Chapter 4
Erythropoiesis-Stimulating Agents

Steve Elliott

Abstract Erythropoiesis is the process whereby erythroid progenitor cells differ-
entiate and divide, resulting in increased numbers of red blood cells (RBCs). RBCs
contain hemoglobin, the main oxygen carrying component in blood. The large num-
ber of RBCs found in blood is required to support the prodigious consumption of
oxygen by tissues as they undergo oxygen-dependent processes. Erythropoietin is
a hormone that when it binds and activates Epo receptors resident on the surface
of cells results in stimulation of erythropoiesis. Successful cloning of the EPO gene
allowed for the first time production of recombinant human erythropoietin and other
erythropoiesis stimulating agents (ESAs), which are used to treat anemia in patients.
In this chapter, the control of Epo levels and erythropoiesis, the various forms of
ESAs used commercially, and their physical and biological properties are discussed.

Introduction

Erythropoietin (Epo) is a late-acting growth factor, so named because of early stud-
ies suggesting it had a singular effect on stimulation of red blood cell formation
(erythropoiesis). Epo functions by binding and activating an Epo receptor expressed
on the surface of committed erythroid progenitor cells resulting in their prolifer-
ation and differentiation. This elegant process results in formation of enucleated
hemoglobin-containing red blood cells (RBCs) that are released into the circulation
where they can bind oxygen in the lungs and deliver it to tissues with a high oxygen
demand, e.g., brain or working muscles.

Successful cloning of the EPO gene in the 1980s [1, 2] allowed the commercial
production of recombinant human erythropoietin (rHuEpo). The utility of rHuEpo in
treating anemia (low hemoglobin [Hb] levels) was explored in patients with chronic
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kidney disease (CKD), anemia of cancer (AoC), chemotherapy-induced anemia
(CIA), and anemia of inflammation such as rheumatoid arthritis. It was also studied
in patients scheduled for major surgery who were expected to require blood trans-
fusions. rHuEpo (e.g., epoetin alfa) has been approved for use in humans and is
currently used primarily to treat anemia associated with CKD and CIA.

This review will examine the structure, function, and regulation of Epo pro-
duction, mechanisms affecting clearance of Epo, erythropoiesis, various forms of
ESAs, and the data suggesting Epo has effects on other biological processes beyond
erythropoiesis.

Hemoglobin, Erythropoietin, and Erythropoiesis
Red Blood Cells and Hemoglobin

RBCs in humans represent 40—45% of total blood volume and 99% of all circulating
cells. In a healthy person with roughly 5 L of blood, this represents approximately
2.5 x 10'3 cells. RBCs are long-lived with a lifespan of approximately 100—-120
days [3]. The daily loss of RBCs, approximately 0.8—1.0% of the total, is matched
by a prodigious production capacity of ~2.5 x 10!! cells/day [4]. Hb residing within
mature RBCs is the primary oxygen-binding component and constitutes 99% of the
cytosolic protein [5]. Iron residing within hemoglobin (2.5 g) represents the major
component of total body iron (3—4 g) and levels are tightly regulated [6]. These
high levels of iron, hemoglobin, and RBCs are consistent with the importance of
maintaining oxygen homeostasis in the body.

Hb is a tetrameric protein with each subunit containing a tightly associated
nonprotein heme iron. In human adults the major form of Hb is hemoglobin A,
consisting of two o and two B (beta) subunits. The affinity of O, for Hb in
RBCs is increased with low temperature, low CO,, and low 2,3 DPG as occur-
ring in lungs. Affinity is reduced by increases in body temperature, hydrogen ion,
2,3-diphosphoglycerate, or carbon dioxide concentration (the Bohr effect) under
conditions where O levels are low, such as working muscles. Therefore, in mus-
cles that are consuming O and generating CO» and lactic acid, O, is released from
Hb [7].

