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 INTRODUCTION

Hematopoiesis is an intricate, well-regulated, and 
homeostatic multistep process that allows immature 
precursor cells in the bone marrow to proliferate, dif-
ferentiate, mature, and become functional blood cells 
that transport oxygen and carbon dioxide; contribute to 
host immunity; and facilitate blood clotting. In the early 
1900s, scientists recognized the presence of circulating 
factors that regulate hematopoiesis. It took approxi-
mately 50 years to develop in vitro cell culture systems 
in order to definitively prove that the growth and sur-
vival of early blood cells require the presence of specific 
circulating factors, called hematopoietic growth factors 
(HGF). The presence of many HGF with different tar-
gets at extremely small amounts in blood, bone mar-
row, and urine confounded the search for a single HGF 
with a specific activity. Scientific progress was slow 
until it became possible to purify sufficient quantities to 
evaluate the characteristics and biologic potential of the 
isolated materials. The introduction of recombinant 
DNA technology triggered a flurry of studies and an 
information explosion, which confirmed hematopoiesis 
is mediated by a series of HGF that acts individually 
and in various combinations involving complex feed-
back mechanisms. Today, many HGF have been iso-
lated; some have been studied extensively, and a few 
have been manufactured for clinical use.

Different mature blood cells have been identified, 
each derived from primitive hematopoietic stem cells 
in the bone marrow. The most primitive pool of plu-
ripotent stem cells comprises approximately 0.1% of 
the nucleated cells of the bone marrow, and 5% of these 
cells may be actively cycling at a given time. The stem 
cell pool maintains itself, seemingly without extensive 
depletion, by asymmetrical cell division. When a stem 

cell divides, one daughter cell remains in the stem cell 
pool and the other becomes a committed colony- 
forming unit (CFU). The CFU proliferates at a greater 
rate than the other stem cells and are more limited in 
self-renewal than pluripotent hematopoietic stem cells. 
Proliferation and differentiation are regulated by dif-
ferent mechanisms that necessarily involve HGF, 
which eventually convert the dividing cells into a pop-
ulation of terminally differentiated functional cells 
committed to the myeloid or the lymphoid pathway. 
Functional hematopoietic-derived blood cells from the 
myeloid pathway are red blood cells (erythrocytes), 
granulocytes (neutrophils, eosinophils, and basophils), 
monocytes and macrophages, tissue mast cells, and 
platelets (thrombocytes). Cells committed to the lym-
phoid pathway give rise to B- or T-lymphocytes and 
plasma cells.

Most HGF are glycosylated single-chain polypep-
tides encoded by a specific gene. Production of a 
recombinant HGF protein is accomplished by first 
identifying and isolating the particular HGF gene cod-
ing region, inserting the HGF DNA into a plasmid, and 
then expressing the recombinant growth factor protein 
in a biologic system (e.g., bacteria, yeast, or mamma-
lian cells). The carbohydrate content of HGF varies by 
the particular protein and production method, which 
affects not only the molecular weight of the glycopro-
tein, but potentially the specific biologic activity and 
the circulating half-life as well. For these reasons why 
the recombinant copies of HGF proteins cannot be 
exactly identical to the original HGF protein, however, 
they might become biosimilars of the original HGF 
protein. An extensive review of the characteristics of 
the biosimilar products has been recentaly published 
(Schellekens et al. 2016). In addition, a summary of the 
HGF and their activities is provided in Table 24.1.

This chapter focus on reviewing the molecular 
structure, mechanism of action, pharmacokinetics and 
pharmacodynamics, clinical indications, and adverse 
events of HGF proteins stimulating erythropoiesis, 
granulopoiesis and thrombopoiesis. The  common phar-
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macokinetic and pharmacodynamic features across the 
HGF are presented in detail for erythropoietin- 
stimulating agents (ESA), and then briefly discussed for 
other HGF.  In this context, the existence of flip-flop 
pharmacokinetics justifying efficiency of the subcuta-
neous administration relative to the intravenous admin-
istration, as well as the concentration- dependent 
disposition mediated by its binding to the target recep-
tor and the time-dependent pharmacokinetics, conse-
quence of its pharmacodynamic action extending the 
receptor pool over time, are common features of the 
recombinant proteins targeting the receptors for eryth-
ropoietin, G-CSF and thrombopoietin.

 ERYTHROPOIESIS-STIMULATING AGENTS

Erythropoietin (EPO) is a 30.4  kDa glycoprotein hor-
mone secreted by the kidneys in response to tissue 
hypoxia, which stimulates red blood cell (RBC) pro-
duction. EPO requires glycosylation to regulate eryth-
rocyte production by activating the EPO receptor 
(EPOR) and stimulating the proliferation and differen-
tiation of erythrocytic progenitors in the bone marrow, 
which leads to reticulocytosis, erythrocytosis and the 
increase of hemoglobin concentration in the blood. The 
gene that encodes EPO is located on chromosome 7. 
The cloning of the EPO gene in the early 1980s allowed 
for the development of recombinant erythropoietins 
and analogs (erythropoiesis-stimulating agents 
[ESAs]), offering an alternative to transfusion as a 
method of raising hemoglobin levels that has been suc-
cessfully used for over 25 years to treat anemia in mil-
lions of anemic patients.

Epoetin alfa (Epogen®), the first commercial form 
of recombinant human erythropoietin (rHuEPO) mar-
keted in the USA, EU, Japan, and China, and epoetin 
beta (Recormon®, NeoRecormon®), marketed outside 
of the USA, are both expressed in Chinese hamster 
ovary cells. Both have the same 165 amino acid 

sequence, which is identical to human EPO, and con-
tain two disulfide bonds and three N-linked and one 
O-linked sialic acid-containing carbohydrate chains 
(Halstenson et al. 1991) and lead to the same biological 
effects as endogenous EPO (Egrie et  al. 1986). No 
important differences in clinical efficacy are apparent 
between epoetin alfa and beta (Jelkmann 2000). 
Darbepoetin alfa (Aranesp®) is a hyperglycosylated 
erythropoietin analog with five amino acid changes 
and two additional N-linked carbohydrate chains, 
which has the same mechanism of action as EPO (Elliott 
et al. 2004a). However, darbepoetin alfa has a threefold 
increased serum half-life (Macdougall et al. 1999; Elliott 
et  al. 2003; Sinclair and Elliott 2005) and increased 
in vivo potency (Egrie et al. 2003), allowing for more 
convenient modes of administration, including 
extended dosing intervals (Vansteenkiste et  al. 2002; 
Nissenson et  al. 2002) up to monthly dosing as 
described in the US label. It is marketed globally and 
is indicated to treat the anemia of patients with chronic 
kidney disease and chemotherapy- induced anemia in 
cancer patients.

A large methoxy polyethylene glycol (PEG) poly-
mer chain was integrated into the epoetin beta mole-
cule via amide bonds between either the N-terminal 
amino group or the ε-amino group of lysine by means 
of a succinimidyl butanoic acid linker (Macdougall 
2005). The resulting pegylated epoetin beta molecule 
has been marketed as Mircera® to treat the anemia of 
patients with chronic kidney disease (CKD), but its 
clinical development as treatment for chemotherapy- 
induced anemia was stopped (Gascon et al. 2010). The 
pegylated epoetin beta stimulates erythropoiesis by 
binding to EPOR; however, the EPOR binding affinity 
is reduced (Jarsch et al. 2008). This biologic disadvan-
tage is counterbalanced with an extended half-life in 
humans, which allows for extended dosing intervals in 
CKD patients (Chanu et al. 2010), similar to the dosing 
interval of darbepoetin.

