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Hematopoiesis is the process that generates blood cells of all 
lineages. Calculations based on the blood volume and the level and half-life 
of each type of blood cell in the circulation indicate that each day an adult 

produces approximately 200 billion erythrocytes, 100 billion leukocytes, and 100 
billion platelets. Moreover, these rates can increase by a factor or 10 or more when the 
demand for blood cells increases.

In 1906, Carnot1 found that injecting healthy rabbits with serum from anemic 
animals prompted a rapid increase of erythrocytes in the recipients. The responsible 
humoral substance was first termed “hemopoietine” and was later named “erythro-
poietin.” In 1957, Jacobson and colleagues2 identified the kidney as the source of 
erythropoietin; in 1985, the factor was purified and its gene was cloned, thereby 
making it available for physiological study and therapeutic use.3 In a similar fash-
ion, humoral substances that support the production of leukocytes4 and platelets5 
were defined, cloned, and studied. Simultaneously with these advances, a model of 
blood-cell production was constructed in which hematopoiesis was envisioned as 
a hierarchical progression of multipotential hematopoietic stem cells that gradu-
ally lose one or more developmental options, becoming progenitor cells committed 
to a single lineage; these progenitors then mature into the corresponding types of 
peripheral-blood cells (Fig. 1).

Line age-Specific Hem at opoie tic Grow th Fac t or s

Growth factors are required for the survival and proliferation of hematopoietic cells 
at all stages of development (Fig. 1). Of the factors that affect multipotential cells, 
steel factor, Fms-like tyrosine kinase 3 (FLT3) ligand, granulocyte–macrophage 
colony-stimulating factor (GM-CSF), interleukin-2, interleukin-3, and interleukin-7 
are the best characterized. Each of these proteins supports the survival and prolif-
eration of a number of distinct target cells, and with the exception of interleukin-7 
and steel factor, the elimination of any one of them does little harm because of the 
redundancy in the functions of these early-acting growth factors. 

Erythropoietin

Blood levels of erythropoietin (normal, 20 mU per milliliter) are inversely related to 
tissue oxygenation ― the level can increase up to 20,000 mU per milliliter in re-
sponse to anemia or arterial hypoxemia.6 The juxtatubular interstitial cells of the 
renal cortex, which produce approximately 90 percent of the erythropoietin in blood 
(Fig. 2), sense oxygen levels through a newly identified, oxygen-dependent prolyl 
hydroxylase that regulates the stability of the primary transcription factor for eryth-
ropoietin, hypoxia-inducible factor 1α (HIF-1α). Once hydroxylated, HIF-1α binds the 
von Hippel–Lindau (VHL) protein, thereby targeting it for ubiquitin-mediated de-
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Figure 1. A General Model of Hematopoiesis.

Blood-cell development progresses from a hematopoietic stem cell (HSC), which can undergo either self-renewal or differentiation into 
a multilineage committed progenitor cell: a common lymphoid progenitor (CLP) or a common myeloid progenitor (CMP). These cells 
then give rise to more-differentiated progenitors, comprising those committed to two lineages that include T cells and natural killer cells 
(TNKs), granulocytes and macrophages (GMs), and megakaryocytes and erythroid cells (MEPs).  Ultimately, these cells give rise to uni-
lineage committed progenitors for B cells (BCPs), NK cells (NKPs), T cells (TCPs), granulocytes (GPs), monocytes (MPs), erythrocytes 
(EPs), and megakaryocytes (MkPs). Cytokines and growth factors that support the survival, proliferation, or differentiation of each type 
of cell are shown in red. For simplicity, the three types of granulocyte progenitor cells are not shown; in reality, distinct progenitors of 
neutrophils, eosinophils, and basophils or mast cells exist and are supported by distinct transcription factors and cytokines (e.g., inter-
leukin-5 in the case of eosinophils, stem-cell factor [SCF] in the case of basophils or mast cells, and G-CSF in the case of neutrophils). 
IL denotes interleukin, TPO thrombopoietin, M-CSF macrophage colony-stimulating factor, GM-CSF granulocyte-macrophage CSF, 
and EPO erythropoietin.
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Figure 2. Regulation of the Production of Hematopoietic Growth Factors.

