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Abstract Cloning of the human erythropoietin (EPO) gene
and development of the first recombinant human erythro-
poietin (rHuEPO) drug were truly breakthroughs. This
allowed a deeper understanding of the structure and
pharmacology of rHuEpo, which in turn inspired the
discovery and development of additional erythropoiesis-
stimulating agents (ESAs). In vivo specific activity and
serum half-life of rHuEPO are influenced by the amount
and structure of the attached carbohydrate. Increased
numbers of sialic acids on carbohydrate attached to
rHuEPO correlated with a relative increase in in-vivo-
specific activity and increased serum half-life. The effect of
increasing the number of sialic-acid-containing carbohy-
drates on in-vivo-specific activity was explored. Initial
research focused on solving the problem of how the protein

backbone could be engineered so a cell would add more
carbohydrate to it. Additional work resulted in darbepoetin
alfa, a longer-acting molecule with two additional carbo-
hydrate chains.
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Introduction

Red blood cells (RBCs) represent >99% of total circulating
blood cells (∼5×1012 per liter, or 2.5×1013 total) and
typically occupy approximately 40–45% of the total blood
volume. Hemoglobin (Hb), the predominant molecule that
transports oxygen (O2) from the lungs to tissues, constitutes
99% of the cytosolic protein in mature RBCs [1]. This large
amount of Hb is consistent with the requirement for a large
O2 transport capacity that must support the considerable
consumption of O2 in tissues. The lifespan of an RBC is
approximately 100–120 days, indicating that ∼1% of the
total must be replaced each day. Replacing this number of
cells requires a prodigious RBC production rate. This
means creation of >1010 new RBCs per hour, which exactly
matches the rate of RBCs disappearance. Should the loss of
RBCs exceed their production, anemia can occur.

Prior to the discovery of recombinant human erythro-
poietin (rHuEPO), anemic patients with chronic kidney
disease were treated with RBC transfusions with all its
disadvantages. The major clinical benefits of rHuEPO were
treatment of anemia and avoidance or minimization of
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blood transfusion and its associated risks. rHuEPO is
administered by injection three times a week, which aligns
well for dialysis patients receiving thrice weekly treatments;
however, for chronic kidney disease (CKD) patients not on
dialysis, this dosing schedule may introduce hardship, as
patients often need to visit the clinic solely for the purpose
of erythropoiesis-stimulating agent (ESA) administration.
Prolonging the dosing interval for ESAs could be addressed
by an increase in dose. Another possibility was to create a
new rHuEpo glycosylation analog that had a longer serum
half-life [2]. Research into this possibility resulted in the
discovery of a novel ESA, Aranesp® (darbepoetin alfa),
which became available for anemic patients at the start of
this decade. The aim of this paper is to summarize the
discovery and development of recombinant rHuEPO and
present the characteristics of ESAs and results of current
ESA research, particularly focusing on darbepoetin alfa.

Erythropoietin and erythropoiesis

Details on the early history of erythropoietin and erythro-
poiesis, including the discovery of darbepoetin alfa and its
properties, has been described in earlier work [2-5].
Therefore, this paper describes the similarities and differ-
ences in the various ESAs, as well as their functional
properties, with a focus on darbepoetin alfa . It was not
until the 1980s that researchers from Amgen (led by Lin)
isolated the human EPO gene [6]. Cloning the EPO gene
was a breakthrough in treatment of anemia. Endogenous
and recombinant erythropoietin both consist of a single

polypeptide chain backbone [7] composed of 165 amino
acids (Fig. 1). The structure of rHuEPO is a compact
globular bundle, which contains four alfa helices [8].

Endogenous EPO production in adult humans occurs
primarily in interstitial kidney cells. However EPO can also
be produced in smaller amounts in the liver. Recent reports
suggest EPO may also be expressed by cells of the central
nervous system. Whereas reports of EPO expression
elsewhere have been suggested, the reagents and method-
ologies associated with this work are of insufficient
sensitivity and specificity to draw valid conclusions.
Hypoxia results in increased EPO gene transcription
through an increase in amount of a hypoxia -inducible
factor (HIF) [9]. HIF binds to a hypoxia-responsive element
located adjacent to the coding region of the EPO gene,
resulting in increased gene transcription. As a consequence
of tissue hypoxia, the EPO concentration in serum can
increase up to 100–1,000-fold. Following synthesis of the
protein portion of the molecule, posttranslational carbohy-
drate addition (glycosylation) can occur and in mammalian
cells, there is further maturation into complex carbohy-
drates. Endogenous EPO and rHuEPO (such as epoetin
alfa) contain three specific N-linked glycosylation sites
(Asn24, Asn38, and Asn83) and one O-linked glycosyla-
tion site (Ser126). rHuEPO has four carbohydrate chains
attached to these sites representing approximately 40% of
total hormone mass [10].