Factor Molecular weight (kDa) Target cells Actions
Erythropoietin (EPO) 34–39 Erythroid progenitors Increase red blood cell counts

Granulocyte colony-stimulating 
factor (G-CSF)

18 Granulocyte progenitors and 
mature neutrophils

Increase neutrophil counts

Granulocyte-macrophage 
colony-stimulating factor 
(GM-CSF)

14–35 Granulocyte-macrophage 
progenitors and eosinophil 
progenitors

Increase neutrophil, eosinophil, 
and monocyte counts

Stem cell factor (SCF) 18 Granulocyte-erythroid 
progenitors, lymphoid 
progenitors, and natural killer 
cells

Increase pluripotent stem cells 
and progenitor cells for all other 
cell types

Thrombopoietin (TPO) 35 Stem cells, megakaryocytes, and 
erythroid progenitors

Increase platelet counts

Table 24.1 ■ Hematopoietic growth factors and their activities
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Five rHuEPO biosimilars manufactured by two 
companies have been approved in the EU. Abseamed®, 
Binocrit® and Epoetin alfa HEXAL® all produced by 
Rentschler Biotechnologie GmbH, but marketed by 
three different companies, are epoetin alfa biosimilars 
of the reference product Eprex®. Comparable safety 
and efficacy between these three biosimilars and 
Eprex® was demonstrated in randomized controlled 
trials in hemodialysis patients with renal anemia. 
Although the EMA regulatory guidelines for rHuEPO 
biosimilars recommend that comparable efficacy and 
safety are demonstrated with two randomized trials in 
the nephrology setting, these biosimilars were 
approved based on a single nephrology trial. Two 
additional biosimilar versions of Eprex®, Retacrit® and 
Silapo® are manufactured by Norbitec GmbH, under 
the international nonproprietary name (INN) of epoe-
tin zeta. The comparability of epoetin zeta to Eprex® 
was demonstrated in two randomized clinical trials, a 
correction phase study and a maintenance phase study, 
involving hemodialysis patients with renal anemia. In 
the correction phase study, the comparability between 
epoetin zeta and Eprex® over the evaluation period 
was demonstrated for mean hemoglobin levels, but not 
for mean dose. Similar results were reported in the 
maintenance phase study, suggesting a possible differ-
ence in the bioactivity of epoetin zeta and Eprex®. Data 
from studies in cancer patients receiving chemother-
apy and treated with epoetin alfa biosimilars and epo-
etin zeta were also submitted for approval, but these 
studies were not adequately powered to demonstrate 
therapeutic equivalence to the reference product in this 
patient population. However, epoetin alfa biosimilars 
and epoetin zeta were approved in EU for indications 
in renal anemia, chemotherapy-induced anemia and 
for pre-donation of blood prior to surgery for autolo-
gous transfusion (Schellekens and Moors 2010). 
Retacrit® was approved in May 2018 in the US for the 
treatment of anemia caused by chronic kidney disease, 
chemotherapy or use of zidovudine in patients with 
HIV infection.

 ■ Regulation of Erythropoietin
The primary site of EPO synthesis in adults is the peri-
tubular cells of the kidney (Jelkmann 2000; Jelkmann 
1992). The liver is a secondary site of EPO production, 
with synthesis occurring in both hepatocytes and fibro-
blastoid interstitial cells (Spivak 1998). No preformed 
stores of EPO exist, and serum EPO concentrations are 
maintained at a constant concentration by homeostatic 
turnover, which consists of the basal production and 
elimination of the hormone (Fisher 2003). Within a 
healthy individual, the serum EPO concentration tends 
to be controlled tightly; however, large interindividual 
variability is evident from the normal range, 5–35 IU/L 

(Fisher 2003). Maintenance of normal serum concentra-
tions of endogenous EPO requires the synthesis of 
about 2–3 IU/kg/day, or approx. 1000–1500 IU/week 
for a 70-kg man. Sex differences and regular-to- 
moderate athletic training do not appear to affect 
endogenous EPO serum concentrations. The blood 
flow in the kidney has a circadian rhythm in normal 
individuals; therefore, the endogenous production of 
EPO has diurnal variations with the highest levels in 
the evening and at night (Wide et al. 1989).

The overexpression of EPO occurs in a number of 
adaptive and pathologic conditions. In response to 
acute hypoxic stress, such as severe blood loss or 
severe anemia, EPO production rate can increase 100- 
to 1000- fold. Numerous studies have shown an expo-
nential increase in serum EPO, with increasing degrees 
of anemia, although the maximal bone marrow 
response to such stimulation is only a four to sixfold 
increase in RBC production rate (Jelkmann 2000). 
Overproduction of EPO with accompanying erythro-
cytosis may be an adaptive response to conditions that 
produce chronic tissue hypoxia, such as living at high 
altitude, chronic respiratory diseases, cyanotic heart 
disease, sleep apnea, smoking, localized renal hypoxia, 
radiotherapy, or hemoglobinopathies with increased 
oxygen affinity. Paraneoplastic production of EPO 
from some tumors and cysts can also result in high 
serum concentrations of EPO. Following bone marrow 
ablation, aplastic anemia, or anemia in patients with 
hypoplastic marrows, serum EPO levels are dispropor-
tionately increased relative to slightly decreased hemo-
globin levels. Conversely, individuals with hyperactive 
marrow owing to hemolytic anemia had dispropor-
tionately low serum EPO levels and rapid EPO serum 
disappearance.

In chronic kidney disease, up to 60% of patients 
have hemoglobin concentrations below 11 g/dL before 
beginning dialysis (Jungers et al. 2002). Multiple mech-
anisms contribute to the low hemoglobin levels (Fisher 
2003), but the most important is the inability of the dis-
eased kidneys to produce an appropriate EPO response 
for the given degree of anemia or an inability to meet 
the increased RBC demands of uremic patients 
(Adamson and Eschbach 1990). In addition, the uremic 
state itself appears to blunt the bone marrow response 
to EPO (Fisher 2003). It is of interest that serum EPO 
concentrations in chronically anemic dialysis patients 
increase to some extent in response to acute hypoxic 
stress (from either acute bleeding or systemic hypox-
emia), suggesting that kidney failure does not result in 
a complete inability to produce EPO (Kato et al. 1994).

In cancer patients, anemia is of multifactorial eti-
ology (Fisher 2003), and there are three distinct types of 
anemia: cancer-related anemia (nontreatment related), 
anemia related to myelosuppressive chemotherapy, 
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and anemia related to other causes such as bleeding, 
nutritional deficiency, or iron deficiency, among others. 
As with other anemias of chronic disease, including 
those associated with chronic infection and inflamma-
tory disorders, the anemia of cancer is characterized by 
a decreased production of endogenous EPO (Miller 
et al. 1990), cytokine-induced suppression of bone mar-
row function, disordered iron absorption and metabo-
lism (Bron et  al. 2001), and decreased erythrocyte 
survival. In the anemia related to chemotherapy treat-
ment, the amount of endogenous EPO transiently 
increases up to sixfold within the 48 h after the admin-
istration of chemotherapy and returns to baseline 
within a week (Glaspy et al. 2005). After myeloablative 
chemotherapy, severe thrombocytopenia and bleeding 
might contribute to a significant loss of RBC. Finally, 
the anemias associated with infant prematurity, preg-
nancy, allogeneic bone marrow transplantation, and 
HIV infection are often characterized by inappropri-
ately low EPO concentrations (Spivak 1998).