The production of growth factors by various tissues and cells (arrows) is both constitutive and inducible and subject to adsorption by 
 receptor-bearing cells. Production of erythropoietin (red arrows) is inducible by hypoxia in the kidney and constitutive in the liver (10 per-
cent of total body erythropoietin), and it is excreted in the urine. G-CSF (green arrows) is mostly inducible in tissues from fibroblasts and mac-
rophages and from endothelial cells by inflammatory mediators (interleukin-1, interleukin-6, and tumor necrosis factor α. Thrombopoietin 
(blue arrows) is produced constitutively by the liver (accounting for approximately 50 percent of baseline thrombopoietin levels) and kid-
ney (accounting for a minority of the total amount) and is inducible in the liver by inflammatory mediators (especially interleukin-6) and 
from bone marrow stromal cells by thrombocytopenia. In addition, both G-CSF and thrombopoietin are removed from the circulation 
by receptor-mediated uptake and destruction by the mature cells that bear the corresponding receptors on neutrophils and platelets. 
 Arrows indicate the production and secretion of hematopoietic growth factors.
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struction.7 Under conditions of low oxygen ten-
sion, the hydroxylase is inactive; consequently, 
HIF-1α is not hydroxylated and cannot bind VHL, 
thereby maintaining its stability and capacity to 
drive the production of erythropoietin. This mech-
anism accounts for the erythrocytosis associated 
with high-altitude, heart or lung disease leading 
to hypoxemia and hemoglobin variants with a 
low affinity for oxygen. The discovery of a familial 
form of erythrocytosis in the Chuvashian popula-
tion of the capital of the Chuvash Republic, Shupash-
kar (in Russian, Chebokshary), is of considerable 
interest because affected members of these fami-
lies have a missense mutation in the VHL gene and 
high erythropoietin levels.8

Erythropoietin promotes the proliferation of 
erythroid progenitor cells by reducing the level of 
cell-cycle inhibitors and augmenting transcription 
of cyclins and supports their survival by increas-
ing the antiapoptosis protein BCLX

L
.6 Elimination 

of the erythropoietin gene or its receptor in mice 
causes severe anemia and death.9 The adminis-
tration of erythropoietin to animals or humans 
increases the number of erythroid progenitor cells, 
which differentiate into normoblasts, enucleate, 
and leave the bone marrow.6 Within one or two 
weeks after the administration of the hormone, 
the reticulocyte count rises because of a large in-
crease in red-cell production and the premature 
exit of erythrocytes from the bone marrow.

Erythropoietin was initially assumed to be an 
erythroid-specific hormone, but messenger RNA 
for erythropoietin and its receptor is readily de-
tectable in neuronal and glial cells of the central 
nervous system and in the retina.10,11 Moreover, 
the hormone protects neurons from noxious stim-
uli12 and induces the proliferation of neurons af-
ter neuronal injury.13 Preclinical trials have shown 
that exogenously administered erythropoietin 
crosses the blood–brain barrier and exerts a pro-
tective effect on ischemic neurons. As compared 
with control treatment, erythropoietin was associ-
ated with an improvement in outcome scales and 
infarct size in experimental stroke14,15 and in a 
single clinical trial.16 Should additional clinical 
studies confirm these results, an important new 
application for an “erythroid-specific” hormone 
will become available.

Granulocyte Colony-Stimulating Factor

Granulocyte colony-stimulating factor (G-CSF) has 
been identified as a factor that stimulates the 

growth of neutrophil colonies when added to cul-
tures of murine or human marrow cells in a semi-
solid medium. In contrast, GM-CSF stimulates 
the production of neutrophils, eosinophils, baso-
phils, monocytes, and dendritic cells in culture 
and activates most of these types of mature cells. 
The gene for G-CSF was cloned in 1987, and the 
recombinant protein was assessed in clinical tri-
als soon thereafter.4 Genetic studies in knockout 
mice demonstrated that G-CSF is essential for 
normal neutrophil production and for the leuko-
cytosis that occurs in inflammation,17 whereas 
elimination of GM-CSF affected only the function 
and number of alveolar macrophages.

