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Haematopoietic growth factors and their therapeutic use
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Summary

Haematopoietic growth factors constitute an important group
of proteins that predominantly regulate the process of haemato-
poiesis.While some of these proteins have a very broad array of
action on very early haematopoietic progenitors leading to
multi-lineage increases in haematopoietic cell production and
differentiation, others act in a restricted manner on specific
committed terminally differentiated cell types. On the basis of
their unique spectrum of activities, several factors are approved
for clinical use in various indications while others are under in-
vestigation in the clinic either alone or as combination therapy.
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In this review, we have described factors which directly and in
some cases indirectly influence haematopoiesis with particular
focus on those factors which are either approved or show po-
tential for clinical use.A brief description of the products that
are currently available for clinical use is also provided.At pres-
ent, several new products which include fusion proteins, peptide
mimetics are either at the pre-clinical stage or in clinical devel-
opment for various indications and these are also briefly de-
scribed.
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Introduction

The haematopoietic system is a hierarchical structure, with
multipotent stem cells eventually becoming non-replicating ma-
ture haematopoietic cells that circulate in the peripheral blood.
Early haematopoietic cells, known as stem cells, replicate and
produce progeny that develop and differentiate along the differ-
ent haematopoietic lineages. Haematopoietic progenitor cells
appear to express multiple cytokine receptors and selectively
lose the ability to respond to all but a few selected growth factors
as they become mature haematopoietic cells (Fig. 1).

Although the human stem cell has not been fully character-
ized, some cell surface receptors (such as CD34) are used as
markers for cells that appear to be the “least committed” haema-
topoietic progenitors. Except for these early cells, all the major
haematopoietic progenitors have been identified and require
specific haematopoietic growth factors for differentiation along
specific lineages (Fig. 1).

Haematopoietic growth factors (HGFs) are a family of cyto-
kines that are required for the survival, proliferation, and differ-
entiation of haematopoietic progenitors. The isolation and clon-

ing of these growth factors over the past two decades was her-
alded as a significant advance in the treatment of patients with
anaemia, malignancy and cancer-related problems. Con-
sequently, a number of these factors were extensively characte-
rised in terms of their biological activity and later assessed in
clinical trials, including granulocyte colony-stimulating factor
(G-CSF), granulocyte-macrophage colony-stimulating factor
(GM-CSF), macrophage colony-stimulating factor (M-CSF),
erythropoietin (EPO), interleukin-3 (IL-3), stem cell factor
(SCF), interleukin-11 (IL-11) and thrombopoietin (TPO).
Despite sharing a number of properties, including redundan-
cy, pleiotropy, autocrine and paracrine effects, receptor subunit
oligomerisation and signal transduction mechanisms, each hae-
matopoietic growth factor has a unique spectrum of haemato-
poietic activity. Data from numerous studies has elucidated pre-
viously unrecognised functions for haematopoietic growth fac-
tors in innate immunity, pulmonary physiology, cardioprotec-
tion, neuroregulation and bone metabolism. In addition, the im-
portant role of these proteins in regulation of stem cells within
the niches of the bone marrow and other tissues is now increas-
ingly recognised. Such effects are mainly mediated by signal
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Figure I: A diagrammatic
representation of the
haematopoietic system
showing predominant cell
types, differentiation
pathway and the different
haematopoietic growth
factors which positively
influence the process of
haematopoiesis.
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transduction mechanisms involving tyrosine kinase activation
and phosphotyrosine cascades although other signalling mech-
anisms are also likely to operate resulting in distinct activities of
haematopoietic growth factors, e.g. lineage-determining signals
during the process of haematopoiesis. Therefore, while some
growth factors (e.g. GM-CSF) have a rather broad array of action
on very early haematopoietic progenitors, leading to multi-lin-
eage increases in haematopoietic cell production/differentiation,
others (e.g. M-CSF) seem to act mainly on more terminally dif-
ferentiated cell types, producing fairly incisive changes in spe-
cific committed populations, such as monocytes/macrophages
(Fig. 1).

Based on their unique activities, some haematopoietic
growth factors have been successfully approved for clinical use,

in particular, EPO and G-CSF and have generated significant in-
come for the pharmaceutical industry and benefit to patients.
Others such as GM-CSF, SCF and IL-11 have been approved for
certain clinical indications in a few countries. Unfortunately,
TPO despite its potential in enhancing platelet numbers, proved
to be non viable as a product on the basis of its safety profile.
However, recent trials involving analogues of TPO seem promis-
ing and may improve the treatment of chronic thrombocytopenia
in the future.

In this article, we describe most of the factors which directly
and in some cases indirectly influence haematopoiesis. However,
we have placed most emphasis on those factors which are either
approved or show most potential for clinical use.
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Factors controlling haematopoiesis