The correctly folded erythropoietin molecule has two
erythropoietin-receptor-binding sites with high and low
affinities [11]. EPOR (erythropoietin receptor), which is
found on the surface of erythroid precursor cells, is a cell-

Fig. 1 Amino acid sequence of
human erythropoietin (EPO)
with glycosylation at three
specific asparagines residues
(Asn24, Asn34, and Asn83) and
one serine residue (Ser126) [3]
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membrane-bound protein that is activated when one EPO
molecule binds to two receptors in a process called
homodimerization [8, 11, 12]. When EPO receptors on
erythroid precursor cells are activated by EPO, the cells can
be stimulated to survive, proliferate, and differentiate into
RBCs.

Under certain conditions, such as when individuals
descended from high altitude, the RBC mass decreased by
approximately 10–15% over 7–10 days. This fact led to the
proposal that EPO regulated not only production of RBCs
but also their survival through an EPO-dependent physio-
logic down-regulation of RBC mass called neocytolysis
[13]. However, RBCs lack EPO receptors, suggesting the
mechanism by which RBC number declined must be
indirect. One possibility was that RBCs were eliminated
from the circulation with the help of the reticuloendothelial
system (RES) involving EPO receptors on vascular endo-
thelium or on phagocytes. Endothelial cells were recently
shown to have undetectable levels of functional EPOR [14],
raising questions about this mechanism. A more likely
possibility is that RBC lifespan is impacted by oxidative
damage that is increased when individuals with reticulocy-
tosis due to adaptation to high altitude descend to lower
altitude where increased oxygen could result in increased
RBC destruction. Consistent with this proposal, rats
exposed to hyperoxia had increased destruction of RBCs
[15], as did human astronauts exposed to hyperoxia in
space flight [16, 17]. A mechanism by which oxidative
damage may be regulated has recently been described.
Forkhead box O3 (FOXO3a) is expressed during erythroid
differentiation and reportedly plays an important role in
RBC survival by inducing antioxidative proteins such as
catalase, superoxide dismutase, growth arrest, and DNA
damage-inducible 45 (GADD45) [18, 19]. Because expres-
sion of FOXO3a, and by necessity, its downstream targets,
require nuclear DNA, RBCs that have no nucleus become
dependent on the antioxidative proteins made earlier.

Nonhematopoietic effects of erythropoietin

Recent results on possible nonerythropoietic effects of
ESAs drew the attention of the scientific community. The
possibility was supported by genetic studies in which EPO
and EPOR knock-out mice presented with abnormal brain,
cardiac, and blood-vessel development, suggesting that
EPO and its receptor was involved in normal organ
development [20]. In other studies, ESA administration
reduced the magnitude of ischemic lesions in the nervous
system, myocardium, and kidney [21]. For example,
darbepoetin alfa reportedly had a protective effect on
podocytes and reduced apoptosis in the kidney [22]. In rats
with puromycin-induced nephrotic syndrome, darbepoetin

alfa administration could reduce proteinuria [23]. In
addition, ESAs were reported to induce signaling in cell
lines made quiescent by serum starvation [24]. The notion
was extended to include Epo receptors on endothelial and
tumor cells and that addition of ESAs to patients might
stimulate tumor growth [24]. The proposed mechanism was
that EPO bound to EPO receptors expressed on non-
hematopoietic and tumor cells, resulting in growth promo-
tion and/or an antiapoptotic effect. However, we should be
caution with this theory. In tumor rodent xenograft studies,
there was no increased growth in the ESA arm [25]. In
addition, the clinical trial results were controversial because
of baseline imbalances in some of the trials that favored the
placebo arm [26].

