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Blood cells under a variety of conditions produce cytokines which regulate their proliferation, communication and
functioning. The granulocyte-macrophage colony-stimulating factor (GM-CSF) is a hematopoietic growth factor mainly
responsible for the proliferation of granulocyte-s and macrophages. It is a molecule of immense therapeutic interest due to
its wide-ranging actions on immune cells. Recombinant human GM-CSF has been expressed, purified and characterized. It
has diverse biological manifestations, which has led to its being explored for use in cancer therapy, AIDS therapy, as a
vaccine adjuvant, in certain types of wound healing, promotion of collateral growth of coronary artery, usefulness in treating
Crohn’s disease symptoms and in the management of a host of viral, bacterial and fungal infections. Newer therapeutic
applications are also being unveiled. The physico-chemical as well as the biological features and the applications (current

and emerging) of GM-CSF are discussed.
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Introduction

Most of the circulating cells of blood in humans are
short lived and constantly need replacement
throughout the lifespan. This process of blood
formation is termed as hematopoiesis and is highly
complex' owing to different types of cells that must
be produced. Hematopoiesis® is capable of bringing
about rapid adjustments in the number of cell sub-sets
in the admixture to aid in a wide variety of conditions
arising out of blood loss, infections, or as a result of
the side effects of cytotoxic drugs/diseases. All
different types of cells arise from a small pool of
pluripotent stem cells in response to specific stimuli.
Extremely precise and tight multi-point overlapping
mechanisms are in place to ensure fidelity in normal
conditions®. Derangement of this process results in
various unhealthy conditions ranging from anemia to
leukemia.

The pluripotent stem cells, in response to various
chemical stimuli divide, differentiate and mature into
specific cell sub-sets. These substances for
stimulation are produced by cells under a variety of
situations and stress conditions for the maintenance of
homeostasis in the immune system®. These substances
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secreted from cells are in general called ‘cytokines’
and they can have autocrine or paracrine modes of
action. A wide spectrum of such substances are
produced and are classified depending upon the type
of cells they act on to produce the desired function,
such as interleukins acting between leucocytes and
lymphokines, which are secreted by lymphocytes or
monokines that are associated with monocytes and
macrophages’. Diverse range of cytokines regulates
the intensity and the duration of the immune response
by stimulating or inhibiting activation, proliferation
and/or differentiation of the cells involved in the
generation of humoral immune responses and also in
the secretion of antibodies or other cytokines®. In case
of cell mediated immunity, the hematopoietic
progenitor cells differentiate into functional immune
cells and their differentiation and proliferation also is
regulated by different cytokines.

The pleiotropic nature of cytokines causes different
cell types to secrete the same cytokine and a single
cytokine can act on different cells, predominantly in a
cascade fashion where one cytokine stimulates its
target cells to make additional cytokines and more
than one cytokine causes particular effector function’.

Cytokines that support growth and proliferation of
hematopoietic colonies into blood cells are called
colony-stimulating factors (CSFs)®. CSFs are acidic
glycoproteins and are classified on the basis of the
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types of mature blood cells found in the resulting
colonies”'*. They include:

e Interleukin 3 (IL-3) — Stimulates stem cells to
produce all forms of hemotopoietic cells.

e Macrophage colony-stimulating factor
(M-CSF) — Acts on cells of macrophage lineage.

® Granulocytecolony-stimulating factor (G-CSF) —
Acts on cells of granulocyte-lineage.

¢ Granulocyte-macrophage colony-stimulating
factor (GM-CSF) — Affects the proliferation and
differentiation of erythroid, megakaryocytic and
myeloid lineage.

The life span of most blood cells is very short. If
the body is not able to produce new healthy blood
cells at the required rates, life-threatening infections
or bleeding can occur. Such conditions can also be
created due to cancer chemotherapy, in the case of
bone marrow transplantation and other adverse
clinical conditions. The growth promoting activities
of these CSFs extend beyond their usual scope when
they act in combination with other factors™’.

GM-CSF

Among the above mentioned major cytokines, GM-
CSF has a special position for its therapeutic use in
combating certain life threatening ailments. Several
new uses of this cytokine are also expected to emerge
in the near future. GM-CSF enhances the number of
cells of monocyte and macrophage series in cancer
patients". Tt also enhances the ability of these cells to
lyse tumour cells'*". In melanoma therapy, GM-CSF
was found to act as an adjuvant'®. It was also found to
be the most potent immunomodulator for presenting
tumour antigen to the immune system through the
dendritic cells. Tumour cells engineered to secrete
GM-CSF were used with success for vaccinating mice
for suppressing tumour cells'’ in animals through the
activation of cytotoxic T cells and NK cells. GM-CSF
is an efficient adjuvant and has a low toxicity profile.
For the treatment of cancer, a large pool of data has
been generated in animal models where the
beneficiary effects of GM-CSF have been noticed'®. It
is one of the most important mediators of
inflammation and has been used to improve the
immunological functions of recipients, suffering from
chronic viral hepatitis and certain hematological
disorders'. GM-CSF contributes more towards
accelerated production of populations of defense cells
macrophages, granulocytes and eosinophils in states

of infection and inflammation than maintaining a
steady state condition of population of defense cells.
GM-CSF would fall in the category of “Black Cats”
of our defense regimen of molecules to encounter the
emergency situations. Because of these useful
properties, it is anticipated that the interest of the
biotech industry in this substance shall increase.

The GM-CSF protein was first purified in 1977
from mouse lung-conditioned medium using
conventional chromatography and analyzed for
structure and colony-stimulating properties®. The
protein of murine origin was cloned in 1984 for the
first time?'. Later, GM-CSF proteins of human and
mouse origin were purified from mouse lung
conditioned medium®. The gene for human GM-CSF
was identified and cloned from the cDNA library of a
T lymphoblast cell line (Mo). The recombinant
human GM-CSF protein (thGM-CSF) was transiently
expressed in COS cells and was found to have all the
biological functions when compared with purified
natural human GM-CSF”. Recombinant hGM-CSF
has thereafter been cloned, expressed and purified in
various other expression systems including Chinese
hamster ovary (CHO) cells*, Picihia pastoris25 ,
Saccharomyces cerevisia626, Escherichia coli27’28,
sugarcane”, transgenic tomato suspension cultures’’;
the resulting recombinant proteins have been
characterized for their properties and biological
activity.

The human gm-csf gene is approximately 2.5 kilo
base pairs long. The gene is located on the long arm
of chromosome 5 (gene locus 5q21-q32) as a single
copy’'. It has 4 exons that are separated by 3 introns.
Besides the gm-csf gene, genes for IL-4, IL-5, IL-9,
both subunits of IL-12, macrophage-CSF (M-CSF), c-
fms (M-CSF receptor), EGR-1 (early growth response
gene), IRF-1 (interferon regulatory factor-1) are
located at the 5g31.1 locus of chromosome 5°**. The
human /-3 gene is located only 9 kb away from the
gm-csf gene™*. The close arrangement of the genes
encoding various cytokines and their receptor on
chromosome 5 and the study of chromosomal
aberrations resulting in interstitial deletions of parts of
the long arm of human chromosome 5 (the 5q minus
syndrome) has elucidated the role of these cytokines
in t1316e development of clonal hematopoietic stem
cells™.

The human GM-CSF (hGM-CSF) is synthesized as
a 144 amino acid residue precursor protein with a 17
amino acid signal peptide. This precursor protein is
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processed to yield a 127 amino acid mature protein
with a predicted molecular mass of 14.4 kDa>"®. The
gm-csf gene and amino acid sequence of hGM-CSF
protein are elucidated in Fig 1.

The apparent molecular mass of the natural GM-
CSF has been found to be in the range from 14.5 to 32
kDa due to varying degree of glycosylation at six
positions with both O-linked and N-linked
carbohydrate structures***’. The isoelectric focusing
studies and MALDI-TOF analysis of GM-CSF
expressed in an engineered CHO cell line showed the
existence of 16 different isoforms of the rhGM-CSF
molecule®. The different isoforms had differing
numbers of carbohydrate moieties. The heterogeneity
of glycosylation leads to wide variation in the
apparent molecular weight of the native protein.