Granulocyte colony-stimulating factor
Granulocyte colony-stimulating factor (G-CSF) is a protein that
mainly acts on the neutrophil lineage to stimulate the prolifer-
ation, differentiation, and activation of committed progenitor
cells and functionally active neutrophils (1). It induces the re-
lease of neutrophils from the bone marrow and enhances the pha-
gocytic capacity, generation of superoxide anions and bacterial
killing by these cells. Purified from bladder (5637) and squa-
mous (CHU-2) carcinoma cell-lines with an approximate molec-
ular weight of 18 kD or 19 kD, respectively, two different cDNA
clones coding for mature human G-CSF proteins of 174 and 177
amino acid residues were originally identified in 1987 (2-5). The
174 amino acid form is the most abundant and biologically active
form (as opposed to the other form), bears significant structural
similarity with interleukin-6 and is O-glycosylated on Thr133.
The glycoprotein has abundant o-helices with a small amount of
[B-sheet pleating. The sugar moiety accounts for approximately
4% of the total weight and has little, if any impact on the three di-
mensional structure of the molecule or binding to its receptor.
G-CSF is predominantly produced by endothelial cells,
monocytes, macrophages, stromal cells and fibroblasts. Inflam-
matory cytokines such as TNF-o,, IL-1, and IL-6 often produced
by activated monocytes stimulate G-CSF production. G-CSF
acts on target cell types directly by binding to single, high-affin-
ity receptors, G-CSFR, which are specific to G-CSF although
G-CSF may also impart significant indirect effects (6, 7). The re-
ceptor is expressed by all neutrophils and their precursors includ-
ing myelocytes, promyelocytes, myeloblasts, myeloid progenitor
cells and primitive haematopoietic stem cells. This accounts for
the biological effects of G-CSF on the early haematopoietic stem
cell up to the developmental stage of the mature neutrophil and
helps to explain the potent clinical effects of this protein (8, 9).
Other cell types, e.g. endothelial cells, placental cells and acti-
vated T-lymphocytes that are not usually considered to be targets
of G-CSF action also express functional G-CSFRs. Although the
relevance of receptor expression on these cell types remains to be
elucidated, recent evidence suggests that G-CSF exposure in
vivo induces changes in T-cell function, including polarization
towards a Th2 phenotype and reduced proliferation in response
to alloantigens. G-CSF also induces the production of regulatory
dendritic cells which in turn influence T- cell development and
function (10).

Clinical use and available products

G-CSF was initially tested in clinical trials for its ability to pre-
vent or reduce severe neutropenia and its complications (11, 12).
Randomised trials demonstrated that G-CSF accelerates re-
covery of neutrophils and reduces the duration of neutropenia
after chemotherapy (13). As a consequence of accelerated neut-
rophil recovery, G-CSF administration reduced the incidence of
inflammation, duration of fever and duration of hospitalization.
Therefore, the clinical use of G-CSF includes several indications
relating to neutropenia (14, 15). For example, it is used for de-
creasing the incidence of infection, reducing the duration of
neutropenia and related clinical sequelae, e.g. febrile neutrope-
nia in patients with nonmyeloid malignancies undergoing mye-

loablative chemotherapy followed by marrow transplantation
and for reducing the time to neutrophil recovery and the duration
of fever subsequent to chemotherapy in acute myeloid leukaemia
patients. In addition, it is used chronically in symptomatic pa-
tients with severe neutropenia (congenital, cyclic, or idiopathic)
for reducing the incidence and duration of sequelae of neutrope-
nia, e.g. fever, infections, oropharyngeal ulcers (14-16).

Increasingly, G-CSF is being used for mobilization of hae-
matopoietic progenitor cells into the peripheral blood for collec-
tion by leukapheresis and subsequent haematopoietic stem-cell
transplantation (17-19). Such mobilization is not a direct, recep-
tor-mediated effect on the stem and progenitor cells but rather an
indirect effect of G-CSF. Activation of neutrophils in the bone
marrow by G-CSF causes them to release matrix metallopro-
teases, which in turn facilitate the migration of progenitor cells
from the bone marrow microenvironment.

Various recombinant G-CSF products which differ in glyco-
sylation and/or protein sequence are available for clinical use
(15, 16, 18, 19). Most commonly used are granocyte (WHO In-
ternational Non-Proprietary name, INN Lenograstim) which is
produced in Chinese hamster ovary (CHO) cells and neupogen
(INN Filgrastim), a product expressed in E. coli. The former is
glycosylated on the same site as the native protein, the sugar con-
tributing to the increased stability of the product. The latter
differs from the natural protein as it is not glycosylated and has
an additional N-terminal methionine. Filgrastim has an elimin-
ation half-life, in both normal subjects and cancer patients of ap-
proximately 3.5 hours (h) after either subcutaneous or intra-
venous dosing. To increase the half-life, a second-generation
G-CSF product has been produced by conjugating a 20 kD
monomethoxypolyethylene glycol molecule to the N-terminal
methionyl residue of Filgrastim. This recently approved Neulas-
ta® (INN pegfilgrastim) has a reduced renal clearance and per-
sists longer in vivo (a half-life of 15 to 80 h) in cancer patients
after subcutaneous administration and is therefore administered
only once per chemotherapy cycle (18). For stem cell mobiliz-
ation, however, the advantages and disadvantages of the utility of
pegylated G-CSF instead of G-CSF are not clear and the pegy-
lated form is not approved for use as a stem cell-mobilizing
agent. However, pegfilgrastim (Neulastim) is used for the treat-
ment of patients with Hodgkin’s lymphoma.

It should be noted that the indications for use of the different
products may vary between countries where it is approved. For
example, in the UK, Filgrastim is also approved for treatment of
neutropenia in patients with advanced HIV infection as well as
the indications given above.

Adverse effects

G-CSF is usually very well-tolerated although very rare allergic-
type reactions may occur. G-CSF treatment in patients with se-
vere chronic neutropenia and in cancer patients after myelosup-
pressive chemotherapy has been associated with mild to moder-
ate bone pain (15). Adult respiratory distress syndrome has oc-
curred in neutropenic patients receiving G-CSF. Cytogenetic ab-
normalities, transformation to myelodysplastic syndrome with
the eventual development of myeloid leukaemia have been ob-
served in patients treated with G-CSF for severe chronic neut-
ropenia. In healthy donors and patients given G-CSF for periph-
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eral blood progenitor cell collection and therapy, rare cases of
splenic rupture have been reported (21, 22).