The notion that EPO receptors were expressed on
nonhematopoietic and tumor cells was based largely on
Western immunoblotting or immunohistochemistry
experiments using antibodies that were shown to be
nonspecific [27, 28]. In addition, there are other results
inconsistent with the hypothesis. Mice that were engi-
neered to express EPOR exclusively in hematopoietic cells
showed normal size and development, with no effect on
development of the vascular endothelium [29]. In experi-
ments designed to detect EPOR-induced signaling in
tumor cell lines, including those reported to respond to
ESAs by others, no effect was detected [30]. More
recently, a specific antibody to human EPOR was
described [31], and its application to EPOR expression
in nonhematopoietic cells from kidney and heart tissues
and endothelium revealed low to undetectable levels of
EPOR protein. In these same cell types, no detectable EPO
induced signaling, and no consistent antiapoptotic effect
of ESAs with in vitro cell cultures was observed [14]. In a
study with >200 tumor cell lines, EPOR was detected in
only a subset of the total, and many of the lines with
undetectable EPOR protein included cell lines reported by
others to respond to EPOR [32]. In the tumor cell lines
expressing the highest relative levels of EPOR, there was
no detectable induction of Epo-induced signaling and no
effect on cell viability detected due to knock-down of
EPOR by transfection with EPOR small interfering RNA
(siRNAs). A direct examination of tumor cell response to
EPOR was also undertaken. In >150 live tumors from
patient biopsies, no ESA-induced signaling was detected
in disaggregated cells, whereas robust responses were
readily detected in the same cells treated with a positive-
control growth-factor cocktail [33].

It is not possible to completely reconcile all the reported
results, suggesting other mechanisms may be at play. One
possibility is that the increased iron metabolism needed to
support ESA-induced erythropoiesis may reduce oxidative
stress [34]. Alternatively, increases in oxygen delivery at
elevated hematocrits or changes in heart rate or blood
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hemodynamics may also explain the benefit of ESAs in
certain animal studies. Clearly, further research is required
to define the precise mechanism.

rHuEPO and follow-on biologics/biosimilars

Endogenous EPO is a complex biological produced by
specialized cells that are impacted by forces unique to the
body, including a complex interaction of circulating
growth factors, nutrients, and particular cell–cell interac-
tions. Circulating Epo is then subject to differential
clearance of the various glycoforms. It is not possible to
duplicate these processes in a manufacturing setting, thus
rHuEPO differs from endogenous EPO. These differences
include posttranslational modifications as well as the type
and amount of contaminants, such as fragments and
aggregated forms. Changes in cell lines or even more
changes in growth conditions or manufacturing processes
can affect the final ESA product characteristics, including
the microheterogeneity of glycoforms. Changes in glyco-
sylation can impact functional activities, such as binding
affinity for cognate ligands, signal transduction, cellular
internalization, and resistance to proteolytic degradation;
and physical properties such as stability and solubility.
These can affect product quality as well as clearance,
efficacy, and safety.

It is not possible for another manufacturer to match
exactly the cell line or the manufacturing conditions and
consequently the product profile of the innovator product.
Therefore, rHuEPO ... products made by different manu-
facturers are not identical to each other. Because of these
differences, the term “generic” is not used to describe
rHuEpo molecules made by different manufacturers. In-
stead, the descriptors “follow-on biologics” (FOBs) in
United States, and “biosimilars” in European Union are
used [35]. Epoetin alfa was the first commercialized
rHuEPO (Epogen®, Procrit®, Eprex®) and used Chinese
hamster ovary (CHO) cells in its manufacture. Other
epoetins (biosimilars) followed with different Greek names,
reflecting the different cell lines and manufacturing meth-
ods (Table 1). The second approved rHuEPO was epoetin
beta (Recormon®, Neorecormon®) and also used CHO cells
in its manufacture. It, like other rHuEpo biosimilars, has the
same amino acid sequence as epoetin alfa with some minor
differences in the microheterogeneity in the attached
carbohydrate. Epoetin delta used human fibrosarcoma
(HT1080) cells in its manufacture, but as of December
2008 is no longer distributed. Epoetin omega, produced in
baby hamster kidney cells (BHK), differed somewhat from
epoetin alfa and beta in the glycosylation profile. Other
ESA biosimilars are being introduced in the EU, such as
epoetin zeta. However, there are inconsistencies in the T
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naming convention, such as with Abseamed/Binacrit/Hexal,
which is marketed as an epoetin alfa.