G-CSF supports the survival and stimulates 
the proliferation of neutrophil progenitors and 
promotes their differentiation into mature neutro-
phils.4,18 In addition, the cytokine causes prema-
ture release of neutrophils from the bone marrow 
and enhances the phagocytic capacity, generation 
of superoxide anions, and bacterial killing by these 
cells. The administration of G-CSF causes toxic 
granulation of neutrophils in the peripheral blood, 
which is a morphologic correlate of their height-
ened functional state, and a leftward shift (imma-
turity) in the leukocyte differential count. Activa-
tion of neutrophils in the bone marrow by G-CSF 
causes them to release matrix metalloproteases. 
This effect helps to explain the mobilization of 
hematopoietic stem cells out of the bone marrow 
in response to the administration of G-CSF,19 a 
finding that has greatly facilitated the collection 
of hematopoietic stem cells for transplantation.

Endothelial cells, fibroblasts, and macrophages 
in virtually all organs produce G-CSF (Fig. 2). 
Inflammatory cytokines such as tumor necrosis 
factor α, interleukin-1, and interleukin-6, derived 
from activated monocytes, stimulate G-CSF pro-
duction, helping to explain the leukocytosis in 
patients with infection or inflammation.20

Thrombopoietin

Thrombopoietin is the primary regulator of plate-
let production.5 It supports the survival and pro-
liferation of megakaryocyte progenitors by initi-
ating many of the mechanisms that are triggered 
by erythropoietin and G-CSF, including increased 
expression of the cell-cycle regulator cyclin D and 
the antiapoptosis molecule BCLX

L
 and suppression 

of the cell-cycle inhibitor p27Kip. In vitro, thrombo-
poietin induces the differentiation of progenitor 
cells into large megakaryocytes, each one capable 
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of producing thousands of platelets. Thrombopoi-
etin, a potent stimulator of platelet production, 
causes thrombocytosis when administered to ani-
mals or humans. It also primes platelets to aggre-
gate in response to otherwise subthreshold levels 
of thrombin, collagen, or adenosine diphosphate 
by activating the phosphoinositol 3-kinase sig-
naling pathway in platelets.21 In mice, elimination 
of the thrombopoietin gene or its receptor reduces 
the level of production of megakaryocytes and 
platelets to approximately 10 percent of normal.22

In addition to stimulating megakaryocytopoi-
esis, thrombopoietin has an important and non-
redundant role in the survival and expansion of 
hematopoietic stem cells. When tested alone or in 
combination with other cytokines in vitro, throm-
bopoietin supports the survival and proliferation 
of hematopoietic stem cells.23 Moreover, genetic 
elimination of thrombopoietin or its receptor in 
mice reduces by a factor of 7 to 8 the number of 
stem cells with the capacity to repopulate the bone 
marrow and decreases by a factor of 17 the expan-
sion in the number of hematopoietic stem cells 
that occurs after transplantation.24,25 The effects 
of thrombopoietin on stem cells are mediated by 
enhanced expression or nuclear localization of 
several transcription factors — signal transduc-
ers and activators of transcription, homeobox B4, 
and homeobox A9 — and by autocrine produc-
tion of vascular endothelial growth factor.26 As a 
result of these studies, virtually every current 
attempt in the laboratory to expand hematopoi-
etic stem cells includes thrombopoietin or a throm-
bopoietin mimetic in the culture medium, and 
current clinical trials of thrombopoietic agents 
are designed to detect the panhematopoietic ef-
fects that were seen in the preclinical trials of the 
hormone.