For G-CSF, the incidence of antibody development in pa-
tients has not been adequately determined or studied. It has been
reported that the incidence of binding antibodies in patients
treated with E. coli-expressed G-CSF and pegylated G-CSF is
3% and 6%, respectively, with no evidence of any neutralizing
antibodies using a cell-based bioassay. Detection of antibodies is
highly dependent on the sensitivity and specificity of the assays
used, and the observed incidence of antibody positivity in an
assay may be influenced by several factors including timing of
sampling, sample handling, concomitant medications, and
underlying disease.

Erythropoietin

Erythropoietin (EPO) is a hormone-like glycoprotein which pro-
motes survival and proliferation of erythroid precursors (23). It
stimulates red cell production, differentiation and maturation. It
is primarily produced by renal peritubular interstitial cells where
it is induced by hypoxia, but it is also constitutively produced by
the liver.

Erythropoietin is normally present at very low concen-
trations in blood, but is secreted in the urine from which it was
originally isolated. The human molecule was cloned in 1985,
which has allowed production of therapeutic products using
rDNA procedures (24). The mature protein has 165 amino acids,
contains about 40% carbohydrate and has a molecular weight of
30.4 k. The EPO tertiary structure contains four antiparallel
alpha helices.

A single type of receptor for erythropoietin is expressed on a
wide range of cell types (25). Binding of a single EPO molecule
to two adjacent receptors causes homodimerization of the recep-
tors which triggers signalling processes which are responsible
for the biological effects of EPO. The responding target cells in
erythropoiesis are late stage erythroid burst-forming unit
(BFU-E) cells, erythroid colony forming unit (CFU-E) cells and
erythroblasts.

Unlike most cytokines and hormones, glycosylation is very
important for activity in vivo (26). Although the non-glycosyl-
ated and glycosylated forms show very similar activity in vitro,
non-glycosylated erythropoietin is almost completly inactive in
vivo (26, 27). The glycosylation is very important for maintain-
ing the half-life of the molecule, and sialic acid terminal residues
on the carbohydrate chains are particularly important for this.
The half-life seems to be proportional to the number of such resi-
dues present on the molecule. The precise mechanisms(s) by
which the carbohydrate moieties prolong half-life is not entirely
clear, but the hepatic asialoglycoprotein binding lectin (or recep-
tor) may play a role in this. Sialic acid residues protect against
binding to this lectin. The importance of this mechanism for
maintaining half-life is supported by the finding that asialated
erythropoietin has virtually no biological activity in vivo (27).

Clinical use and available products

The clinical uses of erythropoietin are essentially to induce ery-
thropoiesis to increase erythrocyte numbers. Thus patients suf-
fering with clinically significant anaemia can benefit from EPO
therapy. EPO is approved for treatment of anaemia associated

with chronic kidney disease (CKD) and various cancers (es-
pecially in patients receiving chemotherapy) in many parts of the
world (28-30). However, it can also be used to treat other anae-
mias, e.g. those due to myelodysplasia, infections or other con-
ditions associated with anaemia of chronic disease (31). Some
other clinical indications for EPO have been proposed, e.g. for
treating anaemia associated with surgery.

A number of EPO products are available for clinical use
throughout the world. Most have identifying trademarks, but
several also have WHO INNs which are also used to identify
them. To date all INNs for EPO products consist of Epoetin plus
a Greek letter suffix, which is intended to reflect a possible dif-
ference in glycan sequences. The most widely used products in
the developed world are the epoetin ois Eprex® (known as Erypo
in Germany) and Epogen® (also marketed as Procrit) and the
epoetin ot Neorecormon®. Another product, epoietin delta (mar-
keted as Dynepo®) is approved in Europe. Recently an EPO o
product has been approved in the EU via the biosimilar regula-
tory process; this is distributed by different pharmaceutical com-
panies under the trade names Binocrit®, Asbseamed® and Epoe-
tin o hexal®. Very recently a second biosimilar (epoetin zeta) has
been approved in the EU (Silapo® and Retacrit®).

Attempts have been made to produce altered EPO products
which show increased half-life in vivo. This is clearly advantage-
ous as it reduces the frequency of injections of EPO required to
achieve the desired clinical effects. Two such products are ap-
proved for use in the EU. One of them (Aranesp®, INN darbo-
poietin alfa) has an altered amino acid sequence which results in
the number of N-linked glycan chains being increased to five
(natural sequence EPO has 3 N-linked and 1 O-linked carbohy-
drate chains) (32, 33). This molecule consists of 51% carbohy-
drate with a maximum of 22 sialic acid residues. Darbopoetin
has biological activity in vitro which is very similar to EPO, but
approximately three times the half-life (32). Aranesp is also ap-
proved for clinical use in the US and many other countries. An-
other approach to increasing half life is to pegylate the EPO mol-
ecule. One such product (Micera®) is approved for use in the EU
and USA for the treatment of anaemia associated with CKD.

A number of EPO mimetics are also being investigated, in-
cluding peptides/other small molecules which are related or un-
related to the EPO structure. Hematide, a non-EPO sequence re-
lated peptide is in phase II clinical trials at present. However,
none are yet approved for clinical use.

Adverse effects

The most common adverse effect of EPO is hypertension, caused
by increased hematocrit and resultant blood viscosity. This can
be controlled by dosing and the use of anti-hypertensive drugs
and/or fluid removal. Until the late 1990s there were few other
adverse effects noted with EPO therapy.

However, following 1998, rare but often clustered cases of
pure red cell aplasia (PRCA) were noted to be largely associated
with use of one EPO product (Eprex/Erypo). Patients who devel-
oped PRCA were found to produce neutralizing antibodies
against EPO protein (34). Some changes to the formulation of
Eprex had been made prior to 1998, but the precise cause of the
enhanced immunogenicity of the Eprex is still unclear. Patients
developing antibody-mediated PRCA are managed by ceasing
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treatment with erythropoietic agents (the antibodies cross-react
with all forms of EPO including aranesp) and sometimes other
therapeutic intervention.