Erythropoietin

As O levels decrease with exercise, blood loss, anemia, or change in concentra-
tion of oxygen in breathed air, the breathing rate, heart rate, and adjustments in
O;-carrying capacity are made to meet the demand. One mechanism to increase
O;-carrying capacity is to increase hemoglobin levels by stimulating formation
of increased numbers of Hb-containing RBCs through increases in erythropoietin
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(Epo) levels which stimulates erythropoiesis. Epo is a circulating glycosylated pro-
tein hormone that is the primary regulator of RBC formation. Endogenous Epo
(eEpo) is synthesized primarily in the kidney, although it is also made at lower
levels in other tissues such as liver and brain [8—12].

Endogenous Epo in humans is transcribed as a 1.6-2-kb mRNA [2] and trans-
lated into a 193 amino acid precursor [1, 13]. During transit through the secretory
apparatus, the 27 amino acid signal peptide and C-terminal arginine are removed
and carbohydrate chains are added to three N-linked glycosylation sites and the
one O-linked glycosylation site [13, 14]. The secreted protein contains 165 amino
acids with approximately 40% of the mass composed of carbohydrate. The struc-
ture of rHuEpo is a compact globular bundle, which contains four alfa-helices in a
characteristic 4-helix bundle, a topology shared with other growth factors [15, 16]
(Fig. 4.1).

Fig. 4.1 Structure of an Epo:EpoR complex. The fop view (ribbon diagram) of the crystal structure
shows Epo (gray) bound to the extracellular domains of two EpoRs (dark gray). Two different
surfaces of Epo bind to similar regions of EpoR resulting in high- and low-affinity binding sites.
The “cross-linked” EpoR is activated resulting in downstream signaling

Erythropoiesis

RBC production (erythropoiesis) is a result of an elegant proliferation and differen-
tiation pathway (Fig. 4.2). Early hematopoietic progenitor cells residing primarily
in the bone marrow differentiate in the presence of an early growth factor such
as SCF, IL-3, or GM-CSF [17] into burst-forming unit erythroid (BFUe) and then
into colony-forming unit (CFUe) cells [18, 19]. BFUe cells acquire responsiveness
to and become dependent on Epo as they differentiate into the CFUe stage [17,
20]. Further differentiation of CFUe cells results in molecular and physical changes
and the immature “blast” cells become proerythroblasts, and finally, erythroblasts.
These cells begin to take up iron and show increased synthesis and accumulation
of Hb. The late-stage erythroblasts discharge their nucleus (enucleation), resulting
in reticulocytes that are released into the circulation. After several days, reticulin
(ribosomal RNA and associated material) declines resulting in mature, circulating
RBCs.
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Fig. 4.2 Erythropoiesis. The schematic diagram shows the differentiation of erythroid progenitor
cells. BFUe (burst-forming unit erythroid) cells differentiate in blood islands in the bone marrow
into CFUe (colony-forming unit erythroid) and ultimately into reticulocytes that are released into
the circulation. The process involves increased synthesis of EpoR and hemoglobin

Epo Receptor and Its Activation

The mechanism by which Epo stimulates erythropoiesis has been the subject of
considerable investigation. Radiolabeled Epo was shown to bind to a “receptor”
expressed on the surface of erythroid cells. The gene encoding the Epo receptor was
identified by expression cloning and found to be a single gene with no apparent
homologs [21, 22]. The human EPOR gene encodes a 508 aa protein which follow-
ing removal of the 24 aa signal peptide results in a 484 aa protein with a molecular
weight of approximately 52.7 kDa [23]. Addition of an N-linked carbohydrate chain
results in a secreted protein with a calculated size of 56-57 kDa which is comparable
to the size of mature EpoR determined by Western immunoblotting (~59 kDa) [23].

In early studies, EpoR transcripts were detected by Northern analysis in bone
marrow or spleen with none detected in heart, kidney, liver, or brain [24]. This
is consistent with [!2>I]Epo-binding studies which also suggested that high-level
expression of EpoR is normally restricted to cells of the erythroid lineage [24-28].
Reticulocytes and circulating RBCs do not express EpoR [29-31].