The cause of congenital amegakaryocytic throm-
bocytopenia has been traced to a deficiency of the 
thrombopoietin receptor.27 In children with this 
disorder, aplastic anemia develops within one to 
five years after birth because of stem-cell exhaus-
tion, consistent with the effects of thrombopoi-
etin on hematopoietic stem cells. Thrombopoietin 
levels in blood are inversely related to the num-
ber of platelets in the blood and megakaryocytes 
in the bone marrow5; unlike erythropoietin pro-
duction, however, the regulation of thrombopoi-
etin levels is multifaceted (Fig. 2). At least half the 
production of thrombopoietin occurs in the liver,28 
but the kidney and skeletal muscles also produce 

the hormone. Mature platelets and megakaryo-
cytes display thrombopoietin receptors and are 
capable of removing the hormone from the circu-
lation.29 Thus, one mechanism of the inverse rela-
tionship between the platelet count and the throm-
bopoietin level is adsorption of the hormone from 
the circulation, a finding that can explain how 
platelet transfusions delay the rate of recovery 
from chemotherapy-related thrombocytopenia.30 
In addition to these steady-state mechanisms of 
thrombopoietin production and catabolism, stro-
mal cells in the bone marrow increase produc-
tion of the hormone substantially in states of se-
vere thrombocytopenia.31,32 Furthermore, hepatic 
thrombopoietin production can be enhanced by 
inflammatory mediators such as interleukin-6,33,34 
providing a molecular explanation for the common 
finding of reactive thrombocytosis in rheumatoid 
arthritis, Crohn’s disease, and several other in-
flammatory and infectious conditions.35

Hematopoietic Growth Factor Receptors

The cytokine-receptor superfamily consists of the 
cell-surface receptors for erythropoietin, throm-
bopoietin, several colony-stimulating factors, most 
interleukins, and several structurally related cy-
tokines and hormones (e.g., growth hormone).36 
Each of these transmembrane proteins includes 
one or two extracellular cytokine-binding domains 
containing approximately 200 amino acids, a trans-
membrane domain of 20 to 25 residues, and an 
intracellular domain of approximately 100 to 500 
amino acids with the box 1 and box 2 motifs that 
recruit kinases of the Janus kinase (JAK) family 
(Fig. 3). The functional unit of the erythropoietin, 
G-CSF, and thrombopoietin receptors is a homodi-
mer37; the engagement of a single molecule of he-
matopoietic growth factor by a homodimeric re-
ceptor induces a major conformational shift in the 
receptor, bringing the two tethered cytoplasmic 
JAKs into close juxtaposition, thereby triggering 
activation of the kinases by mutual cross-phos-
phorylation. Mutations of the thrombopoietin 
receptor that affect its transmembrane region have 
been identified in patients with congenital throm-
bocytosis.38 These mutations probably cause con-
formational shifts in receptor geometry similar 
to those triggered by thrombopoietin binding.

Once the JAKs are activated by the lineage-
specific hematopoietic growth factors, a num-
ber of secondary signaling molecules are phos-
phorylated, and these initiate numerous events that 
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promote cell survival, proliferation, and differen-
tiation. The cytokine-signaling pathways we know 
most about entail activation of the signal trans-
ducer and activator of transcription factors,39 phos-
phoinositol-3 kinase,40 and mitogen-activated 

protein kinase,41 each of which activates an over-
lapping subgroup of tertiary signaling molecules 
(Fig. 3). Of these, transcription factors (homeo-
box, Ets, and forkhead box O42-44), cell-cycle ac-
tivators (cyclins45) and inhibitors (p27Kip),46 anti-
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Figure 3. Hematopoietic Growth Factor Signaling.

Each hematopoietic growth factor–receptor dimer is composed of two subunits consisting of one or two 200-amino-
acid motifs (each oval represents 100 amino acids), which bind two molecules of Janus kinase 2 ( JAK2) but assume 
an open conformation (left) in the absence of the cognate growth factor. Ligand binding substantially changes the 
conformation of the receptor, bringing the cytoplasmic domains into close juxtaposition and allowing the tethered 
kinases to cross-phosphorylate (activate) each other. One of the first substrates for activated JAK2 is receptor tyro-
sine (Y) residues; when these are phosphorylated (P), they serve as docking sites for adaptors (SHC [Src homology con-
taining], GRB2 [growth factor receptor–bound protein 2], GAB [Grb binding], and IRS [insulin-receptor substrate]), 
phosphatases (SHP2 [Shc homology domain containing phosphatase]), G-protein activators (SOS [son of seven-
less]), and lipid kinases (p85 and p110 and phosphoinositol 3-kinase). Additional effectors of growth factor signal-
ing include signal transducer and activator of transcription 3 and 5 (STAT3 and STAT5, respectively), membrane 
phospholipids (phosphoinositol 3,4,5-phosphate [PI3,4,5P]), the small guanine nucleotide–binding protein Ras, and the 
kinases AKT, p38 mitogen-activated protein kinase (MAPK), extracellular response–stimulated kinase (ERK) 1 and 2, 
phosphatase forkhead (P-FOX), and phosphatase glycogen synthase kinase 3β (P-GSK3β). Eventually, most such 
signals affect nuclear transcription of antiapoptosis molecules (BCLX