 ■ Pharmacokinetics
 Absorption
After subcutaneous (s.c.) dosing of rHuEPO, its absorp-
tion is slow, leading to peak serum concentrations at 
5–30  h and a longer terminal half-life (24–79  h) than 
that obtained after intravenous (i.v.) administration 
(McMahon et al. 1990). These results indicate the pres-
ence of flip-flop pharmacokinetics, where the rate of 
absorption is slower than the rate of elimination. Thus, 
the absorption process is the rate limiting process for 
its disposition, and the observed terminal half-life after 
s.c. dosing reflects the absorption rate rather than elim-
ination rate.

Following s.c. administration, protein therapeu-
tics, including the marketed recombinant HGF pro-
teins, typically enter into the systemic circulation via 
the blood capillaries or the lymphatic system (Porter 
and Charman 2000; McLennan et  al. 2006). The lym-
phatic system is considered to be the primary route of 
absorption from the s.c. injection site for protein thera-
peutics greater than 16 kD due to the restricted vascu-
lar access afforded by the continuous endothelial layer 
of blood capillaries (Supersaxo et  al. 1990). In both 
healthy subjects and cancer patients, the fraction of 
dose absorbed via the lymphatics is about 80–90% and 
increases at doses higher than 300  IU/kg (Olsson- 
Gisleskog et al. 2007; Ait-Oudhia et al. 2011; Krzyzanski 
et al. 2005; Ramakrishnan et al. 2004). The s.c. absorp-
tion rates of rHuEPO vary according to the administra-
tion site, with a more rapid and extensive absorption 
when injected into the thigh compared with the abdo-
men or arm (Jensen et al. 1994). This relatively small 
difference is most likely reflecting regional differences 
in blood and lymph flow, and not considered to be clin-

ically relevant as the pharmacodynamic profile (i.e., 
reticulocytes time course) did not evidence any differ-
ence across the site of administration. Small differences 
in the absorption due to the administration site has 
been also observed for other HGF, such as G-CSF and 
romiplostim, but they are of limited clinical relevance.

The s.c. absorption of darbepoetin alfa in humans 
is also slow, with peak concentrations reached at 
34–58 h post-dose, followed by a generally monophasic 
decline. Similarly to rHuEPO, darbepoetin alfa also 
displays flip-flop pharmacokinetics, with a longer ter-
minal half- life after s.c. dosing than after i.v. dosing 
(Agoram et  al. 2007). The mean terminal half-life of 
darbepoetin alfa, 73 h, is associated with large variabil-
ity between patients, consistent with the variability 
observed for other ESAs (Glaspy et al. 2005). The mean 
absorption time of darbepoetin alpha is 56 h, substan-
tially longer than the mean absorption time reported 
for rHuEPO (Olsson-Gisleskog et al. 2007).

The reported 20–30% reduction in the darbepoe-
tin alfa absorption rate per decade of age (Agoram 
et al. 2007) is consistent with the estimated effect of age 
on the rHuEPO absorption rate in healthy subjects 
(Olsson-Gisleskog et al. 2007) and cancer patients (Ait- 
Oudhia et  al. 2011) and reflects the longer terminal 
half-life and the larger exposure to both drugs in older 
patients. It has been hypothesized (Agoram et al. 2007) 
that the age-dependent reduction in lymphatic flow 
rate could be the physiological reason behind this rela-
tionship, as it has also been reported for monoclonal 
antibodies administered by s.c. route (Sutjandra et al. 
2011; Kakkar et al. 2011). The data available also sug-
gest that the pharmacokinetic profile of rHuEPO and 
darbepoetin alfa after s.c. administration is similar in 
adults and children; however, s.c. absorption in chil-
dren may be more rapid than in adults for both drugs 
(Heatherington 2003).

 Bioavailability
Initial bioavailability estimates for rHuEPO after s.c. 
administration range from about 15 to 40% and are 
similar for epoetin alfa and beta (Deicher and Horl 
2004). When the pharmacokinetics of s.c. rHuEPO and 
darbepoetin alfa were studied over a wider dose range 
in healthy volunteers and the rHuEPO nonlinear clear-
ance was accounted for, exposure was found to increase 
more than proportional with dose (Olsson- Gisleskog 
et al. 2007; Agoram et al. 2007; Cheung et al. 1998, 2001). 
The s.c. bioavailability of darbepoetin alfa increases 
from 57 to 69% when the 200 μg dose is increased up to 
400  μg, while the s.c. bioavailability of rHuEPO 
increases from 54 to 65% when the 40 kIU dose is 
increased up to 80 kIU.  The apparent increase in s.c. 
bioavailability with dose of ESA might indicate satu-
rable pre-systemic processes. Nevertheless, despite the 
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apparent low bioavailability, s.c. administration of ESA 
has been reported to produce equivalent or better effi-
cacy relative to i.v. administration, although there is a 
wide range of inter-patient variability (Kaufman et al. 
1998). The flip-flop kinetics, together with the increase 
in absolute bioavailabitlity following s.c. dosing, 
results in a substantial increase in the efficiency of the 
ESA s.c. administration relative to i.v. administration. 
This phenomenon has been also reported for the G-CSF 
agonists (filgrastim, lenograstim and pegfilgrastim) as 
well as the c-Mpl agonist (romiplostim).

 Distribution
During i.v. infusion, serum rHuEPO and darbepoetin 
alfa concentrations rise rapidly and then decline in a 
bi-exponential manner (Olsson-Gisleskog et  al. 2007; 
Doshi et al. 2010). The peak serum rHuEPO and darbe-
poetin alfa concentrations correlate linearly with dose. 
A rHuEPO dose of 50 IU/kg produces concentrations 
of about 1000 mIU/mL 15 min after the end of the infu-
sion, while a darbepoetin alfa dose of 0.75 μg/kg gen-
erates serum concentrations of about 10–20  ng/mL 
after the end of the infusion (Doshi et  al. 2010). As 
expected from its large molecular weight, the volume 
of distribution of rHuEPO is similar to the plasma vol-
ume (40–60  mL/kg), suggesting confinement of 
rHuEPO within the plasma circulation (McMahon 
et al. 1990; Olsson-Gisleskog et al. 2007). The data avail-
able also suggest that the volume of distribution, nor-
malized by body weight, in adults and children is 
similar after i.v. administration of rHuEPO and darbe-
poetin alfa. These results are also consistent with the 
findings observed for the G-CSF agonists (filgrastim, 
lenograstim and pegfilgrastim) as well as the c-Mpl 
agonist (romiplostim).

 Elimination
Despite the long clinical experience with ESAs, the 
mechanism(s) of their clearance have not been fully 
elucidated, and there is a paucity of information 
regarding which organ(s) and tissue(s) are important 
in the metabolism of these drugs. Two ESA clearance 
pathways have been suggested to explain ESA elimina-
tion: (1) a capacity-limited clearance pathway utilizing 
EPO receptor-mediated endocytosis by erythroid pro-
genitor cells and (2) a EPOR-independent linear clear-
ance reflecting other mechanism(s). In vivo studies 
demonstrate that the kidney, liver, and lymph exert a 
negligible effect on in  vivo EPOR-independent clear-
ance. Clearly our understanding of the nature of the 
EPOR-independent clearance pathways is incomplete. 
However, it is important to recognize that renal excre-
tion and hepatic metabolism of ESAs plays a minor 
role in their elimination and altered renal or hepatic 
function does not warrant dose adjustments. Notably, 

the presence of two clearance pathways also deter-
mines the elimination of the G-CSF agonists (filgrastim 
and lenograstim) as well as the c-Mpl agonist 
(romiplostim).