While other components may mediate affinity to Epo or aid in signal transduc-
tion, current evidence suggests that the activation of EpoR is initiated by a direct
interaction of a single Epo molecule with two EpoRs via high- and low-affinity bind-
ing sites effectively “cross-linking” them (Fig. 4.1). The binding and cross-linking
by Epo induces a conformational change thereby bringing together two separate
regions on the transmembrane and intracellular regions of the receptor. Activation
results in cross-phosphorylation of EpoR and Jak2 which is followed by activa-
tion of the downstream STATS, MAP kinase, and PI3 kinase/Akt pathways [32].
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Following stimulation of signal transduction, negative regulators of EpoR, including
Src homology region 2 domain-containing phosphatase 1 (SHP-1) and suppres-
sor of cytokine signaling proteins SOCS-1 and SOCS-2, downmodulate responses
[33, 34].

Normal circulating levels of Epo in humans are approximately 5 pM, substan-
tially below the kDa of the Epo:EpoR interaction indicating that only a fraction
of the EpoR is Epo bound but this level of binding is sufficient to maintain ery-
thropoiesis at a rate that will maintain RBC levels. Lower Epo receptor occupancy
results in apoptosis of precursor cells (post-CFUe stage) [35].

Epo responsive erythroid cells express 300—1,100 high-affinity (~100 pM) sur-
face EpoR/cell [1, 2, 34]. The half-maximal response to Epo of CFUe cells is
achieved when approximately 7% of their cell surface-expressed EpoR are bound
by Epo suggesting approximately 70 surface EpoR are bound by Epo at this Epo
concentration [9]. These observations indicate that a single Epo—EpoR binding event
is insufficient for stimulation of complete differentiation of erythroid precursors.
Instead, adequate concentrations of Epo must be present during the entire process
to ensure survival and proliferation of the cells.

Acquired Epo responsiveness appears to require a threshold amount of EpoR
expression and Epo binding. This notion is consistent with a number of obser-
vations. EpoR mRNA and surface EpoR protein expression increase up to the
normoblast stage of cell differentiation followed by a rapid decline thereafter
(Fig. 4.2) and this timing is associated with acquired Epo responsiveness [29, 31,
36]. Mice with haploinsufficiency containing only one functional allele of EpoR
have lower EpoR levels and decreased hematocrit. Colony formation using cells
recovered from these animals requires higher Epo concentrations compared to con-
trol animals [37]. BFUe cells which show minimal response to Epo [17, 38, 39]
acquire Epo-dependent growth following forced over-expression of EpoR [26].
Similarly forced over-expression of EpoR in various leukemic cell lines will make
them dependent on Epo for growth or survival [40—43]. HEL cells express low but
detectable levels of EpoR on their cell surface [31] but these cells show increased
STATS phosphorylation if EpoR levels are increased by forced over-expression of
EpoR [44].

Expression of EpoR is necessary but not sufficient for Epo responsiveness.
OCIM1 cells are an immortalized cell line derived from a patient with ery-
throleukemia [45]. These cells express EpoR on their surface at levels comparable
to that found on Epo responsive erythroid precursor cells but they do not respond
to Epo. Functional EpoR was cloned from OCIMI cells [22], indicating the lack
of Epo responsiveness was not due to mutations in EpoR. While forced expression
of EpoR in some cell types (32D, FDCP1, and BaF3) results in acquisition of Epo
responsiveness [40—43], this was not true of forced over-expression in other cell
types such as NIH-3T3 or CTLL2 suggesting they lack positive factors or over-
express negative factors [46—48]. A subline of EpoR CTLL2-transfected cells was
initially nonresponsive but became dependent on Epo following selection for growth
on Epo. Both the subline and the original transfected cells expressed similar levels
of surface EpoR and both expressed Jak2, but Epo induced Jak2 phosphorylation
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only in the subline [48-51] indicating the JAK-2 to STATS pathway was present but
could not be activated.

Erythropoiesis-Stimulating Agents (ESAs)
Endogenous Epo and rHuEpo

Recombinant HuEpo was initially used for the treatment of anemia associated with
chronic kidney disease. It is also indicated for cancer patients who have CIA.
According to a number of studies rHuEpo is well tolerated, can correct and maintain
hemoglobin levels, and reduce the likelihood of transfusions when used according
to guidelines [52-58].