Natural GM-CSF has O-linked glycosylation sites
at amino acid residues 22, 24, 26 and 27 and N-linked
glycosylation sites at amino acid residues 44 and 54°.
Interestingly, it was observed that glycosylation is not
required for biological activity of the protein and the
removal of carbohydrates actually increased the
specific activity of GM-CSF”. Receptor binding
studies demonstrated lower receptor affinity for the
heavily glycosylated GM-CSF molecules as compared
to the less glycosylated forms or non-glycosylated
GM-CSF molecules produced in E. coli due to
differences in kinetic association rates™. It has also
been demonstrated that the presence of N-linked
carbohydrate significantly inhibits in vitro biological
activity of GM-CSF. Studies with hGM-CSF mutants
having reduced glycosylation also gave similar
conclusions*’. It is further speculated that
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glycosylation of GM-CSF may be involved in
increasing the half-life of the molecule in serum by
increasing its stability. The hGM-CSF has four
cysteine residues that form two disulfide bonds
between cys54-cys96 and cys88-cys121**. The
disulfide bridge between cys55 and cys96 is essential
for the biological activity; the one between cys88 and
cys121 could be removed without significant loss of
activity™*.  Physical studies carried out on
recombinant GM-CSF show that it is a compact,
monomeric, globular protein, which is hydrophobic in
nature***. Crystal structure of rhGM-CSF as
determined by X-ray crystallography, shows that the
protein is made up of four a-helices (42%)** that pack
together and two antiparallel B-sheets (57%)*. The
schematic structure of hGM-CSF protein is presented
in Fig. 2. The four a helices labeled as A, B, C and D
are each about 11-15 amino acid residues long.
Helix A spans amino acid residues 13-27, helix B
spans residues 55-65, helix C has residues 74-86 and
helix D has residues 103-116. The helices pair as
A with D and B with C, which run antiparallel to each
other. The connections between A and B helixes span
amino acid residues from number 28 to 54, those
between B and C helices are amino acids 66 to 73,
and those between C and D helixes are 87 to 102
(Fig. 2). Two long over hand connections link helix A
to B and helix C to D. Within these connections,
residues 42-44 (S1) and 99-101 (S2) form a
twostranded antiparallel B-sheet***.

Experiments with hybrid GM-CSF molecules
containing cross species regions and competition
assays showed that the residues 95-111 and 38-48 are
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Fig. 1 — Schematic representation of the gm-csf gene location, structure and sequence of the 17 amino acid long signal peptide followed
by the 127 amino acid mature hGM-CSF peptide.
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Fig. 2 — Schematic representation of the hGM-CSF molecule showing the four a-chains (A, B, C and D), the two B-sheets (S1 and S2) as
well as the two disulphide bonds. The amino acid numbers of the protein shown as bold and underline were identified to be critical for
biological activity 46,47. The protein has alanine as the starting amino acid (marked 1) and glutamic acid (127) as the last one.

critical for hematopoietic functions*. Studies using
synthetic fragments of GM-CSF have shown that
amino acids 1-13 at N-terminus are not important for
rhGM-CSF activity while the integrity of residues
16, 17 and 18 is essential for biological activity™.
Experiments using chemically synthesized GM-CSF
peptides show that amino acids 14-25 are required for
activity and amino acids 97-121 are important for full
activity’'. Epitope mapping studies using neutralizing
monoclonal antibodies have suggested that amino
acids 77-94, 40-94 and 110-127 are necessary for
receptor binding and/or full activity. Amino acids
21-31 and 78-94 that are parts of the a-helices A and
D respectively, are found to be critical for
hematopoietic function because the a-helices A and D
form the major contact region with the GM-CSF
receptor’”. Studies based on scanning deletion
analysis show that amino acids 20-21, 55-60, 77-82
and 89-120 are critical for activity/structural integrity
of GM-CSF”. Studies using synthetic peptides and
neutralizing monoclonal antibodies showed that the

integrity of residues 14-42, especially 16-18 was
critical for biological activity and the synthetic
peptide of GM-CSF having residues 31-113 is active
biologically™. This information indicates that most of
the structure of the GM-CSF molecule is required for
receptor binding for complete biological activity.
Homology studies and analysis of biological activities
have shown that GM-CSF proteins of different animal
origins share a high degree of sequence homology but
are absolutely species specific for activity’>**. Amino
acids 77-82 contribute to the species-specific
character of the GM-CSF molecule. This was
determined by the substitution of human critical
region with mouse residues™.

Expression of GM-CSF and its Regulation
GM-CSF is synthesized by a variety of cell types in
response to specific activating signals such as
inflammatory agents (lipopolysaccharides, FCS, low
density lipoproteins), infection causing agents
(antigens), monokines such as IL-1 and tumour
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necrosis factor (TNF) and in general, in response to
any kind of immune challenge™. Tumour cells and
lymphomas are also known to secrete the cytokine.
GM-CSF is further reported to be secreted in
synovium arthritis and by acute myeloid lymphoma
cells (Table 1).

T cells, macrophages, mast cells, endothelial cells
and fibroblasts on induction accumulate GM-CSF
mRNA and secrete GM-CSF protein. Expression is
regulated by Dboth transcriptional and post-
transcriptional control mechanisms. The gm-csf gene
is constitutively transcribed in monocytes, endothelial
cells and fibroblasts without accumulation of mRNA.
When these cells are activated by a variety of stimuli,
transcription of GM-CSF mRNA increases and the
mRNA gets stabilized”. This leads to transient
mRNA accumulation in the cells. GM-CSF mRNA
has an untranslated 62 base pair AT rich sequence
found to be responsible for the instability of the
mRNA. The gm-csf gene has a AU-rich element
(ARE) that controls translation and stability of the
mRNA by affecting the poly A-binding protein
mediated mRNA circularization. The GM-CSF is
known to be responsible for mRNA instability and
poor mRNA translation””. The gm-csf gene expression
is also found to be regulated by a ‘TATA’ like
sequence found to be present at 20-22 bp upstream of
the transcription initiation site and a homologus
region extending 330 bp upstream the TATA box>*®,
Site directed mutagenesis studies show that hGM-
CSF gene is activated by the transcription factors
NFAT and AP-1 dependent enhancer. This enhancer
has four NFAT binding sites with a AP-1 binding
site®. Therefore, the GM-CSF enhancer activity is
induced in cell types that express NFAT eg; T-cells,
myeloid cells and endothelial cells”. External stimuli
such as antigens and endotoxins influence increased
GM-CSF production.

GM-CSF Receptor (GMR)

The hGM-CSF is found to have a broad range of
effects on several different types of cells, which
include monocytes, megakaryocytes, eosinophils,
blast cells, uterine cells as well as macrophage
progenitor cells®’"’2. The effect of cytokines on
various cell types is mediated through the interaction
of the cytokines with specific high affinity receptors
that are expressed on the cells”™’*. Since receptor for
each of the colony-stimulating factors are unique,
cells that respond to more than one cytokine express
on their surface more than one type of CSF receptor.

Table 1 — Cells Expressing GM-CSF

Cell Type
T-Lymphocytes
B-Lymphocytes

Stimuli Reference
Antigen, lectin, IL-1, HTLV 23,56
Lipopolysaccharides(LPS), TPA 57