An investigation of the trafficking and degrada-
tion of rHuEPO by EPOR-expressing cells (BsF3) in cell 
culture found that rHuEPO was subjected to EPO 
receptor-mediated endocytosis followed by degrada-
tion in lysosomes (Gross and Lodish 2006). The 
rHuEPO receptor-binding, dissociation, and traffick-
ing properties affected the relative rate of rHuEPO cel-
lular uptake and intracellular degradation (Walrafen 
et al. 2005). About 57% of surface-bound rHuEPO was 
internalized (kin = 0.06 min−1) and, after internalization, 
60% of the ligand was recycled intact to the cell surface, 
while 40% was degraded. In spite of the in vitro results 
suggesting the role of EPOR on ESA clearance, the 
in vivo evidence is indirect and mostly arises from che-
motherapy studies in patients treated with rHuEPO 
and darbepoetin alfa (Chapel et  al. 2001). 
Chemotherapy-based approaches may also affect 
EPOR-independent clearance mechanisms, due to 
destruction of macrophages or neutrophils. The reduc-
tion in the number of these cells may explain, or at least 
contribute to, the decrease in ESA clearance observed 
after chemotherapy treatment.

Studies investigating the pharmacokinetics of 
rHuEPO analogs with different EPOR binding activity, 
suggested that EPOR-independent pathway plays a 
major role in the ESA clearance since decreasing the 
number of receptors with chemotherapy or, blocking 
the EPOR pathway with analogs without binding 
activity, were unable to completely shut down the 
elimination of rHuEPO.  In addition, since pegylation 
has been shown to mainly affect the EPOR-independent 
clearance pathway, EPOR-mediated clearance may not 
be the dominant route of ESA elimination (Agoram 
et al. 2009).

It has been shown that carbohydrate side chains 
of EPO are necessary for persistence and in vivo bio-
logic activity of the molecule, but not for in vitro recep-
tor binding or stimulation of proliferation. Indeed 
rHuEPO molecules with increased sialic acid content 
have less affinity for the EPOR (Sinclair and Elliott 
2005; Elliott et al. 2004b). Darbepoetin alfa is a hyper-
glycosylated analog of rHuEPO, with three to fivefold 
lower affinity for the EPOR compared to rHuEPO 
(Gross and Lodish 2006; Elliott et  al. 2004b), but has 
three to fourfold longer serum half-life and greater 
in  vivo activity than rHuEPO (Egrie et  al. 2003). 
Surface-bound darbepoetin alfa was internalized at the 
same rate than rHuEPO, and after internalization, 60% 
of each ligand was re-secreted intact and 40% degraded 
(Gross and Lodish 2006). While in  vitro experiments 
suggested that relative to rHuEPO, darbepoetin may 
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have reduced clearance in  vivo because of reduced 
EPOR-mediated endocytosis and degradation, darbe-
poetin alfa has other biophysical characteristics, such 
as increased molecular size and decreased isoelectric 
point, suggesting that the reduced clearance might be 
better explained by other mechanisms. In this context, 
studies investigating the pharmacokinetics of rHuEPO 
analogs with different EPOR binding activity suggest 
that hyperglycosylation mainly impacts the EPOR- 
independent clearance pathway, which also supports 
the hypothesis that EPOR-mediated clearance may not 
play a dominant role in ESA elimination (Agoram 
et al. 2009).

A population pharmacokinetic meta-analysis of 
rHuEPO in 533 healthy subjects enrolled in 16 clinical 
studies, where a wide range of i.v. and s.c. rHuEPO 
doses were administered, has helped in quantifying 
the two separate elimination pathways and under-
standing the influence of demographic characteristics 
and other covariates on the pharmacokinetic parame-
ters of rHuEPO (Olsson-Gisleskog et al. 2007). At low 
concentrations, including the endogenous EPO con-
centrations observed at baseline or in ESA-untreated 
states, the nonlinear clearance operates at full capacity, 
giving a total clearance of about 0.9 L/h. As concentra-
tions increase, the nonlinearity of pharmacokinetics 
becomes more important and, at the concentration of 
394 IU/L, the clearance is 0.6 L/h. When the concentra-
tion are above 3546  IU/L, the nonlinear clearance of 
rHuEPO was fully (>90%) saturated and the total clear-
ance decreased to almost one third, being mainly rep-
resented by the linear component. At concentrations 
higher than 3546  IU/L, rHuEPO pharmacokinetics is 
approximately linear. The concentration-dependent 
clearance appears to be independent of the type of 
rHuEPO (epoetin alfa vs. epoetin beta) or population 
(healthy subjects or patients with chronic renal 
failure).

A further indication of the possible involvement 
of EPOR binding in the disposition of rHuEPO can be 
found when investigating the rHuEPO pharmacoki-
netics after multiple dosing. A rHuEPO time- dependent 
clearance, with a 10–30% increase after several weeks 
of treatments with no subsequent changes (McMahon 
et al. 1990; Cheung et al. 1998; Yan et al. 2012) has been 
attributed to the limited number of EPOR located on 
the finite, but expandable, number of bone marrow 
erythroid progenitors. The pharmacodynamic action 
of rHuEPO increases BFU-E and CFU-E cell expansion 
and, consequently, the number of EPOR, which in turn 
results in an increase in rHuEPO clearance, a decrease 
in the apparent volume of distribution and a reduction 
in terminal half-life. The term pharmacodynamic- 
mediated drug disposition (PDMDD) has been coined 
to describe these types of TMDD models where phar-

macodynamics affects the size of the target pool and 
influences the drug clearance, as has been described for 
ESAs. Consequently, the pharmacokinetics of rHuEPO 
is considered nonlinear because it is concentration 
dependent and nonstationary (time-dependent) (Yan 
et al. 2012).

The rHuEPO pharmacokinetic models for healthy 
subjects can be applied to patients with anemia due to 
renal insufficiency; however, it may have limited pre-
dictive value when applied to patients receiving che-
motherapy. The consequences of the chemotherapy 
effect on the pharmacokinetics of rHuEPO in oncology 
patients are derived from the reduced number of EPOR 
available to clear rHuEPO in progenitor cells and the 
reduction of non-EPOR-mediated clearance (Olsson- 
Gisleskog et al. 2007). In cancer patients treated with 
chemotherapy, a correlation between the decline in the 
absolute reticulocyte count and the decrease in the 
clearance of rHuEPO over time has been observed 
(Ait-Oudhia et al. 2011). As a consequence, the rHuEPO 
elimination process becomes slower than the absorp-
tion process, and the flip-flop phenomenon observed 
in healthy subjects disappears when rHuEPO is given 
s.c. to cancer patients receiving chemotherapy (Olsson- 
Gisleskog et  al. 2007; Ait-Oudhia et  al. 2011). 
Furthermore, this phenomenon has clinical implica-
tions with respect to the synchronicity of ESA and che-
motherapy administration, suggesting asynchronous 
dosing might be superior (Glaspy et al. 2005).