Epoetin alfa, the first commercialized rHuEpo (Epogen®, Procrit®, Eprex®),
is a 165 amino acid glycoprotein with an average molecular weight of 30,400 Da.
As is eEpo, epoetin alfa is a heavily glycosylated protein containing N-linked and
O-linked complex carbohydrates with over >50 different forms described [59-61].
There is also a natural variation in charge due to the presence of a variable number
of sialic acids (up to four) on each of the three N-linked carbohydrate chains and up
to two sialic acids on the single O-linked carbohydrate chain.

Endogenous Epo and rHuEpo have the same amino acid sequence but are not
identical to each other [62, 63]. This is because eEpo is a complex biological pro-
duced 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 interactions. The circulating eEpo is then subject to differential clearance of the
various glycoforms. It is not possible to duplicate these processes in a manufactur-
ing setting. Some of the resulting differences have been described. For example,
endogenous Epo has sialic acid attached to galactose in NeuAca2—6 or 2—3
linkages. Chinese hamster ovary (CHO) cells are frequently used to manufacture
rHuEpo and because these cells lack a sialotransferase with NeuAca2— 6 activ-
ity only NeuAca2— 3 linkages are present in rHuEpo made from these cells [64].
rHuEpo made in CHO cells but not eEpo can contain traces of N-glycolylneuraminic
acid in addition to the typical NeuSAc found in urinary Epo [65, 66]. rHuEpo can
also be made in other cell types where NGNA was also found. Endogenous Epo has
a substantially higher content of sulfate on the attached carbohydrate compared to
rHuEpo. Thus eEpo can be considerably more negative (acidic) than rHuEpo [67,
68] and this difference has been exploited to detect abuse of rHuEpo in athletes [63].

Follow-on Biologics

Glycosylation of proteins may impact properties such as binding affinity for
cognate ligands, resistance to proteolytic degradation, and physical properties
such as stability and solubility, and these can affect product quality as well as
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clearance, efficacy, and safety [69—73]. Changes in cell lines, minor changes in
growth conditions or manufacturing processes, can affect the final ESA product
characteristics including the microheterogeneity of glycoforms. It is not possible for
another manufacturer to match exactly the product profile of the innovator. Thus, the
term “generic” is not used to describe rHuEpo molecules made by different manu-
facturers. Instead, the descriptors “follow-on biologics” or FOBS, “biosimilars” or
“biosimilar biopharmaceuticals” are used [74].

The inherent difficulties in matching product characteristics and the demand that
biosimilars have similar efficacy and safety to the innovator products [75, 76] have
slowed approval of biosimilar rHuEpos because they require more oversight in the
drug approval process [75-77]. In contrast to vaccines, whose efficacy depends
on the ability to stimulate protective immunity in hosts, the safety and efficacy
of recombinant biopharmaceutical proteins depends in part on their biochemical
and immunochemical similarity to the corresponding endogenous proteins. These
features help to optimize therapeutic activity of the recombinant proteins while
minimizing their potential immunogenicity [78—-81]. Neutralizing Abs should they
form may cause or contribute to certain immunopathologies, such as Ab-mediated
pure red cell aplasia (PRCA) in patients treated with ESAs [82, 83]. Antibody-
mediated PRCA is a serious hematologic condition characterized by the onset,
following a period of successful therapy, of severe ESA-resistant anemia that most
often resolves only after cessation of ESA therapy and intervention with immuno-
suppressive agents [84]. The sudden appearance in 1999 of increased number of
patients who presented with antibody-mediated PRCA was associated with changes
in manufacturing processes of Eprex thereby highlighting the potential adverse
consequence of manufacturing differences on product safety of FOBs [81, 82].

rHuEpo FOBs are also manufactured and distributed in countries where less over-
sight on drug manufacturing results in significant product quality and in structural
differences from epoetins distributed in the United States and EU [85-87]. These
ESAs can vary considerably from each other and from marketed epoetins manufac-
tured in the United States and EU in labeling, drug content, and specific activity.
There may also be considerable lot-to-lot variability. There have been reports that
some patients administered with these ESAs have presented with antibody-mediated
PRCA [88].