Granulocyte-macrophage colony-stimulating factor
Granulocyte-macrophage colony-stimulating factor (GM-CSF)
causes the differentiation and proliferation of granulocyte/mac-
rophage progenitor haematopoietic cells. It also regulates the
survival and function of several mature cell lineages, e.g. neutro-
phils, macrophages and dendritic cells (35-38). In addition,
GM-CSF functions as an inflammatory mediator, acting on a
number of different cells types and modulates antigen-pres-
enting cell function.

GM-CSF was discovered in the 1960s and cloned from the
Mo leukaemia line and separately from a T-cell line in 1985 (39,
40). The mature protein contains 127 amino acids, is glycosyl-
ated and if isolated from natural sources has a molecular weight
of around 23 kD. Glycosylation is not necessary for biological
activity as GM-CSF expressed in E. coli has comparable or even
higher activity than the glycosylated form. GM-CSF made in
CHO cell expression systems is variably glycosylated on N and
O linked sites and shows a molecular weight distribution of
18-30 kD. Structural analysis shows that the molecule consists
of two pairs of antiparallel o-helices. GM-CSF binds to a single
hetrodimeric receptor and this results in phosphorylation of a
number of signalling proteins (41, 42). Receptors are found on
haemopoetic cells, but also on some non-haematopoetic cell
types.

A wide range of cell types can produce GM-CSE, but this
often requires a stimulus. Activated T and B cells, macrophages,
endothelial cells, fibroblasts and mast cells are examples of cells
which secrete GM-CSF following stimulation.

Clinical use and available products

GM-CSF is approved for use for reversing neutropenia after
chemotherapy or bone marrow transplantation. This results in a
reduction of infectious complications in GM-CSF treated pa-
tients (43, 45). Trials have also been conducted to assess the use
of GM-CSF in numerous other indications, e.g. sepsis, drug-in-
duced neutropenia, HIV infection, acute myeloid leukaemia,
aplastic anaemia and myelodysplasia, but with variable results. It
enhances the anti-viral effects of azidothymidine, AZT and is
used clinically for this in HIV infected patients.

In general, the enhancement of haematopoietic effects in-
duced by GM-CSF are no better (and possibly inferior) to
G-CSF. However, GM-CSF is associated with a much higher rate
of adverse effects and so its clinical use has declined over the past
few years. But, in view of its potent immunostimulatory activity
and activation effects on dendritic cells, it is being assessed for
use as an ‘adjuvant’ for prophylactic and therapeutic vaccines for
use in protecting against infection and treating cancer (44).

An E. coli-expressed GM-CSF has been approved for use in
the EU (Molgramostim-Leucomax®) since 1991. A yeast de-
rived, glycosylated product (Sargramostim-Leukine®) is ap-
proved in the US and elsewhere, but is not used in the EU. Several
other GM-CSF products are used in other parts of the world,
some of which are considered biosimilars.

Adverse effects

GM-CSF is known to cause adverse effects at high doses. These
include bone pain, erythroderma, weight gain oedema and other
inflammatory problems (45). Both the immunomodulatory ac-
tivity and haematopoietic effects of GM-CSF are probably in-
volved in these adverse reactions. GM-CSF can induce un-
wanted immunogenicity in some patients, particularly if they re-
ceive long term multi-dose treatment and have relatively intact
immune systems. This can compromise therapy if the antibodies
induced neutralise the biological activity of GM-CSF (46, 47).

Stem cell factor

Stem cell factor (SCF) is an early-acting hematopoietic cytokine
that supports the proliferation and survival of pluripotent progeni-
tor cells. It also facilitates lineage commitment and differentiation
of distinct progenitor cells in response to lineage specific cyto-
kines. Originally purified and cloned by three different groups as
an activity in medium conditioned by different cells (e.g. buffalo
rat liver, BALB/c 3T3 and a bone marrow stromal cell-line) which
stimulated in vitro growth of mast cells, the protein was named
mast cell growth factor, stem cell factor or kit ligand (48-50).

SCF is normally found in both soluble and transmembrane
forms (generated by alternative splicing that includes or ex-
cludes a proteolytic cleavage site). The transmembrane form
contains 220 amino acids. Full length SCF comprises 248 amino
acids, which after proteolytic cleavage yields the soluble biologi-
cally active form which has 165 amino acids and a molecular
weight of approximately 18.5 kD (51). Soluble SCF is glycosyl-
ated and exists as a non-covalently bonded dimer linked by two
intramolecular ~ disulphide  bonds  (Cys4-Cys89  and
Cys43-Cys138) which are critical for maintaining its biological
activity. SCF has considerable secondary structure, including re-
gions of o-helices and B-sheets (50, 52).

SCF is produced by fibroblasts, endothelial cells, keratino-
cytes and epithelial cells. It has been detected in the thymus and
other tissues including lung, heart, brain and liver. Inflammatory
stimuli such as TNF-a or IL-1 may modestly enhance SCF pro-
duction by marrow stromal cells. SCF is normally found in
human serum; circulating levels are in range of 1-8 ng/ml.

The receptor for SCF, c-kit is broadly distributed within the
hierarchy of haematopoietic cells and other tissues therefore ex-
plaining the pleiotropic effects of SCF on not only haemato-
poietic and stem cells, but also mast cells, germ cells and mel-
anocytes (53). However, SCF has so far mainly been exploited
for stem cell mobilization in leukaemic patients (18, 54, 55).
SCF synergises with other cytokines such as EPO, IL-3, GM-
CSE, G-CSF to support direct growth of erythroid, granulocyte
macrophage and erythroid/macrophage/megakaryocyte col-
onies (53). In addition to promoting progenitor cell survival,
SCF can accelerate stem cell entry into cell cycle and function as
a chemotactic and chemokinetic factor for these cells. SCF in
combination with thrombopoietin or IL-3 causes synergistic pro-
liferative effects on megakaryocytic progenitor cells.