 ■ Pharmacodynamics
After rHuEPO is administered, it binds to the EPOR 
on the surface of the BFU-E, CFU-E, and proerythro-
blast and activates the signal transduction pathways. 
CFU-E cells have the highest EPOR density (1000 
receptors per cell) and are the most sensitive to 
EPO.  Experimental data suggest that approximately 
only 5–10% of EPOR must be continuously occupied 
with rHuEPO in order to prevent apoptosis and stim-
ulate proliferation and differentiation of erythroid 
precursors. Then, CFU-Es will differentiate into nor-
moblasts (including proerythroblast, basophilic 
erythroblast, polychromatophilic erythroblast, and 
orthochromatic erythroblast) and, upon normoblast 
denucleation, reticulocytes will be formed and reside 
in the bone marrow for 1 day before they are released 
into the bloodstream, where they circulate for about 
1  day before maturing to erythrocytes. In healthy 
adults, the RBC life span is about 120 days and shows 
a relatively narrow distribution. The RBC life span is 
similar in cancer patients but markedly reduced in 
patients with chronic kidney disease, 60–65  days in 
dialysis patients and 82 days in nondialysis patients, 
with a moderate interindividual variability (Uehlinger 
et al. 1992; Chanu et al. 2010).
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Previous studies have demonstrated that highly 
glycosylated rHuEPO has increased in vivo biological 
activity and serum half-life, but decreased receptor 
binding affinity (Egrie and Browne 2001). Given these 
relationships, a comparison of clearance among differ-
ent ESAs has to be interpreted in conjunction with 
EPOR binding affinity and/or in  vivo activity. 
Darbepoetin alfa stimulates erythropoiesis by the same 
mechanisms as those previously discussed for endog-
enous EPO and rHuEPO. In vitro, the affinity of darbe-
poetin alfa for the EPOR is one third to one fifth of the 
rHuEPO affinity (Gross and Lodish 2006); however, the 
increase in mean residence time of darbepoetin alfa 
results in a prolonged period above an erythropoietic 
threshold that more than compensates for the reduced 
receptor affinity, yielding an increased in vivo activity 
(Elliott et  al. 2003; Egrie et  al. 2003; Krzyzanski et al 
2005).

Different mechanisms have been proposed to 
explain the pharmacodynamic tolerance of the rHuEPO 
effect. Besides the increase in rHuEPO clearance over 
time due to the increase in the number of EPOR, an 
oxygen-mediated feedback mechanism, erythroid pre-
cursor pool depletion, and iron-restricted erythropoie-
sis have been also proposed as tolerance mechanisms 
(Krzyzanski et al. 2005; Ramakrishnan et al. 2004). The 
oxygen feedback mechanism is regulated through an 
oxygen-sensing system: a high hemoglobin level leads 
to an increased oxygen level and eventually inhibits 
the production of endogenous EPO. Erythroid progen-
itor cells are EPO dependent; they cannot survive with-
out EPO.  On the other hand, extensive rHuEPO 
treatment results in anemia due to depletion of the ery-
throid precursor pool (Piron et al. 2001). This anemia is 
not due to low endogenous EPO levels but rather 
exhaustion of erythroid progenitors (Krzyzanski et al. 
2005; Perez-Ruixo et  al. 2009). Furthermore, iron- 
restricted erythropoiesis occurs in the presence of abso-
lute iron deficiency, functional iron deficiency, and/or 
iron sequestration. Absolute iron deficiency is a com-
mon nutritional deficiency in women’s health, pediat-
rics, and the elderly. Functional iron deficiency occurs 
in patients with significant EPO-mediated erythropoi-
esis or therapy with ESAs, even when storage iron is 
present. Iron sequestration, mediated by hepcidin, is 
an underappreciated but common cause of iron- 
restricted erythropoiesis in patients with chronic 
inflammatory disease. It has been shown that iron sup-
plementation improves the hematopoietic response of 
ESAs used for chemotherapy-induced anemia. In 
multiple- dosing regimens, even though the endoge-
nous EPO production might be suppressed, the total 
concentration of EPO is still high, and tolerance may 
occur due to precursor pool depletion and/or iron- 
restricted erythropoiesis. However, the oxygen feed-

back mechanism might be present, especially at the 
end of dosing intervals in regimens that extend longer 
than four rHuEPO half-lives.

 ■ Indications for Cancer Patients and Potential 
Adverse Events

Unless otherwise indicated, the information pertaining 
to ESA indications in cancer patients provided in this 
section is derived from the product prescribing infor-
mation package inserts as well as the National 
Comprehensive Cancer Network for cancer- and 
chemotherapy- induced anemia. ESAs are indicated for 
the treatment of anemia due to the effects of concomi-
tantly administered chemotherapy for a duration of 
≥2  months in patients with metastatic, nonmyeloid 
malignancies. However, ESA treatment is not indicated 
for patients receiving hormonal agents, biologics, or 
radiotherapy, unless they are receiving concomitant 
myelosuppressive chemotherapy. Notably, ESA ther-
apy should not be used to treat anemia associated with 
malignancy or anemia of cancer in patients with either 
solid or nonmyeloid hematological malignancies who 
are not receiving concurrent chemotherapy (Rizzo 
et  al. 2008). Furthermore, ESA treatment is not indi-
cated for patients receiving myelosuppressive therapy 
when the anticipated outcome is cure, due to the 
absence of studies that adequately characterize the 
impact of ESA therapy on progression-free and overall 
survival. ESA therapy is also not indicated for the 
 treatment of anemia in cancer patients due to other fac-
tors such as absolute or functional iron deficiency, 
folate deficiencies, hemolysis, or gastrointestinal bleed-
ing. ESA use in cancer patients has not been demon-
strated in controlled clinical trials to improve symptoms 
of anemia, quality of life, fatigue, or patient 
well-being.

Depending on the clinical situation and the sever-
ity of anemia, red blood cell transfusion could be an 
alternative option to ESA therapy (Rizzo et  al. 2008). 
Otherwise, a s.c. rHuEPO dose of 150  IU/kg three 
times in a week (TIW) or 40 kIU weekly (QW) is recom-
mended to increase hemoglobin and decrease transfu-
sions in patients with chemotherapy-associated anemia 
when the hemoglobin concentration is approaching, or 
has fallen below, 10 g/dL. Alternatively, s.c. rHuEPO 
dose of 80 kIU biweekly (Q2W) or 120 kIU every 
3 weeks (Q3W) can be used as initial dosing because 
these two dosage schedules have not been found to 
have any differences in efficacy with respect to the 
approved TIW and QW dosing schedules. The dose of 
ESA therapy should be titrated for each patient to 
achieve and maintain the lowest hemoglobin level suf-
ficient to avoid the need for blood transfusion. 
Therefore, the TIW s.c. dose of rHuEPO should be 
increased to 300 IU/kg if no reduction in transfusion 
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requirements or rise in hemoglobin after 8  weeks of 
treatment has been observed. Similarly, the QW dose 
should increase to 60 kIU if no increase in hemoglobin 
by at least 1 g/dL after 4 weeks of treatment is observed. 
In addition, if hemoglobin exceeds 11  g/dL, but not 
12 g/dL, the dose should be reduced by 25%. However, 
if hemoglobin exceeds 12 g/dL, therapy should be held 
until hemoglobin falls below 11 g/dL and then restarted 
at a 25% dose reduction. The pediatric dosing guidance 
is based on an initial i.v. dose of 600 IU/kg QW (maxi-
mum 40 kIU). If there is no increase in hemoglobin by 
at least 1 g/dL after 4 weeks of treatment (in the absence 
of RBC transfusion), the rHuEPO dose should be 
increased to 900 IU/kg (maximum 60 kIU) in order to 
maintain the lowest hemoglobin level sufficient to 
avoid RBC transfusion.