In addition to differences in product characteristics, there is also confusion about
naming conventions of newer rHuEpo molecules. Following the introduction of the
first epoetin alfa a second was approved in the EU (Recormon/Neorecormon Roche
Diagnostics GmbH, Mannheim, Germany) and was given the name epoetin beta.
It has the same amino acid sequence as epoetin alfa manufactured by Amgen, Inc.
with some minor differences in the microheterogeneity in the attached carbohydrate.
Other epoetins followed with different Greek names. Epoetin omega, produced in
baby hamster kidney cells, differed somewhat from epoetin alfa and beta in the
glycosylation profile [89]. However, this agent is distributed only in South Africa.
Dynepo (epoetin delta) was manufactured by Shire Pharmaceutical Contracts Ltd,
Hampshire, UK and was approved in Europe for the treatment of anemia in adult
patients with chronic renal failure, but as of December 2008 was withdrawn from
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the market. Other ESA biosimilars are being introduced in the EU: Silapro/Retacrit
(epoetin zeta). However, Abseamed/Binocrit/Hexal is marketed as an “epoetin alfa”
as are some epoetins manufactured in countries outside the United States and EU.

Darbepoetin Alfa

Aranesp® (darbepoetin alfa; Amgen, Inc.) is manufactured in the United States and
marketed in Europe, the United States, Australia, Canada, and others. Aranesp®
is a novel hyperglycosylated rHuEpo analog with five amino acid changes that
compared to epoetin alfa contain two additional N-linked glycosylation sites
resulting in the attachment of two additional carbohydrate chains for a total of five
[90]. Aranesp® has the same mechanism of action as rHuEpo, stimulating of ery-
thropoiesis through activation of the Epo receptor (EpoR). However, Darbepoetin
alfa has increased in vivo potency [69, 90, 91] due to a threefold longer serum
half-life and mean residence time than epoetin alfa [91, 92]. The longer serum half-
life allows for more convenient modes of administration, including extended dosing
intervals with a similar efficacy and safety profile to epoetin alfa.

Other ESAs

Mircera® (methoxy polyethylene glycol-epoetin beta) is epoetin beta with a cova-
lent attachment to the peptide backbone of a linear methoxy polyethylene glycol
(PEG), resulting in approximately a doubling in size compared to epoetin alfa
(30.4 vs 60 kDa) [13, 93]. PEG-epoetin beta has a prolonged elimination half-life
in patients with CKD, approximately 134 h [94]. Mircera® is approved for the
treatment of anemia associated with CKD in Europe.

Hematide is a nonnaturally occurring Epo dipeptide mimetic that binds to the
Epo receptor in a manner similar to rHuEpo, thereby activating it [95, 96]. The
dipeptide was pegylated resulting in a longer serum half-life and it is currently in
clinical development.

Control of Circulating Epo Levels
Synthesis of eEpo

In adult mammals, Epo is expressed in liver hepatocytes [9] and in interstitial
fibroblast-like cells in the kidney which are uniquely located adjacent to kidney
tubular cells where they can sense changes in oxygen levels and rapidly and robustly
respond [8, 97]. In anemic subjects, circulating Epo levels were inversely propor-
tional to Hb levels which in severe cases of anemia were increased up to 1,000-fold
[98]. In isolated nuclei from kidneys from hypoxic vs normal animals, Epo mRNA
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levels increased substantially with hypoxia (reduced O;) in a short time-frame
(24 h) [99] and rapidly declined following introduction of normal O, levels. The
increased Epo production was due to a logarithmic increase in the number of cells
producing Epo in the renal cortex of bled mice as the degree of hypoxia increased
and not to the rate/cell in these cells which appeared constant [10]. The increased
response to hypoxia is blunted if Epo-producing cells are lost (e.g., due to kid-
ney disease) or have compromised ability to sense reduced O, levels explaining the
anemia associated with progressive kidney disease.