Since SCF plays an essential role in mast cell biology and is
necessary for mast cell development, proliferation, survival and
degranulation, several potential therapeutic antagonists for tar-
geting SCF and its receptor are currently being investigated for
their anti-allergic properties (56).
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Clinical use, available products and adverse effects

SCF has largely been used in the clinic in combination with
G-CSF for stem cell mobilization (18, 54, 55). Despite the bene-
fits of this mobilization strategy seen in initial studies, severe
toxicity, e.g. allergic reactions, respiratory symptoms due to the
actions of SCF on mast cells caused concern and retarded further
clinical development. Ancestim® (Stemgen, Amgen, Thousand
Oaks, CA, USA), an E. coli-expressed product which has 166
amino acids in a sequence identical to the natural sequence (ex-
cept for an additional N-terminal methionine) is the only avail-
able licensed product. It is approved for use in combination with
G-CSF (Filgrastim) in some countries (e.g. Canada, New Zea-
land, Australia) but not in USA or Europe in the setting of periph-
eral blood progenitor cell (PBPC) transplantation for patients at
risk of poor PBPC mobilization.

Interleukin-11

Interleukin-11 (IL-11) is a pleiotropic cytokine which stimulates
proliferation of primitive haemopoietic progenitor cells as well
as arange of other effects (57, 58). It synergizes with other cyto-
kines e.g. IL-3, IL-4, SCE, EPO, which results in stimulation of
megakaryocytopoeisis, erythropoiesis, lymphopoiesis and mye-
lopoiesis. It induces secretion of some cytokines, e.g. IL-6,
which also contributes to its pleiotropic effects (59-61). IL-11
acts on a wide range of cell types. It is produced by several types
of cells, e.g. bone marrow stromal fibroblasts, lung fibroblasts
and numerous cell lines. It usually requires stimulation of these
cells with IL-1, phorbol esters or transforming growth factor B
(TGF-B) for secretion. It was first observed as a factor produced
by IL-1 stimulated stromal cells in 1990 and was cloned in the
same year (57). The mature IL-11 protein contains 178 amino
acids and has no N-linked glycosylation sites. The protein is
made up of four o-helical bundles and two -sheets. The IL-11
receptor is a heterodimer consisting of an IL-11-specific binding
chain and the gp130 signalling chain which is also found in re-
ceptors for some other cytokines, e.g. IL-6, LIF and oncostatin
M.

Clinical use and available products

IL-11 has been trialled for use in a range of clinical indications
with limited success. Only one product is approved for clinical
use in the USA and no products are approved in the EU. The ap-
proved product, Neumega® (INN, Oprevelekin) is used for treat-
ment of chemotherapy induced thromobocytopenia, as it in-
creases megakaryocytopoiesis and thrombopoiesis (59, 62, 63).

Adverse effects

IL-11 has been associated with serious and mild adverse effects.
These include pulmonary peripheral oedema, dyspnea, capillary
leak syndrome, dilutional anaemia, atrial arythmia, tachycardia,
fluid retention and papilledema (59, 62)

Thrombopoietin

Thrombopoietin (TPO) is a major regulator of megakaryopoiesis
and thrombopoiesis, leading to platelet production (64, 65). TPO
promotes the viability of pluripotential stem cells and early pro-
genitors of all lineages although its major effect is to support the
survival and proliferation of megakaryocytic lineage cells. De-

spite being cloned in 1994, the protein is not approved for clini-
cal use (65-67). TPO, a 332 amino acid glycoprotein with a mo-
lecular weight of 95 kD contains two domains; an amino domain
(residues 1-153) that shows considerable homology with human
EPO and binds to its receptor and a carbohydrate-rich domain
(residues 154-332) which is important for maintaining protein
stability. Deletion of this region does not affect the activity of the
protein in vitro but substantially reduces its bioavailability after
parenteral administration. TPO has an antiparallel 4-helix
bundle fold structure.

TPO is predominantly produced in the liver. It binds to its re-
ceptor, c-mpl expressed on haematopoietic stem cells, progeni-
tor cells and platelets (68). In normal physiology, TPO, enters the
circulation (after being produced) and is removed rapidly as it
binds to its receptors on megakaryocytes and platelets, under-
goes internalisation and subsequent degradation (68, 69). Thus
normal or elevated levels of platelets inhibit the action of TPO on
target cells (bone marrow) by binding to circulating TPO.

In situations where platelet production or megakaryocyte
mass is reduced, circulating levels of TPO increase, peaking by
24 h such that platelet production can be stimulated. In con-
ditions associated with marrow failure (e.g. aplastic anemia),
TPO levels are high whereas in idiopathic thrombocytopenic
purpura (ITP), TPO levels are low.

While TPO is the main regulator of megakaryocytopoieses, it
is not exclusive in this activity. Other factors such as IL-1, IL-3,
IL-6, IL-11 and SCF also stimulate megakaryocyte growth alone
or in combination with TPO (70-72). This ability of TPO to syn-
ergise with other cytokines has been utilised effectively to ex-
pand haematopoietic stem cells and megakaryocyte progenitor
cells in vitro (73, 74).

Clinical use and adverse effects

Based on the biological activity of TPO, two recombinant forms
of TPO, were extensively studied in clinical trials in various
thrombocytopenic disorders and in healthy humans for platelet
apheresis and use in transfusions (75, 76). One was a full-length
polypeptide, TPO while the other was a truncated form, pegy-
lated megakaryocyte growth and development factor, peg-
MGDEF. The latter comprising the amino terminal region (163
amino acids) of TPO which binds to the TPO receptor was
chemically modified by the addition of polyethylene glycol. Pro-
duced in CHO cells, recombinant TPO had the same amino acid
sequence as the native protein but a slightly lower molecular
weight (90 kD) than native TPO (95 kD), possibly due to differ-
ences in glycosylation. When administered intravenously to
cancer patients, this molecule dramatically enhanced platelet
production and had a half-life of 30—40 h (77).