L
), cell-cycle regulators (cyclins), and additional 

growth factors and their receptors. Arrows indicate signaling pathways.
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apoptosis molecules (BCLX
L
 and inhibitor of 

apoptosis47), and other growth factors (trans-
forming growth factor β48 and vascular endothe-
lial growth factor49) are ultimately responsible for 
the effects induced by the binding of a hemato-
poietic growth factor to its receptor. In addition 
to these mediators of cell proliferation, the acti-
vation of hematopoietic growth factor receptors 
instigates three events that terminate the growth 
signal: internalization of receptors, activation of 
phosphatases, and production of suppressors 
of cytokine signaling.50 An interesting finding is 
that a form of familial erythrocytosis that differs 
from Chuvash erythrocytosis is due to truncation 
of the erythropoietin receptor, which eliminates 
an important, phosphatase-binding negative sig-
naling region.51

Numerous signaling kinases in hematopoi-
etic cells have been implicated in pathologic pro-
cesses. The ABL kinase is persistently activated 
in patients with chronic myelogenous leukemia52; 
continual activation is also a feature of the FLT3 
receptor tyrosine kinase or the JAK2 in patients 
with acute myelogenous leukemia, the platelet-
derived growth factor receptor α tyrosine kinase 
in those with chronic eosinophilic leukemia, and 
the platelet-derived growth factor receptor β ki-
nase in patients with chronic myelomonocytic 
leukemia.53 In most cases, the aberrantly activated 
kinase mimics a kinase that is activated by a he-
matopoietic growth factor; many of the signal-
ing pathways triggered by erythropoietin, G-CSF, 
and thrombopoietin are also constitutively active 
in the leukemic cells.

Recently, a change in a single amino acid in 
the regulatory domain of JAK2 (in which phenyl-
alanine replaces valine at position 617 [V617F]) 
was found in hematopoietic cells from most pa-
tients with polycythemia vera and from approxi-
mately half the patients with essential thrombo-
cythemia or idiopathic myelofibrosis.54 Molecular 
modeling predicts that the mutation destabilizes 
the inactive form of enzyme, thereby causing con-
stitutive activity and signaling. Consistent with 
this model are the observations that several sig-
naling molecules that mediate the actions of he-
matopoietic growth factors are constitutively ac-
tive in hematopoietic cells from patients with 
polycythemia vera and essential thrombocythemia 
and that bone marrow cells from such patients are 
hypersensitive to growth factors in vitro. This work 
on the JAK2 mutation has led to improved diag-

nostic tests for these myeloproliferative disorders. 
But there is much more work to do, including iden-
tifying the cell-surface receptors with which the 
mutant kinase associates, determining the mech-
anism by which the same point mutation leads 
to three phenotypically distinct diseases, decid-
ing whether patients with polycythemia vera or es-
sential thrombocythemia and the mutant kinase 
differ from those who do not, and developing a 
specific inhibitor of the mutant JAK2.

For ms of a nd Cl inic a l Uses for 

hem at opoie tic grow th fac t or s

In principle, there are four general indications for 
the administration of a hematopoietic growth 
factor: correction of cytopenia owing to the defi-
ciency of a growth factor, stimulation of the re-
covery of hematopoietic stem and progenitor cells 
in iatrogenic and naturally occurring deficiency 
states, augmentation of hematopoiesis to com-
pensate for pathologically rapid blood-cell destruc-
tion, and activation of mature hematopoietic cells. 
Although the use of these agents in states of 
growth-factor deficiency (e.g., erythropoietin in 
the anemia of renal insufficiency) is widely accept-
ed, the efficacy of hematopoietic growth factors 
in the other three conditions was, a priori, uncer-
tain. However, it is now clear from the results of 
controlled clinical trials that this group of agents 
is effective in a variety of clinical states.