The mechanism by which hypoxia upregulates Epo production is now partially
understood. Hypoxia inducible factor (HIF) is a transcription factor that binds to a
hypoxia response element (HRE) found in certain genes thereby stimulating mRNA
synthesis from them [100, 101]. Homologs of HIF (HIF-1a, HIF-2a, HIF-3a) each
form a heterodimer composed of an oxygen-sensitive HIFa and a constitutive HIF-
1P [102]. HIF-2a is thought to play the dominant role in regulation of EPO gene
transcription. HIF is expressed constitutively but its levels are controlled by rapid
O,-dependent degradation. Degradation of HIF-a is triggered when it is hydroxy-
lated at specific prolines within an oxygen degradation domain by an O-dependent
enzyme, HIF-prolyl hydroxylase; HIF-PH [103—-106]. Such hydroxylation triggers
an association of the hydroxylated HIF with the von Hippel-Lindau protein (VHL),
which promotes ligation with ubiquitin and subsequent degradation by the protea-
some [106-108]. Thus at low levels of Oy, HIF accumulates due to reduced activity
of HIF-PH, resulting in increased eEpo synthesis. At increased O tension, how-
ever, HIF levels decline rapidly due to increased HIF-PH activity (within minutes)
resulting in a rapid halt in Epo synthesis.

Control of Epo Levels — Clearance

In adult and pediatric patients with CKD, the elimination half-life of epoetin alfa
administered intravenously (IV) ranged from 4 to 13 h [109], similar to that reported
for eEpo (5 h) [110]. Subcutaneous (SC) administration resulted in slower absorp-
tion, with peak plasma levels achieved after 5-24 h. Peak plasma levels were lower
than that observed with IV administration (5-10%) with an apparent extended f/,
(~20-25 h) [111, 112]. This clearance profile is known as “flip—flop pharmacoki-
netics” [113], where the rate of absorption is slower than the rate of elimination. In
the case of rHuEpo, absorption is rate limiting and the increased apparent half-life
after SC dosing reflects the absorption rather than elimination rate.

Bioavailability estimates for SC rHuEpo range from about 20 to 40%, suggest-
ing a substantial loss of material during transport from the interstitial space to
the lymphatic system and blood [109]. The pharmacokinetic (pk) characteristics of
rHuEpo in healthy volunteers appear similar or comparable to those in several other
populations, including chronic kidney disease, liver cirrhosis, and myelodysplastic
syndrome patients.
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In contrast to rHuEpo, darbepoetin alfa has an extended serum half-life [91].
Following IV administration in hemodialysis patients, the serum half-life of darbe-
poetin alfa was roughly threefold longer than that observed with epoetin alfa (25
vs 8.5 h) [92]. With SC administration, darbepoetin alfa concentrations peaked at
34-58 h post-dose and the serum half-life was extended approximately twofold
compared to IV administration. A later study that examined pk parameters in CKD
patients following SC administration at extended times reported a mean terminal
serum half-life of 70 h [114]. The mean terminal half-life of darbepoetin alfa admin-
istered SC in cancer patients treated with chemotherapy was also approximately 70 h
[115] and was comparable in pediatric patients with CIA [116].

The mean #1» of PEG-epoetin beta was 134 h in patients receiving peritoneal
dialysis when administered IV [94]. Unlike rHuEpo and darbepoetin alfa, the
terminal half-life when administered SC was similar; PEG-epoetin beta did not
display “flip—flop” pharmacokinetics. Bioavailability of PEG-epoetin beta was 52%
suggesting that IV administration may be the more efficient route.

The mechanism by which ESAs are cleared has been studied. Clearance of ESAs
was first thought to be mediated primarily by liver hepatocytes through an asialo-
glycoprotein receptor (ASGR) [117, 118] or through the kidney [63, 119]. But
these conclusions were not supported by other studies [120—122]. Binding of Epo
to EpoR can lead to cellular internalization and degradation [123, 124] suggest-
ing that Epo receptor-mediated uptake and metabolism may affect clearance. An
engineered rHuEpo analog (NM385) that was devoid of detectable receptor binding
but retained similar structure and carbohydrate content to rHuEpo was constructed
and its clearance properties were examined [125]. In rodents NM385 had a slightly
longer terminal half-life but similar clearance compared with rHuEpo, suggesting
that ESAs may be cleared to some degree through this pathway but this may not be
the only or dominant one.