Peg-MGDFE, in contrast, was produced in E. coli, was non-
glycosylated and had a molecular weight of 60 kD and a half-life
of 25-30 h after subcutaneous administration (76). Although
structurally different from the native protein, the truncated ver-
sion showed similar biologic activities as the full-length protein;
the platelet count rise began five days after injection and peaked
10 to 14 days later. However, the development of these products
was curtailed in 1998 when some patients developed autoanti-
bodies against Peg-MGDF which cross-reacted with and neutral-
ized endogenous TPO, causing thrombocytopenia in healthy
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human subjects (78, 79). Development of Peg-MGDF was im-
mediately terminated and, although the full-length TPO was not
directly associated with these problems, there was no further
clinical development with this molecule. However, alternative
approaches have been pursued to overcome this immunogenicity
problem and develop a desirable thrombopoietic candidate. One
of the approaches has been to generate anti-mpl antibodies (and
convert whole IgG to minibodies agonist antibodies) to serve as
TPO mimics without any risk of generating neutralizing anti-
bodies against endogenous TPO (76).

Based on clinical studies showing the effectiveness of the
above proteins in several thrombocytopenic disorders, several
second-generation thrombopoietic growth factors with unique
pharmacological properties have been developed. These include
peptide mimetics, non-peptide mimetics and agonist antibodies
bind to and activate the TPO receptor in different ways (Table 1);
some are currently undergoing investigation in the clinic (76,
80). Among these are AMG-531 and eltrombopag. Both mol-
ecules bear no structural resemblance to thrombopoietin, but still
bind and activate the thrombopoietin receptor. AMG-531 is a
“peptibody” made of two disulphide-bonded immunoglobulin
Fc fragments each of which is covalently bound at residue 228
with two identical peptide sequences linked via polyglycine. The
carrier Fc component of the molecule binds to the FcRn salvage
receptor and undergoes endothelial recirculation which results in
a substantially longer half-life than the peptide alone. In a small
clinical study, AMG-531 caused no major adverse events and in-
creased platelet counts in patients with ITP (81). Eltrombopag
(SB-497 115) an oral, small-molecule, non-peptide agonist of
the thrombopoietin receptor in clinical trials for thrombocytope-
nia of various etiologies also seems promising. Initial results
have indicated its safety and ability to increase platelet counts in
a dose-dependent manner (82, 83). Details on clinical trials cur-
rently being pursued with these molecules and treatment options
available for management of idiopathic thrombocytopenic pur-
pura are provided in a recent article (84).

Interleukin-3

Interleukin-3 (IL-3) is a haematopoietic growth factor which
stimulates the formation of colonies for erythroid, megakaryo-
cytic, granulocytic and monocytic lineages, and in addition,
stimulates the renewal of pluripotent haematopoietic stem cells
(85, 86). Alternatively termed multicolony-stimulating factor
(multi-CSF), mast cell growth factor (MCGF), megakaryocyte
growth factor, eosinophil CSF, IL-3 was discovered indepen-
dently by several groups because of its diverse biological effects
on a variety of cells (87-89).

IL-3 is a relatively small monomeric protein of 133-amino-
acids with a molecular weight of approximately 15 kD. It is
heavily N-glycosylated and has an o-helical bundle structure.

IL-3 is predominantly produced by activated T cells, natural
killer (NK) cells and mast cells stimulated with a combination of
phorbol ester and calcium ionophore, and activated eosinophils
also produce IL-3.

IL-3 has the broadest target specificity of any of the classic
HGFs and acts on target cells types such as monocytes, eo-
sinophils, basophils, megakaryocytes and mast cells via IL-3 re-
ceptors (IL-3R) which are heterodimeric and consist of a spe-

cific IL-3Ra chain (CD123) that binds IL-3, and non-binding
‘converter’ IL-3R chain (Bc) that also functions as the high-af-
finity ‘converter’ subunit of both the IL-5 and GM-CSF recep-
tors (90, 91).

IL-3 acts on early stages of haematopoiesis, rather than the
processes of terminal differentiation and maturation, and its bio-
logical activity is species restricted. It acts in synergy with other
cytokines to induce progenitors of various lineages (89, 92). To-
gether with EPO, it induces erythroid lineages, and with GM-
CSF or G-CSF it induces the granulocyte-macrophage lineages.
IL-3 synergizes with TNF for short-term proliferation of CD34
cells as well as causing their development into dendritic or Lan-
gerhans cells. It supports the growth-promoting effects of SCF
on mast cell precursors and enhances the activity of IL-2 in the
proliferation and differentiation of B lymphocytes. Con-
sequently, IL-3 is included in a majority of protocols to culture
haematopoietic stem cells and early progenitor cells (93).

Additionally, IL-3 modulates the activity of a number of ma-
ture cell types. It enhances histamine release from basophils,
causes eosinophil activation, influences monocyte function and
regulates macrophage cytotoxicity. IL-3 and GM-CSF induce
monocyte adhesiveness by induction of the integrin CDI18 as
well as stimulating expression of human leucocyte antigen
(HLA)-DR, CD14 and IL-1q.