Macrophages LPS, phagocytosis, adherence 55,58

Mast cells IgE 59

Fibroblasts Tumour Necrosis Factor (TNF), 60-62
IL-1, TPA

Endothelial cells TNF, IL-1, TPA 60,63, 64

Mesothelial cells Epidermal Growth Factor + TNF 65

Osteoblasts Para Thyroid Hormone, LPS 66

The hGM-CSF receptor (GMR or CD 116) is species
specific75 . In humans, GM-CSF, IL-3 and IL-5
mediate several common biological functions and
exhibit cross competition for receptor binding which
indicates that they may share same receptor or
receptor subunits’”’*’’.  The GM-CSF receptor
consists of two different subunits, the o-chain
(GMRa) and the p-chain (Bc)’®. The GMRa, which is
required for cytokine specific signaling, is the major
binding contact and the Bc, which is common with
IL-3 and IL-5, is the major signal transducer’®”. Both
o and P subunits of GMR are required for complete
signaling. Both the cytoplasmic and trans membrane
components of the receptor are required for signal
transduction by GM-CSF. Exposure of one CSF could
cause the down regulation of other receptors on the
cell surface. Also the mean number of receptors on a
normal responsive cell varies i.e. receptors for
G-CSF, GM-CSF and multi-CSF are 100-500/cell
while receptors for M-CSF are 3000-16000/cell. This
difference in distribution could be due to the better
proliferative effects of G-CSF and GM-CSF as well
as the short half-life of the M-CSF receptor complex.
The expression of common subunits of the receptors
for IL-3, IL-5 and GM-CSF are regulated by
alternative mRNA splicing”’. The specific regions of
the GM-CSF a-helix are defined for the formation of
GM-CSF receptor complex. Binding of GM-CSF to
GMRua is due to specific interaction between Asp112
in helix D of GM-CSF and Arg280 in GMRao. loop™.
Amino acid Glu21 in helix A is required specifically
for high affinity binding. This has been established by
substitution of the amino acid to generate GM-CSF
analogs which are found to bind with low affinity and
lack complete biological activity®"*2.  Studies
employing site directed mutagenesis of key residues
on the GMRa, indicated that His-367 is critical for
high affinity binding of the receptor to Glu-21 of
hGM-CSF proteins®’.
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Experimental studies using soluble receptor
components of GM-CSF that were cloned in a
suitable vector from cDNA and a GM-CSF antagonist
showed that the assembled ternary complex of
GM-CSF and its receptor (GMR) comprises GM-CSF
molecule associated with one molecule of GMRa
which interacts with a non-covalently linked dimer of
the Bc*. This ternary complex is known to signal to
the cell resulting in a biological response through the
Janus Kinase (JAK)/Signal transducer and activator of
transcription (STAT) pathway, Phosphatidylinositol
3-kinase (PI-3 kinase) pathway and the ras/mitogen
activated protein (MAP) kinase pathway®. The GM-
CSF-GMR complex has a proline rich region in the
Bc, which is the binding site for JAK2*. The
cytoplasmic domain of the Pc has multiple tyrosine
residues that are targets for phosphorylation that
recruit the proteins STATI, STAT3 and STATS to
form a DNA binding complex. This in turn causes the
induction of c-myc and activation of DNA replication.
GM-CSF binding to GMR also causes the activation
of ras and mitogen activated protein kinases, which
leads to induction of the genes (c-fos, c-jun) involved
in regulation of hematopoietic differentiation.
Similarly upon activation, the ras/MAP kinase and
PI-3 kinase act in a cascade to affect the cytokine
function on the cell”. Figure 3 gives a schematic
representation of these interactions.

Biological Functions/Effects of GM-CSF

Initial in vitro studies using purified GM-CSF
indicated that this cytokine is involved in clonal
proliferation, differentiation and survival of myeloid
precursors into neutrophilic and eosinophilic
granulocytes and monocytes and acts as a potent
stimulator’. Molecular cloning and production of
large quantities of the recombinant protein made it
possible to study its uses in clinical settings®”*. Early
experiments suggested that under certain culture
conditions, GM-CSF could also cause proliferation of
erythroid burst-forming units (BFU-E)***. In addition
to cell proliferation, purified protein was also
demonstrated to enhance the effecter functions of
mature cells of the immune system’"*>.

Studies using transgenic gm-csf knock-out mice
showed the capacity of GM-CSF to act in vivo as a
regulator of hematopoiesis”**. These mice, although
had normal survival time, fertility and leukocyte
counts, were more prone to bacterial and fungal
infections compared to the normal animals. These
findings are in contrast to the effect of G-CSF gene

Activation
P

-
c-myc_c-fos c¢-jun

Fig. 3— The GM-CSF and its receptor (GMR) forms a ternary
complex with binding of GM-CSF to the o-subunit which
interacts to activate a non-covalently linked dimer of the Pc84.
This ternary complex signals to the cell resulting in a biological
response through the JAK/STAT pathway. The proline rich region
of the Bc of GMR is the binding site for JAK2 which recruits
STAT proteins. They form a DNA binding complex that in turn
activates the c-myc gene and DNA replication. On activation, PI-3
kinase and MAP kinase also act in a similar cascade to affect the
cytokine function of the cell.

knock-out which results in chronic neutropenia and
impaired hematopoiesis in stress conditions such as

infections™°. Interestingly, however, GM-CSF
deficient animals developed chronic pulmonary
disorders and were susceptible to pulmonary

infections’””®. In humans, GM-CSF plays a role in
regulating pulmonary surfactant homeostasis and in
the pathogenesis of inflammatory lung disease, acute
respiratory distress syndrome (ARDS) and lung
fibrosis™.

The cytokine exerts both direct and indirect effects
on human neutrophil functions, such as inhibition of
neutrophil migration, degranulation, changes, in
receptor expression profile, and ‘priming effects’ to
enhance the ability of neutrophils to respond to
secondary triggering stimuli for example, increase in
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superoxide and leukotriene synthesis'®'”. GM-CSF
is also reported to enhance chemotactic, antifungal
and antiparasitic activities of the mature granulocytes
and monocytes’"'”, as well as the cytotoxicity of
monocytes against neoplastic cell lines and activation
of polymorphonuclear neutrophils to inhibit the
growth of tumour cells in vitro'>'™. It is also involved
in the proliferation of several other cells of the
immune system in combination with other CSFs such
as with erythropoietin to promote proliferation of
erythroid progenitors and with IL-3 to promote
proliferation and differentiation of myeloid
progenitors>”**'® Tt acts on monocytes/macrophages
to enhance phagocytosis, antibody dependent
cytotoxic activity and antifungal activity. Besides
these, GM-CSF has several other biological
functions/effects which include interaction with
receptors on mature neutrophils, monocytes and
eosinophils, to inhibit apoptosis and prolong their
survival, increase adhesion, affect their motility to
attract and accumulate them at the site of inflam-
mation, enhance phagocytosis, cause degranulation
and antibody dependent cell cytotoxicity™'*'",
GM-CSF also induces macrophages to produce other
cytokines such as G-CSF and monocytes to produce
M-CSF, promotes differentiation of Langerhan’s cells
into dendritic cells (DCs) and helps to recruit DCs
into tumour cells*>'®. Tt enhances the migration and
proliferation of endothelial cells and promotes
keratinocyte growth'®. The physiological functions
and biological effects on the cells of immune
system have suggested that GM-CSF could be an
interesting drug for the correction of neutropenic
conditions arising due to infections and other clinical
conditions.

Present and Promising Future of rh-GM-CSF in
Therapy

Recombinant human GM-CSF (thGM-CSF) is one
of the most clinically successful products for
application among the biological therapeutic agents.
Use of Sargramostim (yeast derived rhGM-CSF) and
Molgramostim (bacteria derived rhGM-CSF) has been
approved for management of neutropenic conditions
in the induction chemotherapy in acute myelogenous
leukemia (AML) to shorten the time to neutrophil
recovery and reduce the incidence of severe and life-
threatening conditions. The recommended dose of
rhGM-CSF for use in AML patients is 250 pg/m2/d
over a 4 h iv. transfusion'®. In a clinical trial
involving 99 patients (52 treated with GM-CSF and
47 in the placebo group), administration of
rhGM-CSF significantly enhanced the hematologic
recovery and reduced the incidence of severe
infection, death from pneumonia and fungal
infections'”""’. Use of rhGM-CSF has been found to
be beneficial for patients undergoing autologous and
allogenic bone, marrow transplantation and, for
mobilization and engraftment of peripheral blood
progenitor cells in a variety of cancer patients'®'"".

After the elucidation of the molecular structure of
rhGM-CSF, recombinant DNA technology has been
employed to synthesize biologically active rhGM-
CSF molecules in different expression systems.
Several thGM-CSF formulations are commercially
available (Table 2)'"*'".

With the generation of data from the ongoing trials,
the clinical indications for the use of rhGM-CSF are
increasing considerably giving the drug a promising
future owing to its diverse biological effects.
Proliferative role of rhGM-CSF on progenitor cells of

Table 2 — rhGM-CSF formulations

Name Expression host

Sargramostim (Leukine®)
(Amino acid sequence

identical to hGM-CSF
except for Leu® in place of

Saccharomyces
cerevisiae (yeast)

Pro®
Molgramostim Escherichia coli
(Leucomax®) (bacterial)

(Amino acid sequence
identical to hGM-CSF)

Chinese hamster
ovary (mammalian)

Regramostim (none)

Glycosylation
O-glycosylated

(glycosylation may
iffer from hGM-CSF)

Non-glycosylated

Recommended dose  Presentation

250 mecg/m2/d Leukine liquid vial (500 mcg,
2.8x106 IU): sterile injectable
solution.