Other studies suggested clearance may be via metabolism in tissue. Indeed, the
lymphatic system is thought to play an important role in the reduced bioavailability
after subcutaneous administration of proteins [126]. Degraded, but little intact, dar-
bepoetin alfa was found in tissues following administration to rats suggesting that
darbepoetin distributed to tissue where it was degraded [127, 128]. Thus clearance
of Epo may occur by diffusion from the blood to the interstitium where metabolism
occurs, such as by cells involved in the reticuloendothelial scavenging pathway or
lymphatic system.

PEGylated epoetin beta and darbepoetin alfa have reduced receptor-binding
activity suggesting that the effect of PEG and additional carbohydrate on clear-
ance may be due to reduced Epo receptor-mediated endocytosis and degradation.
However, PEGylated rHuEpo and PEGylated NM385 (that lacks receptor-binding
activity) both had similar clearance properties [125], suggesting that EpoR-
mediated clearance is minimally impacted by hyperglycosylation or PEGylation.
Hyperglycosylated and PEGylated ESAs have other biophysical characteristics
such as increased hydrodynamic size. Thus a more likely possibility is that these
ESAs have larger hydrodynamic size that reduces transport from the blood to the
interstitial fluid where degradation takes place.
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Pharmacodynamics

In cell culture with hematopoietic cells obtained from bone marrow or peripheral
blood, there is an increase in number of colonies that grow in semisolid medium
with increasing concentration of Epo. The rate of growth of individual cells appears
relatively constant indicating that increasing concentrations of Epo support growth
and survival of increasing numbers of progenitor cells. At concentrations above
approximately 1 unit/mL, no additional colony growth occurs [69]. Normal circu-
lating levels of Epo are ~10-30 mU/mL [129]. In healthy subjects, this level is
sufficient to produce enough RBCs to maintain a normal hematocrit and increased
Epo concentrations result in an increase in rate of erythropoiesis [69, 130, 131].

In patients with CKD, production of erythropoietin is impaired, and this is the
primary cause of their anemia [52, 130]. “Replacement therapy” by administra-
tion of ESAs can stimulate erythropoiesis and raise hemoglobin levels in these
patients. The rate of hematocrit increase varies among patients and is dependent
upon the dose of epoetin alfa, within a therapeutic range of approximately 50-300
U/kg 3 times weekly. A greater biologic response is not typically observed at higher
doses [130]. Other factors affecting the rate and extent of response include availabil-
ity of iron stores, the baseline hematocrit, and the presence of concurrent medical
problems.

Patients with cancer also can have anemia either due to the disease itself or due to
the effects of chemotherapy. In these patients, the level of circulating Epo is insuf-
ficient for the degree of anemia. The response in these patients to rHuEpo varies
and incomplete response is attributed to insufficient iron levels or to the inhibition
of erythropoiesis caused by elevated levels of inflammatory cytokines that inhibit
erythropoiesis [132, 133].

RHuEpo administered to CKD patients showed a modest increase in the rate
of erythropoiesis with increasing doses of Epo (~fourfold) [130]. However, this
change was relatively small compared to the changes in circulating Epo con-
centrations that occur with severe anemia (~1,000-fold increase) [129]. Indeed,
administration of rHuEpo to animals can result in peak serum concentrations that
are substantially above that associated with maximal rates of erythropoiesis, yet at
high doses there is a dose-dependent increase in final Hb levels. These observations
indicate that Epo concentration level per se is not the primary driver of enhanced
erythropoiesis in this setting. Instead, the magnitude of increase in RBC concentra-
tion is primarily controlled by the length of time Epo concentrations are maintained
at higher levels, and increased starting concentrations of Epo result in a prolonged
time that concentration is above a threshold. Darbepoetin alfa, a novel ESA with
a prolonged serum half-life that has increased in vivo potency compared to faster
clearing ESAs, exploits this association [69, 90].