Despite the broad range of biological activities in vitro, the
clinical utility of IL-3 has been elusive. In several trials including
patients with MDS, AML, aplastic anemia, [L-3 has shown very
limited efficacy but considerable side-effects (93-95). Pre-clini-
cal studies have suggested that IL-3 in combination with an addi-
tional growth factor may elicit profound effects on erythropoie-
sis and thrombopoiesis. Therefore, receptor agonists and hybrid
agonists which have shown significant pre-clinical activity are
currently being pursued (96), some of these are listed in Table 1.

Macrophage colony-stimulating factor

Macrophage colony-stimulating factor (M-CSF) or colony-
stimulating factor-1 (CSF-1) is the primary regulator of the sur-
vival, proliferation, differentiation and function of mononuclear
phagocytes (97). M-CSF was originally identified by its ability
to selectively support macrophage colony formation in semisolid
medium by progenitor cells in bone marrow (98). M-CSF is a
70 kD type I transmembrane protein that is cleaved to produce a
circulating disulfide-linked homodimeric growth factor. The
molecule is heavily glycosylated and contains two bundles of
four o-helices.

M-CSF is produced by various cells including monocytes,
endothelial cells, smooth muscle cells, bone marrow stromal
cells, uterine cells, hepatocytes, cells of the monocyte/macro-
phage lineage and fibroblasts. It is found in measurable concen-
trations in various tissues including urine, plasma, cerebrospinal
fluid and fetal amniotic fluid. Elevated levels have been reported
in trauma, autoimmune diseases, infections and various malig-
nancies including breast cancer, ovarian cancer and endometrial
carcinoma (99, 100).

The actions of M-CSF are induced by binding to a single
high-affinity site on the extracellular domain of the M-CSF re-
ceptor which is a transmembrane protein encoded by the c-fms
protooncogene (101).
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Growth factor Type of product

Table I: Some products
with potential

Peptide mimetics

of a fully human Fab

peptide sequences linked via polyglycine

Peg-TPOmp — A pegylated TPO peptide agonist

Fab 59 — 2 TPO receptor-activating peptides inserted into complementarity- —determining regions

AMG 531 —A peptide agonist or ’peptibody’ containing 2 disulphide-bonded human IgG| heavy
chain constant regions (an Fc fragment) each covalently bound to identical

thrombopoietin activity in
development.

L. Non-peptide mimetics
Thrombopoietin

tent TPO receptor agonist

SB-497115 — Orally available hydrazone small molecule which has an acidic group (COOH) at one
end, lipophilic (CH3) groups at the other end and a metal chelate group in the middle creating a po-

AKR-501 — Orally active TPO non-peptide agonist identified by screening of small molecule libraries

NIP-004 — ATPO receptor activator identified by screening compounds.

Agonist antibodies

VB22B sc (Fv),] - Small bivalent antibody fragment created by isolation and —genetic engineering of
heavy chain and light chain variable regions of an antibody that binds c-mpl receptor

Receptor agonist

Interleukin-3

Daniplestim — High affinity IL-3 receptor agonist which has a 21 amino acid deletion from N- and
C-terminal regions and changed positions of 27 amino acids compared with native IL-3

Promegapoietin-1 alpha — Chimeric dual IL-3 and mpl-L receptor agonist

Leridistim — Chimeric dual G-CSF and IL-3 receptor agonist

Fusion protein

DT388IL3 —Truncated Diptheria toxin linked to IL-3

PIXY321 — GM-CSF and IL-3 linked by a short amino acid sequence

M-CSF is a pleiotropic cytokine with diverse biological ac-
tivities. For example, it enhances cytotoxicity, superoxide pro-
duction, phagocytosis, chemotaxis and cytokine production in
monocytes and macrophages, modulates the development and
immune functions of dendritic cells, has anti-tumor activity and
a role in inflammatory diseases including arthritis, systemic
lupus erythematosus, atherosclerosis and obesity (102).

Clinical trials involving M-CSF, both urinary and recom-
binant forms have shown mixed response although a greater ef-
ficacy has been seen when combined with other anticancer ther-
apies. So far there is no clinically licensed product.

Other factors which can influence
haematopoiesis

A number of cytokines and growth factors can influence aspects
of haematopoiesis although they are not normally considered
haematopoietic growth factors. Often their effects are indirect
via induction or inhibition of other substances.

IL-1 is a multifunctional cytokine which mediates direct and
indirect stimulatory effects on haematopoiesis (103, 104). There
are two forms of IL-1, known as IL- 1o and IL-1f which are both
about 17 kD in size, but share little structural homology. They

both bind to the same receptors and mediate the same functions.
They are predominantly produced by cells of monocyte/macro-
phage lineage and act on many cell types. Effects on haemato-
poiesis in vitro and in vivo are significant and the factor original-
ly described as haemopoietin-1 is now known to be IL-1c (105).
Although IL-1 could theoretically be used clinically to enhance
haematopoiesis, its severe toxicity, mainly due to its inflamma-
tory and pyrogenic properties precludes this. No products are ap-
proved for clinical use.

Interleukin-2 (IL-2) is a potent T- and B-lymphocyte growth
factor and promotes lymphopoiesis (106, 107). Itisa 15 kD gly-
coprotein produced predominantly by activated T cells and acts
on activated T and B cells as well as NK cells and large granular
lymphocytes (108, 109). Although it is used clinically to treat
cancer patients, its clinical function is mediated via immunos-
timulatory mechanisms rather than haematopoiesis.

Interleukin-4 (IL-4) and interleukin-6 (IL-6) are 18—19 kD
and 19-30 kD glycoproteins which are important for lympho-
poeisis of B lymphocytes and B-cell proliferation and devel-
opment (110-113). IL-6 also synergizes with other factors in-
volved in haematopoiesis (e.g. [L-3) to enhance several haema-
topoietic effects. IL-4 is predominantly produced by activated T
lymphocytes, whereas IL-6 is produced by a variety of cell types
especially activated monocytes/macrophages. The haemato-
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poietic effects of IL-4 and IL-6 are not sufficient for them to be
used clinically for stimulation of haematopoiesis and no prod-
ucts are approved for clinical use.