rHuEPO FOBs are also manufactured and distributed in
countries where less oversight on drug manufacturing
results in significant product quality and structural differ-
ences from epoetins distributed in the USA and EU [36-38].
These ESAs can vary considerably from each other and
from marketed epoetins manufactured in the USA and EU
in labeling, drug content, and specific activity. Even though
different ESAs can share the same Greek name, there may
also be considerable lot-to-lot variability. There have been
reports that some patients administered these ESAs have
presented with antibody-mediated pure red cell aplasia.
Because a patient’s safety is always the first and foremost
aspect in treatment, switching patients from one rHuEPO to
another should be performed by skilled health care
practitioners who take into account both long-term efficacy
and safety issues.

Role of carbohydrate on EPO activity

The biological effect of EPO (stimulation of erythropoiesis)
is controlled by the interaction of EPO with its receptor.
This interaction involves direct contact of the protein
portion of EPO with the protein portion of the EPO
receptor. The affinity of EPO to EPOR (the concentration
of EPO required for half-maximal binding) can affect the
magnitude of binding and therefore magnitude of response
at a given EPO concentration. However, other elements of
EPO also affect the biophysical properties as well as the
magnitude of the biological response. Attached carbohy-
drate on rHuEpo comprises approximately 40% of the mass
of the molecule [7]. Whereas differences in carbohydrate
content of EPO can affect affinity to EPOR, carbohydrate
also plays an important role in maintaining the molecule in
circulation (clearance) [39]. In addition to its effect on
clearance, the increased content of negatively charged
carbohydrates can also increase solubility and decrease
adhesive properties of protein. Thus, the carbohydrate may
shield hydrophobic residues, reducing aggregation while
protecting potential immunogenic surfaces from immune
surveillance.

Carbohydrate made in mammalian cells and attached to
proteins is composed of a mix of various sugar molecules
joined together into complex chains. Individual chains on
rHuEPO can differ from others in sugar content, size, and
degree of branching. One of the sugars found on the ends
of each branch of a carbohydrate chain is a negatively
charged molecule, sialic acid. Because of the micro-
heterogeneity in number of branches, EPO has a natural
variation in charge due to variation in sialic acid content.
The presence of up to four negatively charged sialic acids

on each of the three N-linked carbohydrate chains and up
to two sialic acids on the single O-linked carbohydrate
chain results in up to 14 sialic acids on both endogenous
and rHuEPO [2]. Endogenous EPO is differentiated from
rHuEPO in that there is further charge modification due to
addition of sulfate to the carbohydrate. About 3% of the
carbohydrate chains on epoetin alfa contain sulfate, and the
content is typically limited to one sulfate per chain. In
contrast, endogenous EPO can be extensively sulfated, with
as many as three sulfates per carbohydrate chain. Thus,
endogenous EPO can be considerably more negative
(acidic) than rHuEpo [40-42].

A research group [42] performed studies on purified
fractions of rHuEPO that had defined numbers of sialic
acids and observed a positive correlation between sialic
acid content of rHuEPO and in-vivo-specific activity. There
was a similar positive correlation between sialic acid
content and serum half-life for those isoforms. On the
other hand, molecules with increased sialic acid content had
less affinity to EPOR [42] (Fig. 2). These results indicate
that in the case of rHuEPO, a longer half-life is a stronger
determinant of in-vivo-specific activity than affinity to
EPOR. However, from the clinical point of view, a balanced
proportion of these two parameters is important.

N-linked carbohydrate attachment points consist of well-
defined three amino acid consensus sequences (Asn-Xxx-
Ser/Thr), where Xxx could be any amino acid except
proline [43, 44]. In order to add additional carbohydrate
chains to rHuEPO, the coding region of the EPO gene was
altered so that new N-linked consensus sequences were
present and that a cell expressing these modified genes

Fig. 2 Serum clearance is the primary determinant of in vivo activity
of erythropoietin isoform (from [42], with permission)
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would recognize the new carbohydrate attachment points in
rHuEPO. Using in vitro mutagenesis, rHuEPO glycosyla-
tion analogs with varying numbers of N-linked carbohy-
drate chains were successfully constructed and became
available for testing [11, 39]. Addition of one new
carbohydrate chain increased approximately 1.6-fold the
in-vivo-specific activity in rodents, and addition of two
chains resulted in greater than twofold increase, as
measured by the exhypoxic polycythemic mouse bioassay
[39]. In contrast, when one N-linked chain was removed
from the protein backbone of rHuEPO, the in-vivo-specific
activity decreased approximately two- to fourfold. Removal
of two chains resulted in about a 50-fold decrease. Overall,
there was a general, positive correlation between number of
carbohydrate chains and in-vivo-specific activity [39]
(Fig. 3). Whereas the position of the attached sugar chain
also affected the in-vivo-specific activity, the number of
chains played the more important role.