The effect on hematocrit of rHuEpo administration is prolonged compared to the
exposure time of ESAs due to the disproportionate relationship between rHuEpo
serum half-life and RBC lifespan. Administration of rHuEpo results in circulating
levels above baseline that can last for 2—4 days. This time period is comparable to
the lifespan of reticulocytes (¢12=1-5 days) [134, 135] but short compared to the
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lifespan of RBCs (100-120 days) [3]. Thus, a short duration of increased rHuEpo
exposure results in a prolonged increase in RBC concentration. This observation
is exploited in clinical settings where intermittent dosing schedules can increase or
maintain Hb levels for extended time periods. Dose and dosing schedule are deter-
mined according to both pk—PD parameters as well as patient and physician practice
patterns. For example, patients on hemodialysis present to the clinic 2-3 times/week
and may be dosed on each visit with an ESA.

In patients with CIA, administration of rHuEpo is typically 2-3 times/week or
1 time/week according to pk and PD parameters. However in this setting, patients
typically present to the clinic on a 3—4 week schedule which is the time between
chemotherapy sessions. Darbepoetin alfa with an extended serum half-life is indi-
cated for reduced frequency of administration compared to epoetin alfa allowing
ESA administration to more closely match office visits.

Nonhematopoietic Effects of Epo

ESAs were reported to promote proliferation or survival of nonhematopoietic cells
and show benefit to various ischemic insults in organs such as heart, kidney, and
brain. The effect was reportedly due to an interaction of Epo with Epo recep-
tors expressed on those cells [136]. The possibility that nonhematopoietic tumor
cells expressed EpoR and responded to Epo raised concerns about the use of
ESAs in patients with cancer [137]. While these proposals have its proponents, the
hypothesis is controversial.

EpoR mRNA was detected in nonerythroid tissues using sensitive RT-PCR
methodologies. The significance of this observation is unclear because most RT-
PCR experiments were nonquantitative, and those that were quantitative showed that
EpoR expression in nonhematopoietic cells ranged from 10-fold to 1,000-fold lower
than in cells known to bind or respond to Epo [24, 28, 138—141]. The studies that
reportedly detected EpoR protein in nonhematopoietic cells were based largely on
antibodies that were shown to be nonspecific; they did not distinguish between EpoR
positive and negative cells in IHC experiments and the EpoR protein in Western
immunoblotting experiments was often misidentified [23, 138, 142—144].

The possibility that Epo affected growth or survival of nonerythroid hematopoi-
etic cells is inconsistent with the minimal change in circulating nonerythroid cell
counts when Epo was administered to normal animals and humans [145, 146].
Furthermore, mice that were engineered to express EpoR exclusively in hematopoi-
etic cells showed normal size and development [147]. The notion that rHuEpo
promoted survival of ischemic insult in the brain was not fully supported by pk
studies showing that rHuEpo was poorly transported into the brain [148, 149].
Some studies using in vitro cell culture systems showed putative activation of sig-
naling, stimulation of in vitro proliferation, or increased survival of tumor cells
or cell lines following ESA addition. However, the effects were generally mod-
est, were compromised by methodological issues, and many studies from other
investigators demonstrated no effect of ESAs [138, 150, 151]. Studies examining
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growth-promoting activity of tumor cells by ESAs in animal models almost univer-
sally saw either no effect or reported a decrease in tumor cell growth in the ESA
arm of the studies [151].

The tissue protective effects reportedly due to ESA administration may be indi-
rect. For example, Katavetin argued that the beneficial effect of ESA administration
was not explained by a reduction in apoptosis due to EpoR activation by ESAs
but alternatively due to a decrease in oxidative stress [152]. Thus the enhanced
erythropoiesis due to ESA administration may reduce oxidative stress through
increased mobilization of iron from tissues into the erythron [153]. Additional work
is necessary in this area to test and confirm the various hypotheses.

Conclusion

Before the availability of rHuEpo, the methods to treat anemia were limited to trans-
fusion with its associated problems, or administered iron or steroids which were
largely ineffective by themselves. The cloning of the Epo gene allowed commer-
cial production of rHuEpo and new ways to treat patients with anemia. Second
generation molecules with a longer serum half-life, such as darbepoetin alfa, were
discovered and developed providing additional physician and patient convenience.
Experiments with rHuEpo also allowed an enhanced understanding of anemia, the
mechanisms by which Epo functions and how Epo levels are controlled through both
synthesis of Epo and its clearance. Scientists continue to provide advances which
should provide increased understanding of these processes and further advance our
ability to treat patients.
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