Erythropoietin

Erythropoietin was approved for use by the Food 
and Drug Administration in 1989. The initial clin-
ical trial leading to its approval was for treatment 
of anemia due to chronic renal insufficiency.55 
Thereafter, its use quickly spread to the treatment 
of anemia owing to many other causes, making it 
one of the most frequently prescribed products of 
recombinant DNA technology. Erythropoietin or 
its derivatives have been administered to treat 
anemia in over 3 million patients worldwide, in-
cluding those in intensive care units, those about 
to undergo surgery, and those undergoing ther-
apy for infection with the human immunodefi-
ciency virus or hepatitis C virus.

Anemia is often multifactorial in patients with 
cancer. Its causes include suppression of hemato-
poiesis by the tumor, therapy-induced myelosup-
pression, and the anemia of chronic inflamma-
tion. For these reasons, the effectiveness of epoetin 
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therapy in patients with cancer and the degree 
of anemia at which the hormone could be of ben-
efit were uncertain. These questions have been 
addressed in several controlled trials encompass-
ing nearly 2000 patients with cancer-related ane-
mia. The trials have established that patients with 
a hemoglobin level of 10 g per deciliter or less 
benefit from epoetin therapy; they require fewer 
blood transfusions and have an enhanced sense 
of well-being. Evidence-based guidelines on the 
use of epoetin in patients with cancer have been 
published by the American Society of Hematol-
ogy and the American Society of Clinical Oncol-
ogy56 and by the European Organisation for the 
Research and Treatment of Cancer,57 and recent 
studies have reinforced the validity of a treatment 
threshold of 10 g of hemoglobin per deciliter. 
Treatment with epoetin is not risk-free, however. 
Intensive therapy in patients with head and neck 
or breast cancer has been associated with hyper-
tension, bleeding, and an increased risk of throm-
botic complications.58,59

The response to exogenous epoetin is often 
determined by the patient’s ability to produce 
erythropoietin in response to anemia; one reason 
that patients with anemia associated with cancer 
have a response to exogenous epoetin is that they 
are producing an insufficient amount of endog-
enous erythropoietin.60 Conversely, administration 
of the hormone does not ameliorate anemia in 
patients with hematologic cancer in whom the 
blood level of erythropoietin exceeds 500 mIU per 
milliliter.61 Administration of epoetin is effective 
in patients undergoing myelosuppressive chemo-
therapy because chemotherapy induces apopto-
sis in both cancer cells and erythroid progenitors 
and epoetin blocks apoptosis of the erythroid 
progenitors.6

Eliciting a clinical response to a recombinant 
protein depends on the body’s ability to avoid in-
ducing an immune response to the protein. There 
had been almost no reports of adverse immuno-
logic responses to epoetin for more than a decade, 
but between 1998 and 2003, pure red-cell aplasia 
due to antibodies against erythropoietin developed 
in over 200 patients with end-stage renal disease 
who were treated with one preparation of recom-
binant erythropoietin.62 Immunosuppressive ther-
apy restored responsiveness to the recombinant 
hormone in about two thirds of the patients. 
Although the cause of the antierythropoietin anti-
bodies in this condition continues to be explored, 

partial denaturation of the erythropoietin prob-
ably provoked the immune response.

G-CSF

Neutropenia does not in itself cause symptoms, 
but it predisposes patients to infection, especial-
ly if the neutrophil count falls below 500 per cu-
bic millimeter and persists longer than 10 to 14 
days. In patients receiving chemotherapy, the ad-
ministration of G-CSF can lessen the incidence 
and severity of neutropenia, and in some settings, 
it can reduce the mortality rate. Moreover, with 
the recognition that the cytokine mobilizes he-
matopoietic stem cells from the bone marrow into 
the peripheral blood,63 the use of G-CSF to aid in 
the collection of stem cells for transplantation has 
now made harvesting of bone marrow for this in-
dication nearly obsolete.