Leukine lyophilized vial

(250 mcg, 1.4x106 IU)

5-10 mcg/kg body
weight/d

Leucomax lyophilized vial
(300 mcg)

Fully glycosylated - -
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nutrophils, eosinophils and monocytes has been
established since its administration causes increase in
peripheral blood counts of these immune cells. It is,
therefore, being used extensively in the treatment of
neutropenia. It also is found to modulate the functions
of the immune cells that includes enhancement in
oxidative metabolism, cytotoxicity and phagocytosis
in monocytes and macrophages, enhanced cell
maturation and migration in dendritic cells, increase
in surface adhesion molecules (B integrins, Fc
receptors and complement receptors) on neutrophils
to enhance defense against fungal and bacterial
infections. The rhGM-CSF effects increase in number
of class II Major histocompatibility complex (MHC)
on the surfaces of macrophages and dendritic cells
thereby enhancing their antigen presentation
capacities''*'"".

The rhGM-CSF has been shown to activate and
enhance the phagocytic ability of neutophils and their
ability to destroy infection causing bacteria and fungi
such as  Staphylococcus — aureus'®,  Candida
albicans'’®, Aspergillus fumigatus and Trypanosoma
cruzi'®.  Significant  growth  inhibition  of
Mycobacterium complex has been reported in GM-
CSF treated human macrophages as well as in a
mouse model of disseminated Mycobacterium avium
complex'*"'%,

GM-CSF is reported to have been used in clinical
trials in HIV patients undergoing antiretroviral
therapy  for  amelioration of  drug-induced
myelosuppression. Potential uses of the cytokine have
been evaluated in the light of the accumulating
evidence that it has microbicidal and antiparasitic
activities. Initial in vitro studies had raised doubts that
the GM-CSF might be activating the HIV replication,
however, three clinical trials reported suppression of
HIV expression by thGM-CSF as long as the patients
received concurrent antiretroviral therapy'>'®. The
HIV-positive ~ patients  receiving  rthGM-CSF
adjunctive therapy along with HIV protease inhibitor
drugs showed significant increase in the CD4" cell
counts and concomitant decrease in the viral load. A
possible explanation for reduction in expression of
HIV upon treatment with rhGM-CSF was provided in
studies where it was elucidated that the expression of
the B-chemokine receptor CCRS (co-receptor for virus
attachment and entry) was downregulated by
GM-CSF'*. Another possible use for rhGM-CSF in
HIV patients is in the management of opportunistic
infections due to its microbicidal activity. These
in vitro observations are highly encouraging for the

possible use of this protein in HIV therapy but the
results may need further clinical evaluation.

Interesting applications of GM-CSF are emerging
in the area of vaccine development. GM-CSF is
beyond doubt an important cytokine for the
generation and propagation of DCs, the antigen
presenting cells that play an important role in the
induction and sustenance of primary and secondary
immune responses. DCs display antigens on their
surface in conjunction with class I MHC. The rhGM-
CSF also augments expression of MHC class II
molecules on the DC surface'”’. By enhancing antigen
presentation to the lymphocytes and inducing
expression of other cytokines such as IL-1, IL-6 and
TNF, rthGM-CSF causes augmentation of cellular
immune response against vaccine  antigens.
Experiments in animals using protein and peptide-
based vaccines with GM-CSF as an adjuvant indeed
showed that the immunogenicity of the vaccines was
increased many-fold compared with other traditional
adjuvants approved for human use'. Trials are
underway, where rhGM-CSF is being used along with
recombinant canary-pox virus HIV vaccine to confirm
the adjuvant like effect of rhGM-CSF in humans'*,
These studies will monitor augmentation of humoral
as well as cellular immune responses against the
vaccine antigen and the role of the cytokine. Several
studies have found that the use of GM-CSF as an
adjuvant enhanced the immunogenicity of DNA
vaccines in terms of humoral as well as cellular
immune responses. Several other preliminary studies
using thGM-CSF in conjunction with Hepatitis B
vaccine and tetravalent Influenza vaccines have
shown good results and suggest that rhGM-CSF may
be a good adjuvant for antiviral vaccines. More trials,
however, are needed to establish the efficacy and
safety of rhGM-CSF for use as an adjuvant in
humans'"'?,

Since thGM-CSF enhances antibody dependent
cellular toxicity of immune cells it has potential
application for antitumour therapy along with
monoclonal anibodies. The rhGM-CSF is being
increasingly used for treatment of various diseases
including cancer and complications of chemoradio-
therapy such as mucositis (mouth sores), stomatitis
and diarrhoea''®. Topical application of thGM-CSF
has found to accelerate wound healing with increased
formation of granulation tissue'”. Intradermal
injection of rhGM-CSF causes enlargement of
keratinocytes, thickening of epidermis and
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enhancement in healing®'. A short-term use of GM-

CSF only in the subcutaneous mode was effective in
promoting the growth of collateral coronary artery in
patients suffering from coronary artery diseases'”.
The protein has also been found useful in improving
Crohn’s disease symptoms'>’.

Commercial Production of rhGM-CSF — A Strategy

Considering the huge therapeutic potential of GM-
CSF, development of strategies for production of this
protein at low costs is desirable so that the drug is
made available to a vast population. Following the
cloning of the human GM-CSF gene, the biosynthetic
hGM-CSF has been produced and purified from yeast,
mammalian cells and bacteria (E. coli)**. Several
strategies for the preparation of pure thGM-CSF have
been described in literature and patents that use
reverse phase high pressure liquid chromatography
(RPHPLC) and column chromatography
combinations to achieve pure GM-CSF.

We propose the use of a simple method that we
have standardized for the preparation of the active
rhGM-CSF protein using a two-step column
chromatography. We have expressed the protein as
inclusion body in E. coli host. The culture conditions
have been optimized for a high glucose medium that
takes care of basal GM-CSF expression which is
known to be toxic to the host cells and also gives a
high biomass OD up to 7.0 in a shake flask. A batch
of 6L medium in 12 specifically designed baffled
shake flasks gives about 12g/L cell pellet. The cell
biomass is processed for extraction and partial
purification of inclusion body protein using a simple
process that involves sonication followed by washing
by detergents at low concentration.

Cell pellet from a 6L batch yields about 60 mg of
IB protein, which has about 50 mg of GM-CSF
protein. The GM-CSG protein is solubilized out from
this preparation using low concentration of
denaturants. The solubilized protein is allowed to
refold in oxidizing conditions using standard
renaturants like L-arginine. The renatured protein is
desalted by dialysis and the protein processed to
adjust the pH of the solution. This processing
eliminates a majority of the contaminating host cell
proteins from the preparation. The protein is then
purified to >99% using two ion exchange
chromatography  columns.  The  protein  is
characterized and formulated. The typical yield from
this process is about 10% of the starting inclusion
body protein preparation. The general strategy of the

Expression and purification of rhGM-CSF expressed in E. coli

Culture of recombinant E. coli expressing GM-CSF inclusion bodies

.

Isolation and partial purification of GM-CSF inclusion bodies (IB)

v

Denaturation and estimation of IB protein

Refolding of protein

'

Dialysis

v

Column chromatographic purification of the refolded protein- IEX Column 1

Column chromatographic purification of the refolded protein- IEX Column 2

v

Purified protein obtained that is ready for formulation

Fig. 4 — Schematic flow chart depicting the essential steps
followed in our process of expression and purification of thGM-
CSF.

process is depicted in Fig 4. The purified protein
matches the specifications laid down for purity and
physico-chemical characterization of the standardized
protein preparations. We shall publish these results
separately.

Concluding Remarks

The cytokine GM-CSF is found to mediate
biological actions at a molecular level through
receptor signaling by activation of kinases by cellular
phosphorylation and the resulting expression of
several mitotic genes including the nuclear oncogenes
such as c-myc, c-jun and c-fos'” in a regulated
manner. These proteins further affect hematopoiesis
by controlling cell growth and vitality as well as
apoptotic events through complex mechanisms that
are of extreme interest for study in the scientific
community'*. One of the mechanisms to affect
apoptosis is found to work through the activation of
PI-3 kinase which acts through a cascade like
mechanism to activate apoptosis suppressor protein
Bad. Several such mechanisms and cascades might
exist, which would be better understood with more
research on those lines.

GM-CSF and a group of other cytokines such as
G-CSF, M-CSF and IL-3 are involved in regulation of
cellular hematopoiesis and the control of growth and
activities of blood cells with each cytokine having
more than one biological effect. Also, these cytokines
have diverse and overlapping functions; therefore it
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can be understood that they must act in a complex
network'”’. Considering that GM-CSF is found to
mediate such a wide range of actions, more is the
understanding of cellular biochemistry better will be
our ability to exploit this wonder molecule of the
body in therapeutic applications.