Interleukin-5 (IL-5) is a 45-50kD glycoprotein which spe-
cifically promotes the growth, activation and differentiation of
eosinophils in human systems (114, 115). It also primes baso-
phils. It is primarily derived from T cells. There is no clear clini-
cal role for IL-5 as a product, but IL-5 antagonists can be used to
suppress eosinophilia and asthma.

Interleukin-7 (IL-7) is a 20-28 kD glycoprotein which acts
early in haematopoiesis and specifically mediates lymphopoie-
sis (116, 117). It is essential for the earlier steps in lymphopoie-
sis including activities on stem cells, production and stimulation
of pre-B lymphocytes, pre-T lymphocytes and pre-NK cells, and
other effects e.g. stimulation of mature T lymphocytes. It is pro-
duced by stromal cells from bone marrow, other sources and sev-
eral stromal cell lines. Although IL-7 shows considerable poten-
tial for clinical use in stimulating lymphopoiesis and enhancing
immune responses in patients with infections and particularly
cancer and several clinical trials have been conducted, no prod-
ucts have been approved for use.

Interleukin-9 (IL-9) is a 30—40 kD glycoprotein which acts
on various cells involved in haematopoiesis and especially the
immune system (118). It mediates a range of effects on T cells, B
cells and erythroid precursors. Many of its effects require syn-
ergy with other cytokines, e.g. EPO and IL-4. It is produced
mainly by Th, lymphocytes. There seems to be little evidence to
support clinical use of IL-9 and no products are approved for use.

Interleukin-12 (IL-12) is a potent modulator of NK-cell and
T-cell functions (119, 120). It is a heterodimer with subunits of
35 kd and 40 kd and is produced primarily by monocytes/macro-
phages. It mediates potent activation effects on NK cells which
appears to be its principal function in vivo. However it also
stimulates proliferation of activated T lymphocytes. It is a potent
inducer of interferon-y from both NK and T cells. Although a
clinical role for IL-12, especially in inducing NK cells, e.g. in
cancer patients, seems promising and clinical trials have been
conducted, its very significant toxicity, largely due to induction
of high levels of interferon-y seriously limits clinical use and no
products have been approved for use.

Interleukin-15 (IL-15) is a 14—18 kD cytokine with lympho-
poiesis stimulating properties similar to IL-2 (121, 122). It is
produced by a range of cell types including monocytes, muscle,
placental and skeletal tissues and peripheral blood mononuclear
cells. Although it shows the same clinical potential as IL-2, it has
not been used clinically to stimulate haematopoiesis and no
products are approved for use.

Some factors negatively regulate at least some haemato-
poietic systems. For example some members of the TGF-3
family, e.g. TGF-B;, inhibit haematopoiesis and other systems
(123). The o and [ interferons (IFN-o. and IFN-f) inhibit the
growth of haematopoietic progenitor cells in vitro, and it seems
likely that this also occurs in vivo, although the pleiotropic ef-
fects of IFN-0/Bs can cloud this issue (124). No direct clinical
use of TGF-f or IFN-0/f for inhibiting haematopoiesis has been
proposed, although both IFN-o. and IFN-f products are approved
widely for treatment of other indications.

Conclusion

As described above, the haematopoietic system is controlled by
a complex array of factors which directly, indirectly or synergis-
tically influence the development, proliferation and function of
haematopoietic cells. Several of these substances show consider-
able potential for clinical use and some are approved for such
use. It seems most likely that scientific progress will identify
further cytokines, growth factors and hormones which play a
role in haematopoiesis and some of these are likely to be assessed
for clinical use. Some of these will succeed as products whereas
others will not. It is also possible that combination therapy with
haematopoietic growth factors may improve clinical responses.

Second generation products, mutated in amino acid se-
quences, with altered glycosylation or PEGylation are already
used and approved for therapy and there are likely to be further
developments with this approach. Mimetics, often bearing no
chemical similarity with growth factors or sequences contained
within growth factors show considerable potential for clinical
use and can be advantageous in some situations (67, 125). Hae-
matopoietic growth factor antagonists can also be used clinically
for some indications, and development of these is likely in the fu-
ture (56).

Fusion proteins comprising a haematopoietic growth factor
and other proteins or two haematopoietic growth factors could
show enhanced clinical effects compared to the use of a natural
sequence haematopoietic growth factor. A GM-CSF-IL-3 fusion
protein (PIXY321) has been evaluated in clinical trials in cancer
patients, but showed unacceptable immunogenicity and limited
development.

The expiry of patents on some of these haematopoietic
growth factor products allows production and marketing (fol-
lowing regulatory approval) of similar products produced by
competing manufacturers. Often the “biosimilar” (termed “fol-
low-on biologics” in USA) approach as in Europe is taken for
regulatory approval of such products (126—129). For this, the
manufacturer provides sufficient comparative data to prove that
the new product is sufficiently similar to the innovator product to
be considered biosimilar. It is therefore expected to show com-
parable safety and efficacy to the innovator product. However, as
it is impossible to prove complete identity between the two prod-
ucts for biologicals (unlike for generic chemicals), it is antici-
pated that some clinical assessment, e.g. bridging studies, will be
necessary for biosimilars (which is not the case for generics).
Biosimilar EPOs have already been approved in the EU and else-
where, and biosimilar versions of other haematopoietic growth
factors are being pursued world-wide. Another potentially prom-
ising approach which is currently being evaluated is the gene
transfer of different haematopoietic growth factors for various
clinical indications but whether this is beneficial and offers any
advantages over current treatment modalities remains to be seen.
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