The use of G-CSF in patients receiving myelo-
suppressive chemotherapy has been evaluated by 
several expert panels. It is recommended for pri-
mary prophylaxis against neutropenia only if the 
risk of febrile neutropenia historically exceeds 
40 percent for the planned chemotherapeutic pro-
tocol.64 Of the 200 most commonly used chemo-
therapeutic protocols, only 12 are associated with 
a risk of febrile neutropenia of at least 20 per-
cent.65 In populations in which the risk is at least 
40 percent, such as patients 65 years of age or 
older who are undergoing aggressive chemother-
apy for lymphoma, patients with small-cell carci-
noma of the lung or uroepithelial tumors, and 
patients of any age who have received chemothera-
py for acute myelogenous leukemia, G-CSF ther-
apy has proved effective in avoiding the risk of 
severe neutropenia.66,67 It is also recommended 
as secondary prophylaxis in patients with solid 
tumors who have had chemotherapy-induced fe-
brile neutropenia and who continue to receive in-
tensive chemotherapy, if a dose reduction will im-
pair the antitumor response.

The use of G-CSF in patients undergoing che-
motherapy has been linked to an increased risk 
of treatment-related myeloid leukemia. Initially, 
the increased risk was seen only after therapy with 
topoisomerase II inhibitors,68 but more recent 
studies indicate that patients treated for breast 
cancer with cyclophosphamide and doxorubicin 
may have an increased risk of myelodysplasia or 
acute myelogenous leukemia if they have also 
received G-CSF.69 What might explain this asso-
ciation? Chemotherapy given for a specific cancer 
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may induce otherwise lethal mutations in a my-
eloid stem cell or progenitor cell, but the antiapop-
totic effect of G-CSF saves the mutant cell from 
destruction, thereby allowing it to develop into a 
myeloid cancer. Clearly, additional study is neces-
sary to clarify the risk of acute myelogenous leu-
kemia in patients who receive G-CSF chemother-
apy and to determine the mechanism of the 
association.

The ability to use G-CSF to mobilize hemato-
poietic stem cells from the bone marrow into the 
peripheral blood has represented an important 
advance in hematopoietic stem-cell transplanta-
tion.63 As compared with transplantation of bone 
marrow cells, the use of G-CSF–mobilized stem 
cells that originate in the peripheral blood reduces 
the duration of neutropenia after the administra-
tion of the myeloablative preparatory regimen and 
the need for platelet and red-cell transfusions, re-
ducing both the need for hospitalization and costs. 
However, the value of the use of the cytokine in 
recipients of stem-cell transplants to further short-
en the duration of neutropenia has not been estab-
lished.70

The administration of G-CSF to patients with 
congenital neutropenia or cyclic neutropenia has 
revolutionized the care of children with these dis-
orders, since these conditions were usually fatal 
before the advent of recombinant G-CSF. The num-
ber of neutrophilic progenitor cells is severely re-
duced in both conditions as a result of mutations 
of the neutrophil elastase gene.71 Administration 
of G-CSF increases neutrophil levels substantially, 
allowing these children to remain free of life-threat-
ening infections.

Despite this progress, G-CSF has been found 
to increase the risk of acute myelogenous leuke-
mia in patients with congenital neutropenia. Be-
fore recombinant G-CSF was available for clinical 
use, there were occasional reports of acute my-
elogenous leukemia or myelodysplasia in patients 
with congenital neutropenia who survived infancy. 
Since the introduction of G-CSF, patients with 
congenital neutropenia live longer, but a malig-
nant myeloid disorder develops in approximately 
10 percent.72 The gene for the G-CSF receptor in 
the malignant bone marrow cells from these pa-
tients usually displays a somatic mutation that 
eliminates one or more growth inhibitory sig-
nals,73 akin to the truncation in the erythropoi-
etin receptor in patients with familial erythrocy-
tosis.51 Therefore, it is likely that the administration 

of G-CSF to patients with congenital neutrope-
nia selects for cells with a mutation in the G-CSF 
receptor that enhances the proliferation of my-
eloid cells.