The human GM-CSF protein with apparent
molecular mass varying between 14.5 and 32 kDa due
to its different degrees of glycosylation at the six
probable positions (four O-linked and two N-linked)
makes the product complex in its natural form.
Interestingly, the non-glycosylated protein expessed
in E. coli is also biologically active. This is also the
case with the product expressed in yeast with different
kinds of glycosylation. The biological activities of the
natural product and the non-glycosylated recombinant
product expressed in E. coli show certain differences;
indeed, the naturally occurring product is less active
than the non-glycosylated or less glycosylated
product. It is not yet clear if these differently
glycosylated genuine, human derived products have
finer individual differential roles to play in
modulating the growth and proliferation of
hematopoietic colonies. The future years may only
unveil such aspects. In the present scenario, the
interest in the recombinant molecule is increasing
because of its demonstrated therapeutic aplications in
a variety of life threatening situations including
neutropenia  in  patients  receiving  cancer
chemotherapy and its strong adjuvant actions in
enhancing susceptibility of cancer cells to the
cytotoxic T-cells and NK cells. GM-CSF also
mediates inflammation caused under different stress
situations including impaired respiratory conditions.
Patients suffering from chronic viral hepatitis shall be
benefited from the use of GM-CSF.

The natural product is difficult to isolate and has
limitations in availibility. The recombinant DNA
technology is reasonably well established and holds
promise towards large availibility at affordable prices.
It is anticipated that with increased interest in the
molecule by different research groups the biologically
active, stringently purified, stable formulations of
rhGM-CSF shall be available in large quantities
during the future years all over the world for the
benefit of mankind.

References
1 Anthony D H & Punzel M, Hematopoietic stem cells: Can
old cells learn new tricks? J Leukocyte Biol, 73 (2003)

547-555.

2

3

4

10

11

12

13

14

15

16

17

18

19

INDIAN J BIOTECHNOL, OCTOBER 2007

Burgess A W & Nicola N A, Growth factors and stem cells
(Academic Press, Sydney) 1983.

Metcalf D, The granulocyte-macrophage colony-stimulating
factors, Science New Series 229 (1985) 16-22.

Golde D & Cline M, Identification of colony-stimulating cell
in human peripheral blood, J Clin Invest, 51 (1972)
2981-2983.

Metcalf D, The molecular control of cell division,
differentiation commitment and maturation in haemopoietic
cells, Nature (Lond), 339 (1989) 27-30.

Burgess A W & Metcalf D, The nature and action of
granulocyte-macrophage colony-stimulating factors, Blood,
56 (1980) 947-958.

Clark S C, Biological activities of human granulocyte-
macrophage colony-stimulating factor, Int J Cell Cloning, 6
(1988) 365-377.

Morstyn G & Burgess A W, Hemopoietic growth factors: A
review, Cancer Res, 48 (1988) 5624-5637.

Stanley E R & Heard P M, Factors regulating macrophage
production and growth: Purification and some properties of
colony-stimulating factor from medium conditioned by
mouse lung cells, J Biol Chem, 252 (1977) 4305-4312.

Ihle J N, Keller J, Oroszlan S, Henderson L E, Copeland T D
et al, Biologic properties of homogenous interleukin 3. I.
Demonstration of WEHI-3 growth factor activity, mast cell
growth factor activity, p cell-stimulating factor activity,
colony-stimulating factor activity, and histamine-producing
cell stimulating factor activity, J Immunol, 131 (1983)
282-287.

Nicola N A, Metcalf D, Matsumoto M & Johnson G R,
Purification of a factor inducing differentiation in murine
myelomonocytic leukemia cells, J Biol Chem, 258 (1983)
9017-9023.

Guilbert L J & Stanley E R, Specific interaction of murine
colony-stimulating factor with mononuclear phagocytic cells,
J Cell Biol, 85 (1980) 153-159.

Wing E J, Magee D M, Whiteside T L, Kaplan S S &
Shadduck R K, Recombinant human granulocyte-
/macrophage colony-stimulating factor enhances monocytes
cytotoxicity and secretion of tumour necrosis factor-a and
interferon in cancer patients, Blood, 73 (1989) 643-646.
Grabstein K H, Urdal D L, Tushinski R J, Mochizuki D Y,
Price V L er al, Induction of macrophage tumouricidal
activity by granulocyte-macrophage colony-stimulating
factor, Science, 232 (1986) 506-508.

Chachoua A, Oratz R, Hoogmoed R, Caron D, Peace D et al,
Monocytic activation following systemic administration of
granulocyte-macrophage  colony-stimulating  factor, J
Imunother Emphasis Tumour Immunol, 15 (1994) 217-224.
Spitler L E, Michael L G, Marc S E, Gary S, Mark J et al,
Adjuvant therapy of stage III and IV malignant melanoma
using granulocyte-macrophage colony-stimulating factor,
J Clin Oncol, 18 (2000), 1614-1621.

Dranoff G, GM-CSF-based cancer vaccines, Immunol Rev,
188 (2002) 147-154.

Chang D Z, Lomazow W, Somberg J C, Stan R & Perales M-
A, Granulocyte-macrophage colony-stimulating factor: An
adjuvant for cancer vaccines, Hematology, 9 (2004) 207-215.
Bahgal, M H, Sayed-Ahmed N A, El-Shinnawy H, Nour
El-Din M S & Zalata K R, Role of granulocyte-macrophage-
colony-stimulating factor (GM-CSF) in chronic hepatitis B
and C infections, The Sciences, 1 (2001) 1-7.



20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

GHOSH et al: HUMAN GRANULOCYTE-MACROPHAGE COLONY-STIMULATING FACTOR

Burgess A W, Camakaris J & Metcalf D, Purification and
properties of colony-stimulating factor from mouse lung-
conditioned medium, J Biol Chem, 252 (1977) 1998-2003.
Gough N M, Gough J, Metcalf D, Kelso A, Grail D et al,
Molecular cloning of c¢DNA encoding a murine
hematopoietic growth regulator, granulocyte-macrophage
colony-stimulating factor, Nature (Lond), 309 (1984)
763-767.

Burgess A W, Metcalf D, Sparrow L G, Simpson R J & Nice
E C, Granulocyte-/macrophage colony-stimulating factor
from mouse lung conditioned medium. Purification of
multiple forms and radioiodination, Biochem J, 235 (1986)
805-814.

Wong G G, Witek J S, Temple P A, Wilkens K M, Leary A
C et al, Human GM-CSF: Molecular cloning of the
complementary DNA and purification of the natural and
recombinant proteins, Science, 228 (1985) 810-815.

Forno G, Fogolin B M, Oggero M, Kratje R, Etcheverrigaray
M et al, N-and O-linked carbohydrates and glycosylation site
occupancy in recombinant human granulocyte-macrophage
colony-stimulating factor secreted by a Chinese hamster
ovary cell line, Eur J Biochem, 271 (2004) 907-919.

Ernst J F, Mermod J J & Richman L H, Site-specific O-
glycosylation of human granulocyte-/macrophage colony-
stimulating factor secreted by yeast and animal cells. Eur J
Biochem, 203 (1992) 663-667.

Miyajima A, Otsu K, Schreurs J, Bond M W, Abrams J S
et al, Expression of murine and human granulocyte-
macrophage colony-stimulating factors in S. cerevisiae:
Mutagenesis of potential glycosylation sites, EMBO J, 5
(1986) 1193-1197.

Burgess A W, Begley C G, Johnson G R, Lopez A F,
Williamson D J et al, Purification and properties of
bacterially synthesized human granulocyte-macrophage
colony-stimulating factor, Blood, 69 (1987) 43-51.

Yao J, Gan R B, Zhang Q & Li Z P, Cloning of human
granulocyte-macrophage colony-stimulating factor
(GM-CSF) cDNA and its expression in E. coli, Sheng Wu
Hua Xue Yu Sheng Wu Wu Li Xue Bao (Shanghai), 28 (1996)
265-271.

Wang M L, Goldstein C, Su W, Moore P H & Albert H H,
Production of biologically active GM-CSF in sugarcane: A
secure biofactory, Transgenic Res, 14 (2005) 167-178.

Kwon TH, KimY S, Lee J H & Yang M S, Production and
secretion of biologically active human granulocyte-
macrophage colony-stimulating factor in transgenic tomato
suspension cultures, Biotechnol Lett, 25 (2003) 1571-1574.
Huebner K, Isobe M, Croce C M, Golde D W, Kaufman S E
et al, The human gene encoding GM-CSF is at 5q21-q32, the
chromosome region deleted in the 5q-anomaly, Science, 230
(1985) 1282-1285.