The recommended initial s.c. dose of darbepoetin 
alfa is 2.25 μg/kg QW or 500 μg once every 3 weeks 
(Q3W). The initial darbepoetin alfa s.c. dose of 2.25 μg/
kg QW should be increased to 4.5 μg/kg QW if hemo-
globin increase is less than 1  g/dL after 6  weeks of 
treatment. In addition, if hemoglobin increases by 
more than 1 g/dL in any 2-week period or when the 
hemoglobin reaches a level needed to avoid transfu-
sion, the dose should be reduced by 40%. If hemoglo-
bin exceeds a level needed to avoid transfusion, 
therapy should be held until hemoglobin approaches a 
level where transfusions may be required then restarted 
at a 40% dose reduction. A s.c. darbepoetin alfa dose of 
100 μg QW, 200 μg Q2W, or 300 μg Q3W can be used as 
alternative initial dosing since differences in efficacy 
have not been found. If needed, these initial dose levels 
should be increased to 150–200 μg QW, 300 μg Q2W, or 
500 μg Q3W, respectively. At this time the safety and 
efficacy of darbepoetin alfa in children receiving che-
motherapy has not been established.

Although no specific serum rHuEPO level has 
been established which predicts which patients would 
be unlikely to respond to epoetin alfa therapy, treat-
ment is not recommended for patients with grossly 
elevated serum rHuEPO levels (e.g., greater than 200 
mUnits/mL). The hemoglobin should be monitored on 
a weekly basis in patients receiving ESA therapy until 
hemoglobin becomes stable and then at regular inter-
vals thereafter.

Patients with multiple myeloma, especially those 
with renal failure, may benefit from adjunctive ESA 
therapy to treat anemia. Endogenous EPO levels 
should be monitored in order to assist in planning ESA 
therapy. No high-quality, published studies support 
the exclusive use of epoetin or darbepoetin in anemic 
myeloma, non-Hodgkin’s lymphoma, or chronic lym-
phocytic leukemia in the absence of chemotherapy. 
Treatment with chemotherapy and/or corticosteroids 
should be initiated first. If a rise in hemoglobin does 

not result, treatment with epoetin or darbepoetin may 
begin in patients with particular caution exercised with 
chemotherapeutic agents and disease states where the 
risk of thromboembolism is increased. Blood transfu-
sion is also an option (Rizzo et al. 2008). The current 
standard of care for symptomatic anemia in patients 
with myelodysplastic syndrome (MDS) is supportive 
care with RBC transfusion. Patients with serum EPO 
levels less than or equal to 500 IU/L, normal cytogenet-
ics, and less than 15% marrow-ringed sideroblasts may 
respond to relatively high doses of rHuEPO (40–60 kIU 
s.c.TIW) or darbepoetin alfa (150–300  μg QW s.c.). 
Evidence supports the use of epoetin or darbepoetin in 
patients with anemia associated with low-risk myelo-
dysplasia (Rizzo et al. 2008). Supportive care with RBC 
transfusion is the standard of care for symptomatic 
anemia in patients with hematologic malignancies 
(non-Hodgkin’s lymphoma, chronic lymphocytic leu-
kemia). There is insufficient data to recommend ESA 
therapy for patients responding to treatment with good 
prognosis and persistent transfusion-dependent 
anemia.

Iron supplementation improves the hematopoi-
etic response of ESAs used for chemotherapy-induced 
anemia. A recent meta-analysis of randomized, con-
trolled trials, comparing parenteral or oral iron and no 
iron, when added to ESAs in anemic cancer patients, 
evidenced that overall parenteral iron reduces the risk 
of transfusions by 23% and increases the chance of 
hematopoietic response by 29% when compared with 
ESAs alone. On the contrary, oral iron does not increase 
hematopoietic response or transfusion rate. The signifi-
cance of these results is that the proportion of nonre-
sponders to ESAs treated with parenteral iron will 
have strongly improved quality of life and cost amelio-
rated (Petrelli et al. 2012).

Several studies have reported a possible decreased 
survival rate in cancer patients receiving ESA for cor-
rection of anemia. Analyses of eight randomized stud-
ies in patients with cancer found a decrease in overall 
survival and/or locoregional disease control associ-
ated with ESA therapy for correction of anemia with an 
off-label target hemoglobin level greater than 12  g/
dL. These results were confirmed in three recent meta- 
analyses (Bennett et al. 2008; Bohlius et al. 2009; Tonelli 
et  al. 2009) and refuted in other two meta-analyses 
(Ludwig et al. 2009; Glaspy et al. 2010). There are also 
observational data and data from randomized studies 
that show no increase in mortality with ESA use accord-
ing to prescribing label specifically in patients receiv-
ing chemotherapy. In addition, an increased risk for 
thromboembolic events has been reported with ESA 
therapy in cancer patients. Besides the intrinsic risk 
associated with the malignancy itself, the chemother-
apy, and other concomitant factors, results from sev-
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eral meta-analyses established a significant association 
between the increased risk for thrombotic events and 
ESA use, with relative risk point estimates ranging 
from 1.48 to 1.69 (Bennett et al. 2008; Tonelli et al. 2009; 
Ludwig et al. 2009; Glaspy et al. 2010). The increased 
risk for mortality and thrombotic events in cancer 
patients receiving ESA therapy is specified in the black 
box warning included in the FDA label. Seizures and 
antibody-associated pure red cell aplasia (PRCA) have 
occurred in chronic renal failure patients receiving ESA 
therapy. While it is unclear whether cancer patients 
receiving ESA therapy are at risk of seizures and/or 
PRCA, ESA treatments should be closely monitored.

 MYELOID HEMATOPOIETIC GROWTH FACTORS

 ■ Granulocyte Colony-Stimulating Factor (G-CSF)
The chemical properties of the myeloid hematopoietic 
growth factors, G-CSF and granulocyte-macrophage 
colony-stimulating factor (GM-CSF), have been char-
acterized (Table  24.2) and extensively reviewed 
(Armitage 1998). The gene that encodes G-CSF is 
located on chromosome 17; the mature G-CSF poly-
peptide has 174 amino acids and is produced in mono-
cytes, fibroblasts, endothelial cells, and bone marrow 
stromal cells. Filgrastim, a non-glycosylated 
r-metHuG-CSF, is marketed by several companies 
under various trade names throughout the world, and 
several filgrastim biosimilars have also been approved. 
Lenograstim, a glycosylated rHuG-CSF, is not mar-
keted in the United States but is marketed in other 
countries under several trade names. Pegfilgrastim, a 
sustained-duration form of filgrastim to which a 
20  kDa polyethylene glycol molecule is covalently 
bound to the N-terminal methionine residue, is mar-
keted as Neulasta® in the European Union, the United 
States, and other countries, and several pegfilgrastim 
biosimilars are in development. Although not all indi-
cations are approved in every country, filgrastim, 
lenograstim, and pegfilgrastim are indicated for the 
prevention and treatment of chemotherapy- induced 
febrile neutropenia in cancer patients receiving che-
motherapy, mobilization of stem cells for transplanta-
tion in oncology patients, and support of induction/
consolidation chemotherapy for AML and hematopoi-
esis after bone marrow transplantation, among others 
(Aapro et al. 2011).