Thrombopoietin

The gene for thrombopoietin was cloned 12 years 
ago, but the protein has not yet been approved for 
clinical use. Nevertheless, results of a number of 
clinical trials point to its eventual clinical utility. It 
is likely that a thrombopoietic agent will be useful 
to accelerate platelet recovery after moderately in-
tensive chemotherapy,74 but not after the intensive 
chemotherapy necessary for treating acute myelog-
enous leukemia, or at least with the use of the dos-
ing strategies tested thus far.75 It can also augment 
the number of hematopoietic stem cells mobilized 
by G-CSF76 and increase the number of platelets 
available for apheresis from platelet donors.

The potential for the clinical use of recombi-
nant thrombopoietin was irreversibly altered by 
a study to determine whether the hormone could 
improve platelet yields from platelet donors. The 
thrombopoietin used in most of the clinical tri-
als that were conducted between 1995 and 1998 
was a truncated form of the protein produced in 
Escherichia coli and modified with polyethylene 
glycol. Termed “megakaryocyte growth and dif-
ferentiation factor” (MGDF), the recombinant pro-
tein and native thrombopoietin have important 
differences that probably explain an important 
adverse effect. Native thrombopoietin contains 
three sites of serine glycosylation, which are not 
present in the truncated recombinant protein pro-
duced in bacteria. Moreover, because MGDF is a 
truncated version of thrombopoietin, the C-termi-
nal amino acid of MGDF is not normally a termi-
nal residue. Hence, several nonnative structures 
(potential neoepitopes) were created in MGDF. 
When administered subcutaneously to platelet 
donors, some of the donors produced antibodies 
against MGDF that cross-reacted with endogenous 
thrombopoietin, thereby causing severe thrombo-
cytopenia.77 This adverse event ― an important 
lesson in the engineering of recombinant pro-
teins meant for clinical use ― led to the abandon-
ment of the use of MGDF and full-length forms 
of thrombopoietin as therapeutic proteins.

The experience with MGDF instigated a search 
for molecules that bind to and stimulate the throm-
bopoietin receptor on hematopoietic cells. Sophis-
ticated screening techniques have led to the dis-
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covery of several small-molecule thrombopoietin 
mimics that bind and stimulate the thrombopoi-
etin receptor. These agents are undergoing clin-
ical testing. The results of a recent trial of a mol-
ecule carrying four copies of a thrombopoietin 
receptor–binding peptide on an immunoglobu-
lin scaffold point to the potential clinical utility 
of a thrombopoietin-receptor agonist.78

The bone marrow of patients with immune 
thrombocytopenic purpura usually contains nu-
merous megakaryocytes, reflecting an attempt to 
compensate for the thrombocytopenia. The abun-
dance of megakaryocytes in these patients ar-
gued against an approach involving stimulation 
of the bone marrow to raise platelet levels. How-
ever, thrombopoietin levels are not elevated in pa-
tients with immune thrombocytopenic purpura, 
which raises the possibility that thrombopoietin 
therapy could be advantageous in such patients. 
In a recent phase 2 trial,78 nearly 80 percent of pa-
tients with refractory immune thrombocytopenic 
purpura had a response to the thrombopoietin 
agonist AMG531, a peptide mimic of the hormone. 
This observation is evidence that pharmacologic 
levels of growth factors can increase hematopoi-

esis above the levels attained in a maximal physi-
ologic response.

Conclusions

The clinical use of hematopoietic growth factors 
has improved the care of patients with inade-
quate blood-cell production, but these agents are 
costly, require parenteral administration, and can 
occasionally induce untoward effects. Recent work 
has focused on understanding and exploiting 
unexpected biologic activities of hematopoietic 
growth factors, identifying small-molecule mim-
ics of these proteins, reducing their costs, and elim-
inating adverse effects. In the clinical setting, we 
need to be careful to restrict their use to indica-
tions that emerge from controlled clinical trials. 
On the basis of current knowledge, we may soon 
enter an era in which oral agents that stimulate 
hematopoiesis become part of routine care in pa-
tients with anemia, neutropenia, thrombocytope-
nia, or all these conditions as a result of natural 
or iatrogenic causes.

No potential conflict of interest relevant to this article was 
reported.
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