9) 20–100 (mean 66.8) 42–92 (mean 71.5) 19–95 (mean 61.2)

Sex 49 males
41 female

92 males
74 females

48 male
53 female

93 male
72 female

Time to Treatment (minutes) 42–442 (mean 271) 45–410 (mean 263) 78–485 (mean 281) 110–480 (mean 267)

Stroke Subtype (%)

 • cardioembolic 50 51.2 47.5 44.2

 • small vessel 6.7 3.0 5.9 1.8

 • large vessel 21.1 23.5 19.8 27.3

 • other 22.2 22.3 22.2 26.7

Stroke Severity

 • NIHSS 4–32 (mean 13) 4–31 (mean 13.3) 14–27 (mean 11.7) 4–30 (mean 13.5)

Stroke Outcome

 • NIHSS No improvement at either 30 or 90 (p>0.05)day No improvement at either day 30 or 90 (p>0.05)

  Day 1 13.0 ± 6.4 13.3 ± 5.5 11.7 ± 5.5 13.5 ± 5.8

  Day 30 10.7 ± 12 11.6 ± 12 10.3 ± 10 8.8 ± 11

  Day 90 10.2 ± 12 9.5 ± 12 9.1 ± 9 7.7 ±10

 • mRS No improvement at either day 30 or 90 (p>0.05) No improvement at either day 30 or 90 (p>0.05)

  Day 30 3.6 ± 1.9 3.4 + 2.0 3.6 ± 1.7 3.2 ± 2.0

  Day 90 3.5 ± 3.3 3.1 ± 2.0 3.3 ± 1.8 2.9 ± 2.0

 • BI No change at either day 30 or 90 (p>0.05) No change at either day 30 or 90 (p>0.05)

  Day 30 47.0 ± 43 50.8 ± 48 45.6 ± 40 54.9 ± 43

  Day 90 50.9 ± 42 59.5 ± 41 52.2 ± 41 63.5 ± 41

Mortality Rate 16.4%* 16.3%* 9.0% 8.5%

*
p<0.07 on day 30;

#
p<0.05 on day 30;

NA- not described.

*
p<0.01
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