The effect of number of carbohydrate chains on EPO
receptor binding activity was also examined. Unglycosy-
lated rHuEPO, prepared by expression in Escherichia
coli, had approximately sevenfold higher EPO receptor
binding activity than did glycosylated rHuEPO. In
contrast, as the number of N-linked carbohydrates in-
creased, the receptor-binding activity decreased in a log-
linear relationship [39]. The glycosylation analog with one
additional N-linked carbohydrate (four in total) had a
threefold reduced binding activity. Darbepoetin alfa,
having two more N-linked carbohydrates than rHuEPO,
had a binding activity approximately fivefold lower. N53,
an analog with three additional carbohydrates compared
with rHuEPO, had a 20-fold decrease. Thus, the positive
relationship between carbohydrate number and in vivo
activity could not be explained by increases in EPO
receptor-binding activity.

Successful development of darbepoetin alfa

The novel erythropoiesis-stimulating protein darbepoetin
alfa (Aranesp®) contains two additional N-linked carbohy-
drate chains at positions 30 and 88 as a result of five amino-
acid substitutions (Ala30/Asn, His32/Thr, Pro87/Val,
Trp88/Asn, Pro90/Thr) in the protein backbone [45]
(Fig. 4 and Table 1). The new sites were introduced at
positions that did not directly interfere with the Epo:EpoR
interaction or disrupt the structure or stability of the
molecule. Because of the two additional N-linked carbohy-
drate chains, the molecular weight increased from 30 to
37 kDa and the carbohydrate part of the new molecule
increased from 40% to 51%. Importantly, the maximum
number of sialic-acid residues increased from 14 to 22,
resulting in an increase in serum half-life [46]. Molecules
with carbohydrate contents greater than darbepoetin alfa
(N53 and AMG114) and polyethylene glycol-linked darbe-
poetin alfa (peg-Aranesp) have also been examined, and
these have a further increase in serum half-life. However,
the pharmacokinetic and pharmacodynamic properties of
darbepoetin alfa are appropriate for current clinical practice,
indicated for administration up to once per month in certain
countries, and it maintained stable Hb levels in anemic
patients.

Fig. 3 In vivo activity of erythropoietin (EPO) glycosylation analogs
increases with increasing number of N-linked carbohydrate chains
([from 39], with permission)

Fig. 4 Molecular comparison of recombinant human erythropoietin
(rHuEPO) and darbepoetin alfa, which have the same mechanism of
action (from [45], with permission)
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In the research and development of a new ESA suitable
for clinical use, there are many factors to be considered,
including a reasonable balance between serum half-life and
affinity to the EPO receptor. Another concern is that a
serum half-life that is too long may result in loss of Hb
control due to the extended time the agent can stimulate
erythropoiesis. Therefore, there may be an optimal range of
association of these parameters where the balance between
receptor affinity, half-life, dose, and dosing interval is a
beneficial one. In comparison with rHuEPO, darbepoetin
alfa had a threefold longer serum half-life in animals [47]
and humans [48-50]. In patients on peritoneal dialysis, the
terminal half-life of darbepoetin alfa after intravenous
administration in patients was approximately 25 h, and
following subcutaneous administration, the half-life was
approximately 49 h [50, 51] (Fig. 5.) However, in
peritoneal dialysis and in predialysis patients after a single
subcutaneous administration, the mean terminal half-life of
darbepoetin alfa was between 65 and 105 h [50]. The
apparent terminal half-life of darbepoetin alfa was twofold
longer with the subcutaneous compared with intravenous
route of administration. The dose requirement in order to
maintain similar hemoglobin serum levels in patients with
anemia was similar with the two routes of administration,
indicating there was no loss of efficiency [52]. The similar
dose requirement is explained by the longer half-life
associated with subcutaneous route resulting in longer
exposure of the drug, which compensates for the reduced
subcutaneous bioavailability (∼37%).