Gasson J C, Molecular physiology of granulocyte-
macrophage colony-stimulating factor, Blood, 77 (1991)
1131-1145.

Van Leeuwen B H, Martinson M E, Webb G C & Young I G,
Molecular organization of the cytokine gene cluster
involving the human IL-3, IL-4, IL-5 and GM-CSF genes on
human chromosome 5, Blood, 73 (1989) 1142-1148.

Yang Y C, Kovacic S, Kriz R, Wolf S, Clark S C et al, The
human genes for GM-CSF and IL-3 are closely linked in
tandem on chromosome 5, Blood, 71 (1988) 958-961.

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

445

Lee J S & Young I G, Fine-structure mapping of the murine
IL-3 and GM-CSF genes by pulsed-field gel electrophoresis
and molecular cloning, Genomics, 5 (1989) 359-362.

Le Beau M M, Westbrook C A, Diaz M O, Larson R A,
Rowley J D et al, Evidence for the involvement of GM-CSF
and FMS in the deletion (5q) in myeloid disorders, Science,
231 (1986) 984-987.

Lee F, Yokota T, Otsuka T, Gemmell L, Larson N et al,
Isolation of cDNA for a human granulocyte-macrophage
colony-stimulating factor by functional expression in
mammalian cells, Proc Natl Acad Sci USA Biochem, 82
(1985) 4360-4364.

Miyatake S, Otsuka T, Yokota T, Lee F & Arai K, Structure
of the chromosomal gene for granulocyte-macrophage
colony-stimulating factor: Comparison of the mouse and
human genes, EMBO J, 4 (1985) 2561-2568.

Moonen P, Mermod J J, Ernst J, Marlis H E & DeLamarter J,
Increased biological activity of deglycosylated recombinant
human granulocyte-/macrophage colony-stimulating factor
produced by yeast or animal cells, Proc Natl Acad Sci USA
Biochem, 84 (1987) 4428-4431.

Cebon J, Nicola N, Ward M, Gardner I, Dempsey P et al,
Granulocyte-macrophage colony-stimulating factor from
human lymphocytes. The effect of glycosylation on receptor
binding and biological activity, J Biol Chem, 265 (1990)
4483-4491.

Kaushansky K, O’ Hara P J, Hart C E, Forstrom J] W &
Hagen F S, Role of carbohydrate in the function of human
granulocyte-macrophage colony-stimulating factor,
Biochemistry, 26 (1987) 4861-4867.

Schrimsher J L, Rose K, Simona M G & Wingfield P,
Characterization of human and mouse granulocyte-
macrophage colony-stimulating factors derived from E. coli,
Biochem J, 247 (1987) 195-199.

Shanafelt A B & Kastelein R A, Identification of critical
regions in mouse granulocyte-macrophage colony-
stimulating factor by scanning-deletion analysis, Proc Natl
Acad Sci USA Biochem, 86 (1989) 4872-4876.

Walter M R, Cook W J, Ealick S E, Nagabhushan T L, Trotta
P P et al, Threedimensional structure of recombinant human
granulocyte-macrophage colony-stimulating factor, J Mol
Biol, 224 (1992) 1075-1085.

Wingfield P, Graber P, Moonen P, Craig S & Pain R H, The
conformation and stability of recombinant-derived
granulocyte-macrophage colony-stimulating factors, Eur J
Biochem, 173 (1988) 65-72.

Reichert P, Cook W J, Ealick S E, Hammond G S, Le H V
et al, Crystallization and preliminary X-ray investigation of
recombinant human granulocyte-macrophage colony-stimulating
factor, J Biol Chem, 265 (1990) 452-453.

Diederichs K, Jacques S, Boone T & Karplus P A,
Low-resolution structure of recombinant human granulocyte-
macrophage colony-stimulating factor, J Mol Biol, 221
(1991) 55-60.

Presnell S R & Cohen F E, Topological distribution of four
a-helix bundles, Proc Natl Acad Sci USA Biochem, 86
(1989) 6592-6596.

Kaushansky K, Shoemaker S G, Alfaro S & Brown C,
Hematopoietic activity of granulocyte-/macrophage colony-
stimulating factor is dependent upon two distinct regions of
the molecule: Functional analysis based upon the activities of



446

50

51

52

53

54

55

56

57

58

59

60

61

62

63

INDIAN J BIOTECHNOL, OCTOBER 2007

interspecies hybrid growth factors, Proc Natl Acad USA
Biochem, 86 (1989) 1213-1217.

Clark-Lewis I, Lopez A F, To L B, Vadas M A, Schrader J
W et al, Structure-function studies of human granulocyte-
macrophage colony-stimulating factor: Identification of
residues required for activity, J Immunol, 141 (1988) 881-
889.

Kanakura Y, Cannistra S A, Brown C B, Nakamura M,
Seelig G F et al, Identification of functionally distinct
domains of human granulocyte-macrophage colony-
stimulating factor using monoclonal antibodies, Blood, 77
(1991) 1033-1043.

Von Feldt ] M, Kieber-Emmons T, Weiner D B, Ugen K E &
Williams W V, Molecular structure and granulocyte-
/macrophage colony-stimulating factor activity, DNA Cell
Biol, 11 (1992) 183-191.

Shanafelt A B, Johnson K E & Kastelein R A, Identification
of critical amino acid residues in human and mouse
granulocyte-macrophage colony-stimulating factor and their
involvement in species specificity, J Biol Chem, 266 (1991)
13804-13810.

Meropol N J, Altmann S W, Shanafelt A B, Kastelein R A,
Johnson G D er al, Requirement of hydrophilic amino-
terminal residues for granulocyte-macrophage colony-
stimulating factor bioactivity and receptor binding, J Biol
Chem, 267 (1992), 14266-14269.

Thorens B, Mermod J J & Vassalli P, Phagocytosis and
inflammatory  stimuli induce GM-CSF mRNA in
macrophages through posttranscriptional regulation, Cell, 48
(1987) 671-679.

Cline M J & Golde D W, Production of colony-stimulating
activity by human lymphocytes, Nature (Lond), 248 (1974)
703.

Pluznik D H, Bickel M & Mergenhagen S E, B lymphocyte
derived hemotopoietic growth factors, Immunol Invest, 18
(1989) 103-116.

Fibbe W E, Kluck P M, Duinkerken N, Voogt P J, Willemze
R et al, Factors influencing release of granulocyte-
macrophage colony-stimulating activity from human
mononuclear phagocytes, Eur J Hematol, 41 (1988)
352-358.

Wodnar-Filipowicz A, Heusser C H & Moroni C, Production
of the haemopoietic growth factors GM-CSF and interleukin-
3 by mast cells in response to IgE receptor-mediated
activation, Nature (Lond), 339 (1989) 150-152.

Munker R, Gasson J, Ogawa M & Koeffler H P,
Recombinant human TNF induces production of
granulocyte-monocyte colony-stimulating factor, Nature
(Lond), 323 (1986) 79-82.

Zucali J R, Dinarello C A, Oblon D J, Gross M A, Anderson
L et al, Interleukin-1 stimulates fibroblasts to produce
granulocyte-macrophage colony-stimulating activity and
prostaglandin E2, J Clin Invest, 77 (1986) 1857-1863.
Yamato K, El-Hajjaoui Z, Kuo J F & Koeffler H P,
Granulocyte-macrophage colony-stimulating factor: Signals
for its mRNA accumulation, Blood, 74 (1989) 1314-1320.
Broudy V C, Kaushansky K, Harlan ] M & Adamson J] W,
Interleukin-1 stimulates human endothelial cells to produce
granulocyte-macrophage colony-stimulating factor and
granulocyte-colony-stimulating factor, J Immunol, 139
(1987) 464-468.

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

Zsebo K M, Yuschenkoff V N, Schiffer S, Chang D, McCall
E et al, Vascular endothelial cells and granulopoiesis:
Interleukin-1 stimulates release of G-CSF and GM-CSF,
Blood, 71 (1988) 99-103.

Demetri G D, Zenzie B W, Rheinwald J G & Griffin J D,
Expression of colony-stimulating factor genes by normal
human mesothelial cells and human malignant mesothelioma
cell lines in vitro, Blood, 74 (1989) 940-946.

Horowitz M C, Coleman D L, Flood P M, Kupper T S &
Jilka R L, Parathyroid hormone and lipopolysaccharide
induce murine osteoblast-like cells to secrete a cytokine
indistinguishable from granulocyte-macrophage colony-
stimulating factor, J Clin Invest, 83 (1989) 149-157.