Filgrastim is primarily eliminated by glomerular 
filtration in the kidney and binding to the G-CSF recep-
tor on the cell surface of neutrophils and neutrophil pre-
cursors, with subsequent internalization of the growth 
factor-receptor complexes via endocytosis and degrada-
tion inside the cells. Pegylation of filgrastim renders 
renal clearance insignificant, and neutrophil- mediated 
clearance becomes the predominant elimination 

pathway. After subcutaneous administration, both fil-
grastim and pegfilgrastim exhibits flip-flop 
 phenomenon, justifying efficiency of the s.c. administra-
tion relative to the i.v. dosing, as well as nonlinear and 
nonstationary pharmacokinetics due to 
pharmacodynamic- mediated drug disposition. These 
findings were quantitatively characterized in a recent 
population pharmacokinetic and pharmacodynamic 
meta- analysis using data from 10 phase I-III clinical 
studies, conducted in 110 healthy adults, and 618 adult 
and 52 paediatric patients on chemotherapy, following 
administration of a wide range of i.v. and s.c. doses of 
filgrastim or pegfilgrastim (Melhem et al. 2018).

Filgrastim and pegfilgrastim increases the prolif-
eration and differentiation of neutrophils from com-
mitted progenitor cells, induces maturation, and 
enhances the survival and function of mature neutro-
phils, resulting in dose-dependent increases in neutro-
phils counts. Although similar dissociation constant 
for filgrastim and pegfilgrastim were found in vitro, a 
four-fold increase in the pegfilgrastim dissociation 
constant, relative to that from filgrastim, have been 
observed in human, which suggest pegfilgrastim had 
lower affinity for the G-CSF receptor than filgrastim. 
However, the longer half-life of pegfilgrastim, relative 
to filgrastim, counter balance the lower receptor affin-

Table 24.2 ■ Characteristics of the marketed myeloid growth 
factors, rhG-CSF, and rhGM-CSF

G-CSF GM-CSF
Nonproprietary 

name
Filgrastim, 

lenograstim, and 
pegfilgrastim

Molgramostim and 
sargramostim

Chromosome 
location

17 4

Amino acids 174a
127 or 128b

Glycosylation O-linked 
(lenograstim)

N-linked 
(sargramostim)

Pegylation Pegfilgrastim None

Source of gene Bladder carcinoma 
cell line (filgrastim, 
pegfilgrastim) and 
squamous 
carcinoma cell line 
(lenograstim)

Human monocyte cell 
line (molgramostim) 
and mouse 
T-lymphoma cell line 
(sargramostim)

Expression 
system

E. coli (bacteria): 
filgrastim and 
pegfilgrastim

E. coli (bacteria): 
molgramostim

Chinese hamster 
ovary cell line 
(mammalian): 
lenograstim

Saccharomyces 
cerevisiae (yeast): 
sargramostim

aNative G-CSF has two forms, one with 177, which is less active than 
the other form with 174 amino acids; filgrastim has an N-terminal 
methionine
bMolgramostim has 128 amino acids; sargramostim 127
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ity to the point that, in humans, the net stimulatory 
effects of pegfilgrastim were significantly greater than 
those of filgrastim. Actually, during chemotherapy- 
induced neutropenia, the clearance of pegfilgrastim is 
significantly reduced, and the concentration of pegfil-
grastim is sustained until the onset of neutrophil recov-
ery. Data from a pivotal study confirmed that a 
once-per-chemotherapy-cycle injection of pegfilgras-
tim at 6 mg was as safe and effective as 11 daily injec-
tions of filgrastim at 5 μg/kg in reducing neutropenia 
and its complications in patients with breast cancer 
receiving four cycles of doxorubicin/docetaxel chemo-
therapy (Green et al. 2003). Because of the highly effi-
cient regulation of pegfilgrastim clearance via 
neutrophils and neutrophil precursors, a single fixed 
dose of pegfilgrastim can be given once per chemother-
apy cycle in conjunction with a variety of myelosup-
pressive chemotherapy regimens (Yang and Kido 
2011). Extensive clinical reviews on the myeloid growth 
factors have been published elsewhere (Keating 2011; 
Crawford et al. 2009).

 ■  Granulocyte-Macrophage Colony-Stimulating Factor 
(GM-CSF) and Stem Cell Factor (SCF)

The granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) is a polypeptide of 128 amino acids 
encoded by a gene located on chromosome 4, secreted 
by macrophages, T cells, mast cells, NK cells, endothe-
lial cells, and fibroblasts. Molgramostim (marketed in 
the EU) and sargramostim (marketed in the USA) are 
two versions of rHuGM-CSF rarely used today. 
rHuGM-CSF is indicated for neutropenia associated 
with bone marrow transplantation and antiviral ther-
apy for AIDS-related cytomegalovirus. rHuGM-CSF is 
also indicated for failed bone marrow transplantation 
or delayed engraftment and for use in mobilization 
and after transplantation of autologous PBPCs.

Similarly to G-CSF and GM-CSF, stem cell factor 
(SCF), encoded on chromosome 12, is a membrane- 
bound polypeptide of 248 amino acids that proteolyti-
cally release a soluble SCF containing 165 amino acids. 
SCF is an early-acting hematopoietic growth factor that 
stimulates the proliferation of primitive hematopoietic 
and non-hematopoietic cells. In vitro, SCF alone has 
minimal colony-stimulating activity on hematopoietic 
progenitor cells; however, it synergistically increases 
colony-forming or stimulatory activity of other 
HGF. Unlike most hematopoietic growth factors, SCF 
circulates in relatively high concentrations in normal 
human plasma. Ancestim® is a non-glycosylated ver-
sion of the soluble r-metHuSCF marketed in Canada, 
Australia, and New Zealand and is rarely used in com-
bination with G-CSF to increase the mobilization of 
peripheral blood progenitor cells (PBPC) for harvest-
ing and support of autologous transplantation after 

myeloablative chemotherapy in patients with cancer. 
Comprehensive reviews of r-metHuSCF have been 
published (Langley 2004).

 ■ Megakaryocyte Hematopoietic Growth Factors
Megakaryocytopoiesis is a continuous developmental 
process of platelet production regulated by a complex 
network of HGF.  In this process, hematopoietic stem 
cells undergo proliferation, differentiation, and matu-
ration, generating megakaryocytes and platelets. 
Platelet production is controlled by signaling through 
the hematopoietic c-Mpl receptor. The ligand for this 
receptor, thrombopoietin (TPO) is the primary regula-
tor of megakaryocyte development and subsequent 
platelet formation. TPO is a HGF encoded on chromo-
some 3 and produced in the liver and bone marrow 
stroma. Depending on the source, the mature polypep-
tide has between 305 and 355 amino acids, which may 
undergo cleavage to a smaller polypeptide that retains 
biologic activity. Upon binding to the c-Mpl receptor, 
TPO triggers several cellular signal transduction pro-
cesses, which involve the FOLLOWING pathways: 
JAK-STAT and TYK2 tyrosine kinase, mitogen- 
activated protein kinase (MAPK), phosphatidylinositol 
3-kinase (PI3K), and nuclear factor kappa B (NF-κB).

Early recombinant forms of TPO, rHu-TPO and 
the pegylated megakaryocyte growth and develop-
ment factor (Peg-MGDF), showed promising results in 
clinical trials. However, later studies failed to meet 
their clinical endpoints, because the recombinant pro-
teins generated antibodies that cross-reacted with 
c-Mpl ligands and resulted in paradoxical thrombocy-
topenia (Li et al. 2001). Further clinical development of 
these molecules was therefore suspended. An exten-
sive compilation of the biology of rHu-TPO and Peg- 
MGDF has been published elsewhere (Kuter et  al. 
1997).