Darbepoetin alfa has a fivefold decreased receptor-
binding-specific activity compared with rHuEPO [39, 47].
Therefore, the minimal effective concentration (MEC), or in
other words, erythropoiesis threshold, is higher with
darbepoetin alfa compared with rHuEPO. This suggests
that higher serum concentrations of darbepoetin alfa may be
required to get similar fractions of ESA-bound receptors,
which theoretically could result in reduced in-vivo-specific

activity or efficacy. However, the additional carbohydrate
on darbepoetin did not blunt the biological response [53],
and the same signal transduction pathways were stimulated
with similar kinetics and magnitude [39, 53]. When in vitro
and in vivo activities were compared, the shapes of the
dose-response curve, maximal stimulation, and hematolog-
ical response were all similar, suggesting that the different
carbohydrate content can affect the specific activity but did
not affect function per se.

Darbepoetin alfa actually has increased in-vivo-specific
activity compared with rHuEPO despite its reduced
receptor-binding-specific activity. In a multicycle carbopla-
tin chemotherapy/radiotherapy model in mice [54], a
sixfold higher dose of rHuEPO was required to match the
effect of the lower dose of darbepoetin alfa. In normal mice,
in order to maintain or elicit a similar erythropoietic
response, three times more rHuEPO was needed than
darbepoetin alfa to provide the same response at three
times per week administration in mice [47, 55] (Fig. 6).
When the dosing interval was extended to weekly admin-
istration, the difference increased to 13-fold. With a single
injection, the dose of rHuEPO needed to be 30–40 times
higher to match the effect of the lower dose of darbepoetin
alfa. This and the relative in-vivo-specific activity of
darbepoetin alfa compared with rHuEPO increased with
increasing dosing interval. Increased specific activity of
darbepoetin alfa compared with rHuEPO was also reported
in human clinical studies [56]. In humans administered
darbepoetin alfa with a Q2W (every other week) dosing
regimen, the same total dosage could successfully maintain
Hb levels in renal anemic dialysis patients in comparison
with QW (weekly) administration of the drug [57].
Similarly, in the predialysis population, QM (monthly)
administration of the drug maintained Hb concentration at
the same total dose in comparison with Q2W administration
[58]. However it is not clear whether a relative increase in
dose is required for monthly administration in dialysis or
other patients.

Fig. 5 Darbepoetin alfa serum concentration in stable peritoneal
dialysis patients remains above the minimal effective concentration
(MEC) for erythropoiesis longer than an equivalent dose of recombi-
nant human erythropoietin (rHuEPO) (from [51], with permission)

Fig. 6 In vivo activity of darbepoetin alfa increases compared with
recombinant human erythropoietin (rHuEPO) as dose interval
increases in mice [47, 55]
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The apparent paradox, that rHuEPO glycosylation
analogs with reduced receptor-binding-specific activity
had increased in vivo specific activity, is explained by
the counteracting effects of sialic-acid-containing carbo-
hydrate on clearance. Slower clearance in vivo results in a
slower decline in serum concentration over time when
slow and faster clearing molecules are compared, and the
relative concentration differences will increase with time.
In addition, the ESA doses typically used clinically are
sufficiently high to ensure sufficient numbers of EPO
receptors are bound for effective erythropoiesis. As a
result, the prolonged drug exposure more than compen-
sates for the reduced receptor-binding-specific activity
[39] (Fig. 7a) and can result in increased in-vivo-specific
activity.

In practice, half life and binding affinity to the EPOR
can move independently from each other. Therefore, a
longer half-life may not necessarily result in increased
specific bioactivity. For example, a drug with sixfold longer
half-life may not show increased specific activity if the
affinity to the receptor was substantially lower, e.g., 50-fold
(Fig. 7b). This would be especially true if the starting
concentration was not high enough to ensure that sufficient
EPO receptors were bound following ESA administration.
An additional issue with agents that have substantially
prolonged serum half lives is that an overshoot in Hb levels
may occur because of the prolonged time that erythropoi-

esis is stimulated. To reduce this possibility, lower starting
doses may be used, and a longer period of time may elapse
before a dose adjustment might be made. These issues limit
the ability to implement a frequent dose titration if the
patient or caregiver required it.