Grosset C, Boniface R, Duchez P, Solanilla A, Cosson B
et al, In vivo studies of translational repression mediated by
the granulocyte-macrophage colony-stimulating factor AU-
rich element, J Biol Chem, 279 (2004) 13354-13362.

Chan J Y, Slamon D J, Nimer S D, Golde D W &
Gasson J C, Regulation of expression of human granulocyte-
/macrophage colony-stimulating factor, Proc Natl Acad Sci
USA Genet, 83 (1986) 8669-8673.

Cockerill P N, Bert A G, Jenkins F, Ryan G R, Shannon M F
et al, Human granulocyte-macrophage-colony-stimulating
factor enhancer function is associated with cooperative
interactions between AP-1 and NFATp/c, Mol Cell Biol, 15
(1995) 2071-2079.

Johnson B V, Bert A G, Ryan G R, Condina A & Cockerill P
N,  Granulocyte-macrophage-colony-stimulating  factor
enhancer activation requires cooperation between NFAT and
AP-1 elements and is associated with extensive nucleosome
reorganization, Mol Cell Biol, 24 (2004) 7914-7930.
Miyajima A, Mui A L-F, Ogorochi T & Sakamaki K,
Receptors for granulocyte-macrophage-colony-stimulating
factor, interleulin-3 and interleukin-5, Blood, 82 (1993)
1960-1974.

Metcalf D, Control of granulocyte-s and macrophages:
Molecular, cellular and clinical aspects, Science, 254 (1991)
529-533.

DiPersio J F, Hedvat C, Ford C F, Golde D W & Gasson J C,
Characterization of the soluble human granulocyte-
macrophage colony-stimulating factor receptor complex, J
Biol Chem, 266 (1991) 279-286.

Shanafelt A B, Miyajima A, Kitamura T & Kastelein R A,
The amino-terminal helix of GM-CSF and IL-5 governs high
affinity binding to their receptors, EMBO J, 10 (1991) 4105-
4112.

Walker F & Burgess A W, Specific binding of radioiodinated
granulocyte-macrophage  colony-stimulating  factor on
hemopoietic cells, EMBO J, 4 (1985) 933-939.

Elliott M J, Vadas M A, Eglington J M, Park L S, To L B
et al, Recombinant human interleukin-3 and granulocyte-
macrophage colony-stimulating factor show common
biological effects and binding characteristics on human
monocytes, Blood, 74 (1989), 2349-2359.

Lopez A F, Vadas M A, Woodcock J M, Milton S E,
Lewis A et al, Interleukin-5, interleukin-3 and granulocyte-
macrophage colony-stimulating factor cross-compete for
binding to cell surface receptors on human eosinophils, J
Biol Chem, 266 (1991) 24741-24747.

Hayashida K, Kitamura T, Gorman D M, Arai K I, Yokota T
et al, Molecular cloning of a second subunit of the receptor



79

80

81

82

83

84

85

86

87

88

&9

90

91

92

GHOSH et al: HUMAN GRANULOCYTE-MACROPHAGE COLONY-STIMULATING FACTOR

for human granulocyte-macrophage colony-stimulating
factor (GM-CSF): Reconstitution of a high affinity GM-CSF
receptor, Proc Natl Acad Sci USA Biochem, 87 (1990)
9655-9659.

Gearing D P, King J A, Gough N M & Nicola N A,
Expression cloning of a receptor for human granulocyte-
macrophage colony-stimulating factor, EMBO J, 8 (1989)
3667-3676.

Hercus T R, Cambareri B, Dottore M, Woodcock J,
Bagley C J et al, Identification of residues in the first and
fourth helices of human granulocyte-macrophage colony-
stimulating factor involved in biologic activity and in binding
to the a-and B-chains of its receptor, Blood, 83 (1994) 3500-
3508.

Lopez A F, Shannon M F, Hercus T, Nicola N A, Cambareri
B et al, Residue 21 of human granulocyte-macrophage
colony-stimulating factor is critical for biological activity but
not low affinity binding, EMBO J, 11 (1992) 909-916.
Shanafelt A B & Kastelein R A, High affinity ligand binding
is not essential for granulocyte-macrophage colony-
stimulating factor activation, J Biol Chem, 267 (1992)
25466-25472.

Lock P, Metcalf D & Nicola N A, Histidine-367 of the
human common [-chain if the receptor is critical for high
affinity binding of human granulocyte-macrophage colony-
stimulating factor receptor, Proc Natl Acad Sci USA Cell
Biol, 91 (1994) 252-256.

McClure B J, Hercus T R, Cambareri B A, Woodcock ] M,
Bagley C J et al, Molecular assembly of the ternary
granulocyte-macrophage colony-stimulating factor complex,
Blood, 101 (2003) 1308-1315.

Guthridge M A, Stomski F C, Thomas D, Woodcock J M,
Bagley C J et al, Mechanism of activation of the GM-CSF,
IL-3 and IL-5 family of receptors, Stem Cells, 16 (1998)
301-313.

Quelle F W, Sato N, Witthuhn B A, Inhorn R C, Eder M et
al, JAK2 associates with Pc chain of the receptor for
granulocyte-macrophage colony-stimulating factor, and its
activation requires the membrane proximal region, Mol Cell
Biol, 14 (1994) 4335-4341.

Morstyn G & Burgess A W, Hemopoietic growth factors: A
review, Cancer Res, 48 (1988) 5624-5637.

Metcalf D, The molecular biology and functions of the
granulocyte-macrophage colony-stimulating factor, Blood,
67 (1986) 257-267.

Donahue R E, Emerson S G, Wang E A, Wong G G, Clark S
C et al, Demonstration of burst-promoting activity of
recombinant human GM-CSF on circulating erythroid
progenitors using an assay involving the delayed addition of
erythropoietin, Blood, 66 (1985) 1479-1481.

Emerson S G, Thomas S, Ferrara J L & Greenstein J L,
Developmental regulation of erythropoiesis by hematopoietic
growth factors: Analysis on populations of BFU-E from bone
marrow, peripheral blood and fetal liver, Blood, 74 (1989)
49-55.

Handman E & Burgess A W, Stimulation by granulocyte-
macrophage colony-stimulating factor of Leishmania tropica
killing by macrophages, J Immunol, 122 (1979) 1134-1137.
Vadas M A, Nicola N A & Metcalf D, Activation of
antibody-dependent cell mediated cytotoxicity of the human
neutrophils and eosinophils by separate colony-stimulating
factors, J Immunol, 130 (1983) 795-799.

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

447

Zhan Y, Lieschke G J, Grail D, Dunn A R & Cheers C,
Essential roles for granulocyte-macrophage colony-
stimulating factor (GM-CSF) and G-CSF in the sustained
hematopoietic response of Listeria monocytogenes infected
mice, Blood, 91 (1998) 863-869.

Metcald D, Cellular hematopoiesis in the twentieth century,
Semin Hematol, 36 (1999) 5-12.

Lieschke G J, GM-CSF biology and appropriate clinical
applications. http://www.ishapd.org/1996/1996/085.pdf
Stanley E, Lieschke G J, Grail D, Metcalf D, Hodgson G
et al, Granulocyte-/macrophage colony-stimulating factor-
deficient mice show no major perturbation of hematopoiesis
but develop a characteristic pulmonary pathology, Proc Natl
Acad Sci USA, 91 (1994) 5592-5596.

LeVine A M, Reed J A, Kurak K E, Cianciolo E & Whitsett J
A, GM-CSF-deficient mice are susceptible to pulmonary
group B streptococcal infection, J Clin Invest, 103 (1999)
563-569.

Lieschke G J, Grail D, Hodgson G, Metcalf D, Stanley E
et al, Mice lacking granulocyte-colony-stimulating factor
have chronic neutropenia, granulocyte-and macrophage
progenitor cell deficiency, and impaired neutrophil
mobilization, Blood, 84 (1994) 1737-1746.

Matute-Bello G, Liles W C, Radella F2nd, Steinberg K P,
Ruzinski J T et al, Modulation of neutrophils apoptosis by
granulocyte-colony-stimulating factor and granulocyte/
macrophage colony-stimulating factor during the course of
acute respiratory distress syndrome, Crit Care Med, 28
(2000) 1-7.