Romiplostim (Nplate®), previously known as 
AMG 531, is a novel biological thrombopoiesis- 
stimulating agent that was developed to overcome the 
problem of cross-reacting autoantibodies by use of a 
peptide sequence with no homology to endogenous 
TPO to activate the c-Mpl receptor. Structurally, romip-
lostim is a 59 kDa fusion protein that consists of two 
identical subunits, each containing a human IgG1 Fc 
domain covalently linked at the C-terminus to a pep-
tide consisting of two c-Mpl binding domains. The four 
copies of the TPO mimetic peptide stimulate mega-
karyocytopoiesis by binding the TPO receptor, yet 
because they bear no sequence homology with TPO, 
there is a reduced potential for the generation of anti- 
TPO antibodies. In vitro, romiplostim competes with 
TPO for binding to the c-Mpl receptor on normal plate-
lets and Mpl-transfected cells (BaF3-Mpl cells). Upon 
binding to the c-Mpl receptor, romiplostim activates 
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the Janus kinase/signal transducers and activators of 
transcription (JAK-STAT) and other pathways in the 
same way as endogenous TPO (Broudy and Lin 2004). 
When cocultured with murine bone marrow cells, 
romiplostim promotes the growth of CFU- 
megakaryocytes and promotes the proliferation as well 
as the maturation of megakaryocytes. During preclini-
cal development, romiplostim led to robust dose-
dependent platelet responses in mice, rats, rabbits, and 
monkeys. The pharmacokinetics and pharmacody-
namics of romiplostim in animals, healthy subjects, 
and patients with immune thrombocytopenia purpura 
(ITP) have been extensively investigated during clini-
cal development (Wang et  al. 2010, 2011; Yan and 
Krzyzanski 2013; Perez-Ruixo et  al. 2012). Similar to 
erythropoietin stimulating agents and G-CSF analogs, 
romiplostim exhibits flip-flop phenomenon after s.c. 
administration, justifying efficiency of the s.c. route 
relative to the i.v. dosing, as well as nonlinear and non-
stationary pharmacokinetics due to pharmacody-
namic-mediated drug disposition (Wang et  al. 2010). 
Similar to rHu-EPO, clinical data suggest that approxi-
mately only 20–30% of c-Mpl receptors must be occu-
pied with thrombopoietin receptor agonist in order to 
have 50% of the maximal effect in stimulating the pro-
liferation and differentiation of precursors cells (Wang 
et al. 2010, Samtani et al. 2009).

Currently, romiplostim has been approved in the 
USA and the EU and is indicated for the treatment of 
thrombocytopenia in patients with chronic immune 
thrombocytopenia (ITP) who have had an insufficient 
response to corticosteroids, immunoglobulins, or sple-
nectomy (Bussel et al. 2006). An extensive review of the 
use of romiplostim in ITP patients has been published 
(Keating 2012). At this time, romiplostim or other 
protein- based c-Mpl ligands are not approved for clini-
cal use in cancer patients; however, clinical trial data in 
oncology patients have been recently reported 
(Kantarjian et al. 2010a, b).

 SELF-ASSESSMENT QUESTIONS

 ■ Questions
 1. What do hematopoietic factors do?
 2. What are the major lineages or types of mature 

blood cells?
 3. In general, describe chemically the hematopoietic 

growth factors.
 4. How do hematopoietic growth factors function?
 5. What are the in vivo actions of rhG-CSF and rhGM- 

CSF in patients with advanced cancer?
 6. What is the physiologic role of EPO?
 7. What are the currently commercially available 

hematopoietic growth factors?

 8. What are the indications for rhG-CSF?
 9. What are the indications for rhEPO?
 10. What is the indication for romiplostim?
 11. What are the relevant and common pharmacoki-

netic and pharmacodynamic properties of the 
HGF?

 ■ Answers
 1. Hematopoietic growth factors regulate both hema-

topoiesis and the functional activity of blood cells 
(including proliferation, differentiation, and matu-
ration). Some hematopoietic growth factors mobi-
lize progenitor cells to move from the bone marrow 
to the peripheral blood.

 2. The myeloid pathway gives rise to red blood cells 
(erythrocytes), platelets, monocytes/macrophages, 
and granulocytes (neutrophils, eosinophils, and 
basophils). The lymphoid pathway gives rise to 
lymphocytes.

 3. They are glycoproteins, which can be distinguished 
by their amino acid sequence and glycosylation 
(carbohydrate linkages). Hematopoietic growth 
factors have folding patterns that are dictated by 
physical interactions and covalent cysteine- 
cysteine disulfide bridges. Correct folding is neces-
sary for biologic activity. Most hematopoietic 
growth factors are single-chain polypeptides 
weighing approximately 14–35 kDa. The carbohy-
drate content varies depending on the growth 
factor and production method, which in turn 
affects the molecular weight but not necessarily the 
biologic activity.

 4. HGF act by binding to specific cell surface recep-
tors. The resultant complex sends a signal to the 
cell to express genes, which in turn induce cellular 
proliferation, differentiation, or activation. A hema-
topoietic growth factor may also act indirectly if 
the cell expresses a gene that causes the production 
of a different hematopoietic growth factor or 
another cytokine, which in turn binds to and stim-
ulates a different cell.

 5. Both HGF cause a transient leucopenia that is fol-
lowed by a dose-dependent increase in the num-
ber of circulating mature and immature 
neutrophils. Both HGF enhance the in vitro func-
tion of neutrophils obtained from treated patients. 
rhGM-CSF, but not rhG-CSF, also increases the 
number of circulating monocytes/macrophages 
and eosinophils, as well as in  vitro monocyte 
cytotoxicity and cytokine production.

 6. EPO maintains a normal red blood cell count by 
causing committed erythroid progenitor cells to 
proliferate and differentiate into normoblasts. 
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EPO also shifts marrow reticulocytes into 
circulation.

 7. Besides the biosimilars, five HGF are commercially 
available, rhG-CSF (filgrastim, lenograstim, pegfil-
grastim), rhGM-CSF (molgramostim and sar-
gramostim), rhEPO (epoetin alfa, epoetin beta, 
darbepoetin alfa), rhSCF (ancestim), and rhlL-11 
(oprelvekin).

 8. Approval for marketing varies by country and not 
all countries have all labeled uses. rhG-CSF is 
indicated for neutropenia associated with myelo-
suppressive cancer chemotherapy, bone marrow 
transplantation, and severe chronic neutropenia; 
rhG-CSF is also indicated to mobilize peripheral 
blood progenitor cells (PBPC) for PBPC trans-
plantation; and rhG-CSF is indicated for the rever-
sal of clinically significant neutropenia and 
subsequent maintenance or adequate neutrophil 
counts in patients with HIV infection during treat-
ment with antiviral and/or other myelosuppres-
sive medications.

 9. rhEPO is indicated to treat anemia associated with 
chronic renal failure, zidovudine-induced anemia 
in HIV-infected patients, and chemotherapy- 
induced anemia. rhEPO is also indicated to reduce 
allogeneic blood transfusions and hasten erythroid 
recovery in surgery patients.

 10. Romiplostim is indicated for the treatment of 
thrombocytopenia in patients with chronic immune 
thrombocytopenia (ITP) who have had an insuffi-
cient response to corticosteroids, immunoglobu-
lins, or splenectomy.

 11. There are two main characteristics that are com-
mon to erythropoietin stimulating agents, G-CSF 
analogs and thrombopoietin receptor agonist. The 
first one is the presence of the flip-flop pharmaco-
kinetics that justifies the efficiency of the s.c. 
administration relative to the i.v. dosing. The sec-
ond is the nonlinear (concentration-dependent) 
and nonstationary pharmacokinetics due to 
pharmacodynamic- mediated drug disposition, 
which justify the dose approved since they achieve 
the level of receptor coverage needed to achieve 
clinically relevant endpoints.
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