Binding of EPO to EPOR can result in either dissocia-
tion from its receptor, or the complex (EPO-EPOR) can be
internalized into the cell where degradation occurs. Possi-
bly, affinity to the receptor affected the likelihood that ESA
would be bound and therefore the rate at which degradation
could occur. Therefore, some have suggested that there is a
causal relationship between slower clearance and reduced
receptor affinity [2].

To determine whether differences in affinity to the EPO
receptor translated into differences in clearance, intracellu-
lar trafficking of darbepoetin alfa and rHuEPO were
assessed in vitro in an EPO-dependent cell line [59]. With
rHuEPO, approximately 57% of bound material was
internalized into the cell. Whereas 60% of EPO was
recycled intact to the cell surface, 40% of the internalized
material was degraded. This observation suggests that
EPOR-mediated binding endocytosis and degradation could
clear this agent. Whereas the reduced EPO receptor affinity
of darbepoetin alfa did affect the likelihood of binding, the
intracellular trafficking of rHuEPO and darbepoetin alfa
were similar.

To determine whether EPOR-mediated degradation
explained the reduced clearance of darbepoetin alfa in
vivo, experiments with rHuEPO analogs with different
receptor binding and clearance properties were performed
[46]. Pharmacokinetic characteristics of an EPO analog
(NM385), which had no detectable EPOR binding activity,
showed only a modest difference in clearance compared
with rHuEPO. In contrast, darbepoetin alfa and its
polyethylene glycol-linked form had longer half-lives and
reduced clearance compared with NM385. Assuming that
NM385 with a complete block in Epo-receptor-mediated
clearance represented the maximum effect of Epo-receptor-
mediated clearance, and observing that darbepoetin alfa had
a longer serum half-life than NM385, then the longer half-
lives of darbepoetin alfa and its polyethylene-glycol-linked
form must be due to a reduction in clearance of pathways
independent of the EPO receptor.

Other ESAs

As with darbepoetin alfa, other ESAs, such as pegylated
forms of rHuEPO, biosimilars, or EPO mimetic peptides
(Hematide), have the same mechanism of action as rHuEpo:
binding and activation of EPOR [60]. However, they can be
differentiated from each other according to differences in
manufacturing methods, affinity to the EPO receptor, and
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Fig. 7 a Model for darbepoetin alfa, which has decreased receptor
affinity and longer half-life than recombinant human erythropoietin
(rHuEPO). Longer serum half-life of darbepoetin alfa more than
compensates for reduced affinity. b Dramatically reduced receptor
affinity limits gain in biological activity due to longer half-life
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serum half-life. As a result, in clinical practice, all these
differences should be considered simultaneously. Mircera®

(methoxy polyethylene glycol-epoetin beta) is epoetin beta
with a covalent attachment to the peptide backbone of a
linear methoxypolyethylene glycol (PEG), resulting in
approximately a doubling in size compared with epoetin
alfa (30.4 vs 60 kDa) [61]. PEG-epoetin beta has a
prolonged elimination half-life in patients with CKD,
approximately 134 h [62]. Mircera® is approved to treat
anemia associated with CKD in Europe. Hematide is a
synthetic ESA comprised of nonnaturally occurring amino
acids in a dipeptide that binds to the EPO receptor, thereby
activating it [63, 64]. The peptide was pegylated to increase
serum half-life and is currently in clinical development.

Conclusions

In the past 20 years, our knowledge concerning erythro-
poietin and erythropoiesis has increased significantly.
The first milestone was to introduce rHuEPO into
clinical practice. This dramatically changed treatment
options, increased energy levels of patients and reducing
the incidence of transfusions. Whereas the biological
function of rHuEPO is typically determined by the
protein component, carbohydrate can play a role in
molecular stability, solubility, in vivo activity, serum
half-life, and immunogenicity. Darbepoetin alfa, an
rHuEPO analog with two additional N-linked carbohy-
drate chains, was discovered and developed. Darbepoetin
alfa has been used to successfully treat anemia in many
patient populations, including those with chemotherapy-
induced anemia and anemia associated with CKD.
Darbepoetin alfa is cleared more slowly from the body
and has a longer-lasting effect, resulting in a higher in-
vivo-specific activity compared with rHuEPO. Darbepoe-
tin alfa is indicated for an increased interval between
administrations of the drug.
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