Weisbart R H, Golde D W, Clark S C, Wong G G & Gasson
J C, Human granulocyte-macrophage colony-stimulating is a
neutrophil activator, Nature (Lond), 314 (1985), 361-363.
Weisbart R H, Kwan L, Golde D W & Gasson J C, Human
GM-CSF primes neutrophils for enhanced oxidative
metabolism in response to the major physiological
chemoattractants, Blood, 69 (1987) 18-21.

Dahinden C A, Zingg J, Maly F E & de Weck A L,
Leukotriene production in human neutrophils primed by
recombinant human granulocyte-/macrophage colony-
stimulating factor and stimulated with the complement
component C5A and FMLP as second signals, J Exp Med,
167 (1988) 1281-1295.

Wu-Hsieh B & Howard D H, Inhibition of growth of
Histoplasma  capsulatum by  lymphokine-stimulated
macrophages, J Immunol, 132 (1984) 2593-2597.

Cannistra S A, Vellenga E, Groshek P, Rambaldi A &
Griffin J D, Human granulocyte-monocyte colony-
stimulating factor and interleukin 3 stimulate monocyte
cytotoxicity through a tumour necrosis factor-dependent
mechanism, Blood, 71 (1988) 672-676.

Metcalf D, Johnson G R & Burgess A W, Direct stimulation
by purified GM-CSF of the proliferation of multipotential
and erythroid precursor cells, Blood, 55 (1980) 138-147.
Baldwin G C, Gasson J C, Kaufman S E, Quan S G,
Williams R E et al, Nonhematopoietic tumour cells express
functional GM-CSF receptors, Blood, 73 (1989) 1033-1037.
Cannistra S A, Groshek P, Garlick R, Miller J & Griffin J D,
Regulation of surface expression of the granulocyte-
/macrophage colony-stimulating factor receptor in normal
human myeloid cells, Proc Natl Acad Sci USA, 87 (1990)
93-97.



448

108

109
110

111

112

113

114
115

116

117

118

119

120

121

122

123

124

INDIAN J BIOTECHNOL, OCTOBER 2007

Witmer-Pack M D, Olivier W, Valinsky J, Schuler G &
Steinman R M, Granulocyte-/macrophage colony-stimulating
factor is essential for the viability and function of cultured
murine epidermal Langerhans cells, J Exp Med, 166 (1987)
1484-1498.

LEUKINE®  Berlex, Sargramostim. PDR  Drug
Information.http://www.drugs.com/pdr/SARGRAMOSTIM
Metcalf D, Colony-stimulating factors and hemopoiesis, Ann
Acad Med Singapore, 17 (1988) 166-170.

Metcalf D, Hemopoietic growth factors and marrow
transplantation: An overview, Transplant Proc, 21 (1989)
2932-2933.

Lieschke G J & Burgess A W, Granulocyte-colony-
stimulating factor and granulocyte-macrophage colony-
stimulating factor, N Engl J Med, 327 (1992) 99-106.
Sylvester R K, Clinical applications of colony-stimulating
factors: A historical perspective, Am J Health-Sys Pharm, 59
(2002) s6-s12.

LEUKINE® (Sargramostim) [Package insert]. Richmond,
CA: Berlex, Inc. http://www.leukine.com/hcp/faqs/index.jsp.
LEUCOMAX® (Molgramostim) [Data Sheet] http://www.medsafe.
gov.nz/profs/Datasheet/l/Leucomaxinj.htm.

Armitage J O, Emerging applications of recombinant human
granulocyte-macrophage colony-stimulating factor, Blood,
92 (1998) 4491-4508.

Komrokji R S & Lyman G H, The colony-stimulating
factors: Use to prevent and treat neutropenia and its
complications, Expert Opin Biol Ther, 4 (2004) 1897-1910.
Roilides E, Mertins S, Eddy J, Walsh T J, Pizzo P A et al,
Impairment of neutrophil chemotactic and bactericidal
function in children infected with human immunodeficiency
virus type 1 and partial reversal after in vitro exposure to
granulocyte-macrophage  colony-stimulating  factor, J
Pediatr, 117 (1990) 531-540.

Richardson M D, Brownlie C E & Shankland G S, Enhanced
phagocytosis and intracellular killing of Candida albicans by
GM-CSF activated human neutrophils, J Med Vet Mycol, 30
(1992) 433-441.

Deresinski S C & Kemper C A, The potential role of
GM-CSF and G-CSF in infectious diseases, Infect Med, 15
(1998) 856-870.

Bermudez L E, Potential role of cytokines in disseminated
mycobacterial infections, Eur J Clin Microbiol Infect Dis, 13
(1994) S29-33.

Bermudez L E, Martinelli J, Petrofsky M, Kolonoski P &
Young L S, Recombinant granulocyte-macrophage colony-
stimulating factor enhances the effects of antibiotics against
Mpycobacterium avium complex infection in the beige mouse
model, J Infect Dis, 169 (1994) 575-580.

Kedzierska K, Maerz A, Warby T, Jaworowski A, Chan H et
al, Granulocye-macrophage colony-stimulating factor
inhibits ~ HIV-1  replication in  monocyte-derived
macrophages, AIDS, 14 (2000) 1739-1748.

Hammer S M, Gillis ] M, Pinkston P & Rose R M, Effect of
zidovudine and granulocyte-macrophage colony-stimulating

125

126

127

128

129

130

131

132

133

134

135

136

137

factor on human immunodeficiency virus replication in
alveolar macrophages, Blood, 75 (1990) 1215-1219.

Scadden D T, Pikus O & Hammer S H, Lack of in vivo effect
of granulocyte-macrophage colony-stimulating factor on
human immunodeficiency virus type 1, AIDS Res Hum
Retroviruses, 12 (1996) 1151-1159.

DiMarzlo P, Tse ] & Laundale N R, Chemokine receptor
regulation and HIV type [ tropism in monocyte-
macrophages, AIDS Res Hum Retroviruses, 14 (1998)
129-138.

Xing Z, Gauldie J, Tremblay G M, Hewlett B R & Addison
C, Inradermal transgenic expression of granulocyte-
macrophage colony-stimulating factor induces neutrophilia,
epidermal  hyperplasia, Langerhans’ cell/macrophage
accumulation and dermal fibrosis, Lab Invest, 77 (1997) 615-
622.

Anonymous, A multicnter, randomized placebo-controlled,
double blinded, phase I trial to evaluate the safety and
Immunogenecity of live recombinant canarypox ALVAC-
HIV vCP205 combined with GM-CSF in healthy, HIV-1
infected volunteers (National Institute of Allergy and
Infectious Diseases) http://clinicaltrials.gov

Hubel K , Dale D C & Liles W C, Therapeutic use of
cytokines to modulate phagocyte function for the treatment
of infectious diseases: Current status of granulocyte-colony-
stimulating  factor,  granulocyte-macrophage  colony-
stimulating factor, macrophage colony-stimulating factor,
and interferon-y, J Infect Dis, 185 (2002) 1490-1501.
Marques da Costa R, Jesus F M, Aniceto C & Mendes M,
Double blind randomized placebo-controlled trial of the use
of granulocyte-macrophage colony-stimulating factor in
chronic leg ulcers, Am J Surg, 173 (1997) 165-168.
Braunstein S, Kaplan G, Gottlieb A B, Schwartz M, Walsh G
et al, GM-CSF activates regenerative epidermal growth and
stimulates keratinocyte proliferation in human skin in vivo,
J Invest Dermatol, 103 (1994) 601-604.

Zbinden S, Zbinden R, Meier P, Windecker S & Seiler C,
Safety and efficacy of subcutaneous-only granulocyte-
macrophage colony-stimulating factor for collateral growth
promotion in patients with coronary artery disease, J Am Coll
Cardiol, 46 (2005) 1649-1650.

Immune Factor GM-CSF significantly improves Crohn’s
disease symptoms www.medicalnewstoday.com/medicalnews.
phpnewsid=25118, Jan 29, 2006.

Dorr R T, Clinical properties of yeast-derived versus
Escherichia coli-derived granulocyte-macrophage colony-
stimulating factor, Clin Therapeutics, 15 (1993) 19-29.
Thompson E B, The many roles of c-myc in apoptosis Ann
Rev Physiol, 60 (1998) 575-600.

Farrar W L, Ferris D K & Harel-Bellan A, The molecular
basis of immune cytokine action, Crit Rev Ther Drug Carrier
Syst, 5 (1989) 229-61.

Lotem J & Sachs L, Cytokine control of developmental
programs in normal hematopoiesis and leukemia, Oncogene,
21 (2002) 3284